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I. Foreword 
This document shows preparation methods of test samples and procedures and practical 

examples of measurement for characterizing the samples, which have been used in the project 
“Research and Development of Nanoparticle Characterization Methods − Evaluating Risks 
Associated with Manufactured Nanomaterials” (P06041; fiscal 2006-2010; hereinafter referred to 
as “the Project”), sponsored by the New Energy and Industrial Technology Development 
Organization (NEDO), as well as AIST’s supplemental research activities. Efforts were given to: 
making these protocols explicit enough for researchers and engineers interested in validating them; 
making the protocols illustrative by adding practical examples such as studies on particle size 
distributions of dispersed samples and electron microscopic observations; and getting the protocols 
ready for possible standardization activities with taking a style from industrial standard formats. 

One of the objectives of the Project was a toxicity assessment (in vivo testing) with the 
inhalation exposure of rats using samples dispersed as much as possible, partly because of a desire 
to squarely examine any biological effects arising from being in the nanoscale, and partly because 
of placing great importance on the inhalation as an exposure route. A wet generation method was 
employed to generate aerosol from dispersion liquid containing dispersed particles for inhalation 
toxicity tests. In quest of an easier testing method to compliment inhalation toxicity tests that are 
difficult to conduct under various different test conditions, intratracheal instillation tests were also 
employed, where the dispersion liquid was administrated directly into the lungs. Consequently, the 
Project featured sample preparation methods specifically designed for the wet aerosol generation 
and the intratracheal instillation. On the other hand, not much attention has been paid to sample 
dispersion in Europe and the United States, since mechanical pulverizing and vibrations are 
common methods to generate aerosol for inhalation exposure tests. A good example for that 
approach was seen in the companies’ counterproposal against the oblignatory 90-day inhalation 
toxicity studies imposed on new carbon nanomaterials by the U.S. Environmental Protection 
Agency (EPA). In this approach, it is thought that the majority of nanoparticles are suspended as 
aggregates. This method was not used for this Project in accordance with the abovementioned 
policies. However, this does not mean that we disclaimed their method nor one concept is better 
than the other; rather, in vivo testing of nanoparticles is at the stage of accumulating assessment 
results based on various concepts. 
Culture media containing nanomaterials dispersed in advance are used for toxicity assessment 
using cellular media (in vitro testing). As nanomaterials easily aggregate and settle in cellular 
media containing highly concentrated proteins and inorganic salts, a preparation method to stably 
disperse the nanomaterials for at least the few days of cell culturing is required. Furthermore, in 
order to conduct an impact assessment that reflects the characteristics unique to nanomaterials, the 
use of dispersants such as surfactants with cellular toxicity need to be restricted. As a result, the 
development of a sample preparation method was extremely difficult, but the method and condition 
to keep the dispersal conditions of the nanoparticles stable even when mixed with the cellular 
medium were found.  
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The Project is closely related to international joint research regarding the assessment of 
manufactured nanomaterials. As for the fullerene and carbon nanotube toxicity assessment, we are 
participating in the sponsorship program started in 2007 by the Working Party on Manufactured 
Nanomaterials (WPMN) of the Organization for Economic Cooperation and Development (OECD). 
The sponsorship program collects information or conducts tests on safety information items agreed 
upon regarding representative manufactured nanomaterials selected from the standpoint of 
production volume, etc., and Japan is working in collaboration with the U.S. to lead the activities 
regarding fullerene, single-wall, and multiwall carbon nanotubes as a major sponsor. Toxicity 
assessment reports are due to be put together in 2012 for about 11 representative manufactured 
nanomaterials, and a portion of the research results obtained using methods introduced in this 
document will be included. We are also working in collaboration with the Technical Committee on 
Nanotechnology (TC229) of the International Organization for Standardization (ISO). The 
procedures “Endotoxin test on nanomaterial samples for in vitro systems” developed by the 
National Institute of Advanced Industrial Science and Technology in a previous study (Standard 
Authentication R&D Program) was standardized as a ISO standard (ISO 29701) in September 2010. 
We are currently working on providing information for the draft technical report regarding the 
testing method for toxicological screening and sample preparation method led by the U.S., and it is 
assumed that some of the methods introduced in this document will be standardized internationally 
in the future. 
 
With regards to the composition of this document, Chapter II introduces the important terms used 
in these procedures and their definitions, as well as contamination/exposure prevention measures, 
followed by the description of the procedure from sample preparation to measurement of fullerene, 
carbon nanotubes, and titanium dioxide, which were subject to risk assessment studies in this 
Project, respectively, in Chapters III to V. As the in vivo testing of titanium dioxide was conducted 
to a limited extent in previous studies, aerosol preparation, tissue content analysis, and transmission 
electron microscope observation were not included. Such a manner of assembling the procedures 
by material type may be somewhat inconvenient if the objective was to prepare a dispersed sample 
or to develop measurement and assessment methods, but we hope that those who are planning a 
nanotube toxicity assessment, for instance, will be able to understand the flow of sample 
preparation and measurement that we conceived by reading through Chapter IV.  
The results of the risk assessment studies for the three materials will be published separately as risk 
assessment reports. 

March 2011 
   Junko Nakanishi, Kazumasa Honda and Takuya Igarashi 

The Research Institute of Science for Safety and Sustainability, 
National Institute of Advanced Industrial Science and Technology 
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II. Terminology and contamination/exposure prevention 

measures 
Chapter II provides a list of the terms and their definitions used in subsequent chapters, as well as 
contamination/exposure prevention measures. Only terms that are considered to be particularly 
important or with definitions specific to these procedures are provided. Please refer to a technical 
dictionary or textbooks for other terminology. 

1. Terms and definitions 
The following terms and definitions will be used in these procedures. 
 
Reference Standards JIS K 3600 Biotechnology Terms 
 

1.1 In vitro 
Under artificial conditions, such as in a test tube or Petri dish; in other words, a test environment in 
which various test conditions are artificially controlled. Cell culture medium tests are conducted in 
vitro. 

1.2 In vivo 
A test environment using a living organism. Inhalation exposure tests and intratracheal instillation 
tests are conducted in vivo. 

1.3 Endotoxin 
A lipopolysaccharide substance present in the outer membrane of gram-negative bacteria. The 
endotoxin is not usually released from the bacteria, but if bacteria are destructed, such as through 
bacterial death, the endotoxin is released, causing toxic effects such as fever, blood clotting, and 
shock. It is present in our everyday environment. 

1.4 Chirality 
A factor representing an arrangement (crystal structure) of carbon atoms comprising SWCNT. 

1.5 Sonochemical reaction 
A chemical reaction caused by sound waves (ultrasonic waves in particular). 

1.6 Bundle 
A bundle of carbon nanotube monofilaments facing the same axial direction. 

1.7 Polysorbate 80 
The chemical name is Polyoxyethylene (20) Sorbitan Monooleate. It is also known by its registered 
trademark, Tween80. It is a biocompatible surfactant listed in the Japan Pharmacopoeia, and was 
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designated as a food additive in the Food Sanitation Act in 2008. It is widely used as a dispersant in 
toxicity tests of carbon nanomaterials, etc.. 

1.8 Homogenize 
To grind, agitate, and equalize a solid sample.  

1.9 Centrifugal acceleration 
The acceleration applied to the sample during centrifugal separation. Expressed as “×g” so that the 
centrifugal effect (ratio to gravitational acceleration) can be easily comprehended.   

1.10 Disintegration 
To break down an aggregate.  

1.11 Bulk powder 
Sample powder subject to dispersion treatment. Also referred to as a nanoparticle sample.   

1.12 Antibacterial and antifungal agent 
A compound liquid of antibacterial and antifungal agents added to culture media in order to prevent 
bacterial and fungal contamination in the culture of animal cells. Concentrated liquid is 
commercially available and used by adding it to culture media. In many cases, penicillin and 
streptomycin are included as antibacterial agents and amphotericin B is included as an antifungal 
agent.  

1.13 Isolation 
To separate the nanotubes forming a bundle into individual monofilaments.  

1.14 Purified water 
Pure water purified using a commercial ultra-pure water production system. Water that has been 
further treated using an endotoxin removal filter is used for the in vitro test.  

1.15 Deactivation 
When bioactive proteins, such as enzymes, undergo a change in their steric structure due to heat, 
acid, or alkali, and lose their bioactivity, etc.. 

1.16 Culture medium 
A liquid that provides a growth environment suitable for the culture of animal cells, containing 
amino acids, vitamins, and salts, etc., required for cell growth and development. The pH is also set 
to near-neutral, which is optimal for cell growth. In many cases, about 10% of fetal bovine serum 
required for cell growth is added on top of the abovementioned base culture medium. Some 
representative culture formations have been established, such as the Basal Eagle Medium, 
Dulbecco's Modified Eagle Medium, and the RPMI1640 medium, etc.  
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1.17 Standard uncertainty 
Uncertainty of measurement results expressed as a standard deviation. Corresponds to 68% of the 
confidence interval in a normal distribution.  

1.18 Exposure 
[This entry is to explain which Chinese character was selected to write the term “exposure” in 
Japanese in this document and why.] 

1.19 Dispersion medium 
Liquid phase that disperses the powder sample. Includes dispersant such as surfactant and culture 
ingredients, in addition to purified water. It does not include the nanoparticles to be dispersed.  

1.20 Dispersant 
Substance used to disperse the nanoparticle powder so that it can dissolve more easily in the 
dispersion medium. Includes surfactants, proteins, etc.. 

1.21 Dispersion liquid 
Also known as dispersion sample. Liquid prepared by dispersing a powder sample into an 
appropriate dispersion medium.   

1.22 Dispersed particles 
Particles of the powder sample dispersed in the dispersion medium. Called particles for the sake of 
convenience, but actually take on a fibrous form for carbon nanotubes.    

1.23 Molecular weight cut off 
Molecular weight at which 10% of the molecules pass through the ultrafiltration membrane.  

1.24 Primary particles 
Although the terms primary particles and secondary particles are often used with regards to 
nanoparticles, there are no clear definitions. According to “Powder Technology Dictionary” edited 
by the Society of Powder Technology, primary particles refer to the smallest unit that exists 
without destroying the bonds between the molecules of the particles that comprise a generated 
powder or aerosol. 

1.25 Secondary particles 
Particles formed when primary particles aggregate and visibly behave as one particle.  

1.26 (Selected-area) electron diffraction 
A diffraction phenomenon caused by the interference that occurs when electron beams are scattered 
by crystalline material. By analyzing this diffraction, information regarding the crystal structure of 
the material can be obtained. Selected-area electron diffraction refers to the method of using an 
electron microscope to observe images in a selected area by stopping down the objective, 
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facilitating correspondence of the microscopic image and diffraction image. This can be used to 
determine the crystalline form of nanoparticles.  

1.27 Raman analysis 
An analysis method of examining the structure and condition of a material using Raman scattering. 
Raman scattering is when the light that enters a material interacts with the material and scatters 
with a wavelength that differs from the incident wavelength. In carbon nanotube measurement, 
information regarding the diameter and electronic state can be obtained by analyzing the 
characteristic scattering peak. In addition, information regarding surface crystal defects and 
impurities can be obtained from the intensity ratio of the G band to D band (G/D ratio).  

1.28 Zeta potential 
A parameter that describes the charge on a solid surface. It is actually dependent upon the ion 
distribution near the solid-liquid interface, and by measuring this, the charged state of nanoparticles 
dispersed in the dispersion liquid can be evaluated. It is an important parameter to evaluate the 
dispersed/aggregation state.  

1.29 Light scattering 
When particles are irradiated, the angle distribution and the intensity of scattered light that occurs 
can provide information such as particle size, shape, and orientation. The method of measuring 
scattered light intensity that is not due to particle motion is called the Static Light Scattering 
method, and the method of measuring temporal changes in scattered light due to the Brownian 
motion of particles is known as the Dynamic Light Scattering method. The Dynamic Light 
Scattering method was used for this project, as it is effective for examining the size of nanoparticles 
in the dispersion liquid.  

1.30 Dynamic light scattering (DLS) 
Nanoparticles or aggregated nanoparticles dispersed in a liquid randomly move in Brownian 
motion as they collide with surrounding liquid molecules. When the particles are irradiated, 
temporal changes in scattered light intensity in accordance with Brownian motion is observed. The 
particle diffusion coefficient D is found from this temporal change, and if the temperature T and 
liquid viscosityη are known, the Stokes-Einstein formula below can be used to determine the 
particle size d. In this formula, Bk is the Boltzmann constant. 

D
Tk

d
πη3

B=
 

As the sample has a particle size distribution, the particle size d determined using the above 
formula is the average particle size which is the reciprocal of the mean value of the diffusion 
coefficient D. This is also known as the diffusion coefficient equivalent diameter. Methods of 
measuring the temporal change include the method of measuring the frequency change due to the 
Doppler shift, and the method of measuring temporal fluctuations in scattered light intensity.  
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2. Symbols and abbreviations 
AFM  Atomic force microscope 
CNT  Carbon nanotube 
MWCNT Multiwall carbon nanotube 
SWCNT Single-wall carbon nanotube 
DLS  Dynamic light scattering 
DMEM  Dulbecco's modified Eagle medium 
EDS  Energy dispersive X-ray spectrometry 
FBS  Fetal bovine serum 
g  Gravitational acceleration  
HPLC  High performance liquid chromatography 
PBS  Phosphate buffered saline 
Qr r-based particle size distribution (cumulative undersize distribution). r=0 is 

number-based distribution, and r=3 is mass based distribution. [%] 
ΔQr  Ratio of r-based particles contained in a certain size interval. For instance, ΔQ0 is  

the ratio of the number of particles with respect to the total number of particles.  
[%] 

qr  r-based particle size distribution (frequency distribution) [% (Δlog x)-1], [% μm-1] 
x Particle size. Equivalent diameter is dependent on the measurement method. [μm], 

[nm] 
SDS  Sodium dodecylsulfate 
SEM  Scanning electron microscope 
TEM  Transmission electron microscope 
UV   Ultra-violet   Ultraviolet absorption analysis 
XRD  X-ray diffraction 
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3. Contamination/exposure prevention measures 

3.1 Sterilization 
For in vitro testing, sterilization is indispensible in order to prevent the intrusion of bacteria.  
Instruments and containers, such as stirrer bars and beads, which come into contact with bulk 
powder, dispersion media, and dispersion samples, are sterilized as much as possible using an 
autoclave. Items that cannot be sterilized using an autoclave are washed with ethanol and sterilized 
with ultraviolet light for eight or more hours. The dispersion liquid is sterilized by suction filtration 
using a filter with a pore diameter of 0.45 μm or smaller. 
Such sterilization operations is not necessary for the in vivo test, but in order to prevent the 
intrusion of endotoxins, as mentioned below, instruments and the testing laboratory are kept clean.  
 
Reference standards  JIS T 7322 High-pressure steam sterilizer for medical use 

3.2 Prevention of endotoxin contamination 
Endotoxins may react with the body and cultured cell lines, such as activating white blood cells. 
Measures to prevent the intrusion of endotoxins are required for sample preparation, since an 
erroneous toxicity assessment can result if endotoxins get mixed into the dispersion liquid used for 
testing. This is particularly important for in vitro tests, in which cells directly react. For instance, 
ion-exchanged water (ultrapure water) treated with an endotoxin removal filter is used for the 
dispersion medium. Endotoxins are usually present in the environment, and may enter the 
ion-exchanged water if it is stored for a long period of time. Therefore, it is recommended to 
prepare the required amount at the time of use.  
In the nanomaterial dispersion liquid preparation process, measures to prevent the intrusion of 
endotoxins as much as possible can be taken by conducting tests to see whether endotoxins have 
entered the liquid. An example of a suitable testing method is the Gel-clot method for Limulus 
amebocyte lysate (LAL; lysate test) test, adopted as ISO29701. In this method, the gel formation of 
the lysate reagent through the effects of the endotoxins serves as an indicator of endotoxins.  
 
Reference standards  ISO 29701  Nanotechnologies -- Endotoxin test on nanomaterial 
samples for in vitro systems -- Limulus amebocyte lysate (LAL) test 

3.3 Prevention of exposure to nanomaterials 
Although the effects of nanomaterials on the health of human beings are not known at present, 
nanomaterials will be handled with care to prevent exposure as much as possible, in accordance 
with precautionary principles.  
When handling nanomaterials in a dry state, such as the weighing and pre-treatment of powder, the 
scattering of the powder may result in exposure. In order to prevent this, work will either be 
conducted in a sealed device such as a glove box, or with adequate local ventilation, using a draft 
chamber with high-performance filters, etc. Using an exhaust fan during weighing may result in 
more scattering, so it may be better in some cases to stop the fan during work and turn it on when 
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removing containers or during cleaning. In addition, protective gear such as face masks, protective 
gloves, protective goggles, and lab coats will be worn.  
As there is also the possibility of dispersion liquid scattering during wet dispersion work, etc., work 
will be conducted in a clean bench or using local exhaust ventilation to prevent scattering within 
the laboratory. It is also recommended that protective gear be worn at this time.  
Notifications and guidelines, etc., of relevant organizations will be used as reference for the exhaust 
method of the glove box and local exhauster system, the selection of protective gear, and the wastes 
disposal method. Protective gear is also an effective measure to prevent bacterial contamination 
and endotoxin intrusion.  
 
Reference standards Ministry of Health, Labor, and Welfare Notification No. 0331013 
“Notification on Precautionary Measures for Prevention of Exposure etc. to Nanomaterials” (March 
31, 2009)  
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III. Fullerene 

III-1. Preparation method of fullerene samples of liquid phase dispersion for in 
vivo systems 

Introduction 
In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal 
instillation test to investigate the effects of nanoparticles on the body, it is essential to control the 
size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles 
generally have strong agglomerating/aggregating properties, and in order to satisfy such 
requirements, it is necessary to disintegrate the nanoparticle aggregates and make them into 
primary particles. At the same time, it is necessary to control the characteristics of the dispersion 
media using surface chemistry methods and keep the disintegrated nanoparticles in a stably 
dispersed state.  
III-1. shows the procedures for preparing a fullerene (C60) nanoparticle liquid phase dispersion 
sample to be used for in vivo testing from C60 crystals. The diameter of one C60 molecule has been 
measured to be 0.71 nm, but C60 cannot be obtained as particles in this state and are instead 
obtained as crystals that range from a few microns to a few hundred microns in size. In order to 
obtain nanoparticles from these crystals without changing their crystalline structure, a wet 
pulverizing method using tiny beads is selected. Furthermore, the nanoparticle dispersion sample is 
stabilized using surface chemistry methods that have little effect on living organisms. C60 is easily 
oxidized, and so work is conducted under anaerobic conditions as much as possible. 
 

1. Scope 
The procedures shown in III-1. apply to the preparation of an in vivo test liquid phase dispersion 
sample that meets the following conditions from C60 crystals in which the particle size is a few 
microns or more.  
(a) The mean value of number-based and mass-based particle size distribution of the C60 particles 
in the liquid is 100 nm or smaller.  
(b) The particle concentration should be 2 mg/mL or above, which enables high-dose intratracheal 
instillation testing.  
(c) The crystalline shape of C60 is preserved. 
(d) The generation of C60 oxidants is limited to 1% or fewre. 
(e) In order to enable execution of the inhalation exposure test of 1 to 2 months, the dispersion 
stability of the liquid phase dispersion sample is secured by adding an appropriate dispersant. 
 

2. Normative references 
None in particular. 
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3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 
 

4. Equipment and instruments 

4.1 Disperser 
A bead mill (refer to Figure III-1.1 E.g.: Ultra Apex Mill UAM-015 of Kotobuki Industries) which 
enables dispersion through tiny beads with a diameter of 50 μm or smaller. The inner surfaces of 
the dispersion container and slurry tank are lined with abrasion resistant materials such as 
zirconium, and the beads and agitator blades are also made of an equivalent abrasion resistant 
material.  
 

懸濁液

スラリー
タンク

分散容器

高速回転する攪拌ブレード
8-15 m/s

ビーズの分離

ビーズ

ポンプ

 

 
Figure III-1.1 Bead mill 

 

4.2 Pre-treatment equipment 
Agate pestle and mortar. 

4.3 Oxygen meters 

4.3.1 Dissolved oxygen meter 
Must have an underwater oxygen concentration measurement accuracy of 0.01 mg/L or less.  

4.3.2 Gas-phase oxygen concentration meter 
Must have a lower measurement limit of 0.1% or less in order to confirm the anaerobic conditions 
(oxygen concentration) in the glove box.  

Dispersion container 

Pump 

Agitator blades rotating at high speed 

Beads 

Slurry tank 
Separation of beads 

Suspension 
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4.4 Post-treatment equipment 
Centrifuge used to adjust the size and concentration of the particles in the dispersion liquid that can 
be operated with a centrifugal acceleration up to 20,000×g. 

4.5 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.6.  
 

5. Sample 

5.1 Dispersion medium and its preparation 

5.1.1 Dispersion medium deoxidation 
Purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated 
using an endotoxin removal filter (e.g.: BioPak of Millipore) is used as a dispersion medium. 
In order to prevent the oxidation of C60 during dispersion, the purified water is deoxidized as 
follows. The purified water is boiled in a 500mL conical flask for 5-10 minutes, and after verifying 
that the air bubbles on the container wall had disappeared, the water is rapidly cooled using ice 
water and at the same time, argon is bubbled. After using a dissolved oxygen meter to verify that 
the oxygen concentration in the purified water is 0.01 mg/L or below, argon bubbling is stopped 
and the conical flask is sealed.  
The deoxidized purified water is transferred to a glass bottle with a lid in which the air has been 
displaced with argon or nitrogen in advance and stored in a nitrogen-filled container (e.g.: vacuum 
desiccator).  

5.1.2 Dispersant 
Polysorbate 80 is used as a dispersant, and its maximum concentration is 10 mg/mL. 

5.1.3 Dispersion medium preparation 
The dispersion medium to be dispersed with C60 is prepared in an anaerobic atmosphere. The air in 
the glove box is displaced with nitrogen or argon, and after verifying that the oxygen concentration 
is 0.1% or lower, dispersant is added to the deoxidized purified water prepared in 5.1.1, and 
adjusted to the predetermined concentration.  

5.2 Bulk powder 
The C60 bulk powder is stored in a cool and dark place, such as a refrigerator, to prevent oxidation. 
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6. Preparation method 

6.1 Pre-treatment of dispersing equipment 
Bead mill components such as the beads and agitator blades used for dispersion are washed with 
ethanol and sterilized with UV light prior to dispersion. The treatment time should be at least eight 
hours.  

6.2 Pre-treatment 
Pre-treatment of the C60 bulk powder is done in an anaerobic glove box in the same manner as 
5.1.3.  
The measured out bulk powder, an agate pestle and mortar and the dispersion medium are placed 
inside an anaerobic glove box. A specified quantity of bulk powder is put in the mortar, an 
adequate amount of the dispersion medium is dripped in, and the mixture is manually disintegrated 
for 30 minutes. After manual disintegration, the sample in the mortar and the sample adhered on 
the pestle is transferred to a 500 mL beaker, and the amount of sample liquid is adjusted to 300 mL 
using the dispersion medium of 5.1.  

6.3 Dispersion treatment 
The 300 mL sample liquid that has been pretreated in 6.2 is put inside a slurry tank of the disperser 
and a dispersion container. The 200 mL of dispersion medium prepared in 5.1 is then poured into 
the abovementioned beaker, and the entire sample liquid is fed into the disperser.  
The disperser is operated for the prescribed time in accordance with the disperser usage method. 
After treatment, the dispersion liquid is collected. 
During the dispersion treatment, the sample liquid and dispersion liquid are shielded from light, 
and the air in the slurry tank is displaced with a nitrogen gas stream.  

6.4 Particle size adjustment 
The collected dispersion liquid is subjected to centrifugal separation for one hour at a centrifugal 
acceleration of 8,000 to 10,000×g, and the supernatant liquid is collected and used as the sample 
dispersion liquid.  

6.5 Concentration adjustment 
If concentration is required, centrifugal ultrafiltration is performed at 6,000×g. An ultrafiltration 
membrane with a 100,000 molecular weight cut off is used.   

6.6 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3. 
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7. Dispersion liquid assessment 

7.1 Measurement of particle size distribution 
The particle size distribution is evaluated using the Static Light Scattering method or the Dynamic 
Light Scattering method. However, if the particle size distribution obtained using the Dynamic 
Light Scattering method is wide, another measurement method, such as the Static Light Scattering 
method or the visualization method is used concurrently.  
The measurement results are displayed in terms of cumulative distribution, frequency distribution, 
or representative diameter, and the definition of the distribution basis (scattered light intensity, 
number-based, or mass-based) or the representative diameter is added. The representative diameter 
is represented by scattered light intensity, median diameter (number-based or mass-based), or mean 
diameter (number-based or mass-based).   
The physical property values (dispersed viscosity, refractive index of the powder and dispersion 
medium, and the measured temperature) used for measurement are also added.  

7.2 Observation of dispersed state 
The dispersed state is observed and evaluated through TEM or SEM.  

7.3 Measurement of particle concentration of the dispersion liquid 

7.3.1 UV absorption determination 
C60 has an absorption maximum at a UV wavelength of 261 nm and 340 nm, but there is no 
absorption for the dispersant, Polysorbate 80, at a wavelength of 340 nm (Figure III-1.2). Therefore, 
particle concentration can be found from the UV absorption at 340 nm. In this case, the standard 
curve regarding the C60 mass concentration and 340 nm absorbance is found in advance.  

 

 
Figure III-1.2 UV absorption spectrum of C60 and Polysorbate 80 
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5 mL of the C60 dispersion liquid is put in a pear-shaped flask, and evaporated to dryness using an 
evaporator at a bath temperature of 60 °C. 30mL of toluene is added to this, and the C60 is dissolved. 
The concentration of C60 in the solution is measured using HPLC-UV. An example of the analysis 
conditions are shown below. The standard curve is shown in Figure III-1.3.  
(a) Equipment: Agilent 1100 Series 
(b) Mobile phase: Toluene/Methanol= 47/53  Flow: 1 mL/minute 
(c) Column: Kaseisorb LC ODS-60-5 
(d) Temperature: 40°C  
(e) Detector: UV= 308 nm 
(f) Injection volume: 5 μL 
 

 
Figure III-1.3 C60 concentration assessment using UV and HPLC 

 

7.4 Physical property assessment 
The changes in the crystalline structure of C60, surface con based on ditions, and the chemical 
composition before and after dispersion are evaluated using selected-area electron diffraction, TEM 
observation, and EDS, etc. The generation of C60 oxides is evaluated using HPLC-UV. 

7.5 Stability evaluation 
Stability is evaluated based on temporal changes in concentration and the particle size 
(representative diameter, dispersion/distribution) of particles in the dispersion liquid. Assessment 
based on Zeta potential measurement and precipitation properties are also possible. 
 

8. References 
S. Endoh, J. Maru, K. Uchida, K. Yamamoto, J. Nakanishi, “Preparing samples for fullerene C60 
hazard tests: Stable dispersion of fullerene crystals in water using a bead mill”, Adv. Powder 
Technol., 20 (2009), 567-575. 
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Annex A. Practical example 
An example of preparing a dispersion liquid in which C60 nanoparticles with a particle size of 100 
nm or smaller are dispersed with a concentration of approximately 0.5~3 mg/mL is shown, using 
C60 manufactured by Company F as the raw material.  

A.1 Dispersion using abead mill 
The particle concentration of the raw material slurry was 1 mg/mL and the dispersant concentration 

was 1 mg/mL.  
For the disperser, the Ultra Apex Mill UAM-015 of Kotobuki Industries Co., Ltd. was used. Its 
operating conditions were as follows:  
(a)  Quantity of dispersion liquid: 500 mL 
(b)  Dispersion liquid circulation flow: 10 L/hour 
(c)  Bead diameter：50 μm 
(d)  Quantity of beads: 400 g 
(e)  Peripheral velocity of agitator blade tip: 15 m/second 
(f)  Dispersion time: 30 minutes 

A.2 Particle size adjustment 
Figure III-1.4 shows the particle size distribution (scattered light-based and mass-based frequency 
distribution) of C60 particles in the supernatant liquid collected after subjecting the dispersion liquid 
to centrifugal separation (MX-300 of TOMY SEIKO CO., LTD. was used) at 8,000×g for one hour. 
For comparison purposes, the particle size distribution immediately after pulverizing is also shown.   
The Dynamic Light Scattering method (DLS) measurement conditions using the Zetasizer Nano of 
the Malvern Instruments, Ltd. are shown below:  
(a) Measured temperature: 28 °C 
(b) Dispersed Viscosity: 0.828 mPa/s 
(c) Dispersed refractive index: 1.333 
(d) Particle refractive index: Absorptivity  
In addition, the TEM images of the C60 particles in the supernatant liquid are shown in Figure 
III-1.5. The concentration of the dispersion liquid prepared using centrifugal separation was 0.48 
mg/mL. In this case, a concentration operation is not performed. The overall recovery rate after 
performing centrifugal separation at 8,000×g is 20~30 %. Incidentally, the recovery rate was about 
40% at 4,000×g and about 15% at 16,000×g.  
The changes in particle size and concentration over the 55 days after preparation are shown in 
Figure III-1.6. Both the particle size and concentration are stable. The Zeta potential was -29 to -30 
mV. 

A.3 Preparation of a highly concentrated dispersion liquid 
An example of concentrating dispersion liquid to a few mg/mL is shown.  
The dispersion liquid was dispersed using a bead mill under the conditions of A.1, and the 
dispersion liquid in which the particle size was adjusted under the conditions of A.2 was subject to 
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centrifugal separation for one hour at 10,000×g. The C60 concentration of this supernatant liquid 
was 0.3 mg/mL, and was thus concentrated using centrifugal ultrafiltration at 6,000×g for 30 
minutes and adjusted to a particle concentration of 2.9 mg/mL. Vivaspin 20-100k of GE Healthcare 
Bio-Sciences KK. was used for the ultrafiltration membrane.  
The number-based and light intensity-based particle size distribution of the concentrated dispersion 
liquid is shown in Figure III-1.7. The particle size is even smaller than in Figure III-1.4. In addition, 
the figure shows that the particle size distribution has not changed one day after preparation. 

A.4 Assessment of physical property changes 
In contrast to the oxidized fullerene (C60-O) content of 3~4% after 30 minutes of dispersion when 
treated in the atmosphere and under indoor light, the C60-O content after 30 minutes of pulverizing 
in anaerobic conditions and when shielded from light was 0.7~0.8%.  
As can be seen in the TEM images of Figure III-1.5, the crystal lattices of the dispersed C60 
particles can be sufficiently observed. The selected-area electron diffraction image of the C60 
particles is shown in Figure III-1.8. The diffraction pattern can be observed. 
In this way, it was confirmed that the C60 particles retained their crystalline state even after bead 
mill dispersion.  
 
 

 
Figure III-1.4 Particle size distribution of C60 immediately after 

pulverizing and C60 in the collected supernatant 
liquid 
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Figure III-1.5 TEM images of C60 particles in the supernatant liquid 

 
 
 

 

 
Figure III-1.6 Dispersion liquid stability 
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Figure III-1.7 Particle size distribution of highly-concentrated dispersion liquid 

(Concentration: 2.9 mg/mL) 
 
 
 

 
Figure III-1.8 Selected-area electron diffraction image of C60 particles 
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III-2. Aerosol preparation and transportation tequniques and measurement 
method for fullerene 
 

Introduction 
In order to enable in vivo nanoparticle toxicity testing through inhalation exposure, a technology to 
disperse the tested nanoparticles into the air in a size that can be sufficiently inhaled by the test 
animals and expose such nanoparticles to the test animals in a stable manner is required.  
It is also important to assess the properties of the atmospheric particle sample such as size, 
concentration, and shape, and to confirm that these properties are being maintained in a stable 
manner during the exposure test.  
In III-2, the procedure to disperse fullerene nanoparticles dispersed in liquid into the air, the 
procedure to transport air-dispersed particle samples into the exposure container, and the procedure 
to assess the properties of the particle sample in the exposure container using a method appropriate 
for the particle size are shown. 
 

1. Scope 
The procedures shown in III-2. apply to the preparation of fullerene aerosol particles with a 
number-based mean diameter of 100 nm or smaller from the dispersion liquid of fullerene 
nanoparticles in which the primary particle size is 20~30 nm, the continuous supply of said aerosol 
particles to the inhalation exposure container, and the continuous monitoring of supply conditions 
(number-based particle size distribution, number concentration, mass concentration) and its 
stability. 
 

2. Normative references 
ISO 15900  Determination of particle size distribution -- Differential electrical mobility analysis 
for aerosol particles 
 

3. Terms and definitions 

3.1 Differential mobility analyzer (DMA) 
A device that charges the airborne particles to be tested and then sorts out and extracts particles 
with the same electric mobility (mobility in the electric field).  

3.2 Condensation particle counter (CPC) 
A device that optically detects atmospheric particles after expanding their size according to the 
principle of nuclear condensation and displays the particle number concentration.  
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3.3 Charge neutralization 
Operation to make the charge distribution of the airborne particle group into an equilibrium charge 
distribution (charge distribution that the particle group reaches after being in contact with positive 
and negative atmospheric ions of a sufficient concentration for a sufficiently long period of time).  

3.4 (Particle) Wall loss 
Phenomenon wherein the particles floating in a fluid disappear from the fluid after adhering to the 
wall, or the degree of this phenomenon. The adhesion to the wall (i.e., particle deposition) occurs 
through various mechanisms, and is influenced greatly and in a complex manner by the flow of the 
fluid, particle size, mass, and charge, etc.. 

3.5 DMA+APM method 
A method of combining a DMA, an Aerosol Particle Mass Analyzer (APM) and a detector (CPC, 
etc.) and measuring the mass of individual particles for each DMA classified particle size. The 
“effective density” that includes information regarding the true density and shape of the particles 
can be calculated from the relationship between the classified particle size and particle mass. 
 

4. Equipment 
The main equipment is shown below. The setup of this equipment is shown in Figure III-2.1.  
 

 
 

Figure III-2.1 Equipment setup 
 

4.1 Equipment for aerosol generation and transport 
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pressurized sprayer equipped with a two fluid nozzle that creates droplets from liquid delivered at a 
constant flow using a high-velocity air-stream of pressurized air. 

4.1.2 Charge neutralization system 
The charge neutralization system mainly comprises the airborne ion (positive and negative ion) 
generators at opposite poles. There is concern of a large wall loss of the sprayed droplets and the 
spray dried aerosol particles in the pipe due to the electrostatic force arose from their charging 
characteristics. In order to limit this loss, it is effective to neutralize the charge by mixing air that 
has a mix of ions from the two poles in the flow channel immediately outside the sprayer exit.  

4.1.3 Dry system 
The dry system is used to promote water evaporation from the aerosol particles. In the method of 
increasing the temperature of the aerosol by heating the outer wall of the transfer pipe, a heater, 
insulations, and a temperature detector is installed in the pipe heating zone and the wall 
temperature is kept constant using a temperature control unit. Furthermore, by mixing dehumidified 
air downstream of the heating zone, the recondensation of moisture in the aerosol particles can be 
suppressed. Aside from this method, moisture removal using a drying tower is also effective if the 
aerosol circulation time is a few hours. The drying tower comprises a flow channel with desiccant 
(silica gel, etc.) exposed on the inner wall.  

4.1.4 Flow channel/Dilution/Flow control/Flow channel switching system 
The flow channel/dilution/flow control/flow channel switching system comprises the pipe, pipe 
joint, flow meter, flow control valve, and switching valve, etc.  

4.2 Equipment for aerosol property assessment 

4.2.1 Aerosol particle sampling pipe 
In order to monitor the properties of aerosol particles injected into the biological exposure 
container, a sampling pipe is installed in the exposure container. For the whole-body exposure test, 
the pipe is inserted into the wall of the container so that aerosol is sucked from the top of the cage 
containing the test animals that is placed in the exposure container. For the snout-only exposure test, 
the suction location is set at a position that has the same conditions as the snout of the test animals. 
The end of the pipe on the outside of the container is connected to the inline aerosol measuring 
system, particle trapping system, and mass concentration measurement system below.  
The aerosol flow channel leading to the inline aerosol measuring system, particle trapping system 
and mass concentration measurement system on the outside of the exposure container is made as 
short as possible to suppress wall loss of particles in the pipe. This is because there is strong 
diffusion of nanoparticles caused by Brownian motion in particular, and deposition loss to the pipe 
walls, etc., often cannot be ignored. The loss in the flow channel from the suction location to the 
inline aerosol measuring system, etc., will be separately estimated in an experimental or theoretical 
manner.  

4.2.2 Inline aerosol measuring system 
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The inline aerosol measuring system is a device (group) that continuously and quickly measures the 
size distribution and number concentration of aerosol particles. If the size of the measured particles 
is taken into account, it is presumed that the most effective measurement method is the differential 
mobility particle size analysis method (ISO 15900).  
NOTE   The actual project used the inline aerosol particle measurement system comprising DMA 
and CPC based on the differential mobility particle size analysis method, and aerosol was suctioned 
at a flow rate of 0.3L/minute. This system was set so that the particle size distribution of particles 
with an electrical mobility diameter in the range of 10~500 nm was measured in approximately 
three minutes.  

4.2.3 Particle trapping system 
The particle trapping system is a system to trap aerosol particles on a solid wall. It comprises a 
container installed with a trapping surface, and an air pump to continuously suction and pass 
aerosol through the container. Here, the particles are observed under an electron microscope, and 
are deposited on a substrate having a smooth surface (small piece of glass, metal, or silicon wafer, 
etc.). There is a method to promote particle deposition onto the substrate using an electrostatic field 
by charging the particles. In order to obtain observation images suitable for particle observation, 
adequate operating conditions of the particle trapping system (suction flow, trapping time, etc.) are 
searched for in advance.  

4.2.4 Mass concentration measurement system 
The mass concentration measurement system is used to find the mass concentration of aerosol 
particles. Direct measurement is possible using some of the existing aerosol measuring devices. 
However, for the actual project, the mass concentration was found from the mass of the objects 
trapped in the filter and the volume of the passing air, after using an air pump to pass the aerosol 
through the particle filter, and then and the trapped objects were then also used for composition 
analysis, etc. 
In this case, an appropriate filter type, the flow rate through the filter and the particle trapping time 
were explored and determined in the preliminary review.  
NOTE 1   The value of the mass concentration found by filter trapping is the total value of the 
mass concentration of the tested material (fullerene) and the dry solid dispersant. In order to find 
the mass concentration of the tested material alone, a composition analysis of the material trapped 
in the filter is conducted. In the case of fullerene, organic and inorganic carbon analyses were 
useful.  
NOTE 2   If the particle density is known, it is possible to calculate the volume concentration 
from the number-based particle size distribution measured using the inline aerosol measuring 
system and multiply this with the density value to calculate the mass concentration. If the particles 
comprise a single and dense chemical component, it is easy to estimate the density value. If the 
particles are generated by spraying the dispersion liquid containing dispersant, it is possible to 
estimate the density value if the density of the dispersant and the mixing ratio of the sample 
material and dispersant are known. Also, by using a density measuring method that combines 
electrical mobility classification and particle mass measurement (DMA+APM method), it is 



III-2. Aerosol preparation and transportation tequniques and measurement method for fullerene 

24 

possible to find the density for each particle size through measurement. The mixing ratio of the 
sample material and the dispersant can be estimated for each particle size from the density value for 
each particle size obtained using this method. For instance, if the density is constant regardless of 
particle size, it can be confirmed that the mixing ratio is also constant regardless of particle size.  
 

5. Procedures 

5.1 Concentration adjustment of the dispersion liquid and verification of the 
dispersed state 
The fullerene particle dispersion liquid prepared according to the method in III-1. is diluted with 
purified water, and the dispersion state of this liquid is checked in order to adjust the liquid to the 
fullerene fluid concentration mentioned below. However, in order to minimize changes to the 
composition and structure of the fullerene particle surface when mixing the liquid with purified 
water at the time of dilution, the mixture is only shaken without ultrasonic irradiation. After this 
operation, a visual check is conducted to make sure that sedimentation has not occurred in the 
dispersion liquid.  

5.2 Verification of dispersal condition retention 
In accordance with the method in III-5, the dispersed state of the particles in the undiluted 
dispersion liquid and their stability is assessed as suitable during the exposure test period. Also, as 
several hours of continuous tests are conducted per day for the whole-body exposure test, it is 
necessary for the liquid after concentration adjustment to maintain stable dispersed state for a 
minimum of the duration of the continuous testing plus two hours, including the time taken to 
prepare for the test and check the generation conditions of airborne particles, and this should be 
confirmed in advance. This is conducted by leaving the diluted liquid for the specified time and 
then conducting a visual check to see whether sedimentation in the liquid has occurred.  

5.3 Cleaning the aerosol generation and transport equipment 
The generation and transport equipment is cleaned to obtain dispersed airbone particles by creating 
droplets of and drying the dispersion liquid prepared in 5.1. The switching valve is set so that the 
aerosol passes through channel a in Figure III-2.1. Before actually spraying the dispersion liquid, 
purified water is put into the spray liquid container of the spaying equipment in order to sufficiently 
eliminate impurities that will disperse into the air attributed to residue in the spraying device and in 
the piping system connected to the device exit, and then operate the spraying equipment. The 
charge neutralization system, dry system, and dilution/flow control system are also operated. The 
operating conditions of these systems are described in 5.7.   
The particles generated in the air, i.e. the background particles, are measured using the inline 
aerosol particle measuring system. The spraying of purified water is continued until it can be 
confirmed that the number concentration of particles that have a size of 10 nm or above is of the 
order of 102 particles / cm3 or below.  
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5.4 Property evaluation of dispersion liquid spraying and aerosol particles 
through inline measurement 
The spraying equipment is operated with the dispersion liquid put into the spray liquid container, to 
generate test aerosol particles. The particle size distribution and the number concentration is 
measured using the inline aerosol particle measurement system, leaving the aerosol passing through 
channel a of Figure III-2.1.  

5.5 Property evaluation by trapping aerosol particles 
The particle trapping system is operated, and the particles trapped on the substrate are observed 
under an electron microscope. The microscope images helps to observe the shape of the particles as 
well as determine the size distribution. The particles observed should be nanoparticle aggregates 
that have a near-spherical shape. In this case, the shape of the size distribution found here and the 
particle size distribution found in 5.4 should be similar. This should be confirmed.  

5.6 Mass concentration measurement of aerosol particles 
Operate the mass concentration measurement system and measure the mass concentration of 
aerosol particles. 

5.7 Selection of the dispersion liquid concentration and the operating conditions 
of the aerosol particle generation and transport equipment 
The procedures of 5.1 to 5.6 are repeated after changing the dispersion liquid concentration and the 
operating conditions of the aerosol generating/transporting equipment in various ways. 
Some procedures can be omitted in accordance with the changing method of the conditions. Based 
on the measurement results obtained, the optimal conditions for the test to be implemented are 
considered. The following factors should be taken into consideration when selecting the optimal 
conditions:  
(a) Properties of the aerosol particles (particle size distribution, number concentration, mass 
concentration, shape) 
(b) Aerosol flow 
(c) Spray liquid consumption rate 
After determining the optimal conditions, use the inline aerosol particle measuring system to verify 
whether or not the particle size distribution of the generated aerosol particles are sufficiently stable 
over the duration of the continuous tests in light of the standards of the test to be implemented.  
NOTE   For the actual project, the conditions of the spray liquid were determined after taking into 
consideration the properties of the dispersion liquid prior to dilution and restrictions regarding the 
total consumption of the dispersion liquid during the exposure test duration, in addition to the 
abovementioned factors. As a result, the fullerene mass concentration was set as 0.017 wt% and the 
dispersant (polysorbate 80) concentration was set as 0.05 wt%. The delivery rate of the spray liquid, 
or the consumption rate, was set to be approximately 0.4 mL/minute. The pressurized air flow 
passing through the spraying equipment was set as 35 L/minute (atmospheric pressure equivalent), 
and the air flow of the charge neutralization system was set to 10 L/minute. For the whole-body 
exposure test, a dry system using outer wall heating was used and the wall temperature was set to 
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50 °C. For the snout-only exposure test, a drying tower was used as the continuous testing time was 
only three hours and as the flow of dehumidified air mixed downstream of the dry system was low.   

5.8 Introduction of aerosol into the exposure container 
In order to inject aerosol into the exposure container, the switching valve is set so that the aerosol 
passes through channel b in Figure III-2.1. In consideration of the ventilation requirements of the 
test animals in the exposure container, cleaned air is continuously sent at the required flow rate near 
the entrance of the exposure container. The environment inside the exposure container is set so that 
the temperature is 20~25 °C and the pressure is slightly reduced.  
When a preliminary test (5.9) is conducted before conducting the actual inhalation exposure test, 
the test animals are not placed in the exposure container.  
NOTE   In the actual project, cleaned air was delivered at 55L/minute for the whole-body 
exposure test so that air containing the tested nanoparticles flowed through the container at a total 
of 100 L/minute. When aerosol was passing through channel a, the flow of the abovementioned 
cleaned air was set at 100 L/minute so that a constant flow of air was always passing through the 
exposure container. For the snout-only exposure test, cleaned air was delivered at 10 L/minute so 
that a total of 45 L/minute was flowing through the exposure container.    

5.9 Preliminary verification test of the aerosol properties in the exposure 
container 
The properties (particle size, shape, concentration) of aerosol injected into the exposure container 
through the sampling pipe are preliminarily determined by operating the inline aerosol measuring 
system, particle trapping system and mass concentration measuring system. The validity of these 
properties is confirmed by comparing them to the particle properties found in 5.7 after taking into 
consideration the differences in the aerosol channel and the particle wall loss on the inner wall of 
the channel/container. Furthermore, confirm that the aerosol in the container is sufficiently even by 
sampling various positions of the tip of the sampling tube in the full-body exposure container.  

5.10 Implementation of the exposure test 
For each day during the exposure test period, first conduct liquid dilution and a visual check as 
described in 5.1 and check the background particle concentration as described in 5.3 followed by 
checks on the particle size distribution and number concentration of the generated aerosol particles 
in accordance with 5.4. Next, start injecting aerosol in accordance with 5.8 into the exposure 
container in which the test animals are placed. Record the start time and continue injecting aerosol 
for a specified period of time. 
Operate the inline aerosol measuring system and measure the particle size distribution and 
concentration of aerosol particles in the exposure container. By conducting measurements 
continuously or at appropriate time intervals throughout the injection duration, verify that aerosol is 
being supplied to the exposure container in a stable manner.  
Operate the particle trapping system and mass concentration measurement system and obtain 
samples to evaluate properties such as the shape, mass concentration, and composition of the 
aerosol particles.  
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After the specified time has passed, stop exposing the test animals to the aerosol. In order to do so, 
set the switching valve so that the aerosol passes through channel a of Figure III-2.1 and change the 
flow rate of cleaned air that is delivered so that only cleaned air flows into the exposure container 
at the same flow rate as during the exposure test. Measure the particle size distribution and number 
concentration of the aerosol passing through channel a using the inline aerosol measuring system 
and compare the measurements with the results before the start of injection to the exposure 
container. 
If the exposure test is conducted on subsequent days, clean the equipment with purified water in 
accordance with procedure 5.2 and determine completion through changes in the background 
particle concentration.  

5.11 Implementation of control tests 
In addition to the exposure test of the tested material, it is desirable to conduct the following two 
control tests using a separate test system. 
(a) Dispersant material exposure test: Generate aerosol particles of the solid dispersant using a 
solution that does not contain the test material but only the dispersant, and expose different test 
animals to these particles for the same exposure time and exposure duration as the test in 5.10. 
Conform to the procedures in 5.1 ~ 5.10 for the methods of generating dispersant aerosol particles 
and injecting the aerosol into the exposure container, as well as evaluating the properties of aerosol 
in the container. Before this test, conduct a preliminary review of generating aerosol by changing 
the dispersant concentration in the spray liquid. Here, it is to determine the dispersant concentration 
that can generate solid dispersant aerosol particles with a mass concentration that is almost equal to 
the mass concentration of the solid dispersant contained in the aerosol particles to which the test 
animals were exposed in 5.10. The dispersant solution of this concentration should be used for this 
control test.  
(b) Cleaned air-only exposure test: Separate test animals are exposed to cleaned air only for the 
same exposure time and exposure duration as the test in 5.10. 
 

6. Practical example of a whole-body exposure test 
An example of the particle size distribution of the aerosol particles sampled from the exposure 
container in the whole-body exposure test and an electron microscope image are shown in Figure 
III-2.2 and Figure III-2.3, respectively. 
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Figure III-2.2 Electrical mobility diameter distribution of aerosol particles 

(temporal changes during six hours of testing) 
 
 

 
 

Figure III-2.3 Scan electron microscope image of aerosol particles 
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III-3. Quantitative analysis method of fullerene in tissues 

Introduction 
For the fullerene toxicity assessment, it is necessary to determine the quantity of fullerene 
remaining in the body of the rat which was exposed to fullerene and to clarify its residual behavior.  
III-3 shows the procedures to determine the quantity of fullerene (C60) in the lung, brain, and liver 
tissues of rats to which fullerene particles were administered or exposed. After using a surfactant 
acid aqueous solution and toluene as extractants to extract fullerene from a rat organ 
tissue-homogenized sample in a light-shielded environment, the extracted liquid is concentrated 
using toluene evaporation operation and the quantity is determined using HPLC. 
 

1. Scope 
The procedures shown in III-3 can be used to determine the quantity of fullerene in the 
lung/brain/liver tissues extracted from rats which was intratracheally instilled with a dispersion 
liquid created by dispersing fullerene in water containing surfactants (e.g.: polysorbate 80) or from 
rats subjected to inhalation exposure of a dispersion liquid aerosol.  
Analyze the sample in which normal saline was added to rat tissues and homogenized. It is 
preferred to check in advance whether or not these procedures can be applied to the analysis of 
individual homogenized samples. For instance, the fullerene recovery rate (normally 100±10 %) 
should be checked by analyzing a homogenized sample which was added with a dispersion liquid 
whose fullerene quantity is known. 
 

2. Normative references 
None in particular. 
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 
 

4. Equipment and instruments 

4.1 Homogenizer 
A device that enables adequate homogenization of lung tissue, brain tissue, or liver tissue (e.g.: 
Polytron RT3100 of Kinematica, Inc.).  
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4.2 Stoppered centrifuge tube 
A quartz glass or hard glass container of about 10~15 mL that can resist ultrasonication and 
2,000×g centrifugal separation treatment (e.g.: 10 mL SPC stoppered centrifuge tube of Shibata 
Scientific Technology Ltd.). This shall be referred to as “centrifuge tube” in 6. 

4.3 Tube mixer 
A device capable of shaking to equalize the tissue in the homogenized sample in the liquid inside 
the tube (e.g.: TMS of Iuchi Seieido Co., Ltd. (Currently: AS ONE Corporation)).  

4.4 Ultrasonic processor 
A bath-type ultrasonic processor that has an oscillating frequency and output to evenly mix the 
homogenized sample (e.g.: ultrasonic cleaner model 1510 of Branson Ultrasonics Corporation).  

4.5 Shaker 
A device that can mount the stoppered centrifuge tube of 4.2 and shake in the vertical direction 
(e.g.: Shaker SA300 of Yamato Scientific Co., Ltd).  

4.6 Centrifuge 
A device that can mount the stoppered centrifuge tube of 4.2 and perform centrifugal separation of 
the toluene phase from which fullerene was extracted at a centrifugal acceleration of 2,000×g (e.g.: 
Centrifuge Kubota 6900 of Kubota Manufacturing Corporation).  

4.7 Solution concentrator 
A device that can mount the stoppered centrifuge tube of 4.2, heat up, and also blow nitrogen gas 
onto the liquid surface of the sample solution, evaporating the toluene and concentrating the 
solution (e.g.: EVAN-SPE, model 602079-13P489 of MORITEX Corporation).  

4.8 Filter 
An organic solvent filter that can remove the tissue fragments remaining in the extract (e.g.: PTFE 
filter 6784-4302, pore diameter 0.2 μm of Whatman).  

4.9 HPLC-UV device 
A device into which the analysis sample solution is poured, and which separates the fullerene in the 
extract using a separation column to measure the absorbance of the ultraviolet absorption spectrum 
(e.g.: Agilent 110 of Agilent Technologies, Inc. and LC-10Vp system of Shimadzu Corporation). A 
reversed-phase chromatography column is used for the separation column (e.g.: Develosil 
RPFULLERENE column of Nomura Chemical Co., Ltd.; particle size 5 μm; internal diameter 4.6 
mm / column length 150 mm or internal diameter 3.0 mm / column length 150 mm). Figure III-3.1 
shows the composition of the device. The quantity of chemicals in the sample can be determined by 
comparing the obtained absorbance with the absorbance of the standard sample. 
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Figure III-3.1 HPLC-UV device composition 
 

5. Reagent and sample 

5.1 Tissue sample 
A sample of lung tissue, brain tissue, or liver tissue extracted after dissecting a rat and refrigerated 
at -80 °C after the sample is weighed. The lung tissue can be taken separately from the left and 
right side. When extracting lung tissue, be careful that it does not include lymph nodes.   

5.2 Normal saline 
A solution prepared in accordance with the preparation for physiological saline solution stipulated 
by the Japanese Pharmacopoeia. 

5.3 Fullerene 
High-purity fullerene for standard curve creation. It is preferred that the purity be 99.5 % or above 

(e.g.: Nanom purple SU of Frontier Carbon Corporation).  

5.4 Toluene 
A liquid chromatography reagent or pesticide residue/PCB test reagent (e.g.: toluene for liquid 
chromatography of Wako Pure Chemical Industries, Ltd.).  

5.5 Acetonitrile or Methanol 
A liquid chromatography reagent (e.g.: acetonitrile for liquid chromatography of Wako Pure 
Chemical Industries, Ltd.).  

5.6 SDS 
An ion-pair chromatography reagent (e.g.: ion-pair chromatography SDS of Wako Pure Chemical 
Industries, Ltd.).  
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5.7 Acetic acid 
A probe assay reagent (e.g.: acetic acid for probe assay of Wako Pure Chemical Industries, Ltd.). 

5.8 Nitrogen Gas 
Nitrogen gas with purity of 99.9% or above. 
 

6. Analysis method 

6.1 Preparation of ahomogenized tissue sample 
Add triple the weight of normal saline to the tissue sample in 5.1, cut it up finely with scissors, and 
homogenize it in a homogenizer (10,000 rpm). All of the work should be conducted under cooled 
conditions such as in ice. If extraction is not conducted immediately after homogenization, the 
sample should be kept frozen at -80 °C. The frozen sample can be rethawed and used for analysis, 
but as sedimentation of the tissue occurs, the sample should be evenly mixed using a tube mixer 
after thawing.  

6.2 Extraction 
The sample solution homogenized in 6.1 is weighed into a stoppered centrifuge tube using a 
Pasteur pipette (for instance, 0.2g in a 10 mL centrifuge tube; tissue weight equivalent of 0.05g).  
0.01 mol/L of SDS and 0.1 mol/L of acetic acid are respectively added in an amount of about 2.5 
times the sample solution (in the abovementioned example, 0.5 mL). Next, toluene is added in an 
amount of about 2.5 times the sample solution (in the abovementioned example, 5 mL). The 
centrifuge tube is shaken for two minutes using the shaker (for instance, shaking width of 40mm; 
320 shakes per minute), and in order to increase the extraction rate, ultrasonication is performed 
using an ultrasonic processor for 15 minutes. The centrifuge tube is shielded from light by 
wrapping it in aluminum foil, and it is shaken with the shaker for five hours. Ultrasonication is 
performed for 15 minutes followed by a centrifugal separation for ten minutes with a centrifugal 
acceleration of 2,000×g, and the solution is separated into the surfactant solution phase and toluene 
solution phase. This toluene solution phase is sorted using a Pasteur pipette. In order to extract the 
fullerene remaining in the surfactant solution phase after sorting, 5 mL of toluene is added to the 
surfactant phase, 5 minutes of shaking and 15 minutes of ultrasonication is performed, followed by 
a centrifugal separation treatment for ten minutes with a centrifugal acceleration of 2,000×g, and 
the toluene solution phase is sorted. The toluene phase obtained after performing residue extraction 
twice is mixed with the sorted toluene described above, creating the fullerene extract.  

6.3 Concentration 
The extract obtained in 6.2 is heated and concentrated under a nitrogen gas stream (e.g.: 
0.4L/minute; 40 °C) using a solution concentrator. The solution is concentrated until it reaches a 
concentration level that enables to determine the quantity of fullerene as described in 6.4. It is 
recommended that the loss of fullerene during concentration be prevented by occasionally washing 
the inner walls of the centrifuge tube with toluene. The concentrated sample is collected with a 
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glass syringe and filtered. In order to collect the fullerene remaining in the syringe and filter, it is 
recommended to wash the filter and syringe with toluene a few times and mix it with the 
concentrated liquid. The concentrated liquid containing this cleaning liquid is further concentrated 
under a nitrogen gas stream if necessary. The final concentrated liquid is weighed and used to 
calculate the fullerene concentration. 

6.4 Determining the quantity of fullerene 
The concentrated liquid obtained in 6.3 is analyzed using the HPLC-UV device to determine the 
quantity of fullerene. The below shows an example of the HPLC conditions. Note that the mobile 
phase flow and sample injection amount may differ depending on the column diameter used.   
(a) Mobile phase: Toluene : Acetonitrile ＝65.5 : 34.5 [V /V ] or Toluene : Methanol ＝47 : 53 [V 
/V ] 
(b) Mobile phase flow: 1 mL/minute (column with an internal diameter of 4.6 mm) or 0.425 
mL/minute (column with an internal diameter of 3.0mm) 
(c) Sample injection amount: 20 μL (column with an internal diameter of 4.6 mm) or 9 μL (column 
with an internal diameter of 3.0 mm) 
(d) Column temperature: 30 ºC 
(e) Detector UV Wavelength: 333 nm 
The detection limit depends on the performance of the HPLC-UV device and analysis conditions. 
As an example, an equipment detection limit of 2ng/mL and a detection limit of 9ng/g at the time 
of tissue analysis (wet tissue weight) have been reported.  
A fullerene/toluene solution with a known fullerene concentration is used as the standard curve 
sample to determine the quantity of fullerene in the concentrated solution in 6.3. For the fullerene 
standard curve sample, a fullerene reagent is put in a volumetric flask using a stainless steel spatula 
and accurately weighed on a balance, followed by the addition and dissolution of toluene to make a 
solution with constant capacity. Figure III-3.2 shows an example of the chromatogram of the C60 

standard curve sample analyzed using the HPLC device. It also shows an analysis example of 
C60-O, fullerene oxide. The peaks at 2~4 minutes in the figure are the toluene solvent. Using the 
obtained C60 sample curve, the C60 concentration in the extract is determined and the C60 
concentration in the lung tissue is determined using the weights of the separately measured 
homogenized sample and lung tissue. 
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Figure III-3.2 Example of HPLC analysis of fullerene (C60) 
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III-4. Preparation method of fullerene samples of liquid phase dispersion for in 
vitro systems 

Introduction 
In order to ensure reproducibility and reliability in the in vitro test to investigate the effects of 
nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles 
and to understand their characteristics. As the culture medium used in the in vitro test has a high 
ionic strength and promotes the aggregation of dispersed fullerene, a preparation method to 
disperse the fullerene in a stable and reproducible manner over the in vitro test period (normally 
four days) is required. Also, in order to observe the effects of the fullerene particles, it is necessary 
to avoid the use of dispersants such as surfactants and organic solvents that have harmful effects 
themselves as much as possible.  
III-4. shows the procedures for using a bead mill to prepare the dispersion liquid of fullerene (C60 
or C70) in the cell culture medium to be used as an in vitro sample. Fetal bovine serum (FBS) 
contained in the culture medium is used as a dispersant to disperse fullerene. Fullerene is 
sometimes commercially sold as micron-sized crystals, and a bead mill is used to grind the 
fullerene particles into nano-size without changing its crystalline shape during disintegration. 
 

1. Scope 
The procedures shown in III-4. apply to the preparation of a dispersion sample in a culture medium, 
with a light intensity average particle size of around 200 nm as determined by the Dynamic Light 
Scattering method and with fullerene dispersion state that is stably maintained for four or more 
days. The sample is prepared from dried powder (crystals) of fullerene (C60 or C70) whose primary 
particle size is more than a few microns. 
 

2. Normative references 
None in particular. 
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 
 

4. Equipment and instruments 
The equipment and instruments used are sterilized as needed. 

4.1 Disperser 
Bead mill that enables dispersion using tiny beads with a diameter of 50 μm or smaller. The inner 
surfaces of the dispersion container and slurry tank are lined with abrasion resistant material such 
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as zirconium, and the beads and agitator blades are also made of an equivalent abrasion resistant 
material. 

4.2 Magnetic stirrer 
A magnetic stirrer and stirrer bar is used to mix the bulk powder and the FBS together before 
putting it into the bead mill. 

4.3 Pre-treatment container and sample container 
A brown-colored glass container to shut out ultraviolet light with a sealable lid is preferred. 

4.4 Centrifuge 
Centrifuge used for dispersion liquid particle size adjustment that can be operated with a 
centrifugal acceleration of 1,000×g ~ 8,000×g. 

4.5 Filtration system for sterile filtration 
Filtration system with a filter whose pore diameter is 0.45 μm or smaller and a storage bottle. The 
system performs suction filtration of the dispersion liquid using a vacuum pump, etc., and is used 
for sterilization.  

4.6 Clean bench 
It is preferred that a clean bench be used when handling bulk powder in order to prevent exposure 
through the scattering of fullerene particles. However, fans should not be used.  

4.7 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.9. 
 

5. Sample 

5.1 Bulk powder 
Commercial fullerene crystals (C60 or C70) that have been sublimation-refined to low impurity 
contents is preferable. 

5.2 Dispersion medium 
A prepared commercial DMEM is used for the dispersion medium. It contains 10 % FBS and 1 % 
antibacterial and antifungal agents. 
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6. Preparation method 

6.1 Pre-treatment of bulk powder 
Around 600 mg of bulk powder is measured out using an electronic balance and transferred to the 
pre-treatment container, and approximately 50 mL of FBS is added. A stirrer bar washed with 
ethanol is put into the container and the powder is stirred for two hours using a magnetic stirrer.  

6.2 Pre-treatment of disperser 
Bead mill components that come into contact with the DMEM that coexists with fullerene, such as 
the beads and agitator blades used for dispersion, etc., are sterilized using an autoclave or ethanol, 
etc., before dispersion, and then sterilized with ultraviolet light for eight or more hours. 

6.3 Dispersion 
50 mL of raw material dispersion liquid that was pretreated in 6.1 is put into the disperser. In 
addition, the powder adhered to the pre-treatment container is all fed into the disperser using 300 
mL of dispersion medium in 5.2. The disperser is operated according to the usage method. After 
operating the disperser for about 30 minutes, about 200 mL of the dispersion medium in 5.2 is 
added. After dispersing for the specified time, about 200 mL of the dispersion liquid is collected 
into the sample container. Then, 50 mL of the raw material dispersion liquid pretreated in 6.1 and 
100 mL of the dispersion medium in 5.2 are put into the disperser to be redispersed. After 
dispersing for the specified time, the dispersion liquid is collected into the sample container. 
During operation, the dispersion container and slurry tank are cooled with cooling water, keeping 
them at a temperature of about 25~30 °C. In addition, the air in the slurry tank of the disperser is 
constantly displaced with nitrogen or argon in order to prevent oxidation.    

6.4 Particle size adjustment 
After centrifugal separation is conductedon the dispersion liquid collected after the second opration  
of disperser at a centrifugal acceleration of 8,000×g for 45 minutes, the supernatant liquid is 
collected. However, since large particles stick to the test tube wall if centrifugal separation is 
conducted on the dispersion liquid at a centrifugal acceleration of 8,000×g, making it highly likely 
that they will be mixed into the supernatant liquid when it is collected, it is preferred that the 
centrifugal acceleration be increased in stages, such as conducting centrifugal separation at an 
acceleration of 1,000×g for 10 minutes followed by 2,000×g for 10 minutes followed by 4,000×g 
for 10 minutes, before using an acceleration of 8,000×g. 

6.5 FBS addition 
As fullerene particles are highly adsorptive and adsorb serum-derived proteins and salts such as 
calcium in the culture medium, culture medium components may be depleted when the culture 
medium components are removed together with large fullerene particles by centrifugal separation. 
The depletion of culture medium components may have an effect on the cell toxicity test, and 
therefore FBS is added to the supernatant liquid collected in 6.4 in an amount equivalent to about 
5% of the liquid.  
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6.6 Sterile filtration 
In order to eliminate microbes that entered during dispersion, the dispersion liquid to which FBS 
was added in 6.5 is sterilized using suction filtration by passing it through a filter with a pore 
diameter of 0.45 μm or smaller. The filtrate is dripped into a storage bottle, etc.  

6.7 Dilution 
If dilution is required, dilute using the dispersion medium. 

6.8 Dispersion liquid storage 
The prepared dispersion liquid is refrigerated at 4 °C until testing. The liquid is left still and should 
not be shaken or mixed.  
One lot of the dispersion liquid prepared in 6.1 ~ 6.8 is divided into three lots, with one lot used for 
the in vitro test, one lot used for concentration measurement, and one lot used for the particle size 
measurement and stability test. It is recommended that these tests essentially be conducted 
synchronously.  

6.9 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3. 
 

7. Measurement of particle size and concentration 

7.1 Particle size and stability evaluation 
The particle size and stability of the dispersion liquid prepared in 6 is tested in accordance with the 
method shown in III-5.  

7.2 Concentration measurement 

7.2.1 Pre-treatment 
As protein attached to fullerene is altered by the toluene used for extraction and hinders extraction, 
the attached proteins are broken down in advance. Around 2 mL of the dispersion liquid for 
analysis is put into the centrifuge tube and 30 μL of protease K (20 mg/mL) is added to be left 
overnight in a dark place at 40 °C (around 12 hours). The amount of dispersion liquid put into the 
centrifuge tube is found by accurately weighing the centrifuge tube before the liquid is put inside.  

7.2.2 Extraction 
5 mL of toluene is added to the centrifuge tube of 7.2.1, and after 5 hours of shaking, 15 minutes of 
ultrasonic extraction and 10 minutes of centrifugal separation at 2,000×g, the supernatant liquid is 
collected into a test tube. An additional 5 mL of toluene is added to the centrifuge tube with 
remaining sediments, and after 15 minutes of shaking, 15 minutes of ultrasonic extraction and 10 
minutes of centrifugal separation at 2,000×g, the supernatant liquid is added into the 
above-mentioned test tube. 1 mL of toluene is gently added to the remaining sedimentation and the 
toluene phase is transferred to the above-mentioned test tube. This process is repeated twice. The 



III-4. Preparation method of fullerene samples of liquid phase dispersion for in vitro systems 

39 

volume of extracted liquid is found by accurately weighing the test tube before the supernatant 
liquid is put inside.   

7.2.3 Filtration 
The extract collected in 7.2.2 is filtered using a filter with a pore diameter of 0.2 μm. 

7.2.4 Analysis 
The extract filtered in 7.2.3 is analyzed using HPLC. The below is an example of the analysis 
conditions using HPLC: 
(a) Equipment: 10AV p (Shimadzu Co.) 
(b) Column: C30 Packed column (Develosil column, Nomura Chemical Co., Ltd.) 
(c) Mobile phase: Toluene: Methanol = 65: 35 (V /V) 
(d) Column temperature: 30 ºC 
(e) Detector: UV detector: 333 nm 
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Yamamoto, E. Niki, H. Iwahashi, Y. Yoshida, J. Nakanishi, “In Vitro evaluation of cellular 
responses induced by stable fullerene C60 medium dispersion”, Journal of Biochemistry, 148 
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Vitro Toxicity Assessment”, Molecular Biosystems, 6 (2010), 1238-1246. 
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Annex A. Practical example 
As reference, a case example of the dispersion system preparation test and dispersion liquid 
assessment conducted in accordance with the procedures is shown.  

A.1 Equipment and instruments 

A.1.1 Disperser 
Ultra Apex Mill UAM-015 of KOTOBUKI Co., Ltd. was used. The used beads were zirconium 
beads with a particle size of 50 μm. 

A.1.2 Magnetic stirrer 
The Multi Magnetic Stirrer TMS-4 of Iuchi Seieido Co., Ltd. (Currently: AS ONE Corporation) 
was used.  

A.1.3 Pre-treatment container, Sample container 
The sample tube No. 8 (brown; internal diameter 40 mm; length 120 mm) of Maruemu Corporation 
was used as the pre-treatment container. A hard glass eye bottle (brown; 1L) of AS ONE 
Corporation was used as the sample container. 

A.1.4 Centrifuge 
The Centrifuge Supreme 21 and rotor NA-23 of TOMY SEIKO CO., LTD. were used. A 50 mL 
capacity centrifuge tube can be centrifuged at a centrifugal acceleration of 16,000×g to 1,000×g. 

A.1.5 Filtration system for sterile filtration 
The filtration system 430770 (pore diameter 0.45 μm; capacity 500 mL) of Corning Incorporated 
was used.  

A.2 Sample 

A.2.1 Bulk powder 
C60 manufactured by Company F was used.  

A.2.2 Dispersion media 
The dispersion media used were four 500 mL bottles of DMEM basal medium containing 55.15 g, 
54, 70 g, 56.72g, and 56.81 g of fetal bovine serum (FBS) each added with 5.66 g, 6.02 g, 5.77 g, 
and 5.70 g of antibacterial and antifungal agent, respectively, and sufficiently stirred making sure 
that no bubbles formed. 

A.3 Dispersion method 

A.3.1 Pre-treatment of bulk powder 
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607.6 mg and 600.2 mg of bulk powder are weighed out using an electronic balance, transferred to 
the pre-treatment containers, and 58.72 g and 59.31 g of FBS were added, respectively. Stirrer bars 
washed with ethanol were put in and the powder was stirred for two hours using a magnetic stirrer.  

A.3.2Pre-treatment of disperser 
Bead mill components such as the beads and agitator blades used for dispersion were washed with 
ethanol before dispersion, and then sterilized with ultraviolet light for eight or more hours. The 
agitator blades of the mill, etc., were assembled, and the dispersion containers were filled with 400 
g of 50 μm zirconium beads.  

A.3.3 Dispersion 
60 mL of the raw material dispersion liquid pretreated in A.3.1 was put into the slurry tank. 
Furthermore, the powder adhered to the pre-treatment container was all fed into the disperser using 
the 300 mL of dispersion medium in A.2.2. The disperser operating conditions were as follows:  
(a)  Dispersion liquid circulation flow: 10 L/h 
(b)  Peripheral velocity of agitator blade tip: 15 m/second 
After operating the disperser for about 30 minutes, about 200 mL of the dispersion medium in 
A.2.2 was added. Ninety minutes after the raw material dispersion liquid was poured in, about 200 
mL of the dispersion liquid was collected into the sample container; then added with 60 mL of the 
raw material dispersion liquid pretreated in A.3.1 and 100 mL of the dispersion medium in A.2.2, 
and the disperser was operated again. After operating the disperser for about 30 minutes, about 300 
mL of the dispersion medium in A.2.2 was added. Ninety minutes after pouring in the raw material 
dispersion liquid for the second time, the dispersion liquid was collected in the sample container. 
During operation, the dispersion container and slurry tank were cooled with cooling water and kept 
at a temperature of about 25~30 °C. In addition, the air in the slurry tank of the disperser was 
constantly displaced with argon in order to prevent oxidation. 

A.3.4 Particle size preparation 
After centrifugal separation on the dispersion liquid, which was collected after the second operation 
of the disperser, was conducted consecutively at an acceleration of 1,000×g for 10 minutes, 
2,000×g for 10 minutes, 4,000×g for 10 minutes, and then 8,000×g for 45 minutes, the supernatant 
liquid was collected. 

A.3.5 FBS addition 
16.8g of FBS was added to the 327.9g of collected supernatant liquid. 

A.3.6 Sterile filtration 
The dispersion liquid to which FBS was added was sterilized using suction filtration by passing it 
through a filter with a pore diameter of 0.45 μm.  

A.3.7 Dispersion liquid storage 
The prepared dispersion liquid was refrigerated at 4 °C until testing.  
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A.3.8 Dispersion liquid characteristics 
An example of the characteristics of the prepared dispersion liquid is shown below. After an HPLC 
analysis, about 650 mL of dispersion liquid with 0.16 mg/mL was obtained. The ratio of the 
amount of C60 in the liquid that was obtained with respect to the amount of C60 that was put in 
(yield) was about 8%~10%. The particle size measured using DLS was 220 nm in terms of mean 
light intensity diameter and 125 nm in terms of mean number diameter. No changes were seen in 
concentration and particle size even four days after preparation. An example of a TEM image taken 
after drying the dispersion liquid is shown in Figure III-4.1 As aggregation increased when the 
dispersion liquid dried, it can be presumed that the particle size of the aggregates in the dispersion 
liquid are smaller than the particle size that can be seen from this image.  
 

 
 

Figure III-4.1   Dispersion liquid in which C60 were dispersed in 
the culture medium for in vitro testing (TEM 
image) 

 
 
 

Authors of III-4. 
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III-5. Measurement method of fullerene samples of liquid phase dispersion 

Introduction 
III-5. shows the procedures to determine the average particle size of the fullerene (C60 or C70) 
nanoparticles and their aggregates dispersed in the liquid, in particular the culture for in vitro 
testing, using the Dynamic Light Scattering method (DLS). The procedures to evaluate whether the 
nanoparticles and their aggregates are stably dispersed from temporal changes in the scattered light 
intensity and visual check of sedimentation formation are also shown. 
 

1. Scope 
The procedures shown in III-5. apply to the fullerene (C60 or C70) nanoparticles and their 
aggregates dispersed in the liquid. The range of the average particle size to be measured is around 
20~10300 nm, which can be accommodated by commercial DLS devices. 
 

2. Normative references 
The following standards are referenced or cited in these procedures:  
JIS Z8819-1： 1999 Representation of results of particle size analysis—Part 1: Graphical 
representation 
JIS Z8819-2：2001 Representation of results of particle size analysis—Part 2: Calculation of 
average particle sizes/diameters and moments from particle size distributions 
JIS Z8826：2005 Particle size analysis -- Photon correlation method  
ISO 13321:1996 Particle size analysis -- Photon correlation spectroscopy 
ISO 22412:2008 Particle size analysis -- Dynamic light scattering (DLS) 
JIS Z 8803：1991 Liquid viscosity -- Measurement method 
JIS K 2283：2000 Crude petroleum and petroleum products -- Determination of kinematic viscosity 
and calculation of viscosity index from kinematic viscosity 
 

3. Terms, definitions and symbols 
For terms and definitions other than those shown below, refer to 1. and 2. of Chapter II.  

3.1 Terms and definitions 

3.1.1 Dispersion medium 
Liquid phase that disperses the nanoparticle powder. A culture (e.g.: DMEM (Dulbecco's Modified 
Eagle Medium)) is normally used for the in vitro test.   

3.1.2 Particle size d 
Diameter when the particle is assumed to have a spherical shape. If the particle is a true sphere, the 
particle size would be the diameter of the particle.   
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3.1.3 Particle size distribution and average particle size 

The scattering intensity average particle size (intensity-weighted average diameter) DLSd  found 

using DLS is a type of average particle size obtained using the following formula:  
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N is the interval number, id  is the average particle size for the interval, and iQint,∆  is the 
corresponding scattered light intensity. In addition, the mass-based average particle size (or weight 
average particle size) wd  or number-based average particle size (or number average particle size) 

nd  is also calculated using devices. The definition of these average particle sizes should be 
verified in the device operating manual.  

3.2 Symbols 

DLSd  Scattering intensity average particle size [nm] 

wd   Mass-based average particle size (or weight average particle size) [nm] 

nd   Number-based average particle size (or number average particle size) [nm] 

sI  Scattered light intensity  
c   Particle concentration in the dispersion sample (the number of particles or mass per unit 

volume) 
η  Viscosity [cP][=0.01 g/(s･cm)] 
ρ  Dispersion medium density [g/cm3] 
 

4. Principle 
Refer to Chapter II 1. for the principle of DLS. 
 

5. DLS device 

5.1 Types of devices 
Commercial DLS devices are used.  

5.2 Validation 
The validity of the equipment is verified in advance using reference material, etc. For instance, 
measure polystyrene latex reference material for which the average particle size has been 
accurately determined, and evaluate whether the authorization value and the measurement value 
match within the range of uncertainty. For example, it is recommended to evaluate equipment 
validity by using monodisperse polystyrene latex reference material in which the average particle 
size is 100 nm. It is desirable for the systematic error of the measurement value from the 
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authorization value to be within ±2 %, and for the relative experimental standard deviation of 
repeatability to be 2% or less (Refer to ISO 22412).  

5.3 Temperature control 
The DLS device used should have the function of keeping the measurement cell temperature within 
the required range. The desired temperature accuracy is within ±0.3 °C (Refer to ISO 22412). 
Temperature control is conducted using an external circulating thermostatic water bath, etc., as 
needed.  

5.4 Data output 
The device should be able to calculate the scattering intensity average particle size DLSd , 
mass-based average particle size wd , or number-based average particle size nd  and output these 
results. It is preferred that the device be able to calculate the particle size distribution or 
polydispersity and output the results, or display/output the time correlation function or power 
spectrum as needed. 
 

6. Reagent and equipment 

6.1 Reagent 
The solvent to wash and dilute the measurement cell should be clean and not contain particulates, 
in particular, particulates that are larger than the particles in the dispersion sample. For instance, if 
the solvent used for dispersion is water, it is preferred that purified filtered water (ultrapure water) 
be used. 
NOTE   In III-5., “ultrapure water” is defined as “clean water that does not contain particulates 
and has been purified using an ion-exchange filter or filter that has a pore diameter of 0.2 μm or 
smaller, with electric resistivity of 18 MΩ･cm or above and organic carbon concentration of 5 ppb 
or lower.” 

6.2 Particle size reference material 
It is recommended to use a reference material whose traceability with respect to the characteristic 
value has been specified. It is recommended to use polystyrene latex of about 100 nm that has been 
dispersed in water. However, be careful not to cause association or sedimentation of the reference 
material through freezing, etc.. 

6.3 Equipment 
Normal containers and dispensing burettes may be used. However, containers and instruments that 
may change the physiochemical conditions (i.e.: pH) of the dispersion sample should not be used. 
For instance, normal glass instruments may change the pH. In order to prevent the pH from 
changing, the use of quartz glass instruments or plastic instruments made of polyethylene or 
polypropylene, etc., is recommended.  
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6.4 Digital camera 
It is preferred that a digital camera be used to record the conditions of the dispersion sample. 

6.5 Viscometer 
A viscometer that is compatible with the kinematic viscosity of the dispersion sample is used to 
determine the dispersion sample viscosity. The kinematic viscosity of a dilute aqueous solution is 
0.894 cP mL/ g (25 °C), and, for example, an Ubbelohde viscometer or a Cannon-Fenske 
viscometer can be used.   
NOTE   Viscosity should be substituted into the Stokes-Einstein formula rather than the 
kinematic viscosity. If the viscosity is η, the kinematic viscosity is (η/ρ). The viscosity η is 
calculated from the falling time t of the dispersion sample using the following formula:   

t
ctc 2

1 −=
ρ
η

 
Here, c1 and c2 are constants specific to the viscometer and is determined by measuring the falling 
time of liquid such as water for which the viscosity is known.   

6.6 Thermostatic water bath 
In order to control the temperature of the entire viscometer, a thermostatic water bath that is near 
room temperature (i.e.: 25 °C) and has the capability to control the water temperature to ±0.1 °C or 
lower is used. 
 

7. Particle size measurement method 

7.1 Device installation 
The devices are installed in a clean environment. In addition, electric noise, mechanical vibrations, 
and direct sunlight should be avoided (Refer to ISO 22412 8.1).  

Warning: The DLS device uses a laser as a light source that may damage the eyes. Make sure not to 
look directly at the incoming light, and prevent reflected light from entering the eyes. The safety 
regulations that apply to the installation location must be observed.  

7.2 Preparation of measurement sample 
In order to prevent decomposition of the culture, which is the dispersion medium, the dispersion 
liquid in which nanoparticles are dispersed should be stored under low temperature such as in a 
refrigerator in advance. The sample must not be frozen at this time.  
If emphasizing data reproducibility, the measurement sample should be collected from a given area 
of the standing dispersion liquid. For instance, the sample should always be collected from a given 
depth from the surface of the dispersion liquid. This is because even if the dispersion liquid is 
stable, a concentration gradient is gradually formed due to gravity, and the concentration may be 
notably different depending on the collection location in the sample, even if the dispersion liquid 
was prepared in the same way.  
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The dispersion liquid should be measured at room temperature without conducting pre-treatment 
such as stirring using an ultrasonic cleaner, etc. In order to prevent scattered light from dust, all 
samples relating to measurement must be prepared in a clean environment. 
7.3 Visual check of the dispersion liquid 
Visually check for the presence of sedimentation when the dispersion liquid is obtained and before 
and after DLS measurement, and record the degree to which sedimentation is formed. If possible, 
record this image using a digital camera, etc.  

7.4 Viscosity measurement 
If reliable literature values from chemical handbooks, etc., are available, the literature values may 
be used. However, if there are no reliable literature values, it is recommended that the dispersion 
sample viscosity be measured.  
NOTE 1   If the dispersion medium is used as the cell culture medium, an Ubbelohde viscometer, 
etc., can be used. Immerse the viscometer in the thermostatic water bath and control the 
temperature to ±0.1 °C or lower.  
NOTE 2   The dispersion sample viscosity may significantly increase due to the presence of 
nanoparticles. In this case, it is recommended to compute the dispersed viscosity by measuring the 
protein concentration using an appropriate measurement method (e.g.: Field Flow Fractionation 
method), taking into account that the viscosity of the dispersion medium is proportionate to the 
protein concentration in the medium. 

7.5 Cleaning of equipment to be used for DLS measurement 
All sample containers and test instruments that come into contact with the dispersion liquid must 
avoid being contaminated by particulates and previously-used particle samples. For instance, it is 
recommended that measurement cells and syringes which are repeatedly used be optically 
cleaned*.  
Pasteur pipettes, etc., that are usually disposable may often be used as is, but may be optically 
cleaned if necessary. If optical cleaning is not possible, the instruments should be washed using 
dust-free solvent that has been filtered or distilled. If contamination is found in the measurement 
cells, containers, solvents, etc., they should not be used. 
Note*: “Optical cleaning” to wash instruments that are repeatedly used is a cleaning method that 
uses the reflux of boiling acetone vapor. Acetone is condensed using cooling pipes flowing with 
cold water, and the acetone droplets are used to wash the instruments for about 30 minutes and the 
instruments are then dried. This is similar to a regular reflux device, but requires a way to make the 
instruments stand up.  

7.6 Blank measurement 
In order to verify that there are actually no contaminated particles, a blank measurement is 
conducted in advance. Normally, the scattered light intensity of water, etc., used to wash the 
measurement cell or dilute the sample is measured. If there is contamination, strong scattered light 
is observed.  
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NOTE   If the cell cannot be removed from the device, the cell is repeatedly washed with clean 
solvent, or washed with the sample and checked for scattered light to evaluate the presence of 
contamination.  

7.7 DLS measurement 

7.7.1 Qualifications 
The DLS device is operated by someone who has received sufficient training and can operate the 
device adequately. The measurement skills are assessed in advance, for instance, by whether the 
person can report values that match the authorization values of the particle size reference material. 

7.7.2 Measurement environment 
The device should naturally be installed in a clean environment, and it is preferred that the 
environment in which the instruments are handled, the environment in which the sample is 
prepared, and the garments worn by the measurer, etc., are also clean. In particular, be aware that 
water can easily be contaminated with dust that interferes with measurement.  

7.7.3 Preparation of DLS device 
In order to obtain stable data, the device should be warmed up before measurement. The 
measurement cell must have reached the preset temperature before measurements are taken. In 
addition, the temperature must stay within the prescribed temperature range during measurement. 
The temperature range should preferably be within ±0.3 °C.  
NOTE 1   The stability of the laser greatly depends on the type of laser device, but the device 
normally needs to be warmed up for 15~30 minutes in order to stabilize the laser intensity and 
measurement cell temperature.  
NOTE 2   It is recommended to evaluate whether the measurement cell has actually reached the 
set temperature in advance. If the volume of the measurement sample is large (e.g. internal 
diameter of 9mm and volume of 2 mL) it may take a long time for the measurement cell to reach 
the set temperature. For instance, it may take 45 minutes or more for the temperature to rise from 
room temperature of 22 °C to the set temperature of 25.0 °C controlled to ±0.1 °C.  

7.7.4 Measurement and analysis 
Measurement and analysis is conducted according to the procedure manual of each device. It is 
recommended that measurements be repeated at least three times in order to evaluate the repeat 
accuracy of the measurements.  

7.7.5 Records 
In order to ensure traceability and reproducibility, it is recommended that the following 
measurement conditions and results be recorded:  
(a) Measurement conditions: dispersion sample information, measurement time, measuring time 
period, temperature of dispersion sample, refractive index of the dispersion sample, dispersion 
sample viscosity, dispersion sample concentration, laser wavelength, scattered light intensity of the 
blank and dispersion sample, etc.. 
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(b) Measurement results: scattering intensity average particle size calculated using a device, etc.; 
scattered light intensity and polydispersity. If necessary, the mass-based mean particle size, 
number-based average particle size, particle size distribution, appearance of the dispersion sample, 
etc. 
 

8. Data analysis 

8.1 Computation 
The reported values of the average particle size and scattered light intensity, etc., are determined as 
the average of repeated measurements. The method of computing the average value can be selected, 
but the computation method should be reported.  

8.2 Uncertainty evaluation 
It is recommended to evaluate uncertainty with respect to the reported values. At this time, the 
uncertainty evaluation method should be specified in order to show the validity of the evaluation 
method. As detailed uncertainty evaluations of DLS measurement pose difficulty, only the major 
uncertainty factors can be estimated. Factors of uncertainty include the type of device, 
measurement method, analysis method, and repeat measurements, etc.  
If it is not possible to evaluate the systematic error of the device compared to other devices in 
advance, this can be estimated from published documents. However, the source of the document 
should be reported. 
 

9. Reporting 
It is recommended that the following items be reported in order to ensure traceability when 
providing the dispersion liquid to a third party such as the user. 

9.1 General information 
(a) Detailed information to identify the dispersion sample (e.g.: particle sample information, 
dispersion preparation method, dispersion medium information, date that the dispersion sample was 
obtained, delivery method) 
(b) Measurement date, name of measurer, and measuring agency name 
(c) Information regarding the reference material used for equipment validation (include producer 
name) and date that validation was implemented 
(d) Dispersion sample storage conditions (e.g.: storage temperature, storage location, storage 
period) 
(e) Results of the visual check of sedimentation formation (e.g.: images taken with a digital 
camera) 

9.2 Equipment, test and analysis conditions 
(a) Equipment name, model, and manufacturer name  
(b) Particle size reference material used for validation and validation results 
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(c) Measurement cell cleaning conditions 
(d) If diluted, information regarding the reagent used for dilution  
(e) If possible, the particle sample concentration in the dispersion sample 
(f) Dispersion liquid refractive index and viscosity (literature information in the case of literature 
values) 
(g) Measured temperature 
(h) Measurement method (time correlation or frequency analysis) and analysis method (cumulant 
approach, etc.) 
(i) Measurement angle  
(j) Dispersion medium composition information (qualitative information also allowed) 
(k) Volume of dispersion sample in the cell  
(l) Computation method of reported value (e.g.: averaging method) 
(m) Computation method of uncertainty and source of documents as required 
(n) Number of repeated measurements 

9.3 Measurement results 
(a)  Scattering intensity average particle size and the repeat standard deviation or uncertainty  
(b)  Mass-based average particle size and number-based average particle size and the repeat 
standard deviation or uncertainty  
(c)  Scattered light intensity and the repeat standard deviation or uncertainty  
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Annex A. Accuracy assessment 

A.1 Fluctuations between DLS devices 
For the actual Project, a simple evaluation was conducted regarding the systematic error among 
commercial DLS devices. In other words, polystyrene latex monodispersed particle size reference 
material (average particle size is approximately 75 nm) was used as a common sample, and 
compared the scattering intensity average particle size measured using four different types of DLS 
devices. The measurements were conducted at 25 °C, and data analysis was conducted according to 
the standard procedures specified by each device. One of the four devices was the high-precision 
DLS device developed by the National Institute of Advanced Industrial Science and Technology, 
and the values of this device can be used as the standard. 
The results are shown in Figure III-5.1. The standard deviation of the six data was 1.2 nm (relative 
standard deviation of 1.6 %), and were identical in terms of the range of uncertainty.  
If the high-precision DLS device (“high-precision”) is set as the standard for Figure III-5.1, it can 
be seen that the values of other commercial devices fall almost within the uncertainty (expressed as 
an error bar) of the high-precision DLS device. Based on such data, the uncertainty among devices 
can be evaluated to a certain degree.  
For “high-precision” and “semi-high precision,” the values for the measurement angle and 
concentration are extrapolated to zero, and for the latter, the “General purpose-1” device is used. 
The intensity average particle size values for devices other than “high-precision” and “semi-high 
precision” are finite particle concentration values, and may change to a certain degree if the 
concentration changes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure III-5.1 Scattering intensity average particle size of the polystyrene latex 

reference material measured using four types of DLS devices 
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A.2 Dispersion sample of metal oxide nanoparticles 
Table III-5.1 shows the typical standard deviations of fluctuations between devices and between 
analysis methods of particle size distribution as well as daily fluctuation, calculated from 
intensity-averaged particle size data of some metal oxide nanoparticle samples dispersed in a 
DMEM cell culture medium with the addition of fetal bovine serum (FBS) (refer to V-2). 
The table also shows the combined standard uncertainty and the relative combined standard uncertainty 
calculated from these standard deviations. 
 

Table III-5.1 Assessment example of the average particle size and its uncertainty with 
regards to dispersion samples of metal oxide nanoparticles 

Metal oxide  
(sample name) 

Intensity- 
averaged 
particle size 

DLSd  
(nm) 

Combined 
standard 
uncertainty 

( )DLSdu  
(nm) 

Relative 
combined 
standard 
uncertainty 

( ) DLSDLS ddu  
(nm) 

Daily 
fluctuation 

( )DLSd du  
(nm) 
 

Fluctuation 
between 
devices 

( )DLSa du  
(nm) 

Fluctuation 
between 
analysis 
methods 

( )DLSm du  
(nm) 

Titanium dioxide, 
TiO2 

162.4 8.1 5.0 % 6.0 3.1 4.4 

Nickel oxide, NiO 140.6 6.4 4.6 % 6.1 1.5 1.0 

Zinc oxide, ZnO 120.9 7.7 6.4 % 3.7 5.6 3.8 

Aluminum oxide, 

Al2O3 

132.4 7.8 5.9 % 5.3 4.7 3.4 

Cerium oxide, 
CeO2 

148.4 7.5 5.1 % 5.5 3.7 3.4 
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Annex B. Practical example 
An example of measuring the particle size of industrially manufactured and sold fullerene 
nanoparticles dispersed in a culture solution is shown. 

B.1 Test outline 
A dispersion sample was divided into three dispersion samples, and an in vitro test, DLS 
measurement and concentration measurement were conducted simultaneously at three different 
locations. For the DLS measurement, the scattered light intensity and scattering intensity average 
particle size was measured for four days. Three different devices were used on each measurement 
day and the average particle size was found using two types of particle size distribution analysis 
methods.  

B.2 DLS measurement conditions 
The DLS measurement conditions are shown in Table III-5.2. 
 

Table III-5.2 DLS measurement conditions 
Item Conditions 
Particle sample  Fullerene (C60) 
Dispersion sample  Liquid resulting from dispersing the particle sample in 

the dispersion medium below 
Dispersion sample preparation method Preliminary adsorption method* 
Sample container  Polypropylene centrifuge tube  
Dispersion medium  DMEM (cell culture medium) containing 10 % FBS 

(fetal bovine serum). Also contains a pH indicator. 
Dispersion sample storage conditions Refrigerated (temperature of 4~5 °C) 
Particle sample mass concentration  0.15±0.01 mg/L (measured using fluorescent X-ray 

analysis) 
Dispersion sample viscosity 0.949 cP (estimated using the Field Flow Fractionation 

method) 
Equipment name (measurement 
method, manufacturer name, etc.) 

Refer to B.3 

Particle size reference material used 
for the equipment validity check  

Polystyrene latex  

Cleaning Measurement cell is repeatedly cleaned using ultrapure 
water 

Measured temperature 25.0±0.1 °C 
Note*：Method of compensating the protein loss in the culture medium due to centrifugal 

separation. 
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B.3 Equipment and instruments 
An outline of the three different devices used for measurement is shown in Table III-5.3. Below are 
the main devices used for measurement: 
(a) Quartz 5 mmφ light scattering measurement cell  
(b) Centrifuge tube made of polypropylene and polyethylene (25 mmφ)  
(c) Pasteur pipette (with high SiO2 purity)  
(d) Disposable pipette (made of polypropylene)  
(e) Ultrapure water (for cleaning equipment; filtered with a 0.1 μm filter)  
 

Table III-5.3 Equipment used for measurement 
Equipment Measurement method Wavelength 

nm 
Angle 
deg 

Sample 
volume 

mL 

Measurement cell 
Optical 
system  

Data analysis 
method  

D Homodyne Photon 
correlation 
method  

632.8 90 0.5 Quartz NMR tube 
(5mm diameter)  

F Homodyne Photon 
correlation 
method  

660 90 5 Centrifuge tube made 
of polypropylene and 
polyethylene 

U Heterodyne Frequency 
analysis method  

780 180 0.3  

 

B.4 Visual check of sedimentation formation 
An example of the sedimentation conditions of the sample is shown in Figure III-5.2. No 
sedimentation is observed. The reddish-brown color is due to the absorption of the aggregate of the 
phenol red indicator and fullerene. 
 

(a) Appearance on Day 1  (b) Appearance on Day 4 

  

Figure III-5.2 Appearance of dispersion sample in which fullerene 
nanoparticles were dispersed in the culture medium 
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B.5 Flow of measurement procedures (refer to III-5. Annex Cfor detailed 
procedures) 

B.5.1 Measurement preparations (to be made by the day prior to measurement) 
(a) Cleaning of the measurement cell using purified water in order to remove any adhered 
water-soluble contamination 
(b) Optical cleaning of the measurement cell using acetone in order to remove any adhered dust 
(c) Verification of temperature control in the device (not full-time) 

B.5.2 Measurement 
(a) Start up the Dynamic Light Scattering equipment 
(b) Preparation of the measurement sample 
(c) Accuracy testing of the measuring equipment (using standard particles) 
(d) Actual sample measurement (diffusion coefficient measurement + solvent viscosity 
measurement) 
(e) Data analysis 

B.6 Measurement results 
The DLS measurement results are shown in Table III-5.4.  
 

Table III-5.4 Average particle size and standard uncertainty of fullerene nanoparticles 
Characteristics Symbol  Value ± standard uncertainty (nm)  
Scattering intensity average particle size   DLSd  219±16 
Number (number-based) average particle 
size  

nd  125±10 

 

B.7 Stability evaluation results 
Figure III-5.3 shows the temporal changes in the scattering intensity average particle size and 
scattered light intensity over the four days. There are hardly any changes in either of them, and the 
dispersion sample is stable. In other words, the figure indicates that the fullerene nanoparticles 
(secondary particles) are stably dispersed.  
In Figure III-5.3, the scattered light intensity was measured with device D, and the relative values 
in reference to the measured value on the first day (with the value being 1) are plotted. The average 
particle size of each measurement day is the average of data obtained from the three devices. The 
error bar of the average particle size is the overall uncertainty. As no drastic increases or decreases 
are seen in either value, it is presumed that the sample is stable.  
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Figure III-5.3 Daily changes in the scattering intensity average particle size (○) 
and scattered light intensity (●) of fullerene (C60) particles 
dispersed in the cell culture medium 
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Annex C. Details of procedures shown in the practical example 
This annex shows details of procedures shown in III-5. Annex B. Practical example. 

C.1 Measurement preparations (to be made by the day prior to measurement) 

C.1.1 Washing of the measurement cell using purified water 
The measurement cell is washed using purified water. Abrasives, etc., are not used for cleaning to 
prevent the cell from being damaged. There is a high possibility that water-soluble substances such 
as proteins are adhered onto the measurement cell used for the culture, etc., so the cell is repeatedly 
washed with purified water, and a visual check is conducted each time using a black light to make 
sure that no components are attached to the cell. 

C.1.2 Optical cleaning of the measurement cell using acetone 
The measurement cell is cleaned using acetone in order to remove any adhered dust on the surface.  
After a device such as in Figure III-5.4 is assembled, the measurement cell is washed by dripping 
reflux-distilled acetone from above. As acetone may remain in the measurement cell, the cell is 
washed by the previous day and sufficiently dried. It is recommended that drying be conducted in a 
dust-free room without using a dryer, etc. 
 

 

Figure III-5.4 Acetone washing machine 
 

The top is covered with a well-ventilated object 
(such as a paper filter) to prevent foreign matter 
from entering. 

The acetone is put in here. A boiling stone, etc., 
is put inside to prevent bumping. 

The cell is set here 

Timer 
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C.1.3 Verification of temperature control in the device 
In the Dynamic Light Scattering method, the measured particle size values change with changes in 
temperature, so it is necessary to consider temperature control. Therefore, a measurement solvent is 
placed in the measurement cell which is installed in the device, and a high-precision thermometer, 
etc., is used to evaluate the time taken until the set temperature is reached after installation.  
In order to enhance the accuracy of temperature control in the device, it is preferred that 
measurement be conducted in a temperature-controlled room. It should be noted that the time taken 
until the set temperature is reached changes significantly depending on the sample volume.  

C.2 Measurement 

C.2.1 Starting up the dynamic light scattering device 
Wait at least 30 minutes until the cell temperature reaches the set temperature and stabilizes. 
Furthermore, wait at least 30 minutes after the device is started up until the intensity of the laser 
stabilizes.  

C.2.2 Collection of the measurement sample 
Open the lid of the dispersion sample which was kept stationary in a cool and dark place (4 °C), 
and collect 0.5 mL of the sample using a Pasteur pipette or a disposable pipette from a depth of 1 
cm below the surface, keeping the sample as still as possible. When doing this, make sure not to 
disturb the water surface. The sample collection location should be the same sample collection 
location as for the toxicity test implementation. 

C.2.3 Accuracy check of the measurement device 
In order to ensure traceability of the measurement values of the Dynamic Light Scattering method, 
evaluate the device using polystyrene latex particle size reference material. This is also important in 
terms of checking the cleaning conditions of the cell.  

C.2.4 Diffusion coefficient measurement of the dispersion sample 
Adjust the position of the measurement cell so that the laser shines in the center of the dispersion 
sample. This is because the measurement accuracy significantly decreases if the measurement is 
taken at the surface or bottom of the sample liquid. Also check that the laser does not hit the 
scratches on the cell wall.  
After installing the measurement cell in the device, keep the sample still until the temperature of 
the dispersion sample reaches the set temperature (evaluate in advance the time until the set 
temperature is reached). 
After the set temperature is reached, adjust pinholes, etc., so that the scattered light intensity can be 
sufficiently observed. Review the measurement time, etc., so that an adequate time correlation 
function can be obtained. For instance, consider measurement conditions that sufficiently attenuate 
the time correlation function for measurement using the photon correlation method. Ensure a 
sufficient cumulative number for the diluted sample or dispersion sample with small particle sizes.  
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Repeat measurements at least three times to verify the reproducibility (short-term) of the measured 
values. If the measured particle size values significantly change in repeat measurements, note that 
there is a possibility that the dispersed state of the particles may be changing during measurement.  

C.2.5 Solvent and dispersion sample viscosity measurement 
The solvent viscosity measurement is conducted using the Ubbelohde viscometer. After installing 
the viscometer in the thermostatic water bath, keep it still until the set temperature is reached (e.g.: 
30 minutes). Repeat measurements at least three times.   

C.2.6 Data analysis 
Analyze the obtained time correlation function using the analysis software incorporated into the 
measuring device. In terms of analysis methods, use the CONTIN method, histogram method, or 
the multidisperse method, which apply to polydispersity in addition to the cumulant approach or 
monodisperse method. Print and store the data.  
For the analysis based on the photon correlation method, set an appropriate correlation time range, 
and check that the regression of the curve is adequate for each measurement. Note that the 
reliability of the measured values may significantly decrease for analysis methods in which the 
measurement data and the regression curve do not match well. It is also recommended to evaluate 
the effects of other analysis parameters on the particle size values.  
All data that is required in the report (e.g.: average particle size values) should be output. The 
results output on paper from the various devices should also be kept with the report.  
 
 
 

Authors of III-5. 
Shinichi Kinugasa, Haruhisa Kato, Kayori Takahashi 
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III-6(1) Preparation method of transmission electron microscope samples for a 
fullerene dispersion liquid 

Introduction 
In order to ensure reliability in the nanoparticle toxicity test, it is necessary to understand the size, 
shape, and composition, etc., of the tested nanoparticles. A transmission electron microscope 
(TEM) has high spatial resolution and enables shape and composition analysis, crystalline structure 
analysis, and analysis of chemical bonding conditions, etc., and is thus the most effective 
nanoparticle measuring method.  
III-6(1) shows the procedures for preparing samples to observe fullerene nanoparticles dispersed in 
a liquid phase under a TEM. Nanoparticles generally have strong agglomerating/aggregating 
properties, and nanoparticles dispersed in a liquid phase easily aggregate in the process of 
preparing a TEM sample. In particular, as an aqueous solvent is used for nanoparticle dispersion 
liquid used in biological tests, the nanoparticles easily aggregate when the solvent is being dried in 
comparison with a nanoparticle dispersion liquid that uses a highly-volatile organic solvent. 
Therefore, the sample is prepared using a method that prevents aggregation. 
 

1. Scope 
The procedures shown in III-6(1) apply to the retention of nanoparticles from a liquid phase 
nanoparticle dispersion system in which the primary particle size is 100 nm or smaller onto a TEM 
grid with a carbon support membrane that has a diameter of 3 mm. Here, fullerene nanoparticle 
dispersion liquid is used. 
 

2. Normative references 
None 
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 
 

4. Equipment and materials 

4.1 Microgrid with support membrane 
A metal grid that is tens of micrometers in thickness with a membrane that is tens of nanometers or 
smaller in thickness attached on it in order to retain the observation sample, such as powder. An 
amorphous carbon membrane is normally used.  
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4.2 Hydrophilic treatment device 
A device that introduces hydroxyl by plasma-treating the surface of the microgrid with support 
membrane, making it hydrophilic. 
 

5. Preparation method 

5.1 Pre-treatment of the TEM grid 
The support membrane surface of a microgrid with support membrane for transmission electron 
microscopy that has a diameter of 3mm is made hydrophilic using a hydrophilic treatment device.  

5.2 Preparation of the TEM sample 
Filter paper is placed on a hot plate that has been warmed to 80 °C, and the hydrophilized 
microgrid with support membrane is placed on top of this.  
10 μL of the fullerene nanoparticle dispersion liquid is collected using a micropipette, and dripped 
onto the microgrid with support membrane on the hot plate.  
The microgrid with support membrane is dried. 
 

6. Electron microscope observation results 
TEM images of the sample prepared from the fullerene nanoparticle dispersion liquid using the 
method in 5 are shown in Figure III-6.1. The device used was Carl Zeiss EM-922, and the sample 
was observed at an accelerating voltage of 200 kV.  
From image (b), it can be seen that the primary particle size of the fullerene particles is 
approximately 30 nm, and from image (c) the crystal lattice fringes of the fullerene particles can be 
observed, showing that the fullerene particles have a crystalline structure.  
 

 
Figure III-6.1 TEM images of fullerene nanoparticles 

Scale bar: (a) 500 nm, (b) 100 nm, (c) 20 nm 
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III-6(2) Preparation method of transmission electron microscope samples for lung 
tissues that contain fullerene 

Introduction 
Studying the uptake of nanoparticles into cells and biological tissues, damage to tissue cells 
through morphological observation, and migration to other tissues and elimination from the body 
during animal testing by means of gas-phase inhalation exposure and intratracheal instillation of 
nanoparticles and toxicity tests such as test-tube tests wherein nanoparticles are added to a cell 
culture are important for determining the results of toxicity tests.  
A transmission electron microscope (TEM) has high spatial resolution and enables shape and 
composition analysis, crystalline structure analysis, and analysis of chemical bonding conditions, 
etc., and is thus the most effective nanoparticle measuring method. 
III-6(2) shows the procedures for preparing samples for observing biological tissues under a TEM 
in toxicity tests using nanoparticles. Bioligical tissues change each second from the moment 
biological activity stops, so it is important to prepare a TEM sample in which biologically active 
tissue is maintained. 
 

1. Scope 
The procedures shown in III-6(2) apply to the preparation of TEM samples of lung tissue into 
which nanoparticles were inhaled or injected, during animal tests involving the gas-phase 
inhalation exposure or intratracheal instillation of nanoparticles using rats. Here, lung tissue of rats 
that were intratracheally instilled with fullerene nanoparticle dispersion liquid is used. 
 

2. Normative references 
None 
 

3. Terms, definitions and symbols 
For terms and definitions other than those below, refer to 1. and 2. of Chapter II. 

3.1 Fixation 
A treatment that stops structural changes in tissue due to the cessation of biological activity and 
keeps the tissue close to living condition. Broadly classified into chemical fixation and physical 
fixation.  

3.2 Chemical fixation 
Method of retaining the structural form by stabilizing the proteins and fats in the cells through the 
oxidation-reduction reaction. 
Aldehyde fixatives and heavy metal fixatives, etc., are used.  
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3.3 Physical fixation 
Method of keeping tissue close to living condition by instantaneously freezing the water in the 
tissues and cells.  

3.4 Buffer solution 
A solution that prevents the pH from drastically changing due to the addition of some acids or 
bases or concentration changes, as biological tissue is sensitive to pH. In the preparation of electron 
microscope samples of biological tissue, phosphate buffer solutions and cacodylic acid buffer 
solutions are commonly used.  

3.5 Trimming 
The process of shaping the cutting surface of the resin-embedded biological sample block to make 
it easier to slice. 
 

4. Equipment and materials 

4.1 Ultramicrotome 
Device to cut resin-embedded biological tissue in slices that are 100 nm thick or less using a 
diamond knife.  

4.2 Pressurized syringe 
Used to pressurize the syringe for use in tissue containing air, such as alveoli, so that liquids such 
as fixatives penetrate the alveoli.  

4.3 Thermostatic bath 
A thermostatic bath that can keep the temperature constant at 60 °C. 
 

5. Preparation method 
In order to observe living cells and tissue under a TEM, the living tissue must be kept as it is. This 
treatment is called fixation. Fixation includes the chemical treatment method and the physical 
fixation method, but here, fixation indicates the chemical fixation method. Fixed living cells and 
tissue contain water, and thus cannot be introduced into the vacuum environment of a TEM. 
Furthermore, tissues must be cut into segments that are 100 nm or less in order to be observed 
under a TEM, and therefore the tissue needs to be embedded in resin, but as resin has a low affinity 
for water, it is difficult to directly impregnate the resin in the tissue. Thus, water is normally 
displaced with alcohol and then displaced with resin.  

5.1 Pre-treatment of the extracted lung 
Normal saline is injected into the dissected and extracted lung, inflating the lung. A normal saline 
pack is set at a height of approximately 50cm above the lung, and normal saline is gradually 
injected into the lung airway with water pressure.  
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5.2 Prefixation of lung tissue 
The airway is tied with string so that normal saline injected into the lung does not escape, and the 
lung is fixed by immersing it in ice-cooled (4 °C) 2.5% glutaraldehyde - 0.1 M phosphate buffer 
solution (glutaraldehyde fixative) for five minutes.  
An approximate 1mm square of the observation region of the lung tissue is cut out using a razor.  
The lung tissue is immersed into the glutaraldehyde fixative in the pressurized syringe. The lung 
tissue floats at first, but settles as pressure is applied and the fixative enters the alveoli. The lung 
tissue is kept in a pressurized condition in ice-cold temperatures for 20 minutes. The pressure is 
then reduced to normal, and the lung tissue is transferred to a glass vial and kept in ice-cold 
glutaraldehyde fixative for 95 minutes (the lung tissue will have been kept in the glutaraldehyde 
fixative for a total of 120 minutes).  

5.3 Washing of lung tissue 
The lung tissue is washed with 0.1 M phosphate buffer solution. After soaking the tissue in an 
ice-cold phosphate buffer solution for five minutes, the phosphate buffer solution is exchanged. 
After repeating this procedure three times, the lung tissue is soaked for 20 minutes, and the 
phosphate buffer solution is exchanged again. This is repeated three times.  

5.4 Postfixation of lung tissue 
The lung tissue is soaked in ice-cold 1 % osmium tetroxide - 0.1 M phosphate buffer solution and 
kept for two hours.  

5.5 Washing of lung tissue 
The lung tissue is washed with distilled water. The water is replaced after ten minutes, and this 
process is repeated twice.  

5.6 Dehydration of lung tissue 
Stir in a compound liquid of 50 % ethanol - 50 % water; keep for 5 minutes. Rrepeat this three 
times.  
Stir in a compound liquid of 70 % ethanol - 30 % water; keep for 5 minutes. Stir after the liquid is 
replaced, and keep for 10 minutes.  
Stir in a compound liquid of 80 % ethanol – 20 % water; keep for 5 minutes. Stir after the liquid is 
replaced, and keep for 10 minutes.  
Stir in a compound liquid of 90 % ethanol – 10 % water; keep for 15 minutes. Stir in the water 
mixture and keep for 15 minutes. Repeat this twice. 
Stir in a compound liquid of 95 % ethanol – 5 % water; keep for 15 minutes. Repeat this twice. 
Stir in 100 % ethanol; keep for 30 minutes. Repeat this twice. 

5.7 Resin-embedding of lung tissue 
Stir in n-butyl glycidyl ether; keep for 15 minutes. Repeat this twice. 
Stir in a compound liquid of 50 % n-butyl glycidyl ether – 50 % epoxy resin; keep for two hours.  
Stir in a compound liquid of 33 % n-butyl glycidyl ether – 67 % epoxy resin; keep overnight.  
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Stir in epoxy resin solution; keep for 7 hours.  
Deaeration treatment in a vacuum.  
Keep in a 60 °C thermostatic bath for 48 or more hours to harden the epoxy resin.  

5.8 Preparation of an ultrathin slice 
Trim so that the sample to be cut with an ultramicrotome is 0.5 mm square.   
Prepare a slice of 50~100 nm in thickness with the ultramicrotome using a diamond knife.  
Place the slice on a TEM grid that has been subjected to hydrophilic treatment. 

5.9 Staining and reinforcement of the ultrathin slice 
Stain the ultrathin slice with 2% acetic acid uranium aqueous solution and lead stain solution as 
needed. Evaporate and reinforce the thin carbon film as needed. 
 

6. Electron microscope observation results 
Figure III-6.2 shows TEM images of the sample of a rat lung three months after intratracheal 
distillation of the fullerene nanoparticle dispersion liquid (prepared so that the fullerene content 
was 0.2 mg/body) which was prepared according to the method in 5. Hitachi H-7000 was used for 
images (a) and (b) of the figure, and observed with an accelerating voltage of 80 kV. Carl Zeiss 
EM-922 was used for images (c) and (d) of the figure, and observed with an accelerating voltage of 
200 kV. 
The crystal lattice fringes of the fullerene particles can be observed in image (c), showing that the 
fullerene particles have a crystalline structure. The electron diffraction shown in image (d) also 
shows that the fullerene particles have a crystalline structure.  
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Figure III-6.2 TEM images of alveolar macrophages 
(b) is an enlarged image of the red circle in (a); (c) is an enlarged image of the red circle in (b). 

 
 
 

Author of III-6(2) 
Kazuhiro Yamamoto 
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IV. Carbon nanotubes 

IV-1(1) Preparation method of multiwall carbon nanotube samples of liquid phase 
dispersion for in vivo systems – Solidification and pulverizing method 

Introduction 
In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal 
instillation test to investigate the effects of nanoparticles on the body, it is essential to control the 
size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles 
generally have strong agglomerating/aggregating properties, and in order to satisfy such 
requirements, it is necessary to disintegrate the nanoparticle aggregates and make them into 
primary particles. At the same time, it is necessary to control the characteristics of the dispersion 
medium using surface chemistry methods and keep the disintegrated nanoparticles in a stably 
dispersed state. 
IV-1(1) shows the procedures for preparing a multiwall carbon nanotube (MWCNT)-water 
dispersion sample to be used as a sample for in vivo testing. Generally, MWCNT forms aggregates 
of 50 μm to a few hundred μm comprising tangled single fibers of 10 μm or more in length. 
Therefore, mechanical action is required to isolate and disperse MWCNT into as constant lengths 
as possible and into single fibers as much as possible. Furthermore, interfacial chemical treatment 
that has little effect on the body is required in order to obtain a stable MWCNT-aqueous dispersion 
sample. 
 

1. Scope 
The procedures shown in IV-1(1) apply to the preparation of a MWCNT-aqueous dispersion 
sample whose multiwall carbon nanotube (MWCNT) aggregates are cut to a length of 5 μm or 
shorter using the solidification and pulverizing method, and which is isolated and dispersed at a 
solid concentration of 1 mg/mL or lower by adding an appropriate dispersant, as well as whose 
dispersed state is stably maintained at room temperature over approximately one month.  
The solidification and pulverizing method is a method of dispersing and then solidifying carbon 
nanotubes (CNT) in fructose, etc., dry milling the solidified substance, and cutting the CNT as well 
as dispersing it in liquid. 
 

2. Normative references 
None in particular. 
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 
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4. Equipment and instruments 

4.1 Pulverizer (planetary ball mill) 
Used to cut MWCNT and pulverize the solidified MWCNT- fructose. If the P-6 manufactured by 
FRITSCH is used (Figure IV-1.1), a zirconium pot with an interior capacity of 250 mL is filled 
with approximately 400 g of zirconium balls with a diameter of 20 mm, and the MWCNT-fructose 
is ground at a rotational frequency of 450 rpm (rotation/revolution ratio=-9/11).  
 

 
Figure IV-1.1 Planetary ball mill 

 

4.2 Ultrasonic homogenizer 
Used to redisperse the ground MWCNT and filtration residue and to redisperse the centrifugally 
separated dispersion liquid. An ultrasonic irradiation device capable of an output of 50W or above, 
in which the ultrasonic probe is directly inserted in the liquid. (e.g.: Model 250 or Model 450 of 
Branson Ultrasonic Corporation).  

4.3 Particle size adjustment and dispersion liquid purifying devices 

4.3.1 Centrifuge 
Centrifuge that can be operated at a centrifugal acceleration of 20,000×g or above for removing 
large particles and impurities in the dispersion liquid and adjusting the particle size distribution.  

4.3.2 Filtration equipment 
Filter with a pore diameter of 0.45 μm and 1 μm membrane to remove large particles and impurities 
in the dispersion liquid.  

4.4 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.8. 
 

Balls 

Pot 
Rotation 

Revolution P-6, FRITSCH 
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5. Sample 

5.1 Dispersion medium 
For the dispersion medium, purified water that has been purified with a water purifier (e.g.: Milli-Q 
of Millipore) and treated using an endotoxin removal filter (e.g.: BioPak of Millipore) and to which 
a dispersant of a specified concentration has been added is used. 

5.2 Dispersant 
Triton X-100 (polyoxyethylene-p-isooctylphenol). Triton X-100 has often been used to stabilize the 
CNT-aqueous dispersion system, and is suitable for preparing test samples of a wide range of CNT 
concentrations. The concentration is adjusted according to the concentration of the suspended CNT. 
However, concentrations of 3 mg/mL or above are not suitable for intratracheal instillation test 
samples using rats. 

5.3 Bulk powder 
Dried solid MWCNT. 
 

6. Preparation method 

6.1 Hydrophilic treatment 
2.0g of MWCNT is ground in 50 mL of ethanol for four minutes using a planetary ball mill. At this 
time, 1 mL of butanol is added as a grinding aid. After grinding, 300 mL of purified water is added 
to the CNT-ethanol dispersion liquid collected in a 500 mL beaker while it is stirred using a stirrer, 
the dispersion liquid is heated at 120 °C for five hours, and the ethanol is evaporated to create 
CNT- aqueous dispersion liquid.  

6.2 Solidification 
30 g of fructose is added to the CNT-aqueous dispersion liquid and kneaded while kept heated to   
120 °C. The water is evaporated and the kneaded product is transferred to a Teflon beaker when the 
volume is about 100 mL. After being left in a dryer kept at 120 °C for five days, it is cooled in a 
desiccator, and MWCNT-dispersed solidified fructose is obtained.  

6.3 Cutting 
The MWCNT solidified substance, which was preliminarily ground to 2 mm or smaller using an 
iron mortar, etc., is then pulverized using a planetary ball mill at a rotational frequency of 450 rpm. 
At this time, 0.2 mL of butanol is added as a grinding aid. The sample is pulverized for two 
minutes followed by cooling at room temperature for 15 minutes and reopening this process for ten 
cycles. During cooling, the powder that has adhered onto the wall of the mill is scraped and 
pulverized again after making it into a powdery state using a pestle.  
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6.4 Cleaning 
A sieve with a mesh size of 5 mm is used to separate the sample in the mill into the sample and 
grinding balls. The undersize sample suspended in 300 mL of purified water is heated at 80 °C and 
stirred for 24 hours, and then filtered using a membrane filter with a pore diameter of 0.45 μm. The 
filtration residue is ultrasonically dispersed in 300 mL of purified water, and after heating for two 
hours, it is also filtered in the same way. This process is repeated until the sugar content (Brix %) is 
0.1% or fewer. The sugar content is measured using a portable sugar meter.  
The resulting filtered residue is dispersed in 400 mL of purified water, and after adding 5 mL of 
aqueous ammonia, 100 mL of hydrogen peroxide is added, and this is heated for 12 hours at 80 °C 
while stirring with a stirrer.  

6.5 Ultrasonic dispersion 
The MWCNT dispersion liquid cleaned of the surface sugar is filtered in a membrane filter having 
a pore diameter of 1 μm. The filtration residue is ultrasonically dispersed for 30 minutes in 900 mL 
of Triton X-100 aqueous solution.  

6.6 Classification 
The MWCNT dispersion liquid is classified by means of centrifugal separation. The settled matter 
that was centrifugally separated at a centrifugal acceleration of 3,000×g is ultrasonically dispersed 
for 30 minutes in 300 mL of Triton X-100 aqueous solution of a specified concentration. 
Centrifugal separation at 3,000×g is repeated 3~5 times for such settled matter. The resulting 
supernatant liquid is subjected to further centrifugal separation at 20,000×g. The settled matter 
obtained at 20,000×g is ultrasonically dispersed for 30 minutes in 300 mL of Triton X-100 aqueous 
solution of a given concentration, and the MWCNT aqueous dispersion sample is obtained.  

6.7 Concentration adjustment 
The particle concentration evaluation of 7.3 is conducted, and the concentration is adjusted to the 
specified MWCNT concentration using the specified Triton X-100 aqueous solution. 

6.8 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3. 
 

7. Dispersion liquid assessment 

7.1 Particle size distribution measurement 
It is difficult to define the “particle size” of anisotropic particles such as CNT, and depending on 
the measurement method, the physical significance of the obtained values is not clear. Therefore, 
the stability, etc., is evaluated based on the relative relationship of the measurement values, or the 
geometric characteristics are evaluated based on comparison with images.  
Evaluation is conducted by using the Static Light Scattering method, laser diffraction method, or 
the Dynamic Light Scattering method. However, for the Dynamic Light Scattering method, the 
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physical significance of the obtained “particle size distribution” is not clear and the results need to 
be handled with care.  
For samples with a wide distribution or samples in which particle sedimentation is clear, other 
measurement methods, such as the sedimentation method, is used concurrently. 
The measurement results are expressed as a cumulative distribution or frequency distribution or 
representative diameter. At this time, the basis of distribution (scattered light intensity-based r=6, 
number-based r=0 or mass-based r=3) or the definition of the representative diameter is given. The 
representative diameter is expressed in terms of median diameter or average diameter for each basis.  
If the Dynamic Light Scattering method is used, the physical properties used (dispersed viscosity, 
refractive index of the dispersion medium, and measured temperature) are also described.   

7.2 Observation of dispersed state 
The dispersed state is observed and evaluated using TEM and SEM. The CNT length and thickness 
is evaluated using the TEM or SEM images.  

7.3 Particle concentration assessment in the dispersion liquid 
Weigh 10 mL of MWCNT aqueous dispersion sample (m1 mg) onto a platinum dish (mass m0 mg). 
Weigh after drying with a dryer for 3~5 hours at 120 °C (m2 mg). Next, weigh after burning in an 
electric furnace for 30 minutes at 350 °C (m3 mg). Compute the MWCNT concentration CCNT in 
accordance with formula (1).  

    

 

CCNT =
m3 − m0

10
  [mg/mL]

   (1) 
Check the dispersant concentration Cdis using formula (2). 

    

 

Cdis =
m2 − m3

10
  [mg/mL]

   (2) 

7.4 Stability evaluation 
The stability is evaluated based on the temporal changes in the size (representative diameter or 
distribution) or concentration of the particles in the dispersion liquid. Stability evaluation can also 
be performed based on the Zeta potential measurement or sedimentation property. 

7.5 Evaluation of changes in the crystalline structure 
The changes in the crystalline structure are evaluated and verified using X-ray diffraction or Raman 
analysis. 
 

8. References 
Kunio Uchida, Motoo Yumura, Satoshi Ohshima, Hiroki Ago, Patent No. 3650819 “Method of 
Cutting Carbon Nanotubes” (March 4, 2005) 
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Annex A. Practical example 

A.1 Preparation requirements 
MWCNT was dispersed at a concentration of 0.5 mg/ML in a 0.05 % Triton X-100 aqueous 
solution. The CNT yield in the final dispersion liquid was 20~30 wt%. 

A.2 Characteristics of the MWCNT-aqueous dispersion system 

A.2.1 Dispersion liquid particle size distribution and stability 
The scattered light-based and mass-based cumulative undersize distribution and frequency 
distribution found using the Dynamic Light Scattering method (UPA of Nikkiso Co., Ltd. was 
used) are shown in Figure IV-1.2. The measurement conditions for the Dynamic Light Scattering 
method were as follows:  
(a) Dispersed viscosity: 0.849 mPa･s 
(b) Dispersed refractive index (relative): 1.33 
(c) Measured temperature: Room temperature (no control)  
Figure IV-1.2 shows the changes in particle size distribution over a period of four weeks. 
It is not clear as to what geometric information of CNT corresponds to the “particle size 
distribution” for fibrous materials such as CNT obtained using the Dynamic Light Scattering 
method. However, as no large changes in distribution Q3 are found in the four weeks from 
preparation, it is presumed that no changes of relative size are found. Therefore, the prepared 
CNT-aqueous dispersion sample can be said to be nearly stable.  

A.2.2 MWCNT dispersed state 
A TEM image of MWCNT in the dispersion liquid is shown in Figure IV-1.3. The number-based 
and mass-based frequency distributions of the length obtained from the same image are shown in 
Figure IV-1.4. Here, the mass-based frequency distribution was found assuming that the shape of 
MWCNT was cylindrical and had a diameter of 44 μm. From the TEM images, it can be seen that 
the MWCNT that were cut and dispersed using this method are isolated and dispersed well. It can 
also be seen that their lengths have been cut to a few microns or shorter. 

A.2.3 X-ray diffraction pattern 
The X-ray diffraction (XRD) pattern of MWCNT classified using the method in 6.6 is shown in 
Figure IV-1.5. No significant changes were seen in the XRD patterns of any of the classified CNT 
compared to the XRD pattern of the raw material, and the effects of the solidification and 
pulverizing method on the MWCNT graphite structure are small. 
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Figure IV-1.2 Particle size distribution and dispersion liquid stability of the 

MWCNT dispersion liquid prepared using the solidification and 
pulverizing method 

 
 
 

 
 

Figure IV-1.3 TEM image of the dispersed MWCNT 
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Figure IV-1.4 Dispersed MWCNT length distribution 
 
 
 

 
Figure IV-1.5 X-ray diffraction pattern of MWCNT dispersed using the 

solidification and pulverizing method  
 
 
 

Authors of IV-1(1) 
Kunio Uchida, Shigehisa Endoh 
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IV-1(2) Preparation method of multiwall carbon nanotube samples of liquid phase 
dispersion for in vivo systems – Ultrasonication method 

Introduction 
In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal 
instillation test to investigate the effects of nanoparticles on the body, it is essential to control the 
size and shape of the tested nanoparticles and to understand their characteristics.  
Also, in order to validate the “fiber pathogenicity paradigm” for fibrous nanoparticles such as 
carbon nanotubes (CNT), it is important to implement toxicity tests using dispersion liquid of CNT 
in a relatively long fibrous state isolated and dispersed.  
IV-1(2) shows the procedures for preparing intratracheal instillation test samples regarding 
relatively long multiwall carbon nanotubes (MWCNT). Unlike the grinding method, no impact or 
shearing actions are involved, and MWCNT are isolated and dispersed using simple ultrasound. 
Furthermore, a stable MWCNT-aqueous dispersion sample is obtained by using surfactant with 
little effect on the body. 
 

1. Scope 
The procedures shown in IV-1(2) apply to the preparation of dispersion samples for the 
intratracheal test where MWCNT aggregates are unraveled using the ultrasonic method and then 
MWCNT in a relatively long fibrous state are isolated and dispersed. The maximum MWCNT 
concentration is 1 mg/mL. An appropriate dispersant is used to ensure dispersion stability of the 
dispersion liquid from the time of sample preparation to the time of the intratracheal instillation test 
(approximately one week).  
In these procedures, particle size and concentration are not adjusted, and after dispersing the CNT 
fed into the container, this is then used as the test sample.  
 

2. Normative references 
None in particular.  
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 
 

4. Equipment and instruments 

4.1 Disperser 
Ultrasonic bath (e.g.: Branson 5510J-MT, output 135 W, frequency 42 kHz) 
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4.2 Container 
A 100 mL sterilized glass container with a screw-on lid (“vial”). 

4.3 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.4. 
 

5. Sample 

5.1 Dispersion medium and preparation of the medium 

5.1.1 Dispersion medium 
10 m･mol/L phosphate buffered saline (PBS) is used for the dispersion medium in order to conduct 
intratracheal instillation test. In order to stably disperse MWCNT, the dispersant in 5.1.2 is added.  
For the preparation of PBS, purified water that has been purified with a water purifier (e.g.: Milli-Q 
of Millipore) and treated using an endotoxin removal filter (e.g.: BioPak of Millipore) is used. As 
PBS contains electrolytes, it generally interferes with dispersion stability. Therefore after isolated 
dispersion of MWCNT using a dispersion medium that contains 11 mg/mL or dispersant and does 
not contain PBS, 100 m･mol/L of PBS that does not contain dispersant is added, and a 10 m･mol/L 
PBS solution (dispersant concentration 10 mg/mL) is prepared.  

5.1.2 Dispersant 
Polysorbate 80 is used for the dispersant. A dispersion medium of a concentration of 11 mg/mL 
(does not include PBS) for the ultrasonic dispersion of CNT is prepared using purified water treated 
using an endotoxin removal filter (e.g.: BioPak of Millipore). 

5.2 Bulk powder 
Dried solid MWCNT. 
 

6. Preparation method 

6.1 Raw material dispersion liquid 
The maximum particle concentration for the test sample should be 1 mg/mL.  
The specified amount of the powder sample is put in a 100 mL vial containing 45 mL of the 
dispersion medium prepared in 5.1.2 that does not contain PBS, and the vial is sealed. The 
MWCNT mass that is fed is adjusted so that the CNT concentration in the test sample to which 
PBS was added in 6.3 is the concentration for the intratracheal instillation test. For instance, if the 
CNT concentration for the test sample is 1 mg/mL, 50 mg of CNT is fed.  
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6.2 Dispersion 
The 100 mL vial which contains 45 mL of the CNT dispersion liquid is put in a specified spot in 
the ultrasonic bath (directly above the ultrasonic resonator where the water in the ultrasonic bath 
vibrates most intensely). The liquid height of the ultrasonic bath is adjusted to produce the 
strongest resonance with the liquid surface of the dispersion liquid in the vial.  
Ultrasonic irradiation is performed for the specified time (1~2 hours) and dispersion is conducted. 
Figure IV-1.6 shows the state of the MWCNT dispersion liquid under ultrasonic irradiation. 
 

 
Figure IV-1.6 Dispersion using an ultrasonic bath 

 

6.3 Addition of PBS 
5 mL of the 100 m･mol/L PBS is added to the MWCNT dispersion liquid prepared in 6.2, and 
prepared to a 50 mL PBS solution of 10 m･mol/L. 

6.4 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3. 
 

7. Dispersion liquid assessment 

7.1 Particle size distribution measurement 
It is difficult to define the “particle size” of anisotropic particles such as CNT, and depending on 
the measurement method, the physical significance of the obtained values is not clear. Therefore, 
the stability, etc., is evaluated based on the relative relationship of the measurement values, or the 
geometric characteristics are evaluated based on the comparison with images.  
Static Light Scattering method or the laser diffraction is used for evaluation. An example of the 
latter is shown in Figure IV-1.7. 
The measurement results are expressed as cumulative distribution Qr or frequency distribution qr or 
representative diameter. At this time, the basis of distribution (number-based r=0 or mass-based 
r=3) or the definition of the representative diameter is given. The representative diameter is 
expressed in terms of median diameter (number-based or mass-based) or average diameter 
(number-based or mass-based). If the Static Light Scattering method is used, the physical properties 
used (refractive index of the powder and dispersion medium) are also described.   
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Figure IV-1.7 Mass-based particle size distribution and 

stability of ultrasonically dispersed MWCNT 
 

7.2 Observation of dispersed state 
The dispersed state is observed and evaluated using TEM and SEM. The length and thickness of 
CNT are evaluated from the TEM or SEM images. Examples of the SEM images and TEM images 
are shown in Figure IV-1.8 and an example of the length distribution is shown in Figure IV-1.9. 
The mass distribution was calculated assuming a cylindrical MWCNT shape and constant diameter.  
 

 

Figure IV-1.8 SEM images (a) and (b) and TEM images (c) and (d) 
of ultrasonically dispersed MWCNT 
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Figure IV-1.9 Length distribution of ultrasonically dispersed MWCNT 

 

7.3 Stability evaluation 
The stability is evaluated based on the temporal changes of the particle size (representative 
diameter or distribution) in the dispersion liquid. Stability evaluation can also be performed based 
on the Zeta potential measurement or sedimentation property. 

7.4 Evaluation of changes in the crystalline structure 
The changes in the graphite structure are evaluated/verified using Raman analysis or X-ray 
diffraction (XRD). A measurement example of the Raman spectrum is shown in Figure IV-1.10. 

 

Figure IV-1.10 Raman spectrum of ultrasonically dispersed MWCNT 
 

8. References 
Shigehisa Endoh, Junko Maru, Kunio Uchida, “Dispersion of Multi-wall Carbon Nanotubes 
(MWNTs) into Water with Tween80 as a Dispersant by Ultrasonic Technique,” Journal of the 
Society of Powder Technology, 47 (2010) 600-607. 
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Annex A. Practical example 

A.1 Preparation requirements 
MWCNT was dispersed at 1 mg/mL in 10 m･mol/L of PBS containing 10 mg/mL of Tween80.  
Branson 5510J-MT (output 135 W; frequency 42 kHz) was used for the ultrasonic bath and 
ultrasonic treatment was conducted at a liquid surface height of 2.2 cm. 

A.2 Characteristics of the MWCNT-aqueous dispersion sample 

A.2.1 Particle size distribution and stability conditions of the dispersion liquid 
Mass-based frequency distribution q3 obtained using the laser diffraction method (Helos of 
Sympatec GmbH System-Partikel-Technik) is shown in Figure IV-1.7. It shows the respective 
changes in frequency distribution right after 90 minutes of ultrasonic dispersion, in the sample to 
which PBS in 6.3 was added to the dispersion liquid, and in the sample that was left for one week. 
It is not clear as to what geometric information of CNT corresponds to the “particle size 
distribution” for fibrous materials such as CNT obtained using the laser diffraction method. 
However, as no large changes in any q3 are seen, it is presumed that no changes of relative size 
have occurred. Therefore, the prepared CNT-aqueous dispersion sample can be said to be nearly 
stable.  

A.2.2 MWCNT dispersed state 
TEM and SEM images of CNT that was dispersed for 90 minutes are shown in Figure IV-1.8. In 
addition, the number-based frequency distribution and mass-based frequency distribution of the 
lengths obtained from these images are shown in Figure IV-1.9. From the TEM images, it can be 
seen that the MWCNT that were cut and dispersed using this method are isolated and dispersed 
well. The distribution of the length is 20 μm or shorter. 

A.2.3 Raman spectrum 
The Raman spectrum of MWCNT dispersed with different ultrasonic dispersion times is shown in  
Figure IV-1.10. No significant changes were seen compared to the Raman spectrum of the raw 
material and G/D ratio, and it is presumed that there are no changes in the graphite structure of 
MWCNT.  
 
 
 

Author of IV-1(2) 
Shigehisa Endoh 
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IV-1(3) Preparation method of single-wall carbon nanotube samples of liquid 
phase dispersion for in vivo systems – Ultrasonication method 

Introduction 
IV-1(3) shows the procedures for preparing single-wall carbon nanotube (SWCNT) dispersion 
liquid to be used as an in vivo test sample. SWCNT is dispersed using an ultrasonic bath, and a 
stable dispersion system is prepared using interfacial chemistry methods that have little effect on 
the body.  
 

1. Scope 
The procedures shown in IV-1(3) apply to the preparation of an aqueous dispersion system with 
stable SWCNT using ultrasonication.  
 

2. Normative references 
JIS K 3850-3:2000  Annex B (provisions)  “Setting of Ultrasonic Bath Operating Conditions and 
Standardization” 
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II.  
 

4. Equipment and instruments 

4.1 Ultrasonic processor 
Bath-type ultrasonic processor that has an adequate oscillating frequency and output (so-called 
ultrasonic cleaner). It is preferred that the ultrasonic processor be equipped with a mechanism to 
cool the sample.  

4.2 Sample container 
Glass container that has the strength to withstand ultrasonic treatment and has a sealable lid.  
4.3  Preliminary dispersion device 
Homogenizer with rotary blades that is capable of mechanical pulverization (e.g.: POLYTRON of 
Kinematica, Inc.).  

4.4 Filtration equipment 
A membrane filter with a pore diameter of 5 μm and a complete set of filtration equipment. 

4.5 Centrifuge 
Centrifuge with a capability of around 1,000×g  
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4.6 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.7. 
 

5. Reagent and sample 

5.1 Bulk powder 
SWCNT in dried and powder form. 

5.2 Dispersant 
Polysorbate 80 (e.g.: Tween 80 of MP Biomedicals LCC.) 

5.3 Purified water 
Water purified with a water purifier (e.g.: Milli-Q of Millipore) and treated with an endotoxin 
removal filter (e.g.: BioPak of Millipore). 

 

6. Preparation method 

6.1 Preparation of the dispersion medium 
Add 3 mg/mL of dispersant to the purified water, stir it sufficiently and dissolve it to be used as the 
dispersion medium.  

6.2 Weighing and mixing of the bulk powder and dispersion medium 
Transfer a given quantity of the dispersion medium to the sample container. Add bulk powder so 
that the concentration is 0.3 mg/mL.  

6.3 Preliminary dispersion 
Preliminary treatment to enhance the efficiency of ultrasonic treatment. Treat the sample using the 
preliminary dispersion device, being careful not to create bubbles in the sample. Settle out the 
particles floating on the liquid surface by pulverizing large particles and blending the bubbles 
adhered on the particles into the dispersion medium. The typical treatment time is 1~5 minutes.  

6.4 Ultrasonic dispersion 
The sample container is sealed with a lid, and the sample is treated for the predetermined time 
using an ultrasonic processor. The position of the sample container and the water depth in the water 
bath is adjusted for treatment so that ultrasonic waves propagate efficiently to the sample.  
The presence of bubbles during treatment will greatly attenuate the ultrasonic waves, and may 
cause the bulk powder to remain without being dispersed. Therefore, positions and water depth that 
may cause bubbles to occur and accumulate during treatment should be avoided as much as 
possible.  
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In addition, it is also recommended to periodically stir the sample, etc., so that the entire sample 
will always be evenly mixed.  
The rise in liquid temperature may induce the aggregation of dispersed particles. The liquid should 
be appropriately cooled so that heat generated by the ultrasonic waves will not affect the sample.  
The ultrasonic waves may damage the SWCNT. Carbon debris generated by the crushing of 
SWCNT may increase if damage progresses. The ultrasonic treatment intensity and time should be 
adjusted in order to minimize debris generation.  
NOTE   Points of caution other than those mentioned above are as follows:  
(a) The ultrasonic waves may cause abrasion of the sample container, resulting in rubble and 
particles mixing into the sample. The sample container should be washed and dried after the 
process has been completed, and checked for the presence of damage such as clouding caused by 
abrasion. For periodic inspections, ultrasonic treatment of purified water should be conducted, and 
dry residue should be weighed.  
(b) Ultrasonic waves induce a sonochemical reaction of the sample, and may induce the breakdown 
of accompanying components in the dispersion medium and reactions with the bulk powder.  
(c) The energy absorption rate of the sample in the sample container changes depending on various 
conditions such as the design of the ultrasonic water bath, the water depth, the position of the 
sample in the water bath, and the thickness of the glass. The various conditions should be 
optimized in each laboratory, and the conditions should be standardized so that the energy 
absorption rate does not change, ensuring reproducibility of the ultrasonic dispersion treatment 
(refer to References 1)).  

6.5 Redispersion 
Treatment to remove the surplus dispersant in the dispersion medium. 
The sample is filtered using filtration equipment, and the dispersed particles are trapped on the 
membrane filter. The trapped dispersed particles are separated from the filter, transferred to 
separately-prepared purified water where the concentration is adjusted, and redispersion is 
performed in accordance with the procedures of 6.4.  

6.6 Removal of large particles 
Conducted to enhance the stability of the dispersion system.  
Typically, centrifugal separation treatment is conducted for 30 minutes at 1,000×g at room 
temperature, and large particles are settled out. The supernatant liquid is collected and used as the 
final dispersion liquid sample.  
NOTE   If the sample contains metal particles, they settle out faster than SWCNT through 
centrifugal separation treatment. Also, only SWCNT with a specific chirality may preferentially 
settle out due to differences in affinity with the dispersant. Therefore, it should be noted that the 
sample component ratio, SWCNT diameter distribution, SWCNT metal-to-semiconductor ratio 
may change (cause segregation) before and after centrifugal separation treatment (Refer to 
References 2) and 3)). In addition, dilution may change the particle size distribution of the 
dispersion liquid sample. 
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6.7 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3.  
 

7. Reporting 
It is recommended that the following items be reported in order to ensure traceability when 
providing the dispersion liquid to a third party such as the user. 
(a) Dispersion treatment implementation date, name of responsible person, responsible agency, etc.. 
(b) Information regarding the bulk powder (manufacturer name, product name, lot number, general 
classification of manufacturing method (CVD, arc discharge, etc.) and the type of catalyst metal 
used, etc.)  
(c) Concentration of coexistence components such as the bulk powder, dispersant, and buffering 
agent included in the dispersion sample 
(d) Ultrasonic processor specifications (manufacturer name, product name, type (bath-type, 
horn-type, etc.), oscillating frequency, oscillating output, etc.)  
(e) Ultrasonic dispersion treatment conditions (ultrasound irradiation time, sample cooling, etc.) 
(f) If redispersion is conducted or large particles are removed, said method 
 

8. Dispersion liquid assessment 

8.1 Particle concentration assessment in the dispersion liquid 
Weigh 10 mL of the sample onto a platinum dish and dry in a drying oven for 3~5 hours at 120 °C. 
Next, burn in an electric furnace for 30 minutes at 350 °C. Compute the SWCNT concentration 
from the sample mass after burning.  
 

9. Practical example 
After five hours of ultrasonic treatment using the following sample and device and using 1 % 
Tween 80 aqueous solution as the dispersion medium, redispersion in purified water and removal 
of large particles were conducted in accordance with 6.5 and 6.6.  
(a) Bulk powder: Synthesized in accordance with the CVD method using SWCNT and iron as 
catalysts (Manufacture by Company A)  
(b) SWCNT dispersion concentration: 0.25 mg/mL; the dispersion medium was water purified by 
Milli-Q of Millipore (contains 1% or fewer of Tween 80) 

(c) Device: Bath-type ultrasonic processor (533S of the Ultra Sonic wave System Institute; 
oscillating frequency 40 kHz; 180~240 W) 
An AFM image of the dispersion system adjusted to a SWCNT concentration of 0.25 mg/mL and 
the particle size distribution measured from the image are shown in Figure IV-1.11. The particle 
size distribution was measured in accordance with the method of IV-4. Annex B. The particle size 
distribution is based on the lengths of the 580 fibrous particles measured from six AFM images. 
The median distribution was 0.19 μm. 
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Figure IV-1.11 Typical AFM image (left) and measured particle size distribution (right) 
 

10. References 
1) JIS K 3850-3:2000 Annex B (normative) “Setting of Ultrasonic Bath Operating Conditions and 
Standardization” 
2) M. S. Arnold, A. A. Green, J. F. Hulvat, S. I. Stupp, M. C. Hersam, “Sorting carbon nanotubes 
by electronic structure using density differentiation”, Nature Nanotech, 1 (2006), 60-65. 
3) S. Freiman, S. Hooker, K. Migler S. Arepalli eds., “Measurement issues in single wall carbon 
nanotubes”, NIST recommended practice guide, NIST Special publication, 960-19 (2008). 
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IV-2. Aerosol preparation and transportation tequniques and measurement method 
for multiwall or single-wall carbon nanotubes 

Introduction 
In order to enable in vivo nanoparticle toxicity testing through inhalation exposure, it is required of 
technology that disperses the tested nanoparticles into the air in a size that can be sufficiently 
inhaled by the test animals and exposes the nanoparticles to the test animals in a stable manner. 
It is also important to assess the properties of the atmospheric particle sample such as size, 
concentration, and shape, and to confirm that these properties are being maintained in a stable 
manner during the exposure test. 
IV-2 shows the procedures to disperse liquid-dispersed carbon nanotubes into the air for the in vivo 
inhalation exposure test, the procedures to transfer the air-dispersed test CNT to an exposure 
container, and the procedures to evaluate the properties of the test CNT in the exposure container.  
 

1. Scope 
The procedures shown in IV-2. apply to the preparation of CNT aerosol particles from liquid in 
which multiwall or single-wall CNT with lengths of 5 μm or shorter and size of 100 nm or smaller 
have been dispersed, the continuous supply of said aerosol particles into the inhalation exposure 
container, and the continuous monitoring of the supply conditions (number-based particle size 
distribution and mass concentration) and stability. 
 

2. Normative references 
Refer to III-2.- 2. 
 

3. Terms and definitions 
For terms and definitions other than those below, refer to 3.1~3.4 of III-2. 

3.1 Aerodynamic particle sizer 
A device that sorts the aerosol particles using the inertial force and viscosity resistance of the 
particles and finds the aerodynamic size distribution of the particles.  

3.2 Cascade impactor 
A device that lines up multiple inertial impactors that separate and trap aerosol particles according 
to the size of their inertial force in series.  
 

4. Equipment 
The main equipment is shown below. Figure IV-2.1 shows the composition of this equipment. 
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Figure IV-2.1 Equipment composition 
 

4.1 Equipment involved with aerosol generation and transport 
Refer to III-2. 4.1.1~4.1.4 

4.2 Equipment involved in the aerosol property assessment 

4.2.1 Aerosol particle sampling pipe 
Refer to III-2. 4.2.1 

4.2.2 Inline aerosol measuring system 
The inline aerosol measuring system is a device (group) that continuously and quickly measures the 
size distribution and number concentration of aerosol particles. If the size of the measured particles 
is taken into account, it is presumed that the most effective measurement method is the differential 
mobility particle size analysis method (ISO 15900).  
Furthermore, the cascade impactor, which enables continuous measurement of particle size 
distribution, and the aerodynamic particle sizer are useful for verifying the mixing ratio of large 
micron-order aerosol particles as an equipment equivalent diameter.   
NOTE   In the actual project, the inline aerosol particle measurement system comprising DMA 
and CPC based on the differential mobility particle size analysis method was used, and aerosol was 
suctioned at a flow rate of 0.3L/minute. This system was set so that the particle size distribution of 
particles with an electrical mobility diameter in the range of 10~500 nm was measured in 
approximately three minutes. 

4.2.3 Particle trapping system 
Refer to III-2. 4.2.3 
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4.2.4 Mass concentration measurement system 
Refer to III-2. 4.2.4 provided that “fullerene” in NOTE 1 should be read as “multiwall or 
single-wall carbon nanotubes”. 
 

5. Procedures 

5.1 Concentration adjustment of the dispersion liquid and verification of the 
dispersed state 
The multiwall or single-wall CNT dispersion liquid prepared according to IV-1(1) or IV-1(3) is 
diluted with purified water and dispersed in an ultrasonic bath for approximately 30 minutes. After 
this operation, a visual check is conducted to make sure that sedimentation has not occurred in the 
dispersion liquid.  

5.2 Verification of dispersal condition retention 
Refer to III-2. 5.2. However, read “III-5.” as “IV-5.” in the description.  

5.3Cleaning the aerosol generation and transport equipment 
Refer to III-2. 5.3. However, read “Figure III-2.1” as “Figure IV-2.1” in the description.  

5.4Property evaluation of dispersion liquid spraying and aerosol particles 
through inline measurement 
Refer to III-2. 5.4. However, read “Figure III-2.1” as “Figure IV-2.1” in the description.  

5.5 Property evaluation by trapping aerosol particles 
The particle trapping system is operated, and the particles trapped on the substrate are observed 
under an electron microscope. Based on the microscope images, it is presumed that the shapes of 
the various particles (single fibrous particles, particles with bundled CNT, thread ball-like particles, 
etc.) can be observed. Their characteristics and ratio should be understood. In addition, the particle 
size distribution should be found from the microscope images. The major axis diameter and the 
diameter of the direction that crosses the major axis, etc., are candidates for the quantitative 
description of size.  

5.6 Mass concentration measurement of aerosol particles 
Refer to III-2. 5.6. 

5.7 Selection of the dispersion liquid concentration and the operating conditions 
of the aerosol particle generation and transport equipment 
The procedures from 5.1 to 5.6 are repeated after changing the dispersion liquid concentration and 
the operating conditions of the aerosol generation and transport equipment in various ways.    
Some procedures can be omitted in accordance with the methods for changing the conditions. 
Based on the measurement results obtained, the optimal conditions for the test to be implemented 
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are considered. The following factors should be taken into consideration when selecting the optimal 
conditions:  
(a) Properties of the aerosol particles (particle size distribution, number concentration, mass 
concentration, shape) 
(b) Aerosol flow 
(c) Spray liquid consumption rate 
After determining the optimal conditions, use the inline aerosol particle measuring system to verify 
whether or not the particle size distribution of the generated aerosol particles are stable enough to 
be applied to the biological exposure tests over the duration of the continuous tests in light of the 
standards of the test to be implemented.  
NOTE   For the actual project, the conditions of the spray liquid were determined after taking into 
consideration the properties of the dispersion liquid prior to dilution and restrictions regarding the 
total consumption of the dispersion liquid during the exposure test duration, in addition to the 
abovementioned factors. As a result, the CNT mass concentration for the multiwall CNT was set as 
0.025 wt% and the dispersant (Triton X) concentration was set as 0.0125 wt%. The delivery rate of 
the spray liquid, or the consumption rate, was set to be approximately 0.8 mL/minute. The 
pressurized air flow passing through the spraying equipment was set as 25 L/minute (atmospheric 
pressure equivalent). With these conditions, it was estimated that the size of the droplets generating 
the aerosol (mass-based geometrical average) was approximately 6 μm. In order to dry and 
aerosolize droplets of this size while limiting wall loss through inertial collision in the flow channel, 
the group of droplets were quickly heated and dried after they exited the two-fluid nozzle using a 
dry stem with outer-wall heating (90~100 °C). Meanwhile, the CNT concentration and dispersant 
(polysorbate 80) concentration of the dispersion liquid for the single-wall CNT were both 0.03 wt%. 
The spray consumption rate was set as approximately 0.6 mL/minute, and the pressurized air flow 
was set to as 35 L/minute. In this case, it was effective to heat the outer wall in the flow channel 
downstream of the two-flow nozzle after eliminating large droplets through collisions. The 
estimated size of the aerosolized droplets was approximately 2 μm. Furthermore, the air flow of the 
charge neutralization system was 10 L/minute for both multiwall CNT and single-wall CNT.  

5.8 Injection of aerosol into the exposure container 
In order to inject aerosol into the exposure container, the switching valve is set so that the aerosol 
passes through channel b in Figure IV-2.1. In consideration of the ventilation requirements of the 
test animals in the exposure container, cleaned air is continuously sent at the required flow rate near 
the entrance of the exposure container. The environment inside the exposure container is set so that 
the temperature is 20~25 °C and the pressure is slightly reduced.  
When a preliminary test (5.9) is conducted before conducting the actual inhalation exposure test, 
the test animals are not placed in the exposure container.  
NOTE   In the actual project, cleaned air was respectively delivered at 65L/minute for the 
multiwall CNT test and 55L/minute for the single-wall CNT test so that air containing the tested 
nanoparticles flowed through the container at a total of 100 L/minute. When aerosol was passing 
through channel a, the flow of the abovementioned cleaned air was set at 100 L/minute so that a 
constant flow of air was always passing through the exposure container.  
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5.9 Preliminary verification test of the aerosol properties in the exposure 
container 
Refer to III-2. 5.9. 

5.10 Implementation of exposure tests 
Refer to III-2. 5.10. However, “Figure III-2.1” in the description should be read as “Figure IV-2.1” 

5.11 Implementation of control tests 
Refer to III-2. 5.11. 
 

6. Practical example 
Examples of the particle size distribution of aerosol particles sampled from the exposure container 
in the implemented exposure test and electron microscope images are shown in Figure IV-2.2 and 
Figure IV-2.3. 

 

Figure IV-2.2 Electrical mobility diameter distribution of aerosol particles 
(temporal change during the six hours of testing) 

(a): Multiwall CNT, (b): Single-wall CNT 
 

 

Figure IV-2.3 Scan electron microscope image of aerosol particles 
(a): Multiwall CNT, (b): Single-wall CNT 
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IV-3. Quantitative analysis method of multiwall carbon nanotube in tissues 

Introduction 
In order to conduct the carbon nanotube (CNT) toxicity assessment, it is necessary to measure the 
amount of CNT remaining in the biological tissues of rats exposed to CNT, and clarify the behavior 
of the residual volume such as temporal changes. 
IV-3. shows the procedures to determine the quantity of MWCNT in the lung tissue of rats 
administered with or exposed to multiwall carbon nanotubes (MWCNT). The quantity of MWCNT 
in samples homogenized with rat lung tissue is determined using the combustion-oxidation type 
total carbon analysis method, after breaking down and removing tissue-derived organic carbon 
through acid degradation and high-temperature thermolysis.  
 

1. Scope 
The procedures shown in IV-3. apply to the measurement of the MWCNT content in the lung tissue 
of rats that were intratracheally instillated with dispersion liquid in which MWCNT was dispersed 
using a surfactant (e.g.: Triton-X) or rats that were subjected to inhalation exposure of an aerosol of 
the said dispersion liquid. The samples used for this analysis are samples in which rat lung tissue 
was homogenized using normal saline.  
It is recommended to verify in advance whether or not these analysis procedures can be applied to 
the analysis of the homogenized sample. For instance, the MWCNT recovery rate (normally 
100±10 %) should be verified by analyzing a sample in which dispersion liquid with a known 
MWCNT content is added to a homogenized sample.  
 

2. Normative references 
None. 
 

3. Terms, definitions and symbols 
For terms and definitions other than those below, refer to 1. and 2. of Chapter II.  

3.1 Combustion-oxidation type total carbon analysis method 
A method for measuring the total carbon content in a sample. The carbon in the sample is oxidized 
and burned by subjecting it to high temperature in the presence of oxygen and an oxidation catalyst. 
The absorbance of the infrared absorption spectrum of the generated carbon dioxide is measured 
using an infrared spectrophotometer. The total carbon content is determined from the obtained 
absorbance. 
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4. Equipment 

4.1 Homogenizer 
Device that can homogenize lung tissue (e.g.: Polytron RT3100 of Kinematica, Inc.).  

4.2 Acid degradation device 
A device wherein a glass container containing the homogenized rat lung tissue sample and nitric 
acid is placed on a hot plate (e.g. HF-61 of Yamato Scientific Co., Ltd.) and the acid in the rat lung 
tissue is degraded.  

4.3 Filtration equipment 
A device that separates MWCNT particles from the sample after acid degradation. Quartz filter 
paper is mounted on a glass filter (e.g.: KG-25 of Advantec Toyo Kaisha, Ltd.) and MWCNT 
particles are separated and trapped onto filter paper by using a pump to suction the sample after 
acid degradation.  

4.4 Muffle furnace 
A device that performs high-temperature thermolysis of persistent organic carbon ( derived from rat 
tissue) that adheres onto MWCNT particles separated in 4.2 (e.g. FP42 of Yamato Scientific Co., 
Ltd.). 

4.5 Combustion-oxidation type total carbon analyzer 
A device that determines the quantity of MWCNT separated in 4.4 (e.g. SSM-5000A/TOC-V of 
Shimadzu Corporation). The device principles are as described in 3.1. An outline of the device is 
shown in Figure IV-3.1. Oxygen is used as the carrier gas. The sample boat (e.g.: ceramic boat) is 
used to introduce the sample into the catalytic combustion part. The oxidation combustion part is 
filled with an oxidation catalyst (e.g.: platinum and cobalt oxide mixed catalyst) and heats the 
MWCNT in order to break it down into carbon dioxide. The carbon dioxide gas passes through the 
moisture removal part, and the absorbance is then measured using an infrared spectrophotometer 
(e.g.: non-dispersive infrared spectrophotometer (NDIR)). The absorbance of a standard curve 
solution with a known carbon content (e.g.: glucose aqueous solution or MWCNT dispersion 
liquid) is measured, and the MWCNT content is determined based on the relationship between the 
absorbance and carbon content. 
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Figure IV-3.1 Combustion-oxidation type total carbon analyzer 
1 Sample introducing part; 2 Sample introducing shutter; 3 Moving rod;  

4 Catalytic combustion part; 5 Analysis sample; 6 Sample boat; 7 Oxidation catalyst;  
8 Carrier gas introducing part; 9 Moisture removal part; 10 Infrared spectrophotometer 

 

4.6 Tube mixer 
A device that evenly mixes the rat lung tissue homogenized sample after thawing for MWCNT 
quantitative analysis (e.g.: TMS of Iuchi Seieido Co., Ltd. (Currently: AS ONE Corporation)).  
 

5. Reagent and sample 

5.1 Glucose 
Guaranteed reagent that conforms to JIS K8824 (e.g.: D(+)-glucose guaranteed reagent of Wako 
Pure Chemical Industries, Ltd.) 

5.2 Nitric acid 
Ultra pure reagent with a residual element concentration of 1ppb or lower (60 % ultra pure nitric 
acid of Kanto Chemical Co., Inc.).   

5.3 Water 
Water manufactured using a water purifier (e.g.: Milli-Q TOC system of Nihon Millipore K.K.). 

5.4 MWCNT dispersion liquid 
Dispersion liquid in which MWCNT powder is dispersed in a surfactant aqueous solution (e.g.: 
Triton-X aqueous solution).  

5.5 Oxygen gas 
Oxygen gas with purity of 99.9% or above.  

5.6 Normal saline 
Solution prepared in accordance with the preparation method for physiological saline stipulated by 
the Japanese Pharmacopoeia. 
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5.7. Rat lung tissue sample 
Sample of lung tissue extracted after dissecting a rat and refrigerated at -80 °C after the sample is 
weighed. The lung tissue can be taken from the left and right side separately. In order to accurately 
study the disposition, attention must be paid at the time of dissection to make sure that lymph nodes 
are not included in the tissue sample.    
 

6. Analysis method 

6.1 Preparation of a homogenized lung tissue sample 
Add triple the weight of normal saline to the tissue sample in 5.7, cut it up finely with scissors, and 
homogenize it in a homogenizer (e.g.: 10,000 rpm). All of the work should be conducted under 
cooled conditions such as in ice. If extraction is not conducted immediately after homogenization, 
the sample should be kept frozen at -80 °C. The frozen sample can be rethawed and used for 
analysis, but as sedimentation of the tissue occurs, the sample should be evenly mixed using a tube 
mixer after thawing. 

6.2 Degradation of the homogenized sample 
The organic carbon in the homogenized rat tissue sample is degraded and removed through acid 
degradation and high-temperature thermolysis to isolate and trap MWCNT. 

6.2.1 Acid degradation 
The homogenized sample prepared in 6.1 is weighed into a glass bottle using a Pasteur pipette (for 
instance, 0.2g of the homogenized sample in a 10 mL glass bottle). Nitric acid is added to this 
bottle, and the bottle is placed on a hot plate and heated for eight hours at 120 °C (sample 
temperature). As the volume of the solution decreases through evaporation by heating, nitric acid is 
added as needed and make sure not to deplate the acid. After heating, the sample is left to cool to 
room temperature, and the water in 5.3 is added. This dispersion liquid is poured into a glass 
filtration device equipped with quartz filter paper while being stirred, and the MWCNT particles 
are isolated and trapped onto the filter paper using a suction pump. A wash-bottle is used to wash 
the MWCNT particles remaining in the glass bottle and filtration device onto the filter paper using 
the water in 5.3, trapping the MWCNT particles on the filter paper.  

6.2.2 High-temperature thermolysis 
The filter paper with the trapped MWCNT particles is placed on a flat ceramic plate and heated for 
15 minutes in a muffle furnace set to 400 °C. This high-temperature thermolysis degrades the 
persistent organic carbon derived from lung tissue that remains in the MWCNT particles. After 
heating, it is left to cool to room temperature.  

6.3 Determining the quantity of MWCNT 
Using the combustion-oxidation type total carbon analyzer, the quantity of MWCNT isolated from 
the lung tissue using the procedures in 6.2 is determined.  
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6.3.1 Combustion-oxidation type total carbon analyzer usage method 
Carrier gas is channeled before analysis, and the temperature of the combustion oxidation part is set 
to the temperature at which MWCNT breaks down to carbon dioxide (e.g.: 900 °C). The analysis 
sample is put on the sample boat and the sample introducing shutter is opened and the boat is 
inserted. After the shutter is closed and it is checked that the NDIR absorbance is constant, the boat 
is moved to the combustion oxidation part and the analysis sample is burned and oxidized. The 
absorbance of the generated carbon dioxide is measured using an infrared spectrophotometer. An 
example of MWCNT measurement is shown in Figure IV-3.2. 
 

 
Figure IV-3.2  MWCNT measurement example (Sample: 10 μg MWCNT) 

 

6.3.2 Measurement of MWCNT content 
The amount of MWCNT isolated from lung tissue using the procedures in 6.2 is determined using 
glucose aqueous solution with a known carbon content as a standard curve sample. Check in 
advance that complete combustion and oxidation of MWCNT to carbon dioxide takes place under 
the measurement conditions of the total carbon analyzer. MWCNT dispersion liquid subjected to 
the treatment in 6.2 may also be used as the standard curve sample in addition to the glucose 
aqueous solution. This MWCNT dispersion liquid may also be used as a spike recovery solution 
when examining the scope of application of the analysis procedures described in 1. The MWCNT 
concentration of the dispersion liquid is determined in advance using the method in 6.3.3.  
For the glucose standard curve sample, glucose reagent is put in a volumetric flask using a stainless 
steel spatula, which is accurately weighed on a balance, added with purified water and dissolved to 
be made into a constant capacity. For the measurement of the standard curve solution, drip the 
glucose standard curve sample onto the quartz filter paper placed inside the sample boat using a 
glass microsyringe (Hamilton Company 1710), and the absorbance is measured in accordance with 
6.3.1. The amount dripped is changed in accordance with the amount of MWCNT that needs to be 
measured, and a glucose standard curve is created. The detection limit depends on the performance 
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of the combustion-oxidation type total carbon analyzer and analysis conditions, but 0.3 μg has been 
reported as an example.   
Next, the homogenized lung tissue sample is measured. The filter paper used to isolate and trap 
MWCNT is placed on the sample boat following the procedures in 6.2, and the absorbance of 
MWCNT is measured following the procedures in 6.3.1. The quantity of MWCNT in the 
homogenized sample is determined using the glucose standard curve. The MWCNT concentration 
in the lung tissue (e.g.: μg/g (tissue, wet)) is determined using this value and the various weights of 
the homogenized sample and lung tissue that were measured separately.  

6.3.3 Determination of MWCNT concentration in the dispersion liquid 
The MWCNT concentration in the dispersion liquid is determined using the following procedures. 
A standard curve is created in accordance with 6.3.2 using a glucose aqueous solution with a 
known carbon concentration as the standard curve sample. The MWCNT dispersion liquid is 
pre-treated in the same way as 6.2 to isolate and trap MWCNT. The absorbance is measured 
following the procedures in 6.3.1, and the glucose standard curve is used to determine the MWCNT 
concentration in the dispersion liquid. 
 

7. References 
M. Tamura, M. Inada, T. Nakazato, K. Yamamoto, S. Endo K. Uchida, M. Horie, H. Fukui, H. 
Iwahashi, N. Kobayashi, Y. Morimoto, H. Tao, "A determination method of pristine multiwall 
carbon nanotubes in rat lungs after intratracheal instillation exposure by combustive 
oxidation-non-dispersive infrared analysis", Talanta, (2011), 84, 802-808. 
 

Authors of IV-3. 
Tetsuya Nakazato, Masanori Horie, Hiroko Fukui, Hitoshi Iwahashi, Hiroaki Tao 
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IV-4. Preparation method of single-wall carbon nanotube samples of liquid phase 
dispersion for in vitro systems – Ultrasonication method 

Introduction 
IV-4 shows the procedures to prepare dispersion liquid of single-wall carbon nanotubes (SWCNT) 
in a cell culture medium with ultrasonic treatment that is to be used as an in vitro test sample. A 
bath-type device (so-called ultrasonic cleaner) is used to conduct ultrasonic treatment. A DMEM 
culture medium to which fetal bovine serum (FBS) has been added is used as the liquid phase in 
which SWCNT is dispersed. FBS functions as nutrition for the cultured cells as well as a dispersant 
to disperse and stabilize the SWCNT in the liquid phase. The advantage of this preparation method 
is that a dispersant such as a surfactant that is not originally contained in the culture medium does 
not have to be added to the in vitro test system. Also, as the culture medium and sample dispersion 
liquid that are to be tested are homogenous, changes in state, such as agglomeration, when the 
dispersion liquid is added to the culture medium, are relatively rare.  
 

1. Scope 
The procedures shown in IV-4. apply to the preparation of a dispersion sample of SWCNT bulk 
powder in a culture medium using a bath-type ultrasonic processor, and mainly provide 
technological guidelines for efficient ultrasonic irradiation.  
The basic parts of IV-4. can be applied even when considering the use of dispersion mediums or 
dispersants other than those described in this section. The properties of the dispersion liquid (for 
instance, particle distribution, maximum dispersible concentration, viscosity, temporal changes, 
stability with respect to disturbance and possible contamination) greatly depend on test conditions 
such as the SWCNT bulk powder and the type of equipment used. The user needs to optimize the 
sample preparation details in the laboratory in accordance with the prepared SWCNT bulk powder 
and devices in order to obtain dispersion liquid that has properties that will satisfy the objectives.  
 

2. Normative references 
JIS K 3850-3:2000 Annex B (provisions) “Setting of Ultrasonic Bath Operating Conditions and 
Standardization” 
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II.  
 

4. Equipment and instruments 
The equipment and instruments used are sterilized as needed.  
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4.1 Ultrasonic processor 
A bath-type ultrasonic processor with an appropriate oscillating frequency and output (commercial 
ultrasonic cleaners, etc.; for instance, the ultrasonic processor described in Annex A). It is 
preferable that the ultrasonic processor be equipped with a sample cooling mechanism.  

4.2 Sample container 
Glass container that has the strength to withstand heating at 250 °C and ultrasonic treatment and 
has a sealable lid. 

4.3 Electric furnace 
An electric furnace that can be adjusted to 250 °C. 

4.4 Preliminary dispersion device 
It is recommended that a homogenizer with rotary blades capable of mechanical grinding (e.g.:  
Polytron of Kinematica, Inc.) be used. However, the ultrasonic processor designated in 4.1 may 
also be used.  

4.5 Centrifuge 
Centrifuge with a capability of around 1,000×g. 

4.6 Clean bench 
It is recommended to use a clean bench for dispersion in order to prevent contamination of the cell 
culture medium which is the main component of the dispersion liquid, or to conduct asepsis that 
conforms to this. However, fans are not used in order to prevent exposure through the scattering of 
nanoparticles. In addition, fluorescent lights and ultraviolet lamps are not used in order to avoid the 
effect of lighting.  

4.7 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.6.  
 

5. Sample 

5.1 Bulk powder 
Single-wall carbon nanotube dried powder. 

5.2 Dispersion medium 
DMEM culture medium. Contains 10 % of FBS and 1 % of an antibacterial and antifungal agent.  
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6. Preparation method 

6.1 Weighing 
The required amount of bulk powder is weighed out using an electric balance and transferred to the 
sample container.  

6.2 Sterilization and deactivation of endotoxins 
The sample container is covered with aluminum foil and heated for two hours at 250 °C using an 
electric furnace. It is taken out after being cooled to room temperature. Refer to Chapter II 3.1 and 
3.2.  
NOTE   Heating may change the physical/chemical structure and quantitative ratio of 
components such as SWCNT, amorphous carbon, and volatile substances contained in the bulk 
powder. The upper temperature limit to prevent damage to the sample should be verified as needed, 
using methods such as thermogravimetrical analysis or thermogravimetry-mass spectrometry 
analysis.  

6.3 Addition of dispersion medium 
Add a dispersion medium to the sample container until the target concentration is achieved.  

6.4 Ultrasonic dispersion 
The sample container is sealed with a lid, and the sample is treated for the predetermined time 
using an ultrasonic processor. The position of the sample container and the water depth in the water 
bath is adjusted for treatment so that ultrasonic waves propagate efficiently to the sample.  
The presence of bubbles during treatment will greatly attenuate the ultrasonic waves, and may 
cause the bulk powder to remain without being dispersed. Therefore, positions and water depth that 
may cause bubbles to occur and accumulate during treatment should be avoided as much as 
possible. Particular attention should be paid in the first few minutes to remove bubbles adhered 
onto the bulk powder and settle the bulk powder floating in the surface (for instance, conducting 
preliminary dispersion using a homogenizer capable of mechanical stirring and crushing, such as 
Polytron of Kinematica, Inc., will enable this operation to be conducted more efficiently).  
In addition, it is also recommended to periodically stir the sample, etc., so that the entire sample 
will always be evenly mixed.  
The rise in liquid temperature may induce the aggregation of dispersed particles. The liquid should 
be appropriately cooled so that heat generated by the ultrasonic waves will not affect the sample.  
The ultrasonic waves may damage the SWCNT. Carbon debris generated by the crushing of 
SWCNT may increase if damage progresses. The ultrasonic treatment intensity and time should be 
adjusted in order to minimize debris generation.  
NOTE   Points of caution other than those mentioned above are as follows:  
(a) It has been confirmed that dispersed particles aggregate particularly easily due to the increase in 
liquid temperature if the dispersion medium has a high ionic strength. Generally, using a dispersion 
medium with a low ionic strength will enhance stability with respect to aggregation.  
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(b) The ultrasonic waves may cause abrasion of the sample container, resulting in rubble and 
particles mixing into the sample. The sample container should be washed and dried after the 
process has been completed, and checked for the presence of damage such as clouding caused by 
abrasion. For periodic inspections, ultrasonic treatment of purified water should be conducted, and 
the dry residue should be weighed.  
(c) Ultrasonic waves induce a sonochemical reaction of the sample, and may induce the breakdown 
of accompanying components in the dispersion medium and reactions with the bulk powder.  
(d) The energy absorption rate of the sample in the sample container changes depending on various 
conditions such as the design of the ultrasonic water bath, the water depth, the position of the 
sample in the water bath, and the thickness of the glass. The various conditions should be 
optimized in each laboratory, and the conditions should be standardized so that the energy 
absorption rate does not change, ensuring reproducibility of the ultrasonic dispersion treatment 
(refer to References 1)). 

6.5 Post-treatment 
Perform centrifugal separation as necessary to remove large particles that have not been dispersed. 
For instance, conduct centrifugal separation at 1,000×g on the sample for 30 minutes. After the 
large particles have settled, collect the supernatant liquid and use this as the dispersion liquid 
sample. Adjust concentration using dilution, etc.. 
NOTE   If the sample contains metal particles, they settle out faster than SWCNT through 
centrifugal separation treatment. Also, only SWCNT with a specific chirality may preferentially 
settle out due to differences in affinity with the dispersant. Therefore, it should be noted that the 
sample component ratio, SWCNT diameter distribution, SWCNT metal-to-semiconductor ratio 
may change (cause segregation) before and after centrifugal separation treatment (Refer to 
References 2) and 3)). In addition, dilution may change the particle size distribution of the 
dispersion liquid sample. 

6.6 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3. 
 

7. Reporting 
It is recommended that the following items be reported in order to ensure traceability when 
providing the dispersion liquid to a third party such as the user: 
(a) Dispersion treatment implementation date, name of responsible person, responsible agency, etc.. 
(b) Information regarding the bulk powder (manufacturer name, product name, lot number, general 
classification of manufacturing method (CVD, arc discharge, etc.) and the type of catalyst metal 
used, etc.)  
(c) Concentration of coexistence components such as the bulk powder, dispersant, and buffering 
agent included in the dispersion sample 
(d) Ultrasonic processor specifications (manufacturer name, product name, type (bath-type, 
horn-type, etc.), oscillating frequency, oscillating output, etc.)  
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(e) Ultrasonic dispersion treatment conditions (ultrasound irradiation time, sample cooling, etc.) 
(f) If post-treatment is conducted, said content 
 

8. References 
1) JIS K 3850-3:2000Annex B (provisions) “Setting of Ultrasonic Bath Operating Conditions and 
Standardization” 
2) M. S. Arnold, A. A. Green, J. F. Hulvat, S. I. Stupp, M. C. Hersam, “Sorting carbon nanotubes 
by electronic structure using density differentiation”, Nature Nanotech. 1 (2006) 60-65. 
3) S. Freiman, S. Hooker, K. Migler S. Arepalli eds., “Measurement issues in single wall carbon 
nanotubes”, NIST recommended practice guide, NIST Special publication, 960-19 (2008). 
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Annex A. Practical example 
A practical example of the dispersion system preparation test and dispersion liquid assessment 
implemented in accordance with the procedures is shown below. 

A.1 Device 

A.1.1 Ultrasonic processor 
An ultrasonic cleaner (SHARP UT-53N, oscillating frequency 35 kHz; output 55 W) was used. 
Circulation cooling of the water in the cleaning tank prevented the liquid temperature of the sample 
from rising.   

A.1.2 Sample container 
A quartz glass beaker (capacity 100 mL) and a silicone rubber stopper lid were used.  

A.1.3 Electric furnace 
A muffle furnace equipped with a temperature control device was used.  

A.1.4 Preliminary dispersion device 
A rotor/stator type homogenizer (Ultralux of IKA) was used.  

A.2 Sample 

A.2.1 Bulk powder 
Single-wall carbon nanotube (manufactured by Company A) 

A.2.2 Dispersion medium 
50 mL of fetal bovine serum and 5 mL of antibacterial and antifungal agent were added to 500 mL 
of the DMEM basal medium, and it was sufficiently stirred without creating bubbles to be used as 
the dispersion medium.  

A.3 Dispersion 

A.3.1 Weighing 
84.2 mg of bulk powder was weighed out using an electric balance and transferred to the sample 
container.  

A.3.2Sterilization and deactivation of endotoxins 
The sample container was covered with aluminum foil and heated for two hours at 250 °C using an 
electric furnace. It was taken out after being cooled to room temperature.   

A.3.3 Addition of dispersion medium 
42.0 mL of the dispersion medium was added to the sample container until the sample 
concentration was 2.0 mg/mL.   
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A.3.4 Preliminary dispersion 
The raw material liquid was treated for 5 minutes using the preliminary dispersion device.  

A.3.5 Ultrasonic dispersion 
After sealing the sample container with a lid and treating it for four hours using an ultrasonic 
processor, the dispersion medium was diluted to ten times the original volume and treated for 30 
more minutes. The position of the sample container and the water depth in the water bath was 
adjusted while observing the vibrations and oscillations of the powder sample and dispersion 
medium in the sample container so that the ultrasonic waves propagated efficiently to the sample. 
In addition, the water in the bath was cooled by circulation and the temperature was kept at 10 °C 
or lower. Ultimately, the powder sample was entirely dispersed so that no residual material was 
generated (concentration 0.2 mg/mL). 
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Annex B. Dispersion liquid assessment method 
The properties (for instance, particle distribution, maximum dispersible concentration, viscosity, 
temporal changes, stability with respect to disturbance and possible contamination) of the 
dispersion liquid prepared in accordance with IV-4. greatly depend on the SWCNT bulk powder, 
the dispersed liquid phase, and the used equipment type. The user needs to optimize the operation 
details in the laboratory in accordance with the prepared SWCNT bulk powder and devices in order 
to obtain dispersion liquid that has properties that will satisfy the objectives. However, the SWCNT 
dispersion liquid assessment method required for this has not been sufficiently established at the 
present time.  
The dispersion liquid assessment method shown in Annex B was implemented on the dispersion 
liquid prepared in IV-4. Annex A. The methods used were ones that are relatively well-used in 
academic literature. However, some of those methods have a large experimental element and lack 
in quantitative characteristics or objectivity. The samples can be evaluated in a more objective 
manner by conducting multifaceted measurements using multiple methods on the samples before 
and after dispersion treatment.  

B.1 Particle size distribution measurement 
This is measured using Atomic Force Microscope (AFM) images or using the Dynamic Light 
Scattering method (DLS). The former method is described below. Refer to IV-5. for the latter 
method.  

B.1.1 Substrate preparation 
A silicon substrate with an oxidized membrane is prepared, and the surface is modified in 
accordance with the method in B.5 References 1). In other words, the substrate is immersed in 
purified water and left still for ten minutes, followed by vacuum drawing in room temperature for 
15 minutes, and then dried. 
The substrate is then immersed for 30 minutes in dichloroethane added with 1 m･mol/L of 
3-aminopropyltriethoxysilane. After the recovered substrate is rinsed with dichloroethane and then 
rinsed with purified water, it is dried. 
NOTE   Surface modification of the substrate is conducted to improve the deposit ratio of 
dispersed SWCNT particles, but the optimal surface modification depends on the chemical 
conditions of the SWCNT particle surface, the liquid pH, and the coexisting molecules, etc.. 

B.1.2 Preparation of an observational sample 
The dispersion liquid sample is dripped onto the substrate, and it is left still for five minutes, 
making sure that it does not dry up. The substrate is lightly rinsed in purified water, then dried with 
a blower and used as the observational sample.  
NOTE 1   It is important to attach the dispersed particles onto the substrate with an appropriate 
distribution density. If the distribution density is too high, multiple particles will overlap and 
prevent accurate measurement. If it is necessary to lower the deposit ratio, the time that the 
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substrate is left is shortened, or the sample is diluted. However, note that dilution may cause the 
particle size distribution to change.  
NOTE 2   The deposit ratio of dispersed SWCNT particles onto the substrate may change 
depending on the size of the particles. If the particle distribution is wide, accurate measurement is 
difficult.    

B.1.3 Acquisition of AFM images 
Observation is conducted using an appropriately calibrated AFM. Obtain images at a constant 
magnification ratio from multiple measurement points randomly selected from the observation 
sample. Periodically replace the probe so that sharp images can always be taken.  

B.1.4 Particle measurement 
Measure the size of the SWCNT particles from the obtained images. Measure all the particles in the 
image in order to get an accurate particle size distribution measurement. If there are a large number 
of particles in the image, conduct sampling using the following method for example:  
(a) Section the image into squares, and measure all the particles within randomly selected squares.  
(b) Draw a straight line in a certain direction, and measure all the particles on the straight line.  
NOTE 1   When AFM is used, only the particle shape can be determined. If particles with 
high-aspect ratio in addition to the measured SWCNT are included, the particle shape must be 
determined using a different method.   
NOTE 2   For more accurate particle measurement, refer to ISO 13322-1  Particle size analysis 
-- Image analysis methods -- Part 1: Static analysis methods.  

B.1.5 Reporting 
The following are reported.  
(a) Typical AFM image 
(b) Number of AFM images used for measurement, scale, and the number of measured particles  
(c) Measured particle distribution ( histogram or cumulative frequency distribution) 
(d) Representative diameter (median, mean value, etc.) 
(e) Outline of particle measurement method (preparation method of the observational sample, data 
analysis method, particle analysis software used, etc.) 

B.1.6 Practical example 
Dimension 3100 of Veeco Instruments, Inc. (Nanoscope IIIa controller was used, Tapping AFM 
mode) was used for the device. The image was obtained from 5×5 μm regions that were randomly 
selected from the observational sample. The image measurement software, UTHSCSA Image Tool 
(distributed free of charge at the website of the Dental Diagnostic Science at the University of 
Texas Health Science Center at San Antonio Dental School: 
http://ddsdx.uthscsa.edu/Imagetool.asp) was used for particle measurement. Refer to IV-4. Annex 
C. 
(a) Number of AFM image: Six. A typical image among them is shown in Figure IV-4.1.  
(b) Number of measured particles: 580 particles 
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(c) Particle size distribution: Shown in Figure IV-4.1 
(d) Representative diameter: median 0.25 μm; mean 0.34 μm 
 

 
 

Figure IV-4.1 Typical AFM image (left) and measured particle size distribution (right) 
 

B.2 Observation of dispersed state 
Observe using a transmission electron microscope (TEM) 

B.2.1 Preparation of observational sample 
A few drops of the dispersion liquid sample are dripped onto the microgrid with support membrane, 
and this is dried and used as the observational samples. 

B.2.2 Observation 
Observed as bright-field images, and photos of the images are taken. Items such as the following 
should be observed:  
(a) SWCNT: Diameter, length, linearity of the wall surface, presence of defects and kinks, etc.  
(b) Aggregation: Whether the dispersed particles are bundled or isolated. If bundled, the number of 
SWNCT comprising the bundle, the bundle length and width, the bundle shape (presence of 
bifurcations, etc.)  
(c) Presence of other structural components: multiwall carbon nanotubes, metal particles (catalytic 
metals, contamination during dispersion treatment, etc.), carbon particles (graphite, onion-like 
carbon, etc.), amorphous carbon (determination is difficult if dispersion medium components 
coexist), etc.. 

B.2.3 Reporting 
Describe the observation conditions (accelerating voltage, etc.) and observation content, and post 
typical observational images. It is recommended to post multiple observational images with 
differing magnification ratios so that the reader can get a sense of the overall and detailed 
conditions of the dispersed particles. It is also recommended to post major structural components 
other than SWCNT.  
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NOTE   Show reporting examples. 
(a) Observation conditions: JEOL JEM-1010 is used (accelerating voltage: 100 kV) 
(b) Observation image: A typical image is shown in Figure IV-4.2. 
(c) SWCNT: Approximate diameter of 3 nm. Good linearity of the wall surface, kinks present. 
(d) Aggregation: Bundle comprising a few to a dozen or so SWCNT. Lengths of 0.1~1 μm 
(e) Other structural components: Multiwall CNT comprising 2~3 layers (rare); no metal particles 
 

   

   
Figure IV-4.2 Typical TEM observation images 

 

B.3 Particle concentration assessment in the dispersion liquid 
The small amount of the powder sample is entirely dispersed in the dispersion medium so that there 
is no residue, and a standard sample with a known concentration is prepared. The turbidity of the 
standard sample and unknown sample are measured, and the concentration of the unknown sample 
is calculated based on this ratio (refer to B.5 References 2) and 3)).  

B.4 Measurement of noncombustible residue (ash content) 
The sample is measured before and after dispersion using thermogravimetrical analysis (TGA).  
Instead of thermogravimetrical analysis, the same measurement can be conducted using a muffle 
furnace, etc., that can be heated up to 800 °C. Advantages of using thermogravimetrical analysis 
are that information regarding the amorphous carbon content contained in the powder sample and 
SWCNT quality can also be obtained (refer to B.5 References 4) and 5)).  

B.4.1 Measurement 
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The powder sample before dispersion treatment is measured as is using a thermogravimetrical 
analyzer.  
In terms of measurement conditions, dry air is channeled, while the temperature is increased to 
800 °C at a rate of 5 °C/minute. The dispersion liquid sample is filtered under reduced pressure 
using a membrane filter with a pore diameter of 0.2 μm, and the dispersed particles are trapped. 
After 200 mL of purified water is poured onto the filter and the trapped material is washed, this is 
redispersed using ultrasonic treatment in 40 mL of purified water. After trapping and redispersion 
is repeated three times, this is kept in a vacuum oven at 115 °C and dried for three days, and 
thermogravimetrical analysis is conducted under the same conditions as the powder sample.  

B.4.2 Data analysis 
The residual weight (wt%) is read from the thermogravimetrical curve of the powder sample and 
dispersion liquid sample.  

B.4.3 Reporting 
The rate of temperature increase, ambient atmosphere, thermogravimetrical curve, and the 
measured ash content (wt%) are reported. 
NOTE   An example of reporting is shown. 
(a) Rate of temperature increase: 5 °C/minute 
(b) Ambient atmosphere: dry air 
(c) Thermogravimetrical curve: Shown in Figure IV-4.3 
(d) Ash content: -0.1 wt% in the sample before dispersion, and 4 wt% in the sample after dispersion 
 

 

Figure IV-4.3 Thermogravimetrical curve of bulk powder 
before dispersion (dotted blue line) and 
dispersion liquid (solid red line) 

 

Weight 
(%) 

Temperature 
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Annex C. Measuring the length of fibrous dispersed particles 
It is difficult to separate, isolate, and disperse single-wall carbon nanotubes (SWCNT) in a liquid 
unless it goes through extraction with centrifugal separation using an appropriate dispersant. If 
extraction is not performed, the majority of SWCNT fibers in the liquid normally aggregate and 
form bundles due to the Van der Waals’ force. Therefore, intricately branched (bifurcated) particles 
are often observed among dispersed SWCNT fibrous particles. There is no established method for 
measuring the particle size (length) of such particles. However, as some sort of policy is required to 
make systematic measurements, measurements were taken in accordance with the following 
independently-established rules.  
Examples of fibrous particle measurement using AFM are shown each for Rules 2.~5. in Figure 
IV-4.4.  
The measurement region along the length of the fiber is shown in the figure with an arrow parallel 
to the fibrous particles.  
Rule 1.   Only non-spherical particles (estimated aspect ratio of 3 or greater) are measured.  
It is necessary to verify in advance whether the non-spherical particles are SWCNT or not using a 
method other than AFM (such as TEM). In this test, TEM was used to verify that almost all of the 
non-spherical particles were SWCNT (included a minute quantity of 2~3 layer multiwall carbon 
nanotubes), and almost all of the spherical particles were components derived from the dispersion 
medium.  
As abrasion of the AFM probe changes the apparent aspect ratio in the image, the probe is changed 
as needed and always kept in good condition. 
Rule 2.   Fibrous particles with no branches are measured along the length of the fiber (Figure 
IV-4.4-A).  
If a particle is curved and adhered to the substrate, it is difficult to determine whether the curve 
occurred at the time of adhesion, or whether it reflects the conditions of the particle in the liquid. 
The maximum length that can be measured in the liquid is measured.  
Rule 3.   The lengths of fibrous particles with relatively few branches are measured along their 
longest route (Figure IV-4.4-B). As in Rule 2., the maximum length that can be measured in the 
liquid is measured. 
Rule 4.   Particles forming an X are considered to be two overlapping particles, and are measured 
separately (Figure IV-4.4-C).  
Rule 5.   The ellipse approximation method is used to measure the length of particles in which 
three or more fibers are intricately intertwined (Figure IV-4.4-D).  
In this test, there were very few particles that fell under the category of Rule 5., and as the number 
of particles that fell under the category of Rule 3. and Rule 4. was not necessarily large compared 
to those that fell under the category of Rule 2., in terms of number-based distribution, it is 
presumed that they did not have a large effect on the particle size distribution. 
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Figure IV-4.4 Examples of fibrous particle measurement 

 
 
 

Authors of IV-4. 
Kohei Mizuno, Katsuhide Fujita 
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IV-5. Measurement method of carbon nanotube samples of liquid phase dispersion 
As the content of IV-5. is almost the same as III-5., the overlaps are omitted here. 

Introduction 
IV-5. shows the procedures of determining the average particle size of the carbon nanotube (CNT) 
nanoparticles and their aggregates dispersed in liquid, particularly in a culture medium for in vitro 
tests, using the Dynamic Light Scattering method (DLS). The procedures to evaluate whether the 
nanoparticles and their aggregates are stably dispersed from temporal changes in the scattered light 
intensity and visual check of sedimentation formation are also shown. 
 

1. Scope 
The procedures shown in IV-5 apply to the CNT nanoparticles and their aggregates that have been 
dispersed in liquid. The range of the average particle size to be measured is around 20~1000 nm, 
which can be accommodated by commercial DLS devices.  
In general, CNT samples have a large absorption constant over a wide wavelength range, and 
therefore it is difficult to measure the particle size with transmission-type DLS except in the case of 
ultra-dilute samples. 
Attention is required if the scattered light intensity from the CNT sample is abnormally low, as 
particle size measurements may not be highly reliable. 
 
 

Annex A. Accuracy assessment 
Refer to III-5 Annex A. 
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Annex B. Practical example 
An example of measuring the particle size of single-wall carbon nanotube nanoparticles dispersed 
in a culture solution is shown. 

B.1 Test outline 
A dispersion sample is divided into three dispersion samples, and an in vitro test, DLS 
measurements and concentration measurements were conducted simultaneously at three different 
locations. For the DLS measurement, the scattered light intensity and scattering intensity average 
particle size was measured for four days. The average particle size was found using the photon 
correlation method. 

B.2 DLS measurement conditions 
The DLS measurement conditions are shown in Table IV-5.1. 
 

Table IV-5.1 DLS measurement conditions 
Item Condition 
Particle sample  Single-wall carbon nanotube (diameter approx. 3nm) 
Dispersion sample  Liquid resulting from dispersing the particle sample 

in the dispersion medium below 
Dispersion sample preparation method  Ultrasonic dispersion (bath-type) 
Sample container  Polypropylene centrifuge tube  
Dispersion medium  DMEM (cell culture medium) containing 10 % FBS 

(fetal bovine serum). Also contains a pH indicator.  
Dispersion sample storage conditions Stored in a refrigerator (temperature of 4~5 °C) 
Particle sample mass concentration (feed) 0.2 mg/mL 
Dispersion sample viscosity  0.935 cP (estimated using the Field Flow 

Fractionation method) 
Equipment name (measurement method, 
manufacturer name, etc.) 

Refer to B.3 

Particle size reference material used for 
the equipment validity check  

Polystyrene latex  

Cleaning Measurement cell is repeatedly cleaned using 
ultrapure water   

Measured temperature 25.0±0.1 °C 
 

B.3 Equipment and instruments 
An outline of the device used for measurement is shown in Table IV-5.2. The main devices used 
for measurement are as follows:  
(a) Centrifuge tube made of polypropylene and polyethylene (25 mmφ) 
(b) Pasteur pipette (with high SiO2 purity)   
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(c) Disposable pipette (made of polypropylene)  
(d) Ultrapure water (for cleaning equipment; filtered with a 0.1 μm filter)  
 

Table IV-5.2 Equipment used for measurement 
Equipment Measurement method Wavelength 

nm 
Angle 
deg 

Sample 
volume 

mL 

Measurement cell 
Optical 
system 

Data analysis 
method 

F Homodyne Photon 
correlation 
method 

660 160 5 Centrifuge tube made 
of polypropylene and 
polyethylene 

 

B.4 Visual check of sedimentation formation 
An example of the sedimentation conditions of the sample is shown in Figure IV-5.1. Although it is 
difficult to check visually, there is no sedimentation over the four days, and thus the dispersion 
sample can be considered to be stable. 
 

(a) Appearance on Day 1  (b) Appearance on Day 4 

  

Figure IV-5.1 Appearance of dispersion sample in which single-wall carbon 
nanotube nanoparticles were dispersed in the culture medium 

 

B.5 Flow of measurement procedures 
Conforms to III-5. Annex B. B.5 and III-5. Annex C. 

B.6 Measurement results 
The DLS measurement results are shown in Table IV-5.3. 
 

Table IV-5.3 Average particle size and standard uncertainty of single-wall 
carbon nanotube nanoparticles 

Characteristic Symbol Value ± standard uncertainty (nm) 
scattering intensity average particle size   DLSd  713±16 
Number (number-based) average particle size  nd  370± 9 
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B.7 Stability evaluation results 
Figure IV-5.2 shows the temporal changes in the scattering intensity average particle size and 
scattered light intensity over a period of four days. There are hardly any changes in either of them, 
and the dispersion sample is stable. In other words, the figure indicates that the nanoparticles of a 
single-wall nanotube (secondary particles) are stably dispersed. 
In Figure IV-5.2, the relative values of the scattered light intensity (●) in reference to the measured 
value on the first day (with the value being 1) are plotted. The overall uncertainty of the average 
particle size is within the value of the circles (○,●). As no drastic increases or decreases are seen in 
either, it is presumed that the sample is relatively stable.  
 
 

0

100

200

300

400

500

600

700

800

0 1 2 3 4 5

測定日

平
均

粒
子

径
 (n

m
)

0

0.5

1

1.5

2

相
対

散
乱

強
度

 
Figure IV-5.2 Daily changes in the scattering intensity average particle size (○) 

and scattered light intensity (●) of single-wall carbon nanotube 
nanoparticles dispersed in the cell culture medium 
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IV-6(1) Preparation method of transmission electron microscope samples for a 
single-wall carbon nanotube dispersion liquid – Rapid freezing technique 

Introduction 
In order to ensure reliability in the nanoparticle toxicity test, it is necessary to understand the size, 
shape, and composition, etc., of the tested nanoparticles. An electron microscope has high spatial 
resolution and enables shape and composition analysis, crystalline structure analysis, and analysis 
of chemical bonding conditions, etc., and is thus the most effective nanoparticle measuring method.  
IV-6(1) shows the procedures for preparing samples using the rapid freezing technique to observe 
nanoparticles dispersed in a liquid phase under a transmission electron microscope (TEM). 
Nanoparticles generally have strong cohesive properties, and nanoparticles dispersed in a liquid 
phase easily aggregate in the process of preparing a TEM sample. In particular, single-wall carbon 
nanotubes easily aggregate and form bundles. Therefore, it is effective to prepare a sample that 
limits the aggregation of nanoparticles by rapidly freezing the nanoparticle dispersion liquid, 
freeze-drying the dispersion liquid, then drying only the dispersion medium using vacuum 
sublimation.  
 

1. Scope 
The procedures in IV-6(1) apply to the retention of nanoparticles from the liquid phase nanoparticle 
dispersion system in which the primary particle size is 100 nm or smaller on to the TEM grid with a 
carbon support membrane that has a diameter of 3 mm. Here, the method using a polystyrene latex 
dispersion liquid with a primary particle size of 48 nm as a model and an example in which this is 
applied to single-wall carbon nanotubes are shown.  
 

2. Normative references 
None.  
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II.  
 

4. Equipment and materials 

4.1 Rapid freezing sample preparation device 
A device that can drip nanoparticle dispersion liquid onto liquefied propane cooled to liquid 
nitrogen temperature. The work space is filled with high-purity nitrogen gas vaporized from liquid 
nitrogen, and can prevent the adhesion of frost on the sample.  
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4.2 Microgrid with support membrane 
A metal grid that is tens of μm in thickness with a membrane that is tens of nm in thickness 
attached on it in order to retain the observation sample, such as a powder. An amorphous carbon 
membrane is normally used.  

4.3 Metal container with lid 
A container with a large heat capacity. The container has a low temperature elevation when cooled 
to low temperature, and is easy to handle.  

4.4 Hydrophilic treatment device 
A device that introduces hydroxyl by plasma-treating the surface of the microgrid with support 
membrane, making it hydrophilic.  

4.5 Vacuum freeze-drying device 
Many commercial freeze-drying devices are for food storage, etc., and the chilling temperature and 
retained vacuum do not satisfy the levels required for the purposes of this test. A biological sample 
freeze-drying device for electron microscopes is commercially available and is adequate for the 
purposes for this test. An electron microscope transfer holder that can arbitrarily set and keep the 
frozen sample grid at -140~-90 °C and a vacuum pumping system that can keep the transfer holder 
sample part to 1×10-5 Pa or less are used.  

4.5.1 Electron microscope transfer holder 
The sample installation part at the tip of the holder needs to be able to be arbitrarily set to 
-140~-90 °C through liquid nitrogen cooling and the transfer holder needs to have a shutter 
mechanism to prevent the sample to be exposed to air. In addition, the transfer holder needs to have 
a working chamber that can set the sample in the holder without exposing the sample to air, while 
keeping it in a chilled state.  

4.5.2 High vacuum pumping system 
The high vacuum pumping system should be able to set the electron microscope transfer holder and 
perform vacuum pumping, be equipped with a vacuum gauge, and preferably reach a vacuum of 
1×10-4 Pa or lower. 
 

5. Preparation method 

5.1 Rapid freezing of the CNT dispersion liquid 
There is a risk of liquid propane catching fire, so it is strongly recommended that a specialized 
device be used. The following procedures are premised on the use of a specialized device.  

5.1.1 Preparations for the rapid freezing sample preparation device 
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The working chamber of the rapid freezing sample preparation device is filled with liquid nitrogen, 
and it is completely chilled. In order to prevent melting of the frozen sample during work, chilling 
to -140 °C or lower is recommended.  

5.1.2Hydrophilic treatment of the microgrid with support membrane 
Expose the microgrid with support membrane to atmospheric plasma using the hydrophilic 
treatment device and hydrophilize the surface. This treatment will enhance the wettability of the 
microgrid with support membrane, preventing it from repelling the nanoparticle dispersion liquid.  

5.1.3 Sample preparation using rapid freezing 
Place the tweezers, metal container with lid and microgrid with support membrane into the working 
chamber in advance, and chill.  
Slowly introduce the propane gas into the refrigeration container of the rapid freezing sample 
preparation device, and liquefy. It facilitates the process to use a thin nozzle for the tip of the gas 
tube of the propane gas cylinder. Fill the refrigeration container with liquefied propane until the 
container is sufficiently immersed.  
Attach tweezers to the injector of the rapid freezing sample preparation device, and after setting the 
hydrophilized microgrid with support membrane on the tweezers, coat a small amount of the 
nanoparticle dispersion liquid onto the grid. In order to prevent the dispersion liquid from freezing 
from the cool air of the working chamber during this process, place the injector at a distance from 
the working chamber.  
Immerse the injector in liquefied propane, and rapidly freeze the microgrid with support membrane.  
Take out the microgrid with support membrane. At this time, make sure to work in the cooled 
region of the working chamber, and if instruments such as the tweezers are taken out of the cooled 
region, make sure to sufficiently cool them again before they are used.  
Fill the Dewar flask of the transfer holder set in the working chamber and the working chamber 
with liquid nitrogen, and cool the holder tip to about -150 °C. 

5.2 Freeze-drying of the rapid freezing sample 

5.2.1 Transfer of the rapid freezing sample 
The rapidly frozen microgrid with support membrane is put in the metallic container which was 
cooled to liquid nitrogen temperature, cut off from the air, and transferred to the working chamber 
of the electron microscope transfer holder.  

5.2.2 Setting of the rapid freezing sample in the transfer holder 
The rapidly frozen microgrid with support membrane is set in the transfer holder inside the 
sufficiently cooled working chamber of the transfer holder. The tweezers and sample holding 
member of the transfer holder used at this time are sufficiently cooled inside the working chamber 
with liquid nitrogen. Be very careful not to take the rapidly frozen microgrid with support 
membrane out of the cooled region of the working chamber. 

5.2.3 Freeze-drying treatment 
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Close the shutter of the transfer holder, and quickly set the transfer holder in the high vacuum 
pumping system so that it is not exposed to air, and start vacuum pumping. When the vacuum has 
reached 1×10-4 Pa or lower, open the shutter of the transfer holder. Change the set temperature of 
the transfer holder to -90 °C. As the temperature approaches -90 °C, the vacuum becomes about 
1×10-2 Pa and gas release from the sample can be seen. This is due to the ice components of the 
frozen sample sublimating and forming gas, and indicates that the sample is in the drying process.  
When drying is complete, the vacuum improves again. When the vacuum is once again 1×10-4 Pa 
or lower, it means that drying is complete and the transfer holder could be returned to room 
temperature.  
When the transfer holder returns to room temperature, vacuum pumping is terminated, air is leaked 
and the sample is taken out. 

5.2.4 Liquefied propane treatment 
Liquefied propane treatment is performed in accordance with the instructions of the rapid freezing 
sample preparation device. Be very careful of fire.  
 

6. Electron microscope observation results 
Carl Zeiss EM-922 was used for the device, and the sample was observed at an accelerating voltage 
of 200 kV.  
Figure IV-6.1 (a) and (b) show the observation results of the TEM sample from the polystyrene 
latex dispersion liquid with a primary particle size of 48 nm prepared using the rapid 
freezing/freeze-drying method. The image shows that the prepared TEM sample has extremely 
well-dispersed state, with no aggregation of the polystyrene particles.   

 
Figure IV-6.1 Observation results of the polystyrene latex dispersion liquid 

TEM sample prepared using the (a) Rapid freezing and (b) 
Freeze-drying method 

 
Figure IV-6.2 shows an observation result of the TEM sample prepared using the TEM sample 
preparation method shown in III-6(1). It can be seen that the SWCNT have aggregated and formed 
bundles.  
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Figure IV-6.2 Observation result of the SWCNT dispersion liquid TEM sample 

prepared using the TEM sample preparation method shown in III-6(1) 
 
Figure IV-6.3 (a) and (b) show the observation results of the TEM sample from the SWCNT 
dispersion liquid prepared using the rapid freezing/freeze-drying method. Unlike the bundle 
aggregates shown in Figure IV-6.2, the SWCNT are distributed as fibers with lengths of about 
0.5~5 μm. In this way, using the rapid freezing/Freeze-drying method will allow to prepare TEM 
samples that reflect its dispersed state in liquid, even for nanoparticles that aggregate easily such as 
the SWCNT dispersion liquid. 
 

 

Figure IV-6.3 Observation results of the SWCNT dispersion liquid TEM sample prepared 
using the (a) Rapid freezing method and (b) Freeze-drying method 

 
 
 

Author of IV-6(1) 
Kazuhiro Yamamoto 
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IV-6(2) Preparation method of transmission electron microscope samples for lung 
tissues that contain multiwall carbon nanotube 

Introduction 
TEM observational samples of lung tissue containing MWCNT can be prepared using the method 
shown in III-6(2). IV-6(2) shows an example in which this method was applied to the preparation 
of TEM observational samples of rat lungs that were intratracheally instillated with MWCNT 
dispersion liquid.  
 

1. Electron microscope observation results 
Figure IV-6.4 shows the TEM images of a rat lung sample three months after being intratracheally 
instillated with a MWCNT dispersion liquid (adjusted so that the MWCNT weight is 1.0 mg/body) 
and prepared in accordance with the method in III-6(2). The images (a), (c), and (d) in the figure 
were observed using Hitachi H-7000 at an accelerating voltage of 80 kV. Image (b) was observed 
using Carl Zeiss EM-922 at an accelerating voltage of 200 kV. 
Image (a) is a TEM image of an alveolar macrophage, and shows fibrous materials being taken into 
the cell.  
Image (b) is a high-resolution image of fibrous materials that were taken into the alveolar 
macrophage, showing the graphite crystal lattice and a hollow tubular structure. This revealed that 
the fibrous materials that were taken into the alveolar macrophage were MWCNT. It also showed 
that MWCNT maintained a good crystalline form even three months after intratracheal instillation.  
Image (c) is a TEM image of the inflammation area of the alveolar epithelial cells, and MWCNT 
can also be observed in the inflammation area of the epithelial cells.  
Image (d) shows the vascular tissue in the lung. The area around the vascular tissue is inflamed, 
and MWCNT can be observed.  
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Figure IV-6.4 TEM images of lung tissue 
 
 
 

Author of IV-6(2) 
Kazuhiro Yamamoto 
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V. Titanium dioxide nanoparticles 

V-1(1) Preparation method of titanium dioxide nanoparticle samples of liquid 
phase dispersion for in vivo systems – Bead mill dispersion method 

Introduction 
In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal 
instillation test to investigate the effects of nanoparticles on the body, it is essential to control the 
size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles 
generally have strong cohesive properties, and in order to satisfy such requirements, it is necessary 
to disintegrate the nanoparticle aggregates and make them into primary particles. At the same time, 
it is necessary to control the characteristics of the dispersion medium using surface chemistry 
methods and keep the disintegrated nanoparticles in a stably dispersed state. 
V-1(1) shows the procedures for preparing a titanium dioxide (TiO2) nanoparticle dispersion 
sample to be used as an intratracheal instillation toxicity test sample. TiO2 particles of which the 
primary particle size is 100 nm or smaller are used as raw materials to be dispersed in water with a 
wet bead mill as nanoparticles, and the TiO2 nanoparticle dispersion sample is stably dispersed 
using a surfactant with little biological effect.  
 

1. Scope 
The procedures shown in V-1(1) apply to the preparation of an intratracheal instillation test sample 
with a particle concentration of about 5 mg/mL in which primary particles or aggregates of 50 nm 
or smaller dispersed in the liquid phase using a bead mill with TiO2 powder (anatase-type) as the 
raw material. 
An appropriate dispersant is used to secure dispersion stability of the dispersion liquid from the 
time of sample preparation to the implementation of the intratracheal instillation test 
(approximately one week).  
 

2. Normative references 
None in particular. 
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 
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4. Equipment 

4.1 Disperser 
A bead mill that enables dispersion using tiny beads with a diameter of 50 μm or smaller (Figure 
V-1.1. Example: Ultra Apex Mill UAM-015 of Kotobuki Industries Co., Ltd.) is used. The inner 
surfaces of the dispersion container is lined with an abrasion resistant material such as zirconium, 
and the beads and agitator blades are also made of an equivalent abrasion resistant material. 

4.2 Post-treatment equipment 
A centrifuge that can be operated at a centrifugal acceleration of up to 20,000×g used to adjust the 
size and concentration of particles in the dispersion liquid. 

4.3 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.5.  

 

Figure V-1.1 Bead mill 

5. Sample 

5.1 Dispersion medium and preparation of the medium 

5.1.1 Dispersion medium 
Purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated 
using an endotoxin removal filter (e.g.: BioPak of Millipore) added with a dispersant of a specified 
concentration is used for the dispersion medium. 

5.1.2 Dispersant 
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Disodium phosphate (also known as: disodium hydrogen phosphate, Na2HPO4･12H2O, Disodium 
Phosphate, DSP) is used as the dispersant. DSP is effective for the aqueous dispersion of titanium 
dioxide and is used as a biological buffer solution.  
As optimal dispersed state was obtained with a DSP concentration of 2mg/mL when dispersing 
titanium dioxide to 10mg/mL, a dispersion medium with a DSP concentration of 2mg/mL is 
prepared.  

5.2 Titanium dioxide TiO2 (anatase-type) 
The titanium dioxide powder is stored in a desiccator.  
 

6. Preparation method 

6.1 Pre-treatment of dispersing equipment 
Before dispersion, bead mill components such as the beads and agitator blades used for dispersion, 
etc., are washed with ethanol and then sterilized with ultraviolet light. The irradiation time should 
be at least eight hours. 

6.2 Bead mill dispersion 
The powder sample stored in the desiccator is weighed out so that the particle concentration of the 
dispersion liquid to be dispersed is 10 mg/mL.  
A specified volume of the dispersion medium prepared in 5.1 is fed into the disperser in advance, 
and the raw material powder that was collected in advance is put directly into the slurry tank of the 
disperser while being stirred.  
The disperser is operated in accordance with the usage method. After dispersing for the prescribed 
time, the dispersion liquid is collected.  

6.3 Particle size adjustment 
Centrifugal separation is conducted on the collected dispersion liquid for one hour at a centrifugal 
acceleration of 8,000×g or 16,000×g, and the supernatant liquid is collected and used as the 
dispersion liquid sample.  

6.4 Concentration adjustment 
The dispersion liquid sample is diluted or concentrated to the specified concentration.  
The dispersion medium prepared in 5.1 is used for dilution.  
If concentration is necessary, centrifugal ultrafiltration is performed. An ultrafiltration membrane 
with a molecular weight cut off of 100,000 or less is used.  

6.5 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3.  
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7. Dispersion liquid assessment 

7.1 Measurement of particle size distribution 
The particle size distribution is evaluated using the Static Light Scattering method or the Dynamic 
Light Scattering method. However, if the particle size distribution obtained using the Dynamic 
Light Scattering method is wide, another measurement method, such as the Static Light Scattering 
method or the visualization method is used concurrently. 
The measurement results are displayed in terms of cumulative distribution, frequency distribution, 
or representative diameter, and the definition of distribution basis (scattered light intensity, 
number-based, or mass-based) or representative diameter is added. The representative diameter is 
represented by scattered light intensity, median diameter (number-based or mass-based), or mean 
diameter (number-based or mass-based).   
The physical property values (dispersed viscosity, refractive index of the powder and dispersion 
medium, and the measured temperature) used for measurement are also added.  

7.2 Observation of dispersed state 
The dispersed state is observed and evaluated through TEM or SEM. The sedimentation of particles 
is also checked.  

7.3 Assessment of particle concentration of the dispersion liquid 
5~10 mL of the dispersion liquid collected in 6.3 is put into a drying pan, dried for two hours at 
200 °C, and the particle concentration is evaluated from the mass. The dispersant content is found 
in advance using the mass obtained by drying the dispersion medium alone under the 
abovementioned conditions. 

7.4 Physical property assessment 
The changes in crystalline structure, surface conditions, and chemical composition, etc., before and 
after dispersion are evaluated using X-ray diffraction (XRD), TEM observation, and energy 
dispersive X-ray spectrometry (EDS), etc.. 

7.5 Stability evaluation 
The stability is evaluated based on the temporal changes in the particle size (representative 
diameter or distribution) and the concentration of the particles in the dispersion liquid. Stability 
evaluation can also be performed based on the Zeta potential measurement or sedimentation 
property.  
 

8. References 
1) S. Endoh, J. Maru, K. Uchida, K. Yamamoto, J. Nakanishi, “Preparing samples for fullerene C60 
toxicity tests: Stable dispersion of fullerene crystals in water using a bead mill”, Adv. Powder 
Technol., 20 (2009) 567-575. 
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pulmonary toxicity study of nano-TiO2 particles of different sizes and agglomerations in rats: 
Different short- and long-term post-instillation results”, Toxicology, 264 (2009) 110-118. 
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Annex A. Practical example 
An example of preparing a dispersion liquid in which 10~50 nm nanoparticles are suspended at a 
concentration of 5 mg/mL is shown below, using ST-01 of Ishihara Sangyo Kaisha, Ltd. as a raw 
material (Refer to References 2) of the main text of V-1(1)).  

A.1 Dispersion using a bead mill 
The particle concentration of the raw material slurry was 10 mg/mL and the dispersant 
concentration was 2 mg/mL. 
Ultra Apex Mill UAM-015 of Kotobuki Industries Co., Ltd. was used for the disperser. The 
operating conditions are shown:  
(a) Quantity of dispersion liquid: 500 mL 
(b) Dispersion liquid circulation flow: 10 L/h 
(c) Bead diameter: 15 μm 
(d) Quantity of beads: 400 g 
(e) Peripheral velocity of agitator blade tip: 12 m/s 
(f) Dispersion time: 2 hours 
Figure V-1.2 shows the particle size distribution after dispersion measured using the Dynamic 
Light Scattering method (UPA of Nikkiso Co., Ltd. was used). The conditions for measurement 
using the Dynamic Light Scattering method are as follows:  
(a) Measured temperature: Room temperature (no particular control) 
(b) Dispersed viscosity: 0.994 mPa s (in the case of 20.3 °C) 
(c) Dispersed refractive index: 1.33 
(d) Particle refractive index: 2.58 
As the primary particle size of ST-01 is 10 nm or smaller, the primary particles were not dispersed, 
but secondary particles of about 20−60 nm can be obtained.  

 

 

Figure V-1.2 Particle size distribution of ST-01 dispersed using a bead mill 
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A.2 Particle size and concentration adjustment 
Figure V-1.2 shows the particle size distribution of TiO2 particles in the supernatant liquid obtained 
by subjecting the dispersion liquid of ST-01 to centrifugal separation at 16,000×g (MX-300 of 
TOMY SEIKO CO., LTD. was used). Particles of 30 nm and above were removed by centrifugal 
separation. 
The concentration of the dispersion liquid prepared using centrifugal separation was 4.8 mg/mL. As 
the concentration was close to the specified concentration, no adjustments such as dilution were 
made.  
Figure V-1.3 shows the changes in the particle size distribution of ST-01 over a four days. Slight 
changes in the measurement values when the sample was left still can be seen at 20 nm or smaller, 
but shaking restored the sample to its original distribution. 

 

 
Figure V-1.3 Dispersion liquid stability (4 days) 

 

A.3 Changes in the crystalline structure 
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Figure V-1.4 X-ray diffraction pattern before and after bead mill dispersion 
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V-1(2) Preparation method of titanium dioxide nanoparticle samples of liquid 
phase dispersion for in vivo systems – Ultrasonication method 

Introduction 
In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal 
instillation test to investigate the effects of nanoparticles on the body, it is essential to control the 
size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles 
have strong cohesive properties, and generally exist in the work environment, etc., as aggregates of 
submicron or larger. Therefore, in order to understand the effects of nanoparticles, toxicity tests are 
required for dispersion samples in which primary particles have been dispersed and in which the 
secondary particle size has been restricted.  
V-1(2) shows the procedures for preparing an intratracheal instillation test sample to evaluate the 
biological effects of titanium dioxide (TiO2) nanoparticle aggregates. TiO2 particles of which the 
primary particle size is 100 nm or smaller are dispersed in water as secondary particle aggregates 
with a particle size of 1 μm or smaller, and the TiO2 nanoparticle dispersion sample is stably 
dispersed using a surfactant with little biological effect.  
 

1. Scope 
The procedures shown in V-1(2) apply to the preparation of an intratracheal instillation test sample 
with a particle concentration of about 5mg/mL in which TiO2 powder (anatase-type) with 
nano-sized primary particles are dispersed in the liquid phase in an aggregation state of 1 μm or 
smaller. An appropriate dispersant is used to secure dispersion stability of the dispersion liquid 
from the time of sample preparation to the implementation of the intratracheal instillation test 
(approximately one week).  
 

2. Normative references 
None in particular.  
 

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II.  
 

4. Equipment and instruments 

4.1 Dispersion equipment 
Ultrasonic bath, such as Branson 5510J-MT with an output of 135 W and frequency of 42 kHz is 
used. 
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4.2 Container 
A sterilized 100 mL glass container with a screw-on lid.  

4.3 Particle size and concentration adjustment equipment 
A centrifuge that can be operated up to a centrifugal acceleration of 20,000×g, used to adjust the 
size and concentration of the particles in the dispersion liquid. 

4.4 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.4.  
 

5. Sample 

5.1 Dispersion medium and preparation of the medium 

5.1.1 Dispersion medium 
Purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated 
using an endotoxin removal filter (e.g.: BioPak of Millipore), added with a dispersant of a specified 
concentration is used for the dispersion medium. 

5.1.2 Dispersant 
Disodium phosphate (also known as: disodium hydrogen phosphate, Na2HPO4･12H2O, Disodium 
Phosphate, DSP) is used as a dispersant. DSP is effective for the aqueous dispersion of titanium 
dioxide and is used as a biological buffer solution.  
As optimal dispersed state was obtained with a DSP concentration of 2mg/mL when dispersing 
titanium dioxide at 10mg/mL, a dispersion medium with a DSP concentration of 2mg/mL is 
prepared. 

5.2 Preparation of apowder sample and raw material dispersion liquid 

5.2.1 Titanium dioxide (TiO2) (anatase-type) 
Titanium dioxide powder (e.g.: ST-01 of Ishihara Sangyo Co., Ltd) with a primary particle size of 
100 nm or smaller. The raw material powder is stored in a desiccator.  

5.2.2 Raw material dispersion liquid 
If the liquid is dispersed at a particle concentration of 10 mg/mL, 0.5 g of the titanium dioxide 
powder is weighed out. The weighed powder sample is put into a 100 mL glass container with a 
screw-on lid containing 50 mL of the dispersion medium prepared in 5.1.2, and the container is 
sealed.   
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6. Preparation method 

6.1 Ultrasonic dispersion 
The 100 mL glass container with a screw-on lid which contains 50 mL of the dispersion liquid is 
put in the specified location (directly above the ultrasonic resonator where the water in the 
ultrasonic bath vibrates most intensely). The liquid height of the ultrasonic bath is adjusted to 
produce the strongest resonance with the liquid surface of the dispersion liquid in the glass 
container with a screw-on lid.  
Ultrasonic irradiation is performed for the specified time (2~3 hours) and dispersion is conducted.  

6.2 Particle size adjustment 
Centrifugal separation is conducted on the obtained dispersion liquid for one hour at a centrifugal 
acceleration of 1,000×g, and the supernatant liquid is collected. 

6.3 Concentration adjustment 
The particle concentration is verified using the method described later (7.3).  
The dispersion medium prepared in 5.1 is used for dilution.  
If concentration is required, centrifugal ultrafiltration is performed at 6,000×g. An ultrafiltration 
membrane with a molecular weight cut off of 100,000 is used. The operation time is 1~3 minutes to 
avoid an increase in particle size through excessive concentration. 
If granulation occurs, ultrasonic irradiation is performed using an ultrasonic bath for 10~20 
minutes.   

6.4 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3.  
 

7. Dispersion liquid assessment 

7.1 Measurement of particle size distribution 
The particle size distribution is evaluated using the Static Light Scattering method or the Dynamic 
Light Scattering method. However, if the particle size distribution obtained using the Dynamic 
Light Scattering method is wide, another measurement method, such as the Static Light Scattering 
method or the visualization method is used concurrently. 
The measurement results are displayed in terms of cumulative distribution, frequency distribution, 
or representative diameter, and the definition of the distribution basis (scattered light intensity, 
number-based, or mass-based) or the representative diameter is added. The representative diameter 
is represented by scattered light intensity, median diameter (number-based or mass-based), or mean 
diameter (number-based or mass-based).   
The physical property values (dispersed viscosity, refractive index of the powder and dispersion 
medium, and the measured temperature) used for measurement are also added.  
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7.2 Observation of dispersed state 
The dispersed state is observed and assessed using TEM and SEM. The particle sedimentation is 
also checked.  

7.3 Assessment of particle concentration of the dispersion liquid 
5~10 mL of the dispersion liquid collected in 6.2 is put into a drying pan, dried for two hours at 
200 °C, and the particle concentration is evaluated from the mass. The dispersant content is found 
in advance using the mass obtained by drying the dispersion medium alone under the 
abovementioned conditions.  
 

8. References 
1) N. Kobayashi, T. Naya, S. Endoh, J. Maru, K. Yamamoto, J. Nakanishi, “Comparative 
pulmonary toxicity study of nano-TiO2 particles of different sizes and agglomerations in rats: 
Different short- and long-term post-instillation results”, Toxicology, 264 (2009) 110-118. 
2) Shigehisa Endoh, Junko Maru, Kunio Uchida, “Dispersion of Multi-wall Carbon Nanotubes 
(MWNTs) into Water with Tween80 as a Dispersant by Ultrasonic Technique,” Journal of the 
Society of Powder Technology, 47 (2010) 600-607. 
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Annex A. Practical example 1 
An example of preparing a dispersion liquid in which aggregates with secondary particles sized 
50~200 nm are suspended at a concentration of 5 mg/mL from ST-01 manufactured by Ishihara 
Sangyo is shown (Refer to References 1)). 

A.1 Dispersion using an ultrasonic bath 
The concentration of particles fed into the glass container with a screw-on lid was 10 mg/mL. 
Branson 5510J-MT was used for the ultrasonic bath. The water surface was set at 2.2 mm and 
dispersion was conducted for three hours.  
Figure V-1.5 shows the particle size distribution after dispersion measured using the Dynamic 
Light Scattering method (Zetasizer Nano of Malvern Instruments, Ltd. was used.) as a light 
intensity-based and mass-based cumulative undersize distribution. There were many particles of 
sizes that were not suitable for DLS measurement, but are shown for reference. The DLS 
measurement conditions were as follows: 
(a) Measured temperature: 25 °C 
(b) Dispersed viscosity: 0.887 mPa s 
(c) Dispersed refractive index: 1.33 
(d) Particle refractive index: 2.70 

 

 
Figure V-1.5 Particle size distribution of ultrasonically dispersed ST-01 and 

dispersion liquid adjusted by centrifugal separation 
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A.2 Particle size adjustment 
Centrifugal separation at 1,000×g was conducted for one hour on the dispersion liquid after 
ultrasonic dispersion, and the supernatant liquid was collected. The particle size distribution of the 
supernatant liquid is shown in Figure V-1.5. The figure shows that the particle size distribution 
after centrifugal separation has a single peak and comprises aggregates of mostly 200 nm or smaller. 
These aggregates settle, and thus, the dispersion liquid is unstable. However, resuspension is 
possible with simple shaking.  
The particle concentration of this dispersion liquid was 3.8 mg/mL and the recovery rate was 
approximately 20 %. 

A.3 Concentration adjustment 
Concentration was conducted by centrifugal ultrafiltration. Centrifugal separation was performed 
for one minute at 6,000×g using a filtration film with a molecular weight cut off of 100,000 
(Vivaspin 20-100k of GE Healthcare Bio-Sciences KK.), and the film residue was redispersed. 
Figure V-1.5 also shows the particle size distribution. A distribution of particles sized 100 nm or 
smaller is retained. The concentration after concentration was performed was 6.4 mg/mL. Figure 
V-1.6 shows the TEM images of particles in the supernatant liquid after centrifugal separation. 
 

 

Figure V-1.6 TEM images of aggregates 
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Annex B. Practical example 2 
An example of preparing dispersion liquid comprising aggregates with secondary particles sized 
100 nm or larger from ST-01 manufactured by Ishihara Sangyo is shown.  

B.1 Dispersion using an ultrasonic bath 
The concentration of particles fed into the glass container with a screw-on lid was 10 mg/mL. 
Purified water that does not contain DSP is used for the dispersion medium. 
The conditions for the ultrasonic bath are the same but the dispersion time is 90 minutes. 
After ultrasonic dispersion, DSP was added, making the DSP concentration 2 mg/mL, in order to 
stabilize the dispersion liquid. 
Figure V-1.7 shows the particle size distribution (scattered light intensity-based and mass-based 
frequency distribution and cumulative distribution) measured using the Dynamic Light Scattering 
method (Zetasizer Nano of Malvern Instruments, Ltd. was used).  

B.2 Particle size adjustment 
Centrifugal separation at 1,000×g was conducted for five minutes on the dispersion liquid after 
ultrasonic dispersion, and the supernatant liquid was collected. The particle size distribution in the 
supernatant liquid is shown in Figure V1.7. The figure shows that the particle size distribution after 
centrifugal separation has a single peak and the aggregates are almost all 100 nm or larger.  
The particle concentration of this dispersion liquid was 2.5 mg/mL and the recovery rate was 
approximately 12 %. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure V-1.7 Preparation of aggregates of 100 nm or above from ST-01 
Ultrasonic dispersion 90 minutes; centrifugal separation 1,000×g 
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V-2. Preparation method of titanium dioxide nanoparticle samples of liquid phase 
dispersion for in vitro systems 

Introduction 
In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal 
instillation test to investigate the effects of nanoparticles on the body, it is essential to control the 
size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles 
generally have strong agglomerating/aggregating properties, and as the culture medium used for in 
vitro testing contains components that promote aggregation, such as salts, the nanoparticles may 
directly settle in the cells. Therefore, a preparation method for stable and reproducible dispersion 
during the in vitro test period (normally four days) is required. In order to observe the effects of the 
nanoparticles, it is necessary to minimize the use of dispersants such as surfactants and in order to 
satisfy such requirements, it is necessary to disintegrate the nanoparticle aggregates and make them 
into primary particles. At the same time, it is necessary to control the characteristics of the 
dispersion medium using surface chemistry methods and keep the disintegrated nanoparticles in a 
stably dispersed state.  
V-2 shows the procedures for preparing a dispersion liquid of titanium dioxide (TiO2) nanoparticles 
in a cell culture medium to be used as an in vitro test sample. The characteristics of this preparation 
method are that the FBS in the cell culture medium is used to disperse TiO2 particles, rather than 
using surfactants, etc; fractions of dispersion liquid containing TiO2 nanoparticles with differing 
secondary particle size values can be obtained through phased centrifugal separation; and that the 
period used for cell culture and the secondary particle size values stabilize.  

1. Scope 
The procedures shown in V-2. apply to the preparation of a dispersion sample containing a liquid 
phase (culture medium) with secondary particles sized 50~150 nm through centrifugal separation, 
using TiO2 powder with primary particles sized 100 nm or smaller as the raw material.  

2. Normative references 
None in particular.  

3. Terms, definitions and symbols 
Refer to 1. and 2. of Chapter II. 

4. Equipment and instruments 

4.1 Centrifuge 
A centrifuge equipped with a rotor capable of performing centrifugal separation at an acceleration 
of 16,000×g to 1,000×g on centrifuge tubes that have a capacity of at least 50 mL per tube (e.g.: 
AV anti HP-25 and rotor JA-25.50 of Beckman Coulter, Inc.).  
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4.2 Clean bench 
It is recommended to use a clean bench for dispersion in order to prevent contamination of the cell 
culture medium which is the main component of the TiO2-culture medium dispersion liquid, or to 
conduct asepsis that conforms to this. However, fans are not used in order to prevent exposure 
through the scattering of nanoparticles. In addition, fluorescent lights and ultraviolet lamps are not 
used in order to avoid the effect of lighting.  

4.3 centrifuge tube 
A glass or plastic container to contain solution or dispersion liquid and conduct centrifugal 
separation using a centrifuge.  

4.4 Vortex mixer 
A test device that rotates the bottom of the test tube at a high speed and stirs the liquid inside.  

4.5 Protective gear 
Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated 
with 6.5.  

5. Sample 

5.1 Bulk powder 
Powdered TiO2 with any crystal shape. This preparation method can be applied to both anatase-type 
and rutile-type TiO2. 

5.2 Dispersion medium 
DMEM culture medium. Contains 10 % FBS and 1 % antibacterial and antifungal agent. A 
prepared commercial product is used.  

6. Preparation method 
The following procedures are all aseptically treated.   

6.1 Preliminary adsorption step 
TiO2 nanoparticles have strong sorptive behavior, and adsorb serum-derived proteins such as FBS 
and salts such as calcium in the culture medium. As this behavior will deplete the culture medium 
components and starve the cultured cells, possibly affecting the cell toxicity test, the adsorptive 
capacity is saturated in advance using FBS.  

6.1.1 Dispersion 
The TiO2 powder is weighed into a centrifuge tube, FBS is added, and the powder is dispersed 
using a vortex mixer, etc.  

6.1.2 Removal of supernatant liquid 
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Centrifugal separation is performed with an acceleration of 16,000×g for 20 minutes at 25 °C, and 
the supernatant liquid is removed.  

6.2 Washing step 
If an excessive amount of FBS that was not adsorbed by the TiO2 nanoparticles during the 
treatment in 6.1 is brought into the TiO2-culture medium dispersion liquid, this may produce an 
artificial effect on the cells. Therefore, the TiO2 nanoparticles are washed using DMEM that does 
not contain FBS in order to prevent unadsorbed blood serum components from being carried in.      

6.2.1 Dispersion 
DMEM that does not contain FBS is added to the sedimentation from which the supernatant liquid 
was removed in 6.1, and this is redispersed. If the sedimentation is hard, it should be sufficiently 
loosened with a spatula before it is thoroughly dispersed with a vortex mixer, etc.  

6.2.2 Removal of supernatant liquid 
Centrifugal separation is conducted on the sample at an acceleration of 16,000×g for 20 minutes at 
25 °C, and the supernatant liquid is removed.  
NOTE   An example of the series of operations from the preliminary adsorption step to the 
washing step mentioned above is shown using the centrifuge (AV anti HP-25) and centrifuge tube 
(#357002; 50 mL capacity) of Beckman Coulter, Inc (refer to Figure V-2.1). 
3.2g of the TiO2 powder is weighed into a centrifuge tube, 20 mL of FBS is added, and this is 
sufficiently shaken and dispersed using a vortex mixer, etc.  
The lid of the centrifuge tube is closed tightly to prevent liquid leakage, the tube is put in a rotor 
(JA-25.50), and centrifugal separation is performed at an acceleration of 16,000×g for 20 minutes 
at 25 °C. 
The supernatant liquid is removed by suction using an aspirator, etc.  
20 mL of DMEM that does not contain FBS is added to the sedimentation, and after sufficiently 
loosening it with a spatula, it is redispersed using the vortex mixer.  
Centrifugal separation is conducted on this at an acceleration of 16,000×g for 20 minutes at 25 °C. 
The supernatant liquid is removed by suction using an aspirator, etc.  

6.3 Fractionation step 
After 6.1 and 6.2, TiO2-culture medium dispersion liquid containing secondary TiO2 particles 
within a certain range of sizes are obtained by means of a fractionation step comprising phased 
centrifugal separation treatment. 
In other words, the supernatant liquid is collected using centrifugal separation treatment, and the 
same amount of fresh DMEM containing FBS as the amount of supernatant liquid removed is 
added to the sedimentation, and this is resuspended. Next, centrifugal separation treatment with a 
lowered centrifugal force is conducted, and the collection of supernatant liquid and resuspension of 
the sedimentation is repeated. The range of the secondary TiO2 particle size in the various 
TiO2-culture medium dispersion liquid collected as supernatant liquid depends on the centrifugal 
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force. The collection method of 4,000×g fraction and 1,000×g fraction TiO2-culture medium 
dispersion liquid is shown below (refer to Figure V-2.1). 
 

 
 

Figure V-2.1 Outline of the TiO2-culture medium dispersion liquid preparation method 
 

3.2g of metal oxide is dispersed in 20 ml of FBS 

Centrifugal separation is performed at 16,000×g; 20 minutes 

After removing the supernatant fluid, this is redispersed in 20 ml of DMEM that 

does not contain FBS 

Centrifugal separation is performed at 16,000×g; 20 minutes 

After removing the supernatant fluid, this is redispersed in 40 ml 

of DMEM containing 10% FBS 

Centrifugal separation is performed at 8,000×g; 20 minutes 

Sedimentation   8,000×g supernatant liquid 

Centrifugal separation is performed at 4,000×g; 20 minutes 

Sedimentation  4,000×g supernatant liquid  

TiO2-culture medium 
dispersion liquid (4,000×g 
fraction) 

Centrifugal separation is performed at 2,000×g; 20 minutes 
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Sedimentation1,000×g supernatant liquid 
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DMEM with 10% FBS is added to TiO2 after washing (sedimentation in 6.2.2 of the previous 
section), making the concentration 80 mg/mL, and this is sufficiently dispersed. If the 
sedimentation is hard, it is sufficiently loosened with a spatula, etc., and then dispersed using a 
vortex mixer, etc.. 
Centrifugal separation is performed at an acceleration of 8,000×g for 20 minutes at 25 °C, and the 
supernatant liquid is removed.  
Fresh DMEM with 10% FBS is added to the sedimentation and this is redispersed. If the 
sedimentation is hard, it is sufficiently loosened with a spatula, etc., and then dispersed using a 
vortex mixer, etc.. 
Centrifugal separation is performed at an acceleration of 4,000×g for 20 minutes at 25 °C. 
The supernatant liquid is collected and used as the TiO2-culture medium dispersion liquid (4,000×g 
fraction).  
Fresh DMEM with 10% FBS is added to the sedimentation and this is redispersed. Centrifugal 
separation is performed at an acceleration of 2,000×g for 20 minutes at 25 °C, and the supernatant 
liquid is removed. 
Fresh DMEM with 10% FBS is added to the sedimentation and this is redispersed. Centrifugal 
separation is performed at an acceleration of 1,000×g for 20 minutes at 25 °C. 
The supernatant liquid is collected and used as the TiO2-culture medium dispersion liquid (1,000×g 
fraction).  

6.4 Dispersion liquid storage 
The prepared TiO2-culture medium dispersion liquid is refrigerated at 4 °C until testing. The liquid 
is kept still and not shaken or mixed.  

6.5 Safety measures in the handling of nanoparticles 
Refer to Chapter II 3.3. 

7. Dispersion liquid assessment 
One lot of the TiO2-culture medium dispersion liquid prepared in 6. is divided into three lots; one 
lot is used for the in vitro test, one lot is used for concentration measurement, and one lot is used 
for the particle size measurement and stability test. These tests are essentially conducted 
synchronously.  
An example of the TiO2-culture medium dispersion liquid prepared using this sample preparation 
method is shown below.  

7.1 Bulk powder 
Anatase-type titanium dioxide ST-01 (primary particle size 7 nm; specific surface area 300 m2/g) of 
Ishihara Sangyo Kaisha, Ltd. was used.  

7.2 Dispersion medium 
DMEM (GIBCO 11965－092 of Invitrogen), 10% fetal bovine serum (Cellect GOLD, 2916754 of 
MP Biomedicals Inc.), and 1 % antibiotics (02892－54 of nacalai tesque) were added.  
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7.3 Dispersion liquid characterization 
Characterization here refers to determining the secondary particle size, dispersion liquid stability, 
TiO2 particle concentration, changes in salt concentration (Na, K, P) in the culture medium, and 
dissolution of metals.  

7.3.1 Secondary particle size, dispersion stability and concentration 
Table V-2.1 shows an example of the TiO2-culture medium dispersion liquid characterization 
results. 
 

Table V-2.1 Example of TiO2-culture medium dispersion liquid characterization results 

Fraction 

TiO2 
concentrati

on 
(mg/ml) 

Yield with 
respect to 

concentration 
in feed (%) 

Size (nm) U (nm) 
utime 
(nm) 

uapp 
(nm) 

umethod 
(nm) 

4000×g 0.096 0.12 
dl 147.7 8.3 7.2 3.3 2.4 

dn 103.9 17.7 13.7 8.4 7.5 

1000×g 0.287 0.36 
dl 224.5 10.1 8.0 3.4 5.2 

dn 148.5 18.1 12.3 7.8 10.8 
dl: Light intensity average particle size, dn: Number average particle size,  
u: Combined uncertainty, utime: Daily fluctuations,  
uapp: Fluctuations between devices, umethod：Fluctuations between analysis methods 

 

7.3.2 TiO2 particles in the dispersion liquid 
Figure V-2.2 shows the transmission electron microscope (TEM) images. 
 

4000×g fraction    1000×g fraction 

  
Figure V-2.2 Transmission electron microscope images of TiO2 particles in the 

TiO2-culture medium dispersion liquid (the bar represents 100 nm) 
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V-3. Measurement method of titanium dioxide nanoparticle samples of liquid 
phase dispersion 
As the content of V-3. is almost the same as III-5., the overlaps are omitted. However, in NOTE 2 
of III-5. 7.4 “Viscosity measurement,” there is a reminder that the viscosity of the dispersion liquid 
may significantly increase due to the presence of nanoparticles, but a significant increase in 
viscosity does not occur for the TiO2 dispersion liquid. 

Introduction 
V-3. shows the procedures to determine the average particle size of the titanium dioxide (TiO2) 
nanoparticles and their aggregates that are dispersed in liquid, in particular in the in vitro test 
culture solution, using the Dynamic Light Scattering method (DLS). It also shows the procedures to 
evaluate whether the nanoparticles and their aggregates are stably dispersed from temporal changes 
in the scattered light intensity and visual check of sedimentation formation. 
 

1. Scope 
The procedures shown in V-3. apply to the TiO2 nanoparticles and their aggregates that have been 
dispersed in liquid. The range of the average particle size to be measured is around 20~1000 nm, 
which can be accommodated by commercial DLS devices.  
 
 
 

Annex A. Accuracy assessment 
Refer to III-5. Annex A 
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Annex B. Practical example 
An example of measuring the particle size of industrially manufactured and sold titanium dioxide 
nanoparticles dispersed in a culture solution is shown.  

B.1 Test outline 
A dispersion sample is divided into three dispersion samples, and an in vitro test, DLS 
measurement and concentration measurement was conducted simultaneously at three different 
locations. For the DLS measurement, the scattered light intensity and scattering intensity average 
particle size was measured over a period of four days. Three different devices were used on each 
measurement day and the average particle size was found using two types of particle size 
distribution analysis methods.  

B.2 DLS measurement conditions 
The DLS measurement conditions are shown in Table V-3.1 
 

Table V-3.1  DLS measurement conditions 
Item Conditions 
Particle sample  Titanium dioxide nanoparticles, nominal primary 

particle size 7 nm 
Dispersion sample  Liquid resulting from dispersing the particle sample 

in the dispersion medium below 
Dispersion sample preparation method Preliminary adsorption method* 
Sample container Polypropylene centrifuge tube  
Dispersion medium  DMEM (cell culture medium) containing 10 % FBS 

(fetal bovine serum). Also contains a pH indicator.    
Dispersion sample storage requirements Stored in a refrigerator (temperature of 4~5 °C) 
Particle sample mass concentration 0.0821±0.0028 mg/L(measured using fluorescent 

X-ray analysis)  
Dispersion sample viscosity 0.947 cP(measured using an Ubbelohde viscometer)  
Equipment name (measurement method, 

manufacturer name, etc.) 
Refer to B.3 

Particle size reference material used for 
the equipment validity check  

Polystyrene latex  

Cleaning The measurement cell was repeatedly washed using 
ultrapure water 

Measured temperature 25.0±0.1 °C 
Note*: Method of compensating the protein loss in the culture medium due to centrifugal 

separation.  
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B.3 Equipment and instruments 
Refer to III-5. Annex B B.3 

B.4 Visual check of sedimentation formation 
Figure V-3.1 shows an example of the sedimentation conditions of the sample. A little bit of white 
sedimentation can be seen at the bottom of the container, but as the amount of sedimentation hardly 
increases in the four days, the dispersion sample can be considered to be stable. The entire 
dispersion sample is red due to the pH indicator. 
 

(a) Appearance on Day 1  (b) Appearance on Day 4 

   

Figure V-3.1 Appearance of dispersion sample in which titanium dioxide 
nanoparticles were dispersed in the culture medium 

 

B.5 Flow of measurement procedures 
Conforms to III-5. Annex B. B.5 and III-5. Annex C. 

B.6 Measurement results 
Table V-3.2 shows the DLS measurement resultsin.  
 
Table V-3.2 Average particle size and standard uncertainty of titanium dioxide nanoparticles 

Characteristics Symbol Value ± standard uncertainty (nm)  
Scattering intensity average particle size   DLSd  240± 9 
Number (number-based) average particle size  nd  127±19 

 

B.7 Stability evaluation results 
Figure V-3.2 shows the temporal changes in the scattering intensity average particle size and 
scattered light intensity over a period of four days. There are hardly any changes in either of them, 
and the dispersion sample is stable. In other words, the figure indicates that the titanium dioxide 
nanoparticles (secondary particles) a are stably dispersed.  
In Figure V-3.2, the scattered light intensity was measured with device D, and the relative values in 
reference to the measured value on the first day (with the value being 1) are plotted. The average 
particle size of each measurement day is the mean of data obtained from the three devices. The 
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overall uncertainty of the average particle size is within the value of the circles (○,●). As no drastic 
increases or decreases are seen in either, it is presumed that the sample is relatively stable.  
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Figure V-3.2 Daily fluctuations in scattering intensity average particle size (○) 
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I. Foreword

This document shows preparation methods of test samples and procedures and practical examples of measurement for characterizing the samples, which have been used in the project “Research and Development of Nanoparticle Characterization Methods − Evaluating Risks Associated with Manufactured Nanomaterials” (P06041; fiscal 2006-2010; hereinafter referred to as “the Project”), sponsored by the New Energy and Industrial Technology Development Organization (NEDO), as well as AIST’s supplemental research activities. Efforts were given to: making these protocols explicit enough for researchers and engineers interested in validating them; making the protocols illustrative by adding practical examples such as studies on particle size distributions of dispersed samples and electron microscopic observations; and getting the protocols ready for possible standardization activities with taking a style from industrial standard formats.

One of the objectives of the Project was a toxicity assessment (in vivo testing) with the inhalation exposure of rats using samples dispersed as much as possible, partly because of a desire to squarely examine any biological effects arising from being in the nanoscale, and partly because of placing great importance on the inhalation as an exposure route. A wet generation method was employed to generate aerosol from dispersion liquid containing dispersed particles for inhalation toxicity tests. In quest of an easier testing method to compliment inhalation toxicity tests that are difficult to conduct under various different test conditions, intratracheal instillation tests were also employed, where the dispersion liquid was administrated directly into the lungs. Consequently, the Project featured sample preparation methods specifically designed for the wet aerosol generation and the intratracheal instillation. On the other hand, not much attention has been paid to sample dispersion in Europe and the United States, since mechanical pulverizing and vibrations are common methods to generate aerosol for inhalation exposure tests. A good example for that approach was seen in the companies’ counterproposal against the oblignatory 90-day inhalation toxicity studies imposed on new carbon nanomaterials by the U.S. Environmental Protection Agency (EPA). In this approach, it is thought that the majority of nanoparticles are suspended as aggregates. This method was not used for this Project in accordance with the abovementioned policies. However, this does not mean that we disclaimed their method nor one concept is better than the other; rather, in vivo testing of nanoparticles is at the stage of accumulating assessment results based on various concepts.

Culture media containing nanomaterials dispersed in advance are used for toxicity assessment using cellular media (in vitro testing). As nanomaterials easily aggregate and settle in cellular media containing highly concentrated proteins and inorganic salts, a preparation method to stably disperse the nanomaterials for at least the few days of cell culturing is required. Furthermore, in order to conduct an impact assessment that reflects the characteristics unique to nanomaterials, the use of dispersants such as surfactants with cellular toxicity need to be restricted. As a result, the development of a sample preparation method was extremely difficult, but the method and condition to keep the dispersal conditions of the nanoparticles stable even when mixed with the cellular medium were found. 

The Project is closely related to international joint research regarding the assessment of manufactured nanomaterials. As for the fullerene and carbon nanotube toxicity assessment, we are participating in the sponsorship program started in 2007 by the Working Party on Manufactured Nanomaterials (WPMN) of the Organization for Economic Cooperation and Development (OECD). The sponsorship program collects information or conducts tests on safety information items agreed upon regarding representative manufactured nanomaterials selected from the standpoint of production volume, etc., and Japan is working in collaboration with the U.S. to lead the activities regarding fullerene, single-wall, and multiwall carbon nanotubes as a major sponsor. Toxicity assessment reports are due to be put together in 2012 for about 11 representative manufactured nanomaterials, and a portion of the research results obtained using methods introduced in this document will be included. We are also working in collaboration with the Technical Committee on Nanotechnology (TC229) of the International Organization for Standardization (ISO). The procedures “Endotoxin test on nanomaterial samples for in vitro systems” developed by the National Institute of Advanced Industrial Science and Technology in a previous study (Standard Authentication R&D Program) was standardized as a ISO standard (ISO 29701) in September 2010. We are currently working on providing information for the draft technical report regarding the testing method for toxicological screening and sample preparation method led by the U.S., and it is assumed that some of the methods introduced in this document will be standardized internationally in the future.

With regards to the composition of this document, Chapter II introduces the important terms used in these procedures and their definitions, as well as contamination/exposure prevention measures, followed by the description of the procedure from sample preparation to measurement of fullerene, carbon nanotubes, and titanium dioxide, which were subject to risk assessment studies in this Project, respectively, in Chapters III to V. As the in vivo testing of titanium dioxide was conducted to a limited extent in previous studies, aerosol preparation, tissue content analysis, and transmission electron microscope observation were not included. Such a manner of assembling the procedures by material type may be somewhat inconvenient if the objective was to prepare a dispersed sample or to develop measurement and assessment methods, but we hope that those who are planning a nanotube toxicity assessment, for instance, will be able to understand the flow of sample preparation and measurement that we conceived by reading through Chapter IV. 

The results of the risk assessment studies for the three materials will be published separately as risk assessment reports.
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Junko Nakanishi, Kazumasa Honda and Takuya Igarashi

The Research Institute of Science for Safety and Sustainability,

National Institute of Advanced Industrial Science and Technology


II. Terminology and contamination/exposure prevention measures

Chapter II provides a list of the terms and their definitions used in subsequent chapters, as well as contamination/exposure prevention measures. Only terms that are considered to be particularly important or with definitions specific to these procedures are provided. Please refer to a technical dictionary or textbooks for other terminology.

1. Terms and definitions

The following terms and definitions will be used in these procedures.

Reference Standards
JIS K 3600 Biotechnology Terms

1.1 In vitro

Under artificial conditions, such as in a test tube or Petri dish; in other words, a test environment in which various test conditions are artificially controlled. Cell culture medium tests are conducted in vitro.


1.2 In vivo

A test environment using a living organism. Inhalation exposure tests and intratracheal instillation tests are conducted in vivo.


1.3 Endotoxin

A lipopolysaccharide substance present in the outer membrane of gram-negative bacteria. The endotoxin is not usually released from the bacteria, but if bacteria are destructed, such as through bacterial death, the endotoxin is released, causing toxic effects such as fever, blood clotting, and shock. It is present in our everyday environment.

1.4 Chirality

A factor representing an arrangement (crystal structure) of carbon atoms comprising SWCNT.

1.5 Sonochemical reaction

A chemical reaction caused by sound waves (ultrasonic waves in particular).

1.6 Bundle

A bundle of carbon nanotube monofilaments facing the same axial direction.


1.7 Polysorbate 80

The chemical name is Polyoxyethylene (20) Sorbitan Monooleate. It is also known by its registered trademark, Tween80. It is a biocompatible surfactant listed in the Japan Pharmacopoeia, and was designated as a food additive in the Food Sanitation Act in 2008. It is widely used as a dispersant in toxicity tests of carbon nanomaterials, etc..

1.8 Homogenize

To grind, agitate, and equalize a solid sample. 


1.9 Centrifugal acceleration

The acceleration applied to the sample during centrifugal separation. Expressed as “×g” so that the centrifugal effect (ratio to gravitational acceleration) can be easily comprehended.  

1.10 Disintegration

To break down an aggregate. 

1.11 Bulk powder

Sample powder subject to dispersion treatment. Also referred to as a nanoparticle sample.  

1.12 Antibacterial and antifungal agent

A compound liquid of antibacterial and antifungal agents added to culture media in order to prevent bacterial and fungal contamination in the culture of animal cells. Concentrated liquid is commercially available and used by adding it to culture media. In many cases, penicillin and streptomycin are included as antibacterial agents and amphotericin B is included as an antifungal agent. 


1.13 Isolation

To separate the nanotubes forming a bundle into individual monofilaments. 


1.14 Purified water

Pure water purified using a commercial ultra-pure water production system. Water that has been further treated using an endotoxin removal filter is used for the in vitro test. 


1.15 Deactivation

When bioactive proteins, such as enzymes, undergo a change in their steric structure due to heat, acid, or alkali, and lose their bioactivity, etc..

1.16 Culture medium

A liquid that provides a growth environment suitable for the culture of animal cells, containing amino acids, vitamins, and salts, etc., required for cell growth and development. The pH is also set to near-neutral, which is optimal for cell growth. In many cases, about 10% of fetal bovine serum required for cell growth is added on top of the abovementioned base culture medium. Some representative culture formations have been established, such as the Basal Eagle Medium, Dulbecco's Modified Eagle Medium, and the RPMI1640 medium, etc. 

1.17 Standard uncertainty

Uncertainty of measurement results expressed as a standard deviation. Corresponds to 68% of the confidence interval in a normal distribution. 


1.18 Exposure

[This entry is to explain which Chinese character was selected to write the term “exposure” in Japanese in this document and why.]

1.19 Dispersion medium

Liquid phase that disperses the powder sample. Includes dispersant such as surfactant and culture ingredients, in addition to purified water. It does not include the nanoparticles to be dispersed. 


1.20 Dispersant

Substance used to disperse the nanoparticle powder so that it can dissolve more easily in the dispersion medium. Includes surfactants, proteins, etc..


1.21 Dispersion liquid

Also known as dispersion sample. Liquid prepared by dispersing a powder sample into an appropriate dispersion medium.  

1.22 Dispersed particles

Particles of the powder sample dispersed in the dispersion medium. Called particles for the sake of convenience, but actually take on a fibrous form for carbon nanotubes.   

1.23 Molecular weight cut off

Molecular weight at which 10% of the molecules pass through the ultrafiltration membrane. 

1.24 Primary particles

Although the terms primary particles and secondary particles are often used with regards to nanoparticles, there are no clear definitions. According to “Powder Technology Dictionary” edited by the Society of Powder Technology, primary particles refer to the smallest unit that exists without destroying the bonds between the molecules of the particles that comprise a generated powder or aerosol.


1.25 Secondary particles

Particles formed when primary particles aggregate and visibly behave as one particle. 


1.26 (Selected-area) electron diffraction

A diffraction phenomenon caused by the interference that occurs when electron beams are scattered by crystalline material. By analyzing this diffraction, information regarding the crystal structure of the material can be obtained. Selected-area electron diffraction refers to the method of using an electron microscope to observe images in a selected area by stopping down the objective, facilitating correspondence of the microscopic image and diffraction image. This can be used to determine the crystalline form of nanoparticles. 


1.27 Raman analysis

An analysis method of examining the structure and condition of a material using Raman scattering. Raman scattering is when the light that enters a material interacts with the material and scatters with a wavelength that differs from the incident wavelength. In carbon nanotube measurement, information regarding the diameter and electronic state can be obtained by analyzing the characteristic scattering peak. In addition, information regarding surface crystal defects and impurities can be obtained from the intensity ratio of the G band to D band (G/D ratio). 


1.28 Zeta potential

A parameter that describes the charge on a solid surface. It is actually dependent upon the ion distribution near the solid-liquid interface, and by measuring this, the charged state of nanoparticles dispersed in the dispersion liquid can be evaluated. It is an important parameter to evaluate the dispersed/aggregation state. 


1.29 Light scattering

When particles are irradiated, the angle distribution and the intensity of scattered light that occurs can provide information such as particle size, shape, and orientation. The method of measuring scattered light intensity that is not due to particle motion is called the Static Light Scattering method, and the method of measuring temporal changes in scattered light due to the Brownian motion of particles is known as the Dynamic Light Scattering method. The Dynamic Light Scattering method was used for this project, as it is effective for examining the size of nanoparticles in the dispersion liquid. 

1.30 Dynamic light scattering (DLS)

Nanoparticles or aggregated nanoparticles dispersed in a liquid randomly move in Brownian motion as they collide with surrounding liquid molecules. When the particles are irradiated, temporal changes in scattered light intensity in accordance with Brownian motion is observed. The particle diffusion coefficient D is found from this temporal change, and if the temperature T and liquid viscosity

h


are known, the Stokes-Einstein formula below can be used to determine the particle size d. In this formula,
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As the sample has a particle size distribution, the particle size d determined using the above formula is the average particle size which is the reciprocal of the mean value of the diffusion coefficient D. This is also known as the diffusion coefficient equivalent diameter. Methods of measuring the temporal change include the method of measuring the frequency change due to the Doppler shift, and the method of measuring temporal fluctuations in scattered light intensity. 

2. Symbols and abbreviations

AFM

Atomic force microscope

CNT

Carbon nanotube

MWCNT
Multiwall carbon nanotube


SWCNT
Single-wall carbon nanotube

DLS

Dynamic light scattering

DMEM

Dulbecco's modified Eagle medium

EDS

Energy dispersive X-ray spectrometry

FBS

Fetal bovine serum

g

Gravitational acceleration 

HPLC

High performance liquid chromatography

PBS

Phosphate buffered saline

Qr
r-based particle size distribution (cumulative undersize distribution). r=0 is number-based distribution, and r=3 is mass based distribution. [%]

ΔQr


Ratio of r-based particles contained in a certain size interval. For instance, ΔQ0 is 

the ratio of the number of particles with respect to the total number of particles. 

[%]


qr

r-based particle size distribution (frequency distribution) [% (Δlog x)-1], [% μm-1]


x
Particle size. Equivalent diameter is dependent on the measurement method. [μm], [nm]


SDS

Sodium dodecylsulfate

SEM

Scanning electron microscope

TEM

Transmission electron microscope

UV 

Ultra-violet   Ultraviolet absorption analysis

XRD

X-ray diffraction

3. Contamination/exposure prevention measures

3.1 Sterilization

For in vitro testing, sterilization is indispensible in order to prevent the intrusion of bacteria. 


Instruments and containers, such as stirrer bars and beads, which come into contact with bulk powder, dispersion media, and dispersion samples, are sterilized as much as possible using an autoclave. Items that cannot be sterilized using an autoclave are washed with ethanol and sterilized with ultraviolet light for eight or more hours. The dispersion liquid is sterilized by suction filtration using a filter with a pore diameter of 0.45 μm or smaller.

Such sterilization operations is not necessary for the in vivo test, but in order to prevent the intrusion of endotoxins, as mentioned below, instruments and the testing laboratory are kept clean. 


Reference standards 
JIS T 7322 High-pressure steam sterilizer for medical use

3.2 Prevention of endotoxin contamination

Endotoxins may react with the body and cultured cell lines, such as activating white blood cells. Measures to prevent the intrusion of endotoxins are required for sample preparation, since an erroneous toxicity assessment can result if endotoxins get mixed into the dispersion liquid used for testing. This is particularly important for in vitro tests, in which cells directly react. For instance, ion-exchanged water (ultrapure water) treated with an endotoxin removal filter is used for the dispersion medium. Endotoxins are usually present in the environment, and may enter the ion-exchanged water if it is stored for a long period of time. Therefore, it is recommended to prepare the required amount at the time of use. 


In the nanomaterial dispersion liquid preparation process, measures to prevent the intrusion of endotoxins as much as possible can be taken by conducting tests to see whether endotoxins have entered the liquid. An example of a suitable testing method is the Gel-clot method for Limulus amebocyte lysate (LAL; lysate test) test, adopted as ISO29701. In this method, the gel formation of the lysate reagent through the effects of the endotoxins serves as an indicator of endotoxins. 

Reference standards 
ISO 29701  Nanotechnologies -- Endotoxin test on nanomaterial samples for in vitro systems -- Limulus amebocyte lysate (LAL) test

3.3 Prevention of exposure to nanomaterials

Although the effects of nanomaterials on the health of human beings are not known at present, nanomaterials will be handled with care to prevent exposure as much as possible, in accordance with precautionary principles. 


When handling nanomaterials in a dry state, such as the weighing and pre-treatment of powder, the scattering of the powder may result in exposure. In order to prevent this, work will either be conducted in a sealed device such as a glove box, or with adequate local ventilation, using a draft chamber with high-performance filters, etc. Using an exhaust fan during weighing may result in more scattering, so it may be better in some cases to stop the fan during work and turn it on when removing containers or during cleaning. In addition, protective gear such as face masks, protective gloves, protective goggles, and lab coats will be worn. 

As there is also the possibility of dispersion liquid scattering during wet dispersion work, etc., work will be conducted in a clean bench or using local exhaust ventilation to prevent scattering within the laboratory. It is also recommended that protective gear be worn at this time. 

Notifications and guidelines, etc., of relevant organizations will be used as reference for the exhaust method of the glove box and local exhauster system, the selection of protective gear, and the wastes disposal method. Protective gear is also an effective measure to prevent bacterial contamination and endotoxin intrusion. 

Reference standards Ministry of Health, Labor, and Welfare Notification No. 0331013 “Notification on Precautionary Measures for Prevention of Exposure etc. to Nanomaterials” (March 31, 2009) 

III. Fullerene

III-1. Preparation method of fullerene samples of liquid phase dispersion for in vivo systems

Introduction

In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal instillation test to investigate the effects of nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles generally have strong agglomerating/aggregating properties, and in order to satisfy such requirements, it is necessary to disintegrate the nanoparticle aggregates and make them into primary particles. At the same time, it is necessary to control the characteristics of the dispersion media using surface chemistry methods and keep the disintegrated nanoparticles in a stably dispersed state. 


III-1. shows the procedures for preparing a fullerene (C60) nanoparticle liquid phase dispersion sample to be used for in vivo testing from C60 crystals. The diameter of one C60 molecule has been measured to be 0.71 nm, but C60 cannot be obtained as particles in this state and are instead obtained as crystals that range from a few microns to a few hundred microns in size. In order to obtain nanoparticles from these crystals without changing their crystalline structure, a wet pulverizing method using tiny beads is selected. Furthermore, the nanoparticle dispersion sample is stabilized using surface chemistry methods that have little effect on living organisms. C60 is easily oxidized, and so work is conducted under anaerobic conditions as much as possible.

1. Scope

The procedures shown in III-1. apply to the preparation of an in vivo test liquid phase dispersion sample that meets the following conditions from C60 crystals in which the particle size is a few microns or more. 


(a) The mean value of number-based and mass-based particle size distribution of the C60 particles in the liquid is 100 nm or smaller. 

(b) The particle concentration should be 2 mg/mL or above, which enables high-dose intratracheal instillation testing. 

(c) The crystalline shape of C60 is preserved.

(d) The generation of C60 oxidants is limited to 1% or fewre.

(e) In order to enable execution of the inhalation exposure test of 1 to 2 months, the dispersion stability of the liquid phase dispersion sample is secured by adding an appropriate dispersant.

2. Normative references

None in particular.

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment and instruments

4.1 Disperser

A bead mill (refer to Figure III-1.1 E.g.: Ultra Apex Mill UAM-015 of Kotobuki Industries) which enables dispersion through tiny beads with a diameter of 50 μm or smaller. The inner surfaces of the dispersion container and slurry tank are lined with abrasion resistant materials such as zirconium, and the beads and agitator blades are also made of an equivalent abrasion resistant material. 
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Figure III-1.1 Bead mill

4.2 Pre-treatment equipment

Agate pestle and mortar.

4.3 Oxygen meters

4.3.1 Dissolved oxygen meter

Must have an underwater oxygen concentration measurement accuracy of 0.01 mg/L or less. 


4.3.2 Gas-phase oxygen concentration meter

Must have a lower measurement limit of 0.1% or less in order to confirm the anaerobic conditions (oxygen concentration) in the glove box. 


4.4 Post-treatment equipment

Centrifuge used to adjust the size and concentration of the particles in the dispersion liquid that can be operated with a centrifugal acceleration up to 20,000×g.

4.5 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.6. 

5. Sample

5.1 Dispersion medium and its preparation

5.1.1 Dispersion medium deoxidation

Purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated using an endotoxin removal filter (e.g.: BioPak of Millipore) is used as a dispersion medium.


In order to prevent the oxidation of C60 during dispersion, the purified water is deoxidized as follows. The purified water is boiled in a 500mL conical flask for 5-10 minutes, and after verifying that the air bubbles on the container wall had disappeared, the water is rapidly cooled using ice water and at the same time, argon is bubbled. After using a dissolved oxygen meter to verify that the oxygen concentration in the purified water is 0.01 mg/L or below, argon bubbling is stopped and the conical flask is sealed. 


The deoxidized purified water is transferred to a glass bottle with a lid in which the air has been displaced with argon or nitrogen in advance and stored in a nitrogen-filled container (e.g.: vacuum desiccator). 

5.1.2 Dispersant

Polysorbate 80 is used as a dispersant, and its maximum concentration is 10 mg/mL.

5.1.3 Dispersion medium preparation

The dispersion medium to be dispersed with C60 is prepared in an anaerobic atmosphere. The air in the glove box is displaced with nitrogen or argon, and after verifying that the oxygen concentration is 0.1% or lower, dispersant is added to the deoxidized purified water prepared in 5.1.1, and adjusted to the predetermined concentration. 


5.2 Bulk powder

The C60 bulk powder is stored in a cool and dark place, such as a refrigerator, to prevent oxidation.

6. Preparation method

6.1 Pre-treatment of dispersing equipment

Bead mill components such as the beads and agitator blades used for dispersion are washed with ethanol and sterilized with UV light prior to dispersion. The treatment time should be at least eight hours. 


6.2 Pre-treatment

Pre-treatment of the C60 bulk powder is done in an anaerobic glove box in the same manner as 5.1.3. 


The measured out bulk powder, an agate pestle and mortar and the dispersion medium are placed inside an anaerobic glove box. A specified quantity of bulk powder is put in the mortar, an adequate amount of the dispersion medium is dripped in, and the mixture is manually disintegrated for 30 minutes. After manual disintegration, the sample in the mortar and the sample adhered on the pestle is transferred to a 500 mL beaker, and the amount of sample liquid is adjusted to 300 mL using the dispersion medium of 5.1. 


6.3 Dispersion treatment

The 300 mL sample liquid that has been pretreated in 6.2 is put inside a slurry tank of the disperser and a dispersion container. The 200 mL of dispersion medium prepared in 5.1 is then poured into the abovementioned beaker, and the entire sample liquid is fed into the disperser. 


The disperser is operated for the prescribed time in accordance with the disperser usage method. After treatment, the dispersion liquid is collected.


During the dispersion treatment, the sample liquid and dispersion liquid are shielded from light, and the air in the slurry tank is displaced with a nitrogen gas stream. 


6.4 Particle size adjustment

The collected dispersion liquid is subjected to centrifugal separation for one hour at a centrifugal acceleration of 8,000 to 10,000×g, and the supernatant liquid is collected and used as the sample dispersion liquid. 

6.5 Concentration adjustment

If concentration is required, centrifugal ultrafiltration is performed at 6,000×g. An ultrafiltration membrane with a 100,000 molecular weight cut off is used.  

6.6 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3.

7. Dispersion liquid assessment

7.1 Measurement of particle size distribution

The particle size distribution is evaluated using the Static Light Scattering method or the Dynamic Light Scattering method. However, if the particle size distribution obtained using the Dynamic Light Scattering method is wide, another measurement method, such as the Static Light Scattering method or the visualization method is used concurrently. 


The measurement results are displayed in terms of cumulative distribution, frequency distribution, or representative diameter, and the definition of the distribution basis (scattered light intensity, number-based, or mass-based) or the representative diameter is added. The representative diameter is represented by scattered light intensity, median diameter (number-based or mass-based), or mean diameter (number-based or mass-based).  

The physical property values (dispersed viscosity, refractive index of the powder and dispersion medium, and the measured temperature) used for measurement are also added. 


7.2 Observation of dispersed state

The dispersed state is observed and evaluated through TEM or SEM. 

7.3 Measurement of particle concentration of the dispersion liquid

7.3.1 UV absorption determination

C60 has an absorption maximum at a UV wavelength of 261 nm and 340 nm, but there is no absorption for the dispersant, Polysorbate 80, at a wavelength of 340 nm (Figure III-1.2). Therefore, particle concentration can be found from the UV absorption at 340 nm. In this case, the standard curve regarding the C60 mass concentration and 340 nm absorbance is found in advance. 





Figure III-1.2 UV absorption spectrum of C60 and Polysorbate 80

7.3.2 Concentration measurement using HPLC

5 mL of the C60 dispersion liquid is put in a pear-shaped flask, and evaporated to dryness using an evaporator at a bath temperature of 60 °C. 30mL of toluene is added to this, and the C60 is dissolved. The concentration of C60 in the solution is measured using HPLC-UV. An example of the analysis conditions are shown below. The standard curve is shown in Figure III-1.3. 


(a) Equipment: Agilent 1100 Series


(b) Mobile phase: Toluene/Methanol= 47/53  Flow: 1 mL/minute

(c) Column: Kaseisorb LC ODS-60-5


(d) Temperature: 40°C 

(e) Detector: UV= 308 nm


(f) Injection volume: 5 μL





Figure III-1.3 C60 concentration assessment using UV and HPLC

7.4 Physical property assessment

The changes in the crystalline structure of C60, surface con based on ditions, and the chemical composition before and after dispersion are evaluated using selected-area electron diffraction, TEM observation, and EDS, etc. The generation of C60 oxides is evaluated using HPLC-UV.

7.5 Stability evaluation

Stability is evaluated based on temporal changes in concentration and the particle size (representative diameter, dispersion/distribution) of particles in the dispersion liquid. Assessment based on Zeta potential measurement and precipitation properties are also possible.

8. References

S. Endoh, J. Maru, K. Uchida, K. Yamamoto, J. Nakanishi, “Preparing samples for fullerene C60 hazard tests: Stable dispersion of fullerene crystals in water using a bead mill”, Adv. Powder Technol., 20 (2009), 567-575.

Annex A. Practical example

An example of preparing a dispersion liquid in which C60 nanoparticles with a particle size of 100 nm or smaller are dispersed with a concentration of approximately 0.5~3 mg/mL is shown, using C60 manufactured by Company F as the raw material. 

A.1 Dispersion using abead mill

The particle concentration of the raw material slurry was 1 mg/mL and the dispersant concentration was 1 mg/mL. 

For the disperser, the Ultra Apex Mill UAM-015 of Kotobuki Industries Co., Ltd. was used. Its operating conditions were as follows: 

(a)  Quantity of dispersion liquid: 500 mL


(b)  Dispersion liquid circulation flow: 10 L/hour

(c)  Bead diameter：50 μm


(d)  Quantity of beads: 400 g


(e)  Peripheral velocity of agitator blade tip: 15 m/second

(f)  Dispersion time: 30 minutes

A.2 Particle size adjustment

Figure III-1.4 shows the particle size distribution (scattered light-based and mass-based frequency distribution) of C60 particles in the supernatant liquid collected after subjecting the dispersion liquid to centrifugal separation (MX-300 of TOMY SEIKO CO., LTD. was used) at 8,000×g for one hour. For comparison purposes, the particle size distribution immediately after pulverizing is also shown.  

The Dynamic Light Scattering method (DLS) measurement conditions using the Zetasizer Nano of the Malvern Instruments, Ltd. are shown below: 

(a) Measured temperature: 28 °C

(b) Dispersed Viscosity: 0.828 mPa/s


(c) Dispersed refractive index: 1.333


(d) Particle refractive index: Absorptivity 

In addition, the TEM images of the C60 particles in the supernatant liquid are shown in Figure III-1.5. The concentration of the dispersion liquid prepared using centrifugal separation was 0.48 mg/mL. In this case, a concentration operation is not performed. The overall recovery rate after performing centrifugal separation at 8,000×g is 20~30 %. Incidentally, the recovery rate was about 40% at 4,000×g and about 15% at 16,000×g. 

The changes in particle size and concentration over the 55 days after preparation are shown in Figure III-1.6. Both the particle size and concentration are stable. The Zeta potential was -29 to -30 mV.

A.3 Preparation of a highly concentrated dispersion liquid

An example of concentrating dispersion liquid to a few mg/mL is shown. 

The dispersion liquid was dispersed using a bead mill under the conditions of A.1, and the dispersion liquid in which the particle size was adjusted under the conditions of A.2 was subject to centrifugal separation for one hour at 10,000×g. The C60 concentration of this supernatant liquid was 0.3 mg/mL, and was thus concentrated using centrifugal ultrafiltration at 6,000×g for 30 minutes and adjusted to a particle concentration of 2.9 mg/mL. Vivaspin 20-100k of GE Healthcare Bio-Sciences KK. was used for the ultrafiltration membrane. 

The number-based and light intensity-based particle size distribution of the concentrated dispersion liquid is shown in Figure III-1.7. The particle size is even smaller than in Figure III-1.4. In addition, the figure shows that the particle size distribution has not changed one day after preparation.

A.4 Assessment of physical property changes

In contrast to the oxidized fullerene (C60-O) content of 3~4% after 30 minutes of dispersion when treated in the atmosphere and under indoor light, the C60-O content after 30 minutes of pulverizing in anaerobic conditions and when shielded from light was 0.7~0.8%. 


As can be seen in the TEM images of Figure III-1.5, the crystal lattices of the dispersed C60 particles can be sufficiently observed. The selected-area electron diffraction image of the C60 particles is shown in Figure III-1.8. The diffraction pattern can be observed.

In this way, it was confirmed that the C60 particles retained their crystalline state even after bead mill dispersion. 




Figure III-1.4 Particle size distribution of C60 immediately after pulverizing and C60 in the collected supernatant liquid

100 nm


field 1 field 2 field 3


field 1 field 2 field 3


100 nm


100 nm


20 nm20 nm


20 nm20 nm


20 nm20 nm




Figure III-1.5 TEM images of C60 particles in the supernatant liquid




Figure III-1.6 Dispersion liquid stability




Figure III-1.7 Particle size distribution of highly-concentrated dispersion liquid

(Concentration: 2.9 mg/mL)



Figure III-1.8 Selected-area electron diffraction image of C60 particles

Author of III-1.

Shigehisa Endoh

III-2. Aerosol preparation and transportation tequniques and measurement method for fullerene

Introduction

In order to enable in vivo nanoparticle toxicity testing through inhalation exposure, a technology to disperse the tested nanoparticles into the air in a size that can be sufficiently inhaled by the test animals and expose such nanoparticles to the test animals in a stable manner is required. 


It is also important to assess the properties of the atmospheric particle sample such as size, concentration, and shape, and to confirm that these properties are being maintained in a stable manner during the exposure test. 


In III-2, the procedure to disperse fullerene nanoparticles dispersed in liquid into the air, the procedure to transport air-dispersed particle samples into the exposure container, and the procedure to assess the properties of the particle sample in the exposure container using a method appropriate for the particle size are shown.

1. Scope

The procedures shown in III-2. apply to the preparation of fullerene aerosol particles with a number-based mean diameter of 100 nm or smaller from the dispersion liquid of fullerene nanoparticles in which the primary particle size is 20~30 nm, the continuous supply of said aerosol particles to the inhalation exposure container, and the continuous monitoring of supply conditions (number-based particle size distribution, number concentration, mass concentration) and its stability.

2. Normative references

ISO 15900  Determination of particle size distribution -- Differential electrical mobility analysis for aerosol particles

3. Terms and definitions

3.1 Differential mobility analyzer (DMA)

A device that charges the airborne particles to be tested and then sorts out and extracts particles with the same electric mobility (mobility in the electric field). 


3.2 Condensation particle counter (CPC)

A device that optically detects atmospheric particles after expanding their size according to the principle of nuclear condensation and displays the particle number concentration. 


3.3 Charge neutralization

Operation to make the charge distribution of the airborne particle group into an equilibrium charge distribution (charge distribution that the particle group reaches after being in contact with positive and negative atmospheric ions of a sufficient concentration for a sufficiently long period of time). 


3.4 (Particle) Wall loss

Phenomenon wherein the particles floating in a fluid disappear from the fluid after adhering to the wall, or the degree of this phenomenon. The adhesion to the wall (i.e., particle deposition) occurs through various mechanisms, and is influenced greatly and in a complex manner by the flow of the fluid, particle size, mass, and charge, etc..

3.5 DMA+APM method

A method of combining a DMA, an Aerosol Particle Mass Analyzer (APM) and a detector (CPC, etc.) and measuring the mass of individual particles for each DMA classified particle size. The “effective density” that includes information regarding the true density and shape of the particles can be calculated from the relationship between the classified particle size and particle mass.

4. Equipment

The main equipment is shown below. The setup of this equipment is shown in Figure III-2.1. 





Figure III-2.1 Equipment setup

4.1 Equipment for aerosol generation and transport

4.1.1 Sprayer

The sprayer is a device to create droplets of the particle dispersion liquid. It is helpful to use a pressurized sprayer from the standpoint of droplet diameter control, etc. The actual project used a pressurized sprayer equipped with a two fluid nozzle that creates droplets from liquid delivered at a constant flow using a high-velocity air-stream of pressurized air.

4.1.2 Charge neutralization system

The charge neutralization system mainly comprises the airborne ion (positive and negative ion) generators at opposite poles. There is concern of a large wall loss of the sprayed droplets and the spray dried aerosol particles in the pipe due to the electrostatic force arose from their charging characteristics. In order to limit this loss, it is effective to neutralize the charge by mixing air that has a mix of ions from the two poles in the flow channel immediately outside the sprayer exit. 


4.1.3 Dry system

The dry system is used to promote water evaporation from the aerosol particles. In the method of increasing the temperature of the aerosol by heating the outer wall of the transfer pipe, a heater, insulations, and a temperature detector is installed in the pipe heating zone and the wall temperature is kept constant using a temperature control unit. Furthermore, by mixing dehumidified air downstream of the heating zone, the recondensation of moisture in the aerosol particles can be suppressed. Aside from this method, moisture removal using a drying tower is also effective if the aerosol circulation time is a few hours. The drying tower comprises a flow channel with desiccant (silica gel, etc.) exposed on the inner wall. 

4.1.4 Flow channel/Dilution/Flow control/Flow channel switching system

The flow channel/dilution/flow control/flow channel switching system comprises the pipe, pipe joint, flow meter, flow control valve, and switching valve, etc. 


4.2 Equipment for aerosol property assessment

4.2.1 Aerosol particle sampling pipe

In order to monitor the properties of aerosol particles injected into the biological exposure container, a sampling pipe is installed in the exposure container. For the whole-body exposure test, the pipe is inserted into the wall of the container so that aerosol is sucked from the top of the cage containing the test animals that is placed in the exposure container. For the snout-only exposure test, the suction location is set at a position that has the same conditions as the snout of the test animals. The end of the pipe on the outside of the container is connected to the inline aerosol measuring system, particle trapping system, and mass concentration measurement system below. 

The aerosol flow channel leading to the inline aerosol measuring system, particle trapping system and mass concentration measurement system on the outside of the exposure container is made as short as possible to suppress wall loss of particles in the pipe. This is because there is strong diffusion of nanoparticles caused by Brownian motion in particular, and deposition loss to the pipe walls, etc., often cannot be ignored. The loss in the flow channel from the suction location to the inline aerosol measuring system, etc., will be separately estimated in an experimental or theoretical manner. 


4.2.2 Inline aerosol measuring system

The inline aerosol measuring system is a device (group) that continuously and quickly measures the size distribution and number concentration of aerosol particles. If the size of the measured particles is taken into account, it is presumed that the most effective measurement method is the differential mobility particle size analysis method (ISO 15900). 

NOTE   The actual project used the inline aerosol particle measurement system comprising DMA and CPC based on the differential mobility particle size analysis method, and aerosol was suctioned at a flow rate of 0.3L/minute. This system was set so that the particle size distribution of particles with an electrical mobility diameter in the range of 10~500 nm was measured in approximately three minutes. 

4.2.3 Particle trapping system

The particle trapping system is a system to trap aerosol particles on a solid wall. It comprises a container installed with a trapping surface, and an air pump to continuously suction and pass aerosol through the container. Here, the particles are observed under an electron microscope, and are deposited on a substrate having a smooth surface (small piece of glass, metal, or silicon wafer, etc.). There is a method to promote particle deposition onto the substrate using an electrostatic field by charging the particles. In order to obtain observation images suitable for particle observation, adequate operating conditions of the particle trapping system (suction flow, trapping time, etc.) are searched for in advance. 


4.2.4 Mass concentration measurement system

The mass concentration measurement system is used to find the mass concentration of aerosol particles. Direct measurement is possible using some of the existing aerosol measuring devices. However, for the actual project, the mass concentration was found from the mass of the objects trapped in the filter and the volume of the passing air, after using an air pump to pass the aerosol through the particle filter, and then and the trapped objects were then also used for composition analysis, etc.


In this case, an appropriate filter type, the flow rate through the filter and the particle trapping time were explored and determined in the preliminary review. 


NOTE 1   The value of the mass concentration found by filter trapping is the total value of the mass concentration of the tested material (fullerene) and the dry solid dispersant. In order to find the mass concentration of the tested material alone, a composition analysis of the material trapped in the filter is conducted. In the case of fullerene, organic and inorganic carbon analyses were useful. 

NOTE 2   If the particle density is known, it is possible to calculate the volume concentration from the number-based particle size distribution measured using the inline aerosol measuring system and multiply this with the density value to calculate the mass concentration. If the particles comprise a single and dense chemical component, it is easy to estimate the density value. If the particles are generated by spraying the dispersion liquid containing dispersant, it is possible to estimate the density value if the density of the dispersant and the mixing ratio of the sample material and dispersant are known. Also, by using a density measuring method that combines electrical mobility classification and particle mass measurement (DMA+APM method), it is possible to find the density for each particle size through measurement. The mixing ratio of the sample material and the dispersant can be estimated for each particle size from the density value for each particle size obtained using this method. For instance, if the density is constant regardless of particle size, it can be confirmed that the mixing ratio is also constant regardless of particle size. 


5. Procedures

5.1 Concentration adjustment of the dispersion liquid and verification of the dispersed state

The fullerene particle dispersion liquid prepared according to the method in III-1. is diluted with purified water, and the dispersion state of this liquid is checked in order to adjust the liquid to the fullerene fluid concentration mentioned below. However, in order to minimize changes to the composition and structure of the fullerene particle surface when mixing the liquid with purified water at the time of dilution, the mixture is only shaken without ultrasonic irradiation. After this operation, a visual check is conducted to make sure that sedimentation has not occurred in the dispersion liquid. 


5.2 Verification of dispersal condition retention

In accordance with the method in III-5, the dispersed state of the particles in the undiluted dispersion liquid and their stability is assessed as suitable during the exposure test period. Also, as several hours of continuous tests are conducted per day for the whole-body exposure test, it is necessary for the liquid after concentration adjustment to maintain stable dispersed state for a minimum of the duration of the continuous testing plus two hours, including the time taken to prepare for the test and check the generation conditions of airborne particles, and this should be confirmed in advance. This is conducted by leaving the diluted liquid for the specified time and then conducting a visual check to see whether sedimentation in the liquid has occurred. 

5.3 Cleaning the aerosol generation and transport equipment

The generation and transport equipment is cleaned to obtain dispersed airbone particles by creating droplets of and drying the dispersion liquid prepared in 5.1. The switching valve is set so that the aerosol passes through channel a in Figure III-2.1. Before actually spraying the dispersion liquid, purified water is put into the spray liquid container of the spaying equipment in order to sufficiently eliminate impurities that will disperse into the air attributed to residue in the spraying device and in the piping system connected to the device exit, and then operate the spraying equipment. The charge neutralization system, dry system, and dilution/flow control system are also operated. The operating conditions of these systems are described in 5.7.  

The particles generated in the air, i.e. the background particles, are measured using the inline aerosol particle measuring system. The spraying of purified water is continued until it can be confirmed that the number concentration of particles that have a size of 10 nm or above is of the order of 102 particles / cm3 or below. 

5.4 Property evaluation of dispersion liquid spraying and aerosol particles through inline measurement

The spraying equipment is operated with the dispersion liquid put into the spray liquid container, to generate test aerosol particles. The particle size distribution and the number concentration is measured using the inline aerosol particle measurement system, leaving the aerosol passing through channel a of Figure III-2.1. 

5.5 Property evaluation by trapping aerosol particles

The particle trapping system is operated, and the particles trapped on the substrate are observed under an electron microscope. The microscope images helps to observe the shape of the particles as well as determine the size distribution. The particles observed should be nanoparticle aggregates that have a near-spherical shape. In this case, the shape of the size distribution found here and the particle size distribution found in 5.4 should be similar. This should be confirmed. 


5.6 Mass concentration measurement of aerosol particles

Operate the mass concentration measurement system and measure the mass concentration of aerosol particles.

5.7 Selection of the dispersion liquid concentration and the operating conditions of the aerosol particle generation and transport equipment

The procedures of 5.1 to 5.6 are repeated after changing the dispersion liquid concentration and the operating conditions of the aerosol generating/transporting equipment in various ways.


Some procedures can be omitted in accordance with the changing method of the conditions. Based on the measurement results obtained, the optimal conditions for the test to be implemented are considered. The following factors should be taken into consideration when selecting the optimal conditions: 


(a) Properties of the aerosol particles (particle size distribution, number concentration, mass concentration, shape)

(b) Aerosol flow

(c) Spray liquid consumption rate

After determining the optimal conditions, use the inline aerosol particle measuring system to verify whether or not the particle size distribution of the generated aerosol particles are sufficiently stable over the duration of the continuous tests in light of the standards of the test to be implemented. 


NOTE   For the actual project, the conditions of the spray liquid were determined after taking into consideration the properties of the dispersion liquid prior to dilution and restrictions regarding the total consumption of the dispersion liquid during the exposure test duration, in addition to the abovementioned factors. As a result, the fullerene mass concentration was set as 0.017 wt% and the dispersant (polysorbate 80) concentration was set as 0.05 wt%. The delivery rate of the spray liquid, or the consumption rate, was set to be approximately 0.4 mL/minute. The pressurized air flow passing through the spraying equipment was set as 35 L/minute (atmospheric pressure equivalent), and the air flow of the charge neutralization system was set to 10 L/minute. For the whole-body exposure test, a dry system using outer wall heating was used and the wall temperature was set to 50 °C. For the snout-only exposure test, a drying tower was used as the continuous testing time was only three hours and as the flow of dehumidified air mixed downstream of the dry system was low.  

5.8 Introduction of aerosol into the exposure container

In order to inject aerosol into the exposure container, the switching valve is set so that the aerosol passes through channel b in Figure III-2.1. In consideration of the ventilation requirements of the test animals in the exposure container, cleaned air is continuously sent at the required flow rate near the entrance of the exposure container. The environment inside the exposure container is set so that the temperature is 20~25 °C and the pressure is slightly reduced. 

When a preliminary test (5.9) is conducted before conducting the actual inhalation exposure test, the test animals are not placed in the exposure container. 


NOTE   In the actual project, cleaned air was delivered at 55L/minute for the whole-body exposure test so that air containing the tested nanoparticles flowed through the container at a total of 100 L/minute. When aerosol was passing through channel a, the flow of the abovementioned cleaned air was set at 100 L/minute so that a constant flow of air was always passing through the exposure container. For the snout-only exposure test, cleaned air was delivered at 10 L/minute so that a total of 45 L/minute was flowing through the exposure container.   

5.9 Preliminary verification test of the aerosol properties in the exposure container

The properties (particle size, shape, concentration) of aerosol injected into the exposure container through the sampling pipe are preliminarily determined by operating the inline aerosol measuring system, particle trapping system and mass concentration measuring system. The validity of these properties is confirmed by comparing them to the particle properties found in 5.7 after taking into consideration the differences in the aerosol channel and the particle wall loss on the inner wall of the channel/container. Furthermore, confirm that the aerosol in the container is sufficiently even by sampling various positions of the tip of the sampling tube in the full-body exposure container. 


5.10 Implementation of the exposure test

For each day during the exposure test period, first conduct liquid dilution and a visual check as described in 5.1 and check the background particle concentration as described in 5.3 followed by checks on the particle size distribution and number concentration of the generated aerosol particles in accordance with 5.4. Next, start injecting aerosol in accordance with 5.8 into the exposure container in which the test animals are placed. Record the start time and continue injecting aerosol for a specified period of time.

Operate the inline aerosol measuring system and measure the particle size distribution and concentration of aerosol particles in the exposure container. By conducting measurements continuously or at appropriate time intervals throughout the injection duration, verify that aerosol is being supplied to the exposure container in a stable manner. 


Operate the particle trapping system and mass concentration measurement system and obtain samples to evaluate properties such as the shape, mass concentration, and composition of the aerosol particles. 


After the specified time has passed, stop exposing the test animals to the aerosol. In order to do so, set the switching valve so that the aerosol passes through channel a of Figure III-2.1 and change the flow rate of cleaned air that is delivered so that only cleaned air flows into the exposure container at the same flow rate as during the exposure test. Measure the particle size distribution and number concentration of the aerosol passing through channel a using the inline aerosol measuring system and compare the measurements with the results before the start of injection to the exposure container.


If the exposure test is conducted on subsequent days, clean the equipment with purified water in accordance with procedure 5.2 and determine completion through changes in the background particle concentration. 


5.11 Implementation of control tests

In addition to the exposure test of the tested material, it is desirable to conduct the following two control tests using a separate test system.


(a) Dispersant material exposure test: Generate aerosol particles of the solid dispersant using a solution that does not contain the test material but only the dispersant, and expose different test animals to these particles for the same exposure time and exposure duration as the test in 5.10. Conform to the procedures in 5.1 ~ 5.10 for the methods of generating dispersant aerosol particles and injecting the aerosol into the exposure container, as well as evaluating the properties of aerosol in the container. Before this test, conduct a preliminary review of generating aerosol by changing the dispersant concentration in the spray liquid. Here, it is to determine the dispersant concentration that can generate solid dispersant aerosol particles with a mass concentration that is almost equal to the mass concentration of the solid dispersant contained in the aerosol particles to which the test animals were exposed in 5.10. The dispersant solution of this concentration should be used for this control test. 


(b) Cleaned air-only exposure test: Separate test animals are exposed to cleaned air only for the same exposure time and exposure duration as the test in 5.10.

6. Practical example of a whole-body exposure test

An example of the particle size distribution of the aerosol particles sampled from the exposure container in the whole-body exposure test and an electron microscope image are shown in Figure III-2.2 and Figure III-2.3, respectively.



Figure III-2.2 Electrical mobility diameter distribution of aerosol particles

(temporal changes during six hours of testing)



Figure III-2.3 Scan electron microscope image of aerosol particles
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III-3. Quantitative analysis method of fullerene in tissues

Introduction

For the fullerene toxicity assessment, it is necessary to determine the quantity of fullerene remaining in the body of the rat which was exposed to fullerene and to clarify its residual behavior. 


III-3 shows the procedures to determine the quantity of fullerene (C60) in the lung, brain, and liver tissues of rats to which fullerene particles were administered or exposed. After using a surfactant acid aqueous solution and toluene as extractants to extract fullerene from a rat organ tissue-homogenized sample in a light-shielded environment, the extracted liquid is concentrated using toluene evaporation operation and the quantity is determined using HPLC.

1. Scope

The procedures shown in III-3 can be used to determine the quantity of fullerene in the lung/brain/liver tissues extracted from rats which was intratracheally instilled with a dispersion liquid created by dispersing fullerene in water containing surfactants (e.g.: polysorbate 80) or from rats subjected to inhalation exposure of a dispersion liquid aerosol. 


Analyze the sample in which normal saline was added to rat tissues and homogenized. It is preferred to check in advance whether or not these procedures can be applied to the analysis of individual homogenized samples. For instance, the fullerene recovery rate (normally 100±10 %) should be checked by analyzing a homogenized sample which was added with a dispersion liquid whose fullerene quantity is known.

2. Normative references

None in particular.

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment and instruments

4.1 Homogenizer

A device that enables adequate homogenization of lung tissue, brain tissue, or liver tissue (e.g.: Polytron RT3100 of Kinematica, Inc.). 


4.2 Stoppered centrifuge tube

A quartz glass or hard glass container of about 10~15 mL that can resist ultrasonication and 2,000×g centrifugal separation treatment (e.g.: 10 mL SPC stoppered centrifuge tube of Shibata Scientific Technology Ltd.). This shall be referred to as “centrifuge tube” in 6.

4.3 Tube mixer

A device capable of shaking to equalize the tissue in the homogenized sample in the liquid inside the tube (e.g.: TMS of Iuchi Seieido Co., Ltd. (Currently: AS ONE Corporation)). 


4.4 Ultrasonic processor

A bath-type ultrasonic processor that has an oscillating frequency and output to evenly mix the homogenized sample (e.g.: ultrasonic cleaner model 1510 of Branson Ultrasonics Corporation). 


4.5 Shaker

A device that can mount the stoppered centrifuge tube of 4.2 and shake in the vertical direction (e.g.: Shaker SA300 of Yamato Scientific Co., Ltd). 

4.6 Centrifuge

A device that can mount the stoppered centrifuge tube of 4.2 and perform centrifugal separation of the toluene phase from which fullerene was extracted at a centrifugal acceleration of 2,000×g (e.g.: Centrifuge Kubota 6900 of Kubota Manufacturing Corporation). 

4.7 Solution concentrator

A device that can mount the stoppered centrifuge tube of 4.2, heat up, and also blow nitrogen gas onto the liquid surface of the sample solution, evaporating the toluene and concentrating the solution (e.g.: EVAN-SPE, model 602079-13P489 of MORITEX Corporation). 

4.8 Filter

An organic solvent filter that can remove the tissue fragments remaining in the extract (e.g.: PTFE filter 6784-4302, pore diameter 0.2 μm of Whatman). 

4.9 HPLC-UV device

A device into which the analysis sample solution is poured, and which separates the fullerene in the extract using a separation column to measure the absorbance of the ultraviolet absorption spectrum (e.g.: Agilent 110 of Agilent Technologies, Inc. and LC-10Vp system of Shimadzu Corporation). A reversed-phase chromatography column is used for the separation column (e.g.: Develosil RPFULLERENE column of Nomura Chemical Co., Ltd.; particle size 5 μm; internal diameter 4.6 mm / column length 150 mm or internal diameter 3.0 mm / column length 150 mm). Figure III-3.1 shows the composition of the device. The quantity of chemicals in the sample can be determined by comparing the obtained absorbance with the absorbance of the standard sample.




Figure III-3.1 HPLC-UV device composition

5. Reagent and sample

5.1 Tissue sample

A sample of lung tissue, brain tissue, or liver tissue extracted after dissecting a rat and refrigerated at -80 °C after the sample is weighed. The lung tissue can be taken separately from the left and right side. When extracting lung tissue, be careful that it does not include lymph nodes.  


5.2 Normal saline

A solution prepared in accordance with the preparation for physiological saline solution stipulated by the Japanese Pharmacopoeia.

5.3 Fullerene

High-purity fullerene for standard curve creation. It is preferred that the purity be 99.5 % or above (e.g.: Nanom purple SU of Frontier Carbon Corporation). 

5.4 Toluene

A liquid chromatography reagent or pesticide residue/PCB test reagent (e.g.: toluene for liquid chromatography of Wako Pure Chemical Industries, Ltd.). 

5.5 Acetonitrile or Methanol

A liquid chromatography reagent (e.g.: acetonitrile for liquid chromatography of Wako Pure Chemical Industries, Ltd.). 

5.6 SDS


An ion-pair chromatography reagent (e.g.: ion-pair chromatography SDS of Wako Pure Chemical Industries, Ltd.). 

5.7 Acetic acid

A probe assay reagent (e.g.: acetic acid for probe assay of Wako Pure Chemical Industries, Ltd.).

5.8 Nitrogen Gas

Nitrogen gas with purity of 99.9% or above.

6. Analysis method

6.1 Preparation of ahomogenized tissue sample

Add triple the weight of normal saline to the tissue sample in 5.1, cut it up finely with scissors, and homogenize it in a homogenizer (10,000 rpm). All of the work should be conducted under cooled conditions such as in ice. If extraction is not conducted immediately after homogenization, the sample should be kept frozen at -80 °C. The frozen sample can be rethawed and used for analysis, but as sedimentation of the tissue occurs, the sample should be evenly mixed using a tube mixer after thawing. 

6.2 Extraction

The sample solution homogenized in 6.1 is weighed into a stoppered centrifuge tube using a Pasteur pipette (for instance, 0.2g in a 10 mL centrifuge tube; tissue weight equivalent of 0.05g). 


0.01 mol/L of SDS and 0.1 mol/L of acetic acid are respectively added in an amount of about 2.5 times the sample solution (in the abovementioned example, 0.5 mL). Next, toluene is added in an amount of about 2.5 times the sample solution (in the abovementioned example, 5 mL). The centrifuge tube is shaken for two minutes using the shaker (for instance, shaking width of 40mm; 320 shakes per minute), and in order to increase the extraction rate, ultrasonication is performed using an ultrasonic processor for 15 minutes. The centrifuge tube is shielded from light by wrapping it in aluminum foil, and it is shaken with the shaker for five hours. Ultrasonication is performed for 15 minutes followed by a centrifugal separation for ten minutes with a centrifugal acceleration of 2,000×g, and the solution is separated into the surfactant solution phase and toluene solution phase. This toluene solution phase is sorted using a Pasteur pipette. In order to extract the fullerene remaining in the surfactant solution phase after sorting, 5 mL of toluene is added to the surfactant phase, 5 minutes of shaking and 15 minutes of ultrasonication is performed, followed by a centrifugal separation treatment for ten minutes with a centrifugal acceleration of 2,000×g, and the toluene solution phase is sorted. The toluene phase obtained after performing residue extraction twice is mixed with the sorted toluene described above, creating the fullerene extract. 

6.3 Concentration

The extract obtained in 6.2 is heated and concentrated under a nitrogen gas stream (e.g.: 0.4L/minute; 40 °C) using a solution concentrator. The solution is concentrated until it reaches a concentration level that enables to determine the quantity of fullerene as described in 6.4. It is recommended that the loss of fullerene during concentration be prevented by occasionally washing the inner walls of the centrifuge tube with toluene. The concentrated sample is collected with a glass syringe and filtered. In order to collect the fullerene remaining in the syringe and filter, it is recommended to wash the filter and syringe with toluene a few times and mix it with the concentrated liquid. The concentrated liquid containing this cleaning liquid is further concentrated under a nitrogen gas stream if necessary. The final concentrated liquid is weighed and used to calculate the fullerene concentration.


6.4 Determining the quantity of fullerene

The concentrated liquid obtained in 6.3 is analyzed using the HPLC-UV device to determine the quantity of fullerene. The below shows an example of the HPLC conditions. Note that the mobile phase flow and sample injection amount may differ depending on the column diameter used.  

(a) Mobile phase: Toluene : Acetonitrile ＝65.5 : 34.5 [V /V ] or Toluene : Methanol ＝47 : 53 [V /V ]

(b) Mobile phase flow: 1 mL/minute (column with an internal diameter of 4.6 mm) or 0.425 mL/minute (column with an internal diameter of 3.0mm)

(c) Sample injection amount: 20 μL (column with an internal diameter of 4.6 mm) or 9 μL (column with an internal diameter of 3.0 mm)

(d) Column temperature: 30 ºC


(e) Detector UV Wavelength: 333 nm


The detection limit depends on the performance of the HPLC-UV device and analysis conditions. As an example, an equipment detection limit of 2ng/mL and a detection limit of 9ng/g at the time of tissue analysis (wet tissue weight) have been reported. 


A fullerene/toluene solution with a known fullerene concentration is used as the standard curve sample to determine the quantity of fullerene in the concentrated solution in 6.3. For the fullerene standard curve sample, a fullerene reagent is put in a volumetric flask using a stainless steel spatula and accurately weighed on a balance, followed by the addition and dissolution of toluene to make a solution with constant capacity. Figure III-3.2 shows an example of the chromatogram of the C60 standard curve sample analyzed using the HPLC device. It also shows an analysis example of C60-O, fullerene oxide. The peaks at 2~4 minutes in the figure are the toluene solvent. Using the obtained C60 sample curve, the C60 concentration in the extract is determined and the C60 concentration in the lung tissue is determined using the weights of the separately measured homogenized sample and lung tissue.
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Figure III-3.2 Example of HPLC analysis of fullerene (C60)
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III-4. Preparation method of fullerene samples of liquid phase dispersion for in vitro systems

Introduction

In order to ensure reproducibility and reliability in the in vitro test to investigate the effects of nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles and to understand their characteristics. As the culture medium used in the in vitro test has a high ionic strength and promotes the aggregation of dispersed fullerene, a preparation method to disperse the fullerene in a stable and reproducible manner over the in vitro test period (normally four days) is required. Also, in order to observe the effects of the fullerene particles, it is necessary to avoid the use of dispersants such as surfactants and organic solvents that have harmful effects themselves as much as possible. 


III-4. shows the procedures for using a bead mill to prepare the dispersion liquid of fullerene (C60 or C70) in the cell culture medium to be used as an in vitro sample. Fetal bovine serum (FBS) contained in the culture medium is used as a dispersant to disperse fullerene. Fullerene is sometimes commercially sold as micron-sized crystals, and a bead mill is used to grind the fullerene particles into nano-size without changing its crystalline shape during disintegration.

1. Scope

The procedures shown in III-4. apply to the preparation of a dispersion sample in a culture medium, with a light intensity average particle size of around 200 nm as determined by the Dynamic Light Scattering method and with fullerene dispersion state that is stably maintained for four or more days. The sample is prepared from dried powder (crystals) of fullerene (C60 or C70) whose primary particle size is more than a few microns.

2. Normative references

None in particular.

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment and instruments

The equipment and instruments used are sterilized as needed.

4.1 Disperser

Bead mill that enables dispersion using tiny beads with a diameter of 50 μm or smaller. The inner surfaces of the dispersion container and slurry tank are lined with abrasion resistant material such as zirconium, and the beads and agitator blades are also made of an equivalent abrasion resistant material.


4.2 Magnetic stirrer

A magnetic stirrer and stirrer bar is used to mix the bulk powder and the FBS together before putting it into the bead mill.

4.3 Pre-treatment container and sample container

A brown-colored glass container to shut out ultraviolet light with a sealable lid is preferred.

4.4 Centrifuge

Centrifuge used for dispersion liquid particle size adjustment that can be operated with a centrifugal acceleration of 1,000×g ~ 8,000×g.


4.5 Filtration system for sterile filtration

Filtration system with a filter whose pore diameter is 0.45 μm or smaller and a storage bottle. The system performs suction filtration of the dispersion liquid using a vacuum pump, etc., and is used for sterilization. 


4.6 Clean bench

It is preferred that a clean bench be used when handling bulk powder in order to prevent exposure through the scattering of fullerene particles. However, fans should not be used. 


4.7 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.9.

5. Sample

5.1 Bulk powder

Commercial fullerene crystals (C60 or C70) that have been sublimation-refined to low impurity contents is preferable.

5.2 Dispersion medium

A prepared commercial DMEM is used for the dispersion medium. It contains 10 % FBS and 1 % antibacterial and antifungal agents.

6. Preparation method

6.1 Pre-treatment of bulk powder

Around 600 mg of bulk powder is measured out using an electronic balance and transferred to the pre-treatment container, and approximately 50 mL of FBS is added. A stirrer bar washed with ethanol is put into the container and the powder is stirred for two hours using a magnetic stirrer. 

6.2 Pre-treatment of disperser

Bead mill components that come into contact with the DMEM that coexists with fullerene, such as the beads and agitator blades used for dispersion, etc., are sterilized using an autoclave or ethanol, etc., before dispersion, and then sterilized with ultraviolet light for eight or more hours.


6.3 Dispersion

50 mL of raw material dispersion liquid that was pretreated in 6.1 is put into the disperser. In addition, the powder adhered to the pre-treatment container is all fed into the disperser using 300 mL of dispersion medium in 5.2. The disperser is operated according to the usage method. After operating the disperser for about 30 minutes, about 200 mL of the dispersion medium in 5.2 is added. After dispersing for the specified time, about 200 mL of the dispersion liquid is collected into the sample container. Then, 50 mL of the raw material dispersion liquid pretreated in 6.1 and 100 mL of the dispersion medium in 5.2 are put into the disperser to be redispersed. After dispersing for the specified time, the dispersion liquid is collected into the sample container. During operation, the dispersion container and slurry tank are cooled with cooling water, keeping them at a temperature of about 25~30 °C. In addition, the air in the slurry tank of the disperser is constantly displaced with nitrogen or argon in order to prevent oxidation.   

6.4 Particle size adjustment

After centrifugal separation is conductedon the dispersion liquid collected after the second opration  of disperser at a centrifugal acceleration of 8,000×g for 45 minutes, the supernatant liquid is collected. However, since large particles stick to the test tube wall if centrifugal separation is conducted on the dispersion liquid at a centrifugal acceleration of 8,000×g, making it highly likely that they will be mixed into the supernatant liquid when it is collected, it is preferred that the centrifugal acceleration be increased in stages, such as conducting centrifugal separation at an acceleration of 1,000×g for 10 minutes followed by 2,000×g for 10 minutes followed by 4,000×g for 10 minutes, before using an acceleration of 8,000×g.


6.5 FBS addition

As fullerene particles are highly adsorptive and adsorb serum-derived proteins and salts such as calcium in the culture medium, culture medium components may be depleted when the culture medium components are removed together with large fullerene particles by centrifugal separation. The depletion of culture medium components may have an effect on the cell toxicity test, and therefore FBS is added to the supernatant liquid collected in 6.4 in an amount equivalent to about 5% of the liquid. 


6.6 Sterile filtration

In order to eliminate microbes that entered during dispersion, the dispersion liquid to which FBS was added in 6.5 is sterilized using suction filtration by passing it through a filter with a pore diameter of 0.45 μm or smaller. The filtrate is dripped into a storage bottle, etc. 


6.7 Dilution

If dilution is required, dilute using the dispersion medium.

6.8 Dispersion liquid storage

The prepared dispersion liquid is refrigerated at 4 °C until testing. The liquid is left still and should not be shaken or mixed. 

One lot of the dispersion liquid prepared in 6.1 ~ 6.8 is divided into three lots, with one lot used for the in vitro test, one lot used for concentration measurement, and one lot used for the particle size measurement and stability test. It is recommended that these tests essentially be conducted synchronously. 


6.9 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3.

7. Measurement of particle size and concentration

7.1 Particle size and stability evaluation

The particle size and stability of the dispersion liquid prepared in 6 is tested in accordance with the method shown in III-5. 


7.2 Concentration measurement

7.2.1 Pre-treatment

As protein attached to fullerene is altered by the toluene used for extraction and hinders extraction, the attached proteins are broken down in advance. Around 2 mL of the dispersion liquid for analysis is put into the centrifuge tube and 30 μL of protease K (20 mg/mL) is added to be left overnight in a dark place at 40 °C (around 12 hours). The amount of dispersion liquid put into the centrifuge tube is found by accurately weighing the centrifuge tube before the liquid is put inside. 


7.2.2 Extraction

5 mL of toluene is added to the centrifuge tube of 7.2.1, and after 5 hours of shaking, 15 minutes of ultrasonic extraction and 10 minutes of centrifugal separation at 2,000×g, the supernatant liquid is collected into a test tube. An additional 5 mL of toluene is added to the centrifuge tube with remaining sediments, and after 15 minutes of shaking, 15 minutes of ultrasonic extraction and 10 minutes of centrifugal separation at 2,000×g, the supernatant liquid is added into the above-mentioned test tube. 1 mL of toluene is gently added to the remaining sedimentation and the toluene phase is transferred to the above-mentioned test tube. This process is repeated twice. The volume of extracted liquid is found by accurately weighing the test tube before the supernatant liquid is put inside.  


7.2.3 Filtration

The extract collected in 7.2.2 is filtered using a filter with a pore diameter of 0.2 μm.

7.2.4 Analysis

The extract filtered in 7.2.3 is analyzed using HPLC. The below is an example of the analysis conditions using HPLC:

(a) Equipment: 10AV p (Shimadzu Co.)

(b) Column: C30 Packed column (Develosil column, Nomura Chemical Co., Ltd.)

(c) Mobile phase: Toluene: Methanol = 65: 35 (V /V)

(d) Column temperature: 30 ºC


(e) Detector: UV detector: 333 nm
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Annex A. Practical example

As reference, a case example of the dispersion system preparation test and dispersion liquid assessment conducted in accordance with the procedures is shown. 


A.1 Equipment and instruments

A.1.1 Disperser

Ultra Apex Mill UAM-015 of KOTOBUKI Co., Ltd. was used. The used beads were zirconium beads with a particle size of 50 μm.

A.1.2 Magnetic stirrer

The Multi Magnetic Stirrer TMS-4 of Iuchi Seieido Co., Ltd. (Currently: AS ONE Corporation) was used. 

A.1.3 Pre-treatment container, Sample container

The sample tube No. 8 (brown; internal diameter 40 mm; length 120 mm) of Maruemu Corporation was used as the pre-treatment container. A hard glass eye bottle (brown; 1L) of AS ONE Corporation was used as the sample container.

A.1.4 Centrifuge

The Centrifuge Supreme 21 and rotor NA-23 of TOMY SEIKO CO., LTD. were used. A 50 mL capacity centrifuge tube can be centrifuged at a centrifugal acceleration of 16,000×g to 1,000×g.

A.1.5 Filtration system for sterile filtration

The filtration system 430770 (pore diameter 0.45 μm; capacity 500 mL) of Corning Incorporated was used. 

A.2 Sample

A.2.1 Bulk powder

C60 manufactured by Company F was used. 

A.2.2 Dispersion media

The dispersion media used were four 500 mL bottles of DMEM basal medium containing 55.15 g, 54, 70 g, 56.72g, and 56.81 g of fetal bovine serum (FBS) each added with 5.66 g, 6.02 g, 5.77 g, and 5.70 g of antibacterial and antifungal agent, respectively, and sufficiently stirred making sure that no bubbles formed.

A.3 Dispersion method

A.3.1 Pre-treatment of bulk powder

607.6 mg and 600.2 mg of bulk powder are weighed out using an electronic balance, transferred to the pre-treatment containers, and 58.72 g and 59.31 g of FBS were added, respectively. Stirrer bars washed with ethanol were put in and the powder was stirred for two hours using a magnetic stirrer. 


A.3.2Pre-treatment of disperser

Bead mill components such as the beads and agitator blades used for dispersion were washed with ethanol before dispersion, and then sterilized with ultraviolet light for eight or more hours. The agitator blades of the mill, etc., were assembled, and the dispersion containers were filled with 400 g of 50 μm zirconium beads. 


A.3.3 Dispersion

60 mL of the raw material dispersion liquid pretreated in A.3.1 was put into the slurry tank. Furthermore, the powder adhered to the pre-treatment container was all fed into the disperser using the 300 mL of dispersion medium in A.2.2. The disperser operating conditions were as follows: 

(a)  Dispersion liquid circulation flow: 10 L/h


(b)  Peripheral velocity of agitator blade tip: 15 m/second

After operating the disperser for about 30 minutes, about 200 mL of the dispersion medium in A.2.2 was added. Ninety minutes after the raw material dispersion liquid was poured in, about 200 mL of the dispersion liquid was collected into the sample container; then added with 60 mL of the raw material dispersion liquid pretreated in A.3.1 and 100 mL of the dispersion medium in A.2.2, and the disperser was operated again. After operating the disperser for about 30 minutes, about 300 mL of the dispersion medium in A.2.2 was added. Ninety minutes after pouring in the raw material dispersion liquid for the second time, the dispersion liquid was collected in the sample container. During operation, the dispersion container and slurry tank were cooled with cooling water and kept at a temperature of about 25~30 °C. In addition, the air in the slurry tank of the disperser was constantly displaced with argon in order to prevent oxidation.


A.3.4 Particle size preparation

After centrifugal separation on the dispersion liquid, which was collected after the second operation of the disperser, was conducted consecutively at an acceleration of 1,000×g for 10 minutes, 2,000×g for 10 minutes, 4,000×g for 10 minutes, and then 8,000×g for 45 minutes, the supernatant liquid was collected.


A.3.5 FBS addition

16.8g of FBS was added to the 327.9g of collected supernatant liquid.

A.3.6 Sterile filtration

The dispersion liquid to which FBS was added was sterilized using suction filtration by passing it through a filter with a pore diameter of 0.45 μm. 


A.3.7 Dispersion liquid storage

The prepared dispersion liquid was refrigerated at 4 °C until testing. 

A.3.8 Dispersion liquid characteristics

An example of the characteristics of the prepared dispersion liquid is shown below. After an HPLC analysis, about 650 mL of dispersion liquid with 0.16 mg/mL was obtained. The ratio of the amount of C60 in the liquid that was obtained with respect to the amount of C60 that was put in (yield) was about 8%~10%. The particle size measured using DLS was 220 nm in terms of mean light intensity diameter and 125 nm in terms of mean number diameter. No changes were seen in concentration and particle size even four days after preparation. An example of a TEM image taken after drying the dispersion liquid is shown in Figure III-4.1 As aggregation increased when the dispersion liquid dried, it can be presumed that the particle size of the aggregates in the dispersion liquid are smaller than the particle size that can be seen from this image. 




Figure III-4.1   Dispersion liquid in which C60 were dispersed in the culture medium for in vitro testing (TEM image)
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III-5. Measurement method of fullerene samples of liquid phase dispersion

Introduction

III-5. shows the procedures to determine the average particle size of the fullerene (C60 or C70) nanoparticles and their aggregates dispersed in the liquid, in particular the culture for in vitro testing, using the Dynamic Light Scattering method (DLS). The procedures to evaluate whether the nanoparticles and their aggregates are stably dispersed from temporal changes in the scattered light intensity and visual check of sedimentation formation are also shown.

1. Scope

The procedures shown in III-5. apply to the fullerene (C60 or C70) nanoparticles and their aggregates dispersed in the liquid. The range of the average particle size to be measured is around 20~10300 nm, which can be accommodated by commercial DLS devices.

2. Normative references

The following standards are referenced or cited in these procedures: 


JIS Z8819-1：1999 Representation of results of particle size analysis—Part 1: Graphical representation

JIS Z8819-2：2001 Representation of results of particle size analysis—Part 2: Calculation of average particle sizes/diameters and moments from particle size distributions

JIS Z8826：2005 Particle size analysis -- Photon correlation method 

ISO 13321:1996 Particle size analysis -- Photon correlation spectroscopy

ISO 22412:2008 Particle size analysis -- Dynamic light scattering (DLS)

JIS Z 8803：1991 Liquid viscosity -- Measurement method

JIS K 2283：2000 Crude petroleum and petroleum products -- Determination of kinematic viscosity and calculation of viscosity index from kinematic viscosity

3. Terms, definitions and symbols

For terms and definitions other than those shown below, refer to 1. and 2. of Chapter II. 

3.1 Terms and definitions

3.1.1 Dispersion medium

Liquid phase that disperses the nanoparticle powder. A culture (e.g.: DMEM (Dulbecco's Modified Eagle Medium)) is normally used for the in vitro test.  

3.1.2 Particle size d

Diameter when the particle is assumed to have a spherical shape. If the particle is a true sphere, the particle size would be the diameter of the particle.  

3.1.3 Particle size distribution and average particle size

The scattering intensity average particle size (intensity-weighted average diameter) 
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 found using DLS is a type of average particle size obtained using the following formula: 
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N is the interval number, 

i


d


 is the average particle size for the interval, and 
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 is the corresponding scattered light intensity. In addition, the mass-based average particle size (or weight average particle size) 
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 or number-based average particle size (or number average particle size) 
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 is also calculated using devices. The definition of these average particle sizes should be verified in the device operating manual. 

3.2 Symbols
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Scattering intensity average particle size [nm]



w


d


 
Mass-based average particle size (or weight average particle size) [nm]



n


d


 
Number-based average particle size (or number average particle size) [nm]



s


I



Scattered light intensity 



c


 
Particle concentration in the dispersion sample (the number of particles or mass per unit volume)



h



Viscosity [cP][=0.01 g/(s･cm)]



r



Dispersion medium density [g/cm3]

4. Principle

Refer to Chapter II 1. for the principle of DLS.

5. DLS device

5.1 Types of devices

Commercial DLS devices are used. 

5.2 Validation

The validity of the equipment is verified in advance using reference material, etc. For instance, measure polystyrene latex reference material for which the average particle size has been accurately determined, and evaluate whether the authorization value and the measurement value match within the range of uncertainty. For example, it is recommended to evaluate equipment validity by using monodisperse polystyrene latex reference material in which the average particle size is 100 nm. It is desirable for the systematic error of the measurement value from the authorization value to be within ±2 %, and for the relative experimental standard deviation of repeatability to be 2% or less (Refer to ISO 22412). 

5.3 Temperature control

The DLS device used should have the function of keeping the measurement cell temperature within the required range. The desired temperature accuracy is within ±0.3 °C (Refer to ISO 22412). Temperature control is conducted using an external circulating thermostatic water bath, etc., as needed. 

5.4 Data output

The device should be able to calculate the scattering intensity average particle size 

DLS


d


, mass-based average particle size 
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, or number-based average particle size 
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 and output these results. It is preferred that the device be able to calculate the particle size distribution or polydispersity and output the results, or display/output the time correlation function or power spectrum as needed.

6. Reagent and equipment

6.1 Reagent

The solvent to wash and dilute the measurement cell should be clean and not contain particulates, in particular, particulates that are larger than the particles in the dispersion sample. For instance, if the solvent used for dispersion is water, it is preferred that purified filtered water (ultrapure water) be used.


NOTE   In III-5., “ultrapure water” is defined as “clean water that does not contain particulates and has been purified using an ion-exchange filter or filter that has a pore diameter of 0.2 μm or smaller, with electric resistivity of 18 MΩ･cm or above and organic carbon concentration of 5 ppb or lower.”


6.2 Particle size reference material

It is recommended to use a reference material whose traceability with respect to the characteristic value has been specified. It is recommended to use polystyrene latex of about 100 nm that has been dispersed in water. However, be careful not to cause association or sedimentation of the reference material through freezing, etc..

6.3 Equipment

Normal containers and dispensing burettes may be used. However, containers and instruments that may change the physiochemical conditions (i.e.: pH) of the dispersion sample should not be used. For instance, normal glass instruments may change the pH. In order to prevent the pH from changing, the use of quartz glass instruments or plastic instruments made of polyethylene or polypropylene, etc., is recommended. 


6.4 Digital camera

It is preferred that a digital camera be used to record the conditions of the dispersion sample.

6.5 Viscometer

A viscometer that is compatible with the kinematic viscosity of the dispersion sample is used to determine the dispersion sample viscosity. The kinematic viscosity of a dilute aqueous solution is 0.894 cP mL/ g (25 °C), and, for example, an Ubbelohde viscometer or a Cannon-Fenske viscometer can be used.  

NOTE   Viscosity should be substituted into the Stokes-Einstein formula rather than the kinematic viscosity. If the viscosity is η, the kinematic viscosity is (η/ρ). The viscosity η is calculated from the falling time t of the dispersion sample using the following formula:  
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Here, c1 and c2 are constants specific to the viscometer and is determined by measuring the falling time of liquid such as water for which the viscosity is known.  

6.6 Thermostatic water bath

In order to control the temperature of the entire viscometer, a thermostatic water bath that is near room temperature (i.e.: 25 °C) and has the capability to control the water temperature to ±0.1 °C or lower is used.

7. Particle size measurement method

7.1 Device installation

The devices are installed in a clean environment. In addition, electric noise, mechanical vibrations, and direct sunlight should be avoided (Refer to ISO 22412 8.1). 

Warning: The DLS device uses a laser as a light source that may damage the eyes. Make sure not to look directly at the incoming light, and prevent reflected light from entering the eyes. The safety regulations that apply to the installation location must be observed. 

7.2 Preparation of measurement sample

In order to prevent decomposition of the culture, which is the dispersion medium, the dispersion liquid in which nanoparticles are dispersed should be stored under low temperature such as in a refrigerator in advance. The sample must not be frozen at this time. 


If emphasizing data reproducibility, the measurement sample should be collected from a given area of the standing dispersion liquid. For instance, the sample should always be collected from a given depth from the surface of the dispersion liquid. This is because even if the dispersion liquid is stable, a concentration gradient is gradually formed due to gravity, and the concentration may be notably different depending on the collection location in the sample, even if the dispersion liquid was prepared in the same way. 


The dispersion liquid should be measured at room temperature without conducting pre-treatment such as stirring using an ultrasonic cleaner, etc. In order to prevent scattered light from dust, all samples relating to measurement must be prepared in a clean environment.

7.3 Visual check of the dispersion liquid

Visually check for the presence of sedimentation when the dispersion liquid is obtained and before and after DLS measurement, and record the degree to which sedimentation is formed. If possible, record this image using a digital camera, etc. 


7.4 Viscosity measurement

If reliable literature values from chemical handbooks, etc., are available, the literature values may be used. However, if there are no reliable literature values, it is recommended that the dispersion sample viscosity be measured. 

NOTE 1   If the dispersion medium is used as the cell culture medium, an Ubbelohde viscometer, etc., can be used. Immerse the viscometer in the thermostatic water bath and control the temperature to ±0.1 °C or lower. 

NOTE 2   The dispersion sample viscosity may significantly increase due to the presence of nanoparticles. In this case, it is recommended to compute the dispersed viscosity by measuring the protein concentration using an appropriate measurement method (e.g.: Field Flow Fractionation method), taking into account that the viscosity of the dispersion medium is proportionate to the protein concentration in the medium.


7.5 Cleaning of equipment to be used for DLS measurement

All sample containers and test instruments that come into contact with the dispersion liquid must avoid being contaminated by particulates and previously-used particle samples. For instance, it is recommended that measurement cells and syringes which are repeatedly used be optically cleaned*. 


Pasteur pipettes, etc., that are usually disposable may often be used as is, but may be optically cleaned if necessary. If optical cleaning is not possible, the instruments should be washed using dust-free solvent that has been filtered or distilled. If contamination is found in the measurement cells, containers, solvents, etc., they should not be used.

Note*: “Optical cleaning” to wash instruments that are repeatedly used is a cleaning method that uses the reflux of boiling acetone vapor. Acetone is condensed using cooling pipes flowing with cold water, and the acetone droplets are used to wash the instruments for about 30 minutes and the instruments are then dried. This is similar to a regular reflux device, but requires a way to make the instruments stand up. 


7.6 Blank measurement

In order to verify that there are actually no contaminated particles, a blank measurement is conducted in advance. Normally, the scattered light intensity of water, etc., used to wash the measurement cell or dilute the sample is measured. If there is contamination, strong scattered light is observed. 


NOTE   If the cell cannot be removed from the device, the cell is repeatedly washed with clean solvent, or washed with the sample and checked for scattered light to evaluate the presence of contamination. 

7.7 DLS measurement

7.7.1 Qualifications

The DLS device is operated by someone who has received sufficient training and can operate the device adequately. The measurement skills are assessed in advance, for instance, by whether the person can report values that match the authorization values of the particle size reference material.

7.7.2 Measurement environment

The device should naturally be installed in a clean environment, and it is preferred that the environment in which the instruments are handled, the environment in which the sample is prepared, and the garments worn by the measurer, etc., are also clean. In particular, be aware that water can easily be contaminated with dust that interferes with measurement. 


7.7.3 Preparation of DLS device

In order to obtain stable data, the device should be warmed up before measurement. The measurement cell must have reached the preset temperature before measurements are taken. In addition, the temperature must stay within the prescribed temperature range during measurement. The temperature range should preferably be within ±0.3 °C. 

NOTE 1   The stability of the laser greatly depends on the type of laser device, but the device normally needs to be warmed up for 15~30 minutes in order to stabilize the laser intensity and measurement cell temperature. 


NOTE 2   It is recommended to evaluate whether the measurement cell has actually reached the set temperature in advance. If the volume of the measurement sample is large (e.g. internal diameter of 9mm and volume of 2 mL) it may take a long time for the measurement cell to reach the set temperature. For instance, it may take 45 minutes or more for the temperature to rise from room temperature of 22 °C to the set temperature of 25.0 °C controlled to ±0.1 °C. 


7.7.4 Measurement and analysis

Measurement and analysis is conducted according to the procedure manual of each device. It is recommended that measurements be repeated at least three times in order to evaluate the repeat accuracy of the measurements. 


7.7.5 Records

In order to ensure traceability and reproducibility, it is recommended that the following measurement conditions and results be recorded: 


(a) Measurement conditions: dispersion sample information, measurement time, measuring time period, temperature of dispersion sample, refractive index of the dispersion sample, dispersion sample viscosity, dispersion sample concentration, laser wavelength, scattered light intensity of the blank and dispersion sample, etc..

(b) Measurement results: scattering intensity average particle size calculated using a device, etc.; scattered light intensity and polydispersity. If necessary, the mass-based mean particle size, number-based average particle size, particle size distribution, appearance of the dispersion sample, etc.

8. Data analysis

8.1 Computation

The reported values of the average particle size and scattered light intensity, etc., are determined as the average of repeated measurements. The method of computing the average value can be selected, but the computation method should be reported. 

8.2 Uncertainty evaluation

It is recommended to evaluate uncertainty with respect to the reported values. At this time, the uncertainty evaluation method should be specified in order to show the validity of the evaluation method. As detailed uncertainty evaluations of DLS measurement pose difficulty, only the major uncertainty factors can be estimated. Factors of uncertainty include the type of device, measurement method, analysis method, and repeat measurements, etc. 


If it is not possible to evaluate the systematic error of the device compared to other devices in advance, this can be estimated from published documents. However, the source of the document should be reported.

9. Reporting

It is recommended that the following items be reported in order to ensure traceability when providing the dispersion liquid to a third party such as the user.

9.1 General information

(a) Detailed information to identify the dispersion sample (e.g.: particle sample information, dispersion preparation method, dispersion medium information, date that the dispersion sample was obtained, delivery method)

(b) Measurement date, name of measurer, and measuring agency name

(c) Information regarding the reference material used for equipment validation (include producer name) and date that validation was implemented

(d) Dispersion sample storage conditions (e.g.: storage temperature, storage location, storage period)

(e) Results of the visual check of sedimentation formation (e.g.: images taken with a digital camera)

9.2 Equipment, test and analysis conditions

(a) Equipment name, model, and manufacturer name 

(b) Particle size reference material used for validation and validation results

(c) Measurement cell cleaning conditions

(d) If diluted, information regarding the reagent used for dilution 

(e) If possible, the particle sample concentration in the dispersion sample

(f) Dispersion liquid refractive index and viscosity (literature information in the case of literature values)

(g) Measured temperature

(h) Measurement method (time correlation or frequency analysis) and analysis method (cumulant approach, etc.)

(i) Measurement angle 

(j) Dispersion medium composition information (qualitative information also allowed)

(k) Volume of dispersion sample in the cell 

(l) Computation method of reported value (e.g.: averaging method)

(m) Computation method of uncertainty and source of documents as required

(n) Number of repeated measurements

9.3 Measurement results

(a)  Scattering intensity average particle size and the repeat standard deviation or uncertainty 

(b)  Mass-based average particle size and number-based average particle size and the repeat standard deviation or uncertainty 

(c)  Scattered light intensity and the repeat standard deviation or uncertainty 

Annex A. Accuracy assessment

A.1 Fluctuations between DLS devices

For the actual Project, a simple evaluation was conducted regarding the systematic error among commercial DLS devices. In other words, polystyrene latex monodispersed particle size reference material (average particle size is approximately 75 nm) was used as a common sample, and compared the scattering intensity average particle size measured using four different types of DLS devices. The measurements were conducted at 25 °C, and data analysis was conducted according to the standard procedures specified by each device. One of the four devices was the high-precision DLS device developed by the National Institute of Advanced Industrial Science and Technology, and the values of this device can be used as the standard.

The results are shown in Figure III-5.1. The standard deviation of the six data was 1.2 nm (relative standard deviation of 1.6 %), and were identical in terms of the range of uncertainty. 

If the high-precision DLS device (“high-precision”) is set as the standard for Figure III-5.1, it can be seen that the values of other commercial devices fall almost within the uncertainty (expressed as an error bar) of the high-precision DLS device. Based on such data, the uncertainty among devices can be evaluated to a certain degree. 


For “high-precision” and “semi-high precision,” the values for the measurement angle and concentration are extrapolated to zero, and for the latter, the “General purpose-1” device is used. The intensity average particle size values for devices other than “high-precision” and “semi-high precision” are finite particle concentration values, and may change to a certain degree if the concentration changes. 





Figure III-5.1 Scattering intensity average particle size of the polystyrene latex reference material measured using four types of DLS devices

A.2 Dispersion sample of metal oxide nanoparticles

Table III-5.1 shows the typical standard deviations of fluctuations between devices and between analysis methods of particle size distribution as well as daily fluctuation, calculated from intensity-averaged particle size data of some metal oxide nanoparticle samples dispersed in a DMEM cell culture medium with the addition of fetal bovine serum (FBS) (refer to V-2).

The table also shows the combined standard uncertainty and the relative combined standard uncertainty calculated from these standard deviations.

Table III-5.1 Assessment example of the average particle size and its uncertainty with regards to dispersion samples of metal oxide nanoparticles

		Metal oxide 

(sample name)

		Intensity- averaged particle size



DLS


d




(nm)

		Combined standard uncertainty



(


)


DLS


d


u




(nm)

		Relative combined standard uncertainty



(


)


DLS


DLS


d


d


u




(nm)

		Daily fluctuation



(


)


DLS


d


d


u




(nm)



		Fluctuation between devices



(


)


DLS


a


d


u




(nm)
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		Titanium dioxide, TiO2

		162.4

		8.1

		5.0 %

		6.0

		3.1

		4.4



		Nickel oxide, NiO

		140.6

		6.4

		4.6 %

		6.1

		1.5

		1.0



		Zinc oxide, ZnO

		120.9

		7.7

		6.4 %

		3.7

		5.6

		3.8



		Aluminum oxide, Al2O3

		132.4

		7.8

		5.9 %

		5.3

		4.7

		3.4



		Cerium oxide, CeO2

		148.4

		7.5

		5.1 %

		5.5

		3.7

		3.4





Annex B. Practical example

An example of measuring the particle size of industrially manufactured and sold fullerene nanoparticles dispersed in a culture solution is shown.

B.1 Test outline

A dispersion sample was divided into three dispersion samples, and an in vitro test, DLS measurement and concentration measurement were conducted simultaneously at three different locations. For the DLS measurement, the scattered light intensity and scattering intensity average particle size was measured for four days. Three different devices were used on each measurement day and the average particle size was found using two types of particle size distribution analysis methods. 


B.2 DLS measurement conditions

The DLS measurement conditions are shown in Table III-5.2.

Table III-5.2 DLS measurement conditions

		Item

		Conditions



		Particle sample 

		Fullerene (C60)



		Dispersion sample 

		Liquid resulting from dispersing the particle sample in the dispersion medium below



		Dispersion sample preparation method

		Preliminary adsorption method*



		Sample container 

		Polypropylene centrifuge tube 



		Dispersion medium 

		DMEM (cell culture medium) containing 10 % FBS (fetal bovine serum). Also contains a pH indicator.



		Dispersion sample storage conditions

		Refrigerated (temperature of 4~5 °C)



		Particle sample mass concentration 

		0.15±0.01 mg/L (measured using fluorescent X-ray analysis)



		Dispersion sample viscosity

		0.949 cP (estimated using the Field Flow Fractionation method)



		Equipment name (measurement method, manufacturer name, etc.)

		Refer to B.3



		Particle size reference material used for the equipment validity check 

		Polystyrene latex 



		Cleaning

		Measurement cell is repeatedly cleaned using ultrapure water



		Measured temperature

		25.0±0.1 °C





Note*：Method of compensating the protein loss in the culture medium due to centrifugal separation.

B.3 Equipment and instruments

An outline of the three different devices used for measurement is shown in Table III-5.3. Below are the main devices used for measurement:


(a) Quartz 5 mmφ light scattering measurement cell 

(b) Centrifuge tube made of polypropylene and polyethylene (25 mmφ) 

(c) Pasteur pipette (with high SiO2 purity) 

(d) Disposable pipette (made of polypropylene) 

(e) Ultrapure water (for cleaning equipment; filtered with a 0.1 μm filter) 

Table III-5.3 Equipment used for measurement

		Equipment

		Measurement method

		Wavelength

nm

		Angle

deg

		Sample volume

mL

		Measurement cell



		

		Optical system 

		Data analysis method 

		

		

		

		



		D

		Homodyne

		Photon correlation method 

		632.8

		90

		0.5

		Quartz NMR tube (5mm diameter) 



		F

		Homodyne

		Photon correlation method 

		660

		90

		5

		Centrifuge tube made of polypropylene and polyethylene



		U

		Heterodyne

		Frequency analysis method 

		780

		180

		0.3

		





B.4 Visual check of sedimentation formation

An example of the sedimentation conditions of the sample is shown in Figure III-5.2. No sedimentation is observed. The reddish-brown color is due to the absorption of the aggregate of the phenol red indicator and fullerene.

(a) Appearance on Day 1

(b) Appearance on Day 4

 SHAPE  \* MERGEFORMAT 



 SHAPE  \* MERGEFORMAT 




Figure III-5.2 Appearance of dispersion sample in which fullerene nanoparticles were dispersed in the culture medium

B.5 Flow of measurement procedures (refer to III-5. Annex Cfor detailed procedures)

B.5.1 Measurement preparations (to be made by the day prior to measurement)

(a) Cleaning of the measurement cell using purified water in order to remove any adhered water-soluble contamination

(b) Optical cleaning of the measurement cell using acetone in order to remove any adhered dust

(c) Verification of temperature control in the device (not full-time)

B.5.2 Measurement

(a) Start up the Dynamic Light Scattering equipment

(b) Preparation of the measurement sample

(c) Accuracy testing of the measuring equipment (using standard particles)

(d) Actual sample measurement (diffusion coefficient measurement + solvent viscosity measurement)

(e) Data analysis

B.6 Measurement results

The DLS measurement results are shown in Table III-5.4. 

Table III-5.4 Average particle size and standard uncertainty of fullerene nanoparticles

		Characteristics

		Symbol 

		Value ± standard uncertainty (nm) 



		Scattering intensity average particle size  

		

DLS


d




		219±16



		Number (number-based) average particle size 

		

n


d




		125±10





B.7 Stability evaluation results

Figure III-5.3 shows the temporal changes in the scattering intensity average particle size and scattered light intensity over the four days. There are hardly any changes in either of them, and the dispersion sample is stable. In other words, the figure indicates that the fullerene nanoparticles (secondary particles) are stably dispersed. 


In Figure III-5.3, the scattered light intensity was measured with device D, and the relative values in reference to the measured value on the first day (with the value being 1) are plotted. The average particle size of each measurement day is the average of data obtained from the three devices. The error bar of the average particle size is the overall uncertainty. As no drastic increases or decreases are seen in either value, it is presumed that the sample is stable. 


00.511.520 50 100 150 200 250 300 0 1 2 3 4 5 


相対散乱強度平均粒子径(nm)測定日




Figure III-5.3 Daily changes in the scattering intensity average particle size (○) and scattered light intensity (●) of fullerene (C60) particles dispersed in the cell culture medium

Annex C. Details of procedures shown in the practical example

This annex shows details of procedures shown in III-5. Annex B. Practical example.

C.1 Measurement preparations (to be made by the day prior to measurement)

C.1.1 Washing of the measurement cell using purified water

The measurement cell is washed using purified water. Abrasives, etc., are not used for cleaning to prevent the cell from being damaged. There is a high possibility that water-soluble substances such as proteins are adhered onto the measurement cell used for the culture, etc., so the cell is repeatedly washed with purified water, and a visual check is conducted each time using a black light to make sure that no components are attached to the cell.


C.1.2 Optical cleaning of the measurement cell using acetone

The measurement cell is cleaned using acetone in order to remove any adhered dust on the surface.  After a device such as in Figure III-5.4 is assembled, the measurement cell is washed by dripping reflux-distilled acetone from above. As acetone may remain in the measurement cell, the cell is washed by the previous day and sufficiently dried. It is recommended that drying be conducted in a dust-free room without using a dryer, etc.



Figure III-5.4 Acetone washing machine

C.1.3 Verification of temperature control in the device

In the Dynamic Light Scattering method, the measured particle size values change with changes in temperature, so it is necessary to consider temperature control. Therefore, a measurement solvent is placed in the measurement cell which is installed in the device, and a high-precision thermometer, etc., is used to evaluate the time taken until the set temperature is reached after installation. 


In order to enhance the accuracy of temperature control in the device, it is preferred that measurement be conducted in a temperature-controlled room. It should be noted that the time taken until the set temperature is reached changes significantly depending on the sample volume. 


C.2 Measurement

C.2.1 Starting up the dynamic light scattering device

Wait at least 30 minutes until the cell temperature reaches the set temperature and stabilizes. Furthermore, wait at least 30 minutes after the device is started up until the intensity of the laser stabilizes. 

C.2.2 Collection of the measurement sample

Open the lid of the dispersion sample which was kept stationary in a cool and dark place (4 °C), and collect 0.5 mL of the sample using a Pasteur pipette or a disposable pipette from a depth of 1 cm below the surface, keeping the sample as still as possible. When doing this, make sure not to disturb the water surface. The sample collection location should be the same sample collection location as for the toxicity test implementation.


C.2.3 Accuracy check of the measurement device

In order to ensure traceability of the measurement values of the Dynamic Light Scattering method, evaluate the device using polystyrene latex particle size reference material. This is also important in terms of checking the cleaning conditions of the cell. 

C.2.4 Diffusion coefficient measurement of the dispersion sample

Adjust the position of the measurement cell so that the laser shines in the center of the dispersion sample. This is because the measurement accuracy significantly decreases if the measurement is taken at the surface or bottom of the sample liquid. Also check that the laser does not hit the scratches on the cell wall. 


After installing the measurement cell in the device, keep the sample still until the temperature of the dispersion sample reaches the set temperature (evaluate in advance the time until the set temperature is reached).

After the set temperature is reached, adjust pinholes, etc., so that the scattered light intensity can be sufficiently observed. Review the measurement time, etc., so that an adequate time correlation function can be obtained. For instance, consider measurement conditions that sufficiently attenuate the time correlation function for measurement using the photon correlation method. Ensure a sufficient cumulative number for the diluted sample or dispersion sample with small particle sizes. 


Repeat measurements at least three times to verify the reproducibility (short-term) of the measured values. If the measured particle size values significantly change in repeat measurements, note that there is a possibility that the dispersed state of the particles may be changing during measurement. 

C.2.5 Solvent and dispersion sample viscosity measurement

The solvent viscosity measurement is conducted using the Ubbelohde viscometer. After installing the viscometer in the thermostatic water bath, keep it still until the set temperature is reached (e.g.: 30 minutes). Repeat measurements at least three times.  

C.2.6 Data analysis

Analyze the obtained time correlation function using the analysis software incorporated into the measuring device. In terms of analysis methods, use the CONTIN method, histogram method, or the multidisperse method, which apply to polydispersity in addition to the cumulant approach or monodisperse method. Print and store the data. 


For the analysis based on the photon correlation method, set an appropriate correlation time range, and check that the regression of the curve is adequate for each measurement. Note that the reliability of the measured values may significantly decrease for analysis methods in which the measurement data and the regression curve do not match well. It is also recommended to evaluate the effects of other analysis parameters on the particle size values. 


All data that is required in the report (e.g.: average particle size values) should be output. The results output on paper from the various devices should also be kept with the report. 

Authors of III-5.

Shinichi Kinugasa, Haruhisa Kato, Kayori Takahashi

III-6(1) Preparation method of transmission electron microscope samples for a fullerene dispersion liquid

Introduction

In order to ensure reliability in the nanoparticle toxicity test, it is necessary to understand the size, shape, and composition, etc., of the tested nanoparticles. A transmission electron microscope (TEM) has high spatial resolution and enables shape and composition analysis, crystalline structure analysis, and analysis of chemical bonding conditions, etc., and is thus the most effective nanoparticle measuring method. 


III-6(1) shows the procedures for preparing samples to observe fullerene nanoparticles dispersed in a liquid phase under a TEM. Nanoparticles generally have strong agglomerating/aggregating properties, and nanoparticles dispersed in a liquid phase easily aggregate in the process of preparing a TEM sample. In particular, as an aqueous solvent is used for nanoparticle dispersion liquid used in biological tests, the nanoparticles easily aggregate when the solvent is being dried in comparison with a nanoparticle dispersion liquid that uses a highly-volatile organic solvent. Therefore, the sample is prepared using a method that prevents aggregation.

1. Scope

The procedures shown in III-6(1) apply to the retention of nanoparticles from a liquid phase nanoparticle dispersion system in which the primary particle size is 100 nm or smaller onto a TEM grid with a carbon support membrane that has a diameter of 3 mm. Here, fullerene nanoparticle dispersion liquid is used.

2. Normative references

None

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment and materials

4.1 Microgrid with support membrane

A metal grid that is tens of micrometers in thickness with a membrane that is tens of nanometers or smaller in thickness attached on it in order to retain the observation sample, such as powder. An amorphous carbon membrane is normally used. 


4.2 Hydrophilic treatment device

A device that introduces hydroxyl by plasma-treating the surface of the microgrid with support membrane, making it hydrophilic.

5. Preparation method

5.1 Pre-treatment of the TEM grid

The support membrane surface of a microgrid with support membrane for transmission electron microscopy that has a diameter of 3mm is made hydrophilic using a hydrophilic treatment device. 


5.2 Preparation of the TEM sample

Filter paper is placed on a hot plate that has been warmed to 80 °C, and the hydrophilized microgrid with support membrane is placed on top of this. 

10 μL of the fullerene nanoparticle dispersion liquid is collected using a micropipette, and dripped onto the microgrid with support membrane on the hot plate. 


The microgrid with support membrane is dried.

6. Electron microscope observation results

TEM images of the sample prepared from the fullerene nanoparticle dispersion liquid using the method in 5 are shown in Figure III-6.1. The device used was Carl Zeiss EM-922, and the sample was observed at an accelerating voltage of 200 kV. 

From image (b), it can be seen that the primary particle size of the fullerene particles is approximately 30 nm, and from image (c) the crystal lattice fringes of the fullerene particles can be observed, showing that the fullerene particles have a crystalline structure. 




Figure III-6.1 TEM images of fullerene nanoparticles

Scale bar: (a) 500 nm, (b) 100 nm, (c) 20 nm

Author of III-6(1)

Kazuhiro Yamamoto

III-6(2) Preparation method of transmission electron microscope samples for lung tissues that contain fullerene

Introduction

Studying the uptake of nanoparticles into cells and biological tissues, damage to tissue cells through morphological observation, and migration to other tissues and elimination from the body during animal testing by means of gas-phase inhalation exposure and intratracheal instillation of nanoparticles and toxicity tests such as test-tube tests wherein nanoparticles are added to a cell culture are important for determining the results of toxicity tests. 


A transmission electron microscope (TEM) has high spatial resolution and enables shape and composition analysis, crystalline structure analysis, and analysis of chemical bonding conditions, etc., and is thus the most effective nanoparticle measuring method.


III-6(2) shows the procedures for preparing samples for observing biological tissues under a TEM in toxicity tests using nanoparticles. Bioligical tissues change each second from the moment biological activity stops, so it is important to prepare a TEM sample in which biologically active tissue is maintained.

1. Scope

The procedures shown in III-6(2) apply to the preparation of TEM samples of lung tissue into which nanoparticles were inhaled or injected, during animal tests involving the gas-phase inhalation exposure or intratracheal instillation of nanoparticles using rats. Here, lung tissue of rats that were intratracheally instilled with fullerene nanoparticle dispersion liquid is used.

2. Normative references

None

3. Terms, definitions and symbols

For terms and definitions other than those below, refer to 1. and 2. of Chapter II.

3.1 Fixation

A treatment that stops structural changes in tissue due to the cessation of biological activity and keeps the tissue close to living condition. Broadly classified into chemical fixation and physical fixation. 


3.2 Chemical fixation

Method of retaining the structural form by stabilizing the proteins and fats in the cells through the oxidation-reduction reaction.


Aldehyde fixatives and heavy metal fixatives, etc., are used. 

3.3 Physical fixation

Method of keeping tissue close to living condition by instantaneously freezing the water in the tissues and cells. 


3.4 Buffer solution

A solution that prevents the pH from drastically changing due to the addition of some acids or bases or concentration changes, as biological tissue is sensitive to pH. In the preparation of electron microscope samples of biological tissue, phosphate buffer solutions and cacodylic acid buffer solutions are commonly used. 

3.5 Trimming

The process of shaping the cutting surface of the resin-embedded biological sample block to make it easier to slice.

4. Equipment and materials

4.1 Ultramicrotome

Device to cut resin-embedded biological tissue in slices that are 100 nm thick or less using a diamond knife. 


4.2 Pressurized syringe

Used to pressurize the syringe for use in tissue containing air, such as alveoli, so that liquids such as fixatives penetrate the alveoli. 


4.3 Thermostatic bath

A thermostatic bath that can keep the temperature constant at 60 °C.

5. Preparation method

In order to observe living cells and tissue under a TEM, the living tissue must be kept as it is. This treatment is called fixation. Fixation includes the chemical treatment method and the physical fixation method, but here, fixation indicates the chemical fixation method. Fixed living cells and tissue contain water, and thus cannot be introduced into the vacuum environment of a TEM. Furthermore, tissues must be cut into segments that are 100 nm or less in order to be observed under a TEM, and therefore the tissue needs to be embedded in resin, but as resin has a low affinity for water, it is difficult to directly impregnate the resin in the tissue. Thus, water is normally displaced with alcohol and then displaced with resin. 


5.1 Pre-treatment of the extracted lung

Normal saline is injected into the dissected and extracted lung, inflating the lung. A normal saline pack is set at a height of approximately 50cm above the lung, and normal saline is gradually injected into the lung airway with water pressure. 


5.2 Prefixation of lung tissue

The airway is tied with string so that normal saline injected into the lung does not escape, and the lung is fixed by immersing it in ice-cooled (4 °C) 2.5% glutaraldehyde - 0.1 M phosphate buffer solution (glutaraldehyde fixative) for five minutes. 

An approximate 1mm square of the observation region of the lung tissue is cut out using a razor. 


The lung tissue is immersed into the glutaraldehyde fixative in the pressurized syringe. The lung tissue floats at first, but settles as pressure is applied and the fixative enters the alveoli. The lung tissue is kept in a pressurized condition in ice-cold temperatures for 20 minutes. The pressure is then reduced to normal, and the lung tissue is transferred to a glass vial and kept in ice-cold glutaraldehyde fixative for 95 minutes (the lung tissue will have been kept in the glutaraldehyde fixative for a total of 120 minutes). 


5.3 Washing of lung tissue

The lung tissue is washed with 0.1 M phosphate buffer solution. After soaking the tissue in an ice-cold phosphate buffer solution for five minutes, the phosphate buffer solution is exchanged. After repeating this procedure three times, the lung tissue is soaked for 20 minutes, and the phosphate buffer solution is exchanged again. This is repeated three times. 


5.4 Postfixation of lung tissue

The lung tissue is soaked in ice-cold 1 % osmium tetroxide - 0.1 M phosphate buffer solution and kept for two hours. 

5.5 Washing of lung tissue

The lung tissue is washed with distilled water. The water is replaced after ten minutes, and this process is repeated twice. 

5.6 Dehydration of lung tissue

Stir in a compound liquid of 50 % ethanol - 50 % water; keep for 5 minutes. Rrepeat this three times. 

Stir in a compound liquid of 70 % ethanol - 30 % water; keep for 5 minutes. Stir after the liquid is replaced, and keep for 10 minutes. 

Stir in a compound liquid of 80 % ethanol – 20 % water; keep for 5 minutes. Stir after the liquid is replaced, and keep for 10 minutes. 

Stir in a compound liquid of 90 % ethanol – 10 % water; keep for 15 minutes. Stir in the water mixture and keep for 15 minutes. Repeat this twice.

Stir in a compound liquid of 95 % ethanol – 5 % water; keep for 15 minutes. Repeat this twice.

Stir in 100 % ethanol; keep for 30 minutes. Repeat this twice.

5.7 Resin-embedding of lung tissue

Stir in n-butyl glycidyl ether; keep for 15 minutes. Repeat this twice.

Stir in a compound liquid of 50 % n-butyl glycidyl ether – 50 % epoxy resin; keep for two hours. 

Stir in a compound liquid of 33 % n-butyl glycidyl ether – 67 % epoxy resin; keep overnight. 

Stir in epoxy resin solution; keep for 7 hours. 

Deaeration treatment in a vacuum. 

Keep in a 60 °C thermostatic bath for 48 or more hours to harden the epoxy resin. 

5.8 Preparation of an ultrathin slice

Trim so that the sample to be cut with an ultramicrotome is 0.5 mm square.  

Prepare a slice of 50~100 nm in thickness with the ultramicrotome using a diamond knife. 

Place the slice on a TEM grid that has been subjected to hydrophilic treatment.

5.9 Staining and reinforcement of the ultrathin slice

Stain the ultrathin slice with 2% acetic acid uranium aqueous solution and lead stain solution as needed. Evaporate and reinforce the thin carbon film as needed.

6. Electron microscope observation results

Figure III-6.2 shows TEM images of the sample of a rat lung three months after intratracheal distillation of the fullerene nanoparticle dispersion liquid (prepared so that the fullerene content was 0.2 mg/body) which was prepared according to the method in 5. Hitachi H-7000 was used for images (a) and (b) of the figure, and observed with an accelerating voltage of 80 kV. Carl Zeiss EM-922 was used for images (c) and (d) of the figure, and observed with an accelerating voltage of 200 kV.


The crystal lattice fringes of the fullerene particles can be observed in image (c), showing that the fullerene particles have a crystalline structure. The electron diffraction shown in image (d) also shows that the fullerene particles have a crystalline structure. 




Figure III-6.2 TEM images of alveolar macrophages

(b) is an enlarged image of the red circle in (a); (c) is an enlarged image of the red circle in (b).

Author of III-6(2)
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IV. Carbon nanotubes

IV-1(1) Preparation method of multiwall carbon nanotube samples of liquid phase dispersion for in vivo systems – Solidification and pulverizing method

Introduction

In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal instillation test to investigate the effects of nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles generally have strong agglomerating/aggregating properties, and in order to satisfy such requirements, it is necessary to disintegrate the nanoparticle aggregates and make them into primary particles. At the same time, it is necessary to control the characteristics of the dispersion medium using surface chemistry methods and keep the disintegrated nanoparticles in a stably dispersed state.


IV-1(1) shows the procedures for preparing a multiwall carbon nanotube (MWCNT)-water dispersion sample to be used as a sample for in vivo testing. Generally, MWCNT forms aggregates of 50 μm to a few hundred μm comprising tangled single fibers of 10 μm or more in length. Therefore, mechanical action is required to isolate and disperse MWCNT into as constant lengths as possible and into single fibers as much as possible. Furthermore, interfacial chemical treatment that has little effect on the body is required in order to obtain a stable MWCNT-aqueous dispersion sample.

1. Scope

The procedures shown in IV-1(1) apply to the preparation of a MWCNT-aqueous dispersion sample whose multiwall carbon nanotube (MWCNT) aggregates are cut to a length of 5 μm or shorter using the solidification and pulverizing method, and which is isolated and dispersed at a solid concentration of 1 mg/mL or lower by adding an appropriate dispersant, as well as whose dispersed state is stably maintained at room temperature over approximately one month. 


The solidification and pulverizing method is a method of dispersing and then solidifying carbon nanotubes (CNT) in fructose, etc., dry milling the solidified substance, and cutting the CNT as well as dispersing it in liquid.

2. Normative references

None in particular.

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment and instruments

4.1 Pulverizer (planetary ball mill)

Used to cut MWCNT and pulverize the solidified MWCNT- fructose. If the P-6 manufactured by FRITSCH is used (Figure IV-1.1), a zirconium pot with an interior capacity of 250 mL is filled with approximately 400 g of zirconium balls with a diameter of 20 mm, and the MWCNT-fructose is ground at a rotational frequency of 450 rpm (rotation/revolution ratio=-9/11). 




Figure IV-1.1 Planetary ball mill

4.2 Ultrasonic homogenizer

Used to redisperse the ground MWCNT and filtration residue and to redisperse the centrifugally separated dispersion liquid. An ultrasonic irradiation device capable of an output of 50W or above, in which the ultrasonic probe is directly inserted in the liquid. (e.g.: Model 250 or Model 450 of Branson Ultrasonic Corporation). 

4.3 Particle size adjustment and dispersion liquid purifying devices

4.3.1 Centrifuge

Centrifuge that can be operated at a centrifugal acceleration of 20,000×g or above for removing large particles and impurities in the dispersion liquid and adjusting the particle size distribution. 


4.3.2 Filtration equipment

Filter with a pore diameter of 0.45 μm and 1 μm membrane to remove large particles and impurities in the dispersion liquid. 


4.4 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.8.

5. Sample

5.1 Dispersion medium

For the dispersion medium, purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated using an endotoxin removal filter (e.g.: BioPak of Millipore) and to which a dispersant of a specified concentration has been added is used.


5.2 Dispersant

Triton X-100 (polyoxyethylene-p-isooctylphenol). Triton X-100 has often been used to stabilize the CNT-aqueous dispersion system, and is suitable for preparing test samples of a wide range of CNT concentrations. The concentration is adjusted according to the concentration of the suspended CNT. However, concentrations of 3 mg/mL or above are not suitable for intratracheal instillation test samples using rats.

5.3 Bulk powder

Dried solid MWCNT.

6. Preparation method

6.1 Hydrophilic treatment

2.0g of MWCNT is ground in 50 mL of ethanol for four minutes using a planetary ball mill. At this time, 1 mL of butanol is added as a grinding aid. After grinding, 300 mL of purified water is added to the CNT-ethanol dispersion liquid collected in a 500 mL beaker while it is stirred using a stirrer, the dispersion liquid is heated at 120 °C for five hours, and the ethanol is evaporated to create CNT- aqueous dispersion liquid. 

6.2 Solidification

30 g of fructose is added to the CNT-aqueous dispersion liquid and kneaded while kept heated to   120 °C. The water is evaporated and the kneaded product is transferred to a Teflon beaker when the volume is about 100 mL. After being left in a dryer kept at 120 °C for five days, it is cooled in a desiccator, and MWCNT-dispersed solidified fructose is obtained. 


6.3 Cutting

The MWCNT solidified substance, which was preliminarily ground to 2 mm or smaller using an iron mortar, etc., is then pulverized using a planetary ball mill at a rotational frequency of 450 rpm. At this time, 0.2 mL of butanol is added as a grinding aid. The sample is pulverized for two minutes followed by cooling at room temperature for 15 minutes and reopening this process for ten cycles. During cooling, the powder that has adhered onto the wall of the mill is scraped and pulverized again after making it into a powdery state using a pestle. 

6.4 Cleaning

A sieve with a mesh size of 5 mm is used to separate the sample in the mill into the sample and grinding balls. The undersize sample suspended in 300 mL of purified water is heated at 80 °C and stirred for 24 hours, and then filtered using a membrane filter with a pore diameter of 0.45 μm. The filtration residue is ultrasonically dispersed in 300 mL of purified water, and after heating for two hours, it is also filtered in the same way. This process is repeated until the sugar content (Brix %) is 0.1% or fewer. The sugar content is measured using a portable sugar meter. 


The resulting filtered residue is dispersed in 400 mL of purified water, and after adding 5 mL of aqueous ammonia, 100 mL of hydrogen peroxide is added, and this is heated for 12 hours at 80 °C while stirring with a stirrer. 


6.5 Ultrasonic dispersion

The MWCNT dispersion liquid cleaned of the surface sugar is filtered in a membrane filter having a pore diameter of 1 μm. The filtration residue is ultrasonically dispersed for 30 minutes in 900 mL of Triton X-100 aqueous solution. 


6.6 Classification

The MWCNT dispersion liquid is classified by means of centrifugal separation. The settled matter that was centrifugally separated at a centrifugal acceleration of 3,000×g is ultrasonically dispersed for 30 minutes in 300 mL of Triton X-100 aqueous solution of a specified concentration. Centrifugal separation at 3,000×g is repeated 3~5 times for such settled matter. The resulting supernatant liquid is subjected to further centrifugal separation at 20,000×g. The settled matter obtained at 20,000×g is ultrasonically dispersed for 30 minutes in 300 mL of Triton X-100 aqueous solution of a given concentration, and the MWCNT aqueous dispersion sample is obtained. 

6.7 Concentration adjustment

The particle concentration evaluation of 7.3 is conducted, and the concentration is adjusted to the specified MWCNT concentration using the specified Triton X-100 aqueous solution.

6.8 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3.

7. Dispersion liquid assessment

7.1 Particle size distribution measurement

It is difficult to define the “particle size” of anisotropic particles such as CNT, and depending on the measurement method, the physical significance of the obtained values is not clear. Therefore, the stability, etc., is evaluated based on the relative relationship of the measurement values, or the geometric characteristics are evaluated based on comparison with images. 


Evaluation is conducted by using the Static Light Scattering method, laser diffraction method, or the Dynamic Light Scattering method. However, for the Dynamic Light Scattering method, the physical significance of the obtained “particle size distribution” is not clear and the results need to be handled with care. 


For samples with a wide distribution or samples in which particle sedimentation is clear, other measurement methods, such as the sedimentation method, is used concurrently.


The measurement results are expressed as a cumulative distribution or frequency distribution or representative diameter. At this time, the basis of distribution (scattered light intensity-based r=6, number-based r=0 or mass-based r=3) or the definition of the representative diameter is given. The representative diameter is expressed in terms of median diameter or average diameter for each basis.  If the Dynamic Light Scattering method is used, the physical properties used (dispersed viscosity, refractive index of the dispersion medium, and measured temperature) are also described.  


7.2 Observation of dispersed state

The dispersed state is observed and evaluated using TEM and SEM. The CNT length and thickness is evaluated using the TEM or SEM images. 


7.3 Particle concentration assessment in the dispersion liquid

Weigh 10 mL of MWCNT aqueous dispersion sample (m1 mg) onto a platinum dish (mass m0 mg). Weigh after drying with a dryer for 3~5 hours at 120 °C (m2 mg). Next, weigh after burning in an electric furnace for 30 minutes at 350 °C (m3 mg). Compute the MWCNT concentration CCNT in accordance with formula (1). 
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Check the dispersant concentration Cdis using formula (2).
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7.4 Stability evaluation

The stability is evaluated based on the temporal changes in the size (representative diameter or distribution) or concentration of the particles in the dispersion liquid. Stability evaluation can also be performed based on the Zeta potential measurement or sedimentation property.


7.5 Evaluation of changes in the crystalline structure

The changes in the crystalline structure are evaluated and verified using X-ray diffraction or Raman analysis.

8. References

Kunio Uchida, Motoo Yumura, Satoshi Ohshima, Hiroki Ago, Patent No. 3650819 “Method of Cutting Carbon Nanotubes” (March 4, 2005)

Annex A. Practical example

A.1 Preparation requirements

MWCNT was dispersed at a concentration of 0.5 mg/ML in a 0.05 % Triton X-100 aqueous solution. The CNT yield in the final dispersion liquid was 20~30 wt%.

A.2 Characteristics of the MWCNT-aqueous dispersion system

A.2.1 Dispersion liquid particle size distribution and stability

The scattered light-based and mass-based cumulative undersize distribution and frequency distribution found using the Dynamic Light Scattering method (UPA of Nikkiso Co., Ltd. was used) are shown in Figure IV-1.2. The measurement conditions for the Dynamic Light Scattering method were as follows: 

(a) Dispersed viscosity: 0.849 mPa･s


(b) Dispersed refractive index (relative): 1.33


(c) Measured temperature: Room temperature (no control) 

Figure IV-1.2 shows the changes in particle size distribution over a period of four weeks.

It is not clear as to what geometric information of CNT corresponds to the “particle size distribution” for fibrous materials such as CNT obtained using the Dynamic Light Scattering method. However, as no large changes in distribution Q3 are found in the four weeks from preparation, it is presumed that no changes of relative size are found. Therefore, the prepared CNT-aqueous dispersion sample can be said to be nearly stable. 


A.2.2 MWCNT dispersed state

A TEM image of MWCNT in the dispersion liquid is shown in Figure IV-1.3. The number-based and mass-based frequency distributions of the length obtained from the same image are shown in Figure IV-1.4. Here, the mass-based frequency distribution was found assuming that the shape of MWCNT was cylindrical and had a diameter of 44 μm. From the TEM images, it can be seen that the MWCNT that were cut and dispersed using this method are isolated and dispersed well. It can also be seen that their lengths have been cut to a few microns or shorter.


A.2.3 X-ray diffraction pattern

The X-ray diffraction (XRD) pattern of MWCNT classified using the method in 6.6 is shown in Figure IV-1.5. No significant changes were seen in the XRD patterns of any of the classified CNT compared to the XRD pattern of the raw material, and the effects of the solidification and pulverizing method on the MWCNT graphite structure are small.




Figure IV-1.2 Particle size distribution and dispersion liquid stability of the MWCNT dispersion liquid prepared using the solidification and pulverizing method



Figure IV-1.3 TEM image of the dispersed MWCNT




Figure IV-1.4 Dispersed MWCNT length distribution




Figure IV-1.5 X-ray diffraction pattern of MWCNT dispersed using the solidification and pulverizing method 

Authors of IV-1(1)
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IV-1(2) Preparation method of multiwall carbon nanotube samples of liquid phase dispersion for in vivo systems – Ultrasonication method

Introduction

In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal instillation test to investigate the effects of nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles and to understand their characteristics. 


Also, in order to validate the “fiber pathogenicity paradigm” for fibrous nanoparticles such as carbon nanotubes (CNT), it is important to implement toxicity tests using dispersion liquid of CNT in a relatively long fibrous state isolated and dispersed. 


IV-1(2) shows the procedures for preparing intratracheal instillation test samples regarding relatively long multiwall carbon nanotubes (MWCNT). Unlike the grinding method, no impact or shearing actions are involved, and MWCNT are isolated and dispersed using simple ultrasound. Furthermore, a stable MWCNT-aqueous dispersion sample is obtained by using surfactant with little effect on the body.


1. Scope

The procedures shown in IV-1(2) apply to the preparation of dispersion samples for the intratracheal test where MWCNT aggregates are unraveled using the ultrasonic method and then MWCNT in a relatively long fibrous state are isolated and dispersed. The maximum MWCNT concentration is 1 mg/mL. An appropriate dispersant is used to ensure dispersion stability of the dispersion liquid from the time of sample preparation to the time of the intratracheal instillation test (approximately one week). 


In these procedures, particle size and concentration are not adjusted, and after dispersing the CNT fed into the container, this is then used as the test sample. 

2. Normative references

None in particular. 

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment and instruments

4.1 Disperser

Ultrasonic bath (e.g.: Branson 5510J-MT, output 135 W, frequency 42 kHz)

4.2 Container

A 100 mL sterilized glass container with a screw-on lid (“vial”).

4.3 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.4.

5. Sample

5.1 Dispersion medium and preparation of the medium

5.1.1 Dispersion medium

10 m･mol/L phosphate buffered saline (PBS) is used for the dispersion medium in order to conduct intratracheal instillation test. In order to stably disperse MWCNT, the dispersant in 5.1.2 is added. 

For the preparation of PBS, purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated using an endotoxin removal filter (e.g.: BioPak of Millipore) is used. As PBS contains electrolytes, it generally interferes with dispersion stability. Therefore after isolated dispersion of MWCNT using a dispersion medium that contains 11 mg/mL or dispersant and does not contain PBS, 100 m･mol/L of PBS that does not contain dispersant is added, and a 10 m･mol/L PBS solution (dispersant concentration 10 mg/mL) is prepared. 


5.1.2 Dispersant

Polysorbate 80 is used for the dispersant. A dispersion medium of a concentration of 11 mg/mL (does not include PBS) for the ultrasonic dispersion of CNT is prepared using purified water treated using an endotoxin removal filter (e.g.: BioPak of Millipore).

5.2 Bulk powder

Dried solid MWCNT.

6. Preparation method

6.1 Raw material dispersion liquid

The maximum particle concentration for the test sample should be 1 mg/mL. 

The specified amount of the powder sample is put in a 100 mL vial containing 45 mL of the dispersion medium prepared in 5.1.2 that does not contain PBS, and the vial is sealed. The MWCNT mass that is fed is adjusted so that the CNT concentration in the test sample to which PBS was added in 6.3 is the concentration for the intratracheal instillation test. For instance, if the CNT concentration for the test sample is 1 mg/mL, 50 mg of CNT is fed. 

6.2 Dispersion

The 100 mL vial which contains 45 mL of the CNT dispersion liquid is put in a specified spot in the ultrasonic bath (directly above the ultrasonic resonator where the water in the ultrasonic bath vibrates most intensely). The liquid height of the ultrasonic bath is adjusted to produce the strongest resonance with the liquid surface of the dispersion liquid in the vial. 


Ultrasonic irradiation is performed for the specified time (1~2 hours) and dispersion is conducted.


Figure IV-1.6 shows the state of the MWCNT dispersion liquid under ultrasonic irradiation.




Figure IV-1.6 Dispersion using an ultrasonic bath

6.3 Addition of PBS


5 mL of the 100 m･mol/L PBS is added to the MWCNT dispersion liquid prepared in 6.2, and prepared to a 50 mL PBS solution of 10 m･mol/L.

6.4 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3.

7. Dispersion liquid assessment

7.1 Particle size distribution measurement

It is difficult to define the “particle size” of anisotropic particles such as CNT, and depending on the measurement method, the physical significance of the obtained values is not clear. Therefore, the stability, etc., is evaluated based on the relative relationship of the measurement values, or the geometric characteristics are evaluated based on the comparison with images. 


Static Light Scattering method or the laser diffraction is used for evaluation. An example of the latter is shown in Figure IV-1.7.

The measurement results are expressed as cumulative distribution Qr or frequency distribution qr or representative diameter. At this time, the basis of distribution (number-based r=0 or mass-based r=3) or the definition of the representative diameter is given. The representative diameter is expressed in terms of median diameter (number-based or mass-based) or average diameter (number-based or mass-based). If the Static Light Scattering method is used, the physical properties used (refractive index of the powder and dispersion medium) are also described.  




Figure IV-1.7 Mass-based particle size distribution and stability of ultrasonically dispersed MWCNT

7.2 Observation of dispersed state

The dispersed state is observed and evaluated using TEM and SEM. The length and thickness of CNT are evaluated from the TEM or SEM images. Examples of the SEM images and TEM images are shown in Figure IV-1.8 and an example of the length distribution is shown in Figure IV-1.9. The mass distribution was calculated assuming a cylindrical MWCNT shape and constant diameter. 



Figure IV-1.8 SEM images (a) and (b) and TEM images (c) and (d) of ultrasonically dispersed MWCNT





Figure IV-1.9 Length distribution of ultrasonically dispersed MWCNT

7.3 Stability evaluation

The stability is evaluated based on the temporal changes of the particle size (representative diameter or distribution) in the dispersion liquid. Stability evaluation can also be performed based on the Zeta potential measurement or sedimentation property.

7.4 Evaluation of changes in the crystalline structure

The changes in the graphite structure are evaluated/verified using Raman analysis or X-ray diffraction (XRD). A measurement example of the Raman spectrum is shown in Figure IV-1.10.




Figure IV-1.10 Raman spectrum of ultrasonically dispersed MWCNT
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Annex A. Practical example

A.1 Preparation requirements

MWCNT was dispersed at 1 mg/mL in 10 m･mol/L of PBS containing 10 mg/mL of Tween80. 


Branson 5510J-MT (output 135 W; frequency 42 kHz) was used for the ultrasonic bath and ultrasonic treatment was conducted at a liquid surface height of 2.2 cm.

A.2 Characteristics of the MWCNT-aqueous dispersion sample

A.2.1 Particle size distribution and stability conditions of the dispersion liquid

Mass-based frequency distribution q3 obtained using the laser diffraction method (Helos of Sympatec GmbH System-Partikel-Technik) is shown in Figure IV-1.7. It shows the respective changes in frequency distribution right after 90 minutes of ultrasonic dispersion, in the sample to which PBS in 6.3 was added to the dispersion liquid, and in the sample that was left for one week.


It is not clear as to what geometric information of CNT corresponds to the “particle size distribution” for fibrous materials such as CNT obtained using the laser diffraction method. However, as no large changes in any q3 are seen, it is presumed that no changes of relative size have occurred. Therefore, the prepared CNT-aqueous dispersion sample can be said to be nearly stable. 


A.2.2 MWCNT dispersed state

TEM and SEM images of CNT that was dispersed for 90 minutes are shown in Figure IV-1.8. In addition, the number-based frequency distribution and mass-based frequency distribution of the lengths obtained from these images are shown in Figure IV-1.9. From the TEM images, it can be seen that the MWCNT that were cut and dispersed using this method are isolated and dispersed well. The distribution of the length is 20 μm or shorter.

A.2.3 Raman spectrum

The Raman spectrum of MWCNT dispersed with different ultrasonic dispersion times is shown in 


Figure IV-1.10. No significant changes were seen compared to the Raman spectrum of the raw material and G/D ratio, and it is presumed that there are no changes in the graphite structure of MWCNT. 
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IV-1(3) Preparation method of single-wall carbon nanotube samples of liquid phase dispersion for in vivo systems – Ultrasonication method

Introduction

IV-1(3) shows the procedures for preparing single-wall carbon nanotube (SWCNT) dispersion liquid to be used as an in vivo test sample. SWCNT is dispersed using an ultrasonic bath, and a stable dispersion system is prepared using interfacial chemistry methods that have little effect on the body. 


1. Scope

The procedures shown in IV-1(3) apply to the preparation of an aqueous dispersion system with stable SWCNT using ultrasonication. 


2. Normative references

JIS K 3850-3:2000  Annex B (provisions)  “Setting of Ultrasonic Bath Operating Conditions and Standardization”

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II. 

4. Equipment and instruments

4.1 Ultrasonic processor

Bath-type ultrasonic processor that has an adequate oscillating frequency and output (so-called ultrasonic cleaner). It is preferred that the ultrasonic processor be equipped with a mechanism to cool the sample. 

4.2 Sample container

Glass container that has the strength to withstand ultrasonic treatment and has a sealable lid. 

4.3  Preliminary dispersion device

Homogenizer with rotary blades that is capable of mechanical pulverization (e.g.: POLYTRON of Kinematica, Inc.). 

4.4 Filtration equipment

A membrane filter with a pore diameter of 5 μm and a complete set of filtration equipment.

4.5 Centrifuge

Centrifuge with a capability of around 1,000×g 

4.6 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.7.

5. Reagent and sample

5.1 Bulk powder

SWCNT in dried and powder form.

5.2 Dispersant

Polysorbate 80 (e.g.: Tween 80 of MP Biomedicals LCC.)

5.3 Purified water

Water purified with a water purifier (e.g.: Milli-Q of Millipore) and treated with an endotoxin removal filter (e.g.: BioPak of Millipore).

6. Preparation method

6.1 Preparation of the dispersion medium

Add 3 mg/mL of dispersant to the purified water, stir it sufficiently and dissolve it to be used as the dispersion medium. 

6.2 Weighing and mixing of the bulk powder and dispersion medium

Transfer a given quantity of the dispersion medium to the sample container. Add bulk powder so that the concentration is 0.3 mg/mL. 

6.3 Preliminary dispersion

Preliminary treatment to enhance the efficiency of ultrasonic treatment. Treat the sample using the preliminary dispersion device, being careful not to create bubbles in the sample. Settle out the particles floating on the liquid surface by pulverizing large particles and blending the bubbles adhered on the particles into the dispersion medium. The typical treatment time is 1~5 minutes. 


6.4 Ultrasonic dispersion

The sample container is sealed with a lid, and the sample is treated for the predetermined time using an ultrasonic processor. The position of the sample container and the water depth in the water bath is adjusted for treatment so that ultrasonic waves propagate efficiently to the sample. 


The presence of bubbles during treatment will greatly attenuate the ultrasonic waves, and may cause the bulk powder to remain without being dispersed. Therefore, positions and water depth that may cause bubbles to occur and accumulate during treatment should be avoided as much as possible. 


In addition, it is also recommended to periodically stir the sample, etc., so that the entire sample will always be evenly mixed. 


The rise in liquid temperature may induce the aggregation of dispersed particles. The liquid should be appropriately cooled so that heat generated by the ultrasonic waves will not affect the sample. 


The ultrasonic waves may damage the SWCNT. Carbon debris generated by the crushing of SWCNT may increase if damage progresses. The ultrasonic treatment intensity and time should be adjusted in order to minimize debris generation. 


NOTE   Points of caution other than those mentioned above are as follows: 


(a) The ultrasonic waves may cause abrasion of the sample container, resulting in rubble and particles mixing into the sample. The sample container should be washed and dried after the process has been completed, and checked for the presence of damage such as clouding caused by abrasion. For periodic inspections, ultrasonic treatment of purified water should be conducted, and dry residue should be weighed. 

(b) Ultrasonic waves induce a sonochemical reaction of the sample, and may induce the breakdown of accompanying components in the dispersion medium and reactions with the bulk powder. 


(c) The energy absorption rate of the sample in the sample container changes depending on various conditions such as the design of the ultrasonic water bath, the water depth, the position of the sample in the water bath, and the thickness of the glass. The various conditions should be optimized in each laboratory, and the conditions should be standardized so that the energy absorption rate does not change, ensuring reproducibility of the ultrasonic dispersion treatment (refer to References 1)). 

6.5 Redispersion

Treatment to remove the surplus dispersant in the dispersion medium.

The sample is filtered using filtration equipment, and the dispersed particles are trapped on the membrane filter. The trapped dispersed particles are separated from the filter, transferred to separately-prepared purified water where the concentration is adjusted, and redispersion is performed in accordance with the procedures of 6.4. 


6.6 Removal of large particles

Conducted to enhance the stability of the dispersion system. 


Typically, centrifugal separation treatment is conducted for 30 minutes at 1,000×g at room temperature, and large particles are settled out. The supernatant liquid is collected and used as the final dispersion liquid sample. 


NOTE   If the sample contains metal particles, they settle out faster than SWCNT through centrifugal separation treatment. Also, only SWCNT with a specific chirality may preferentially settle out due to differences in affinity with the dispersant. Therefore, it should be noted that the sample component ratio, SWCNT diameter distribution, SWCNT metal-to-semiconductor ratio may change (cause segregation) before and after centrifugal separation treatment (Refer to References 2) and 3)). In addition, dilution may change the particle size distribution of the dispersion liquid sample.

6.7 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3. 

7. Reporting

It is recommended that the following items be reported in order to ensure traceability when providing the dispersion liquid to a third party such as the user.

(a) Dispersion treatment implementation date, name of responsible person, responsible agency, etc..

(b) Information regarding the bulk powder (manufacturer name, product name, lot number, general classification of manufacturing method (CVD, arc discharge, etc.) and the type of catalyst metal used, etc.) 

(c) Concentration of coexistence components such as the bulk powder, dispersant, and buffering agent included in the dispersion sample

(d) Ultrasonic processor specifications (manufacturer name, product name, type (bath-type, horn-type, etc.), oscillating frequency, oscillating output, etc.) 

(e) Ultrasonic dispersion treatment conditions (ultrasound irradiation time, sample cooling, etc.)

(f) If redispersion is conducted or large particles are removed, said method

8. Dispersion liquid assessment

8.1 Particle concentration assessment in the dispersion liquid

Weigh 10 mL of the sample onto a platinum dish and dry in a drying oven for 3~5 hours at 120 °C. Next, burn in an electric furnace for 30 minutes at 350 °C. Compute the SWCNT concentration from the sample mass after burning. 


9. Practical example

After five hours of ultrasonic treatment using the following sample and device and using 1 % Tween 80 aqueous solution as the dispersion medium, redispersion in purified water and removal of large particles were conducted in accordance with 6.5 and 6.6. 


(a) Bulk powder: Synthesized in accordance with the CVD method using SWCNT and iron as catalysts (Manufacture by Company A) 

(b) SWCNT dispersion concentration: 0.25 mg/mL; the dispersion medium was water purified by Milli-Q of Millipore (contains 1% or fewer of Tween 80)

(c) Device: Bath-type ultrasonic processor (533S of the Ultra Sonic wave System Institute; oscillating frequency 40 kHz; 180~240 W)

An AFM image of the dispersion system adjusted to a SWCNT concentration of 0.25 mg/mL and the particle size distribution measured from the image are shown in Figure IV-1.11. The particle size distribution was measured in accordance with the method of IV-4. Annex B. The particle size distribution is based on the lengths of the 580 fibrous particles measured from six AFM images. The median distribution was 0.19 μm.



Figure IV-1.11 Typical AFM image (left) and measured particle size distribution (right)
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IV-2. Aerosol preparation and transportation tequniques and measurement method for multiwall or single-wall carbon nanotubes

Introduction

In order to enable in vivo nanoparticle toxicity testing through inhalation exposure, it is required of technology that disperses the tested nanoparticles into the air in a size that can be sufficiently inhaled by the test animals and exposes the nanoparticles to the test animals in a stable manner.


It is also important to assess the properties of the atmospheric particle sample such as size, concentration, and shape, and to confirm that these properties are being maintained in a stable manner during the exposure test.


IV-2 shows the procedures to disperse liquid-dispersed carbon nanotubes into the air for the in vivo inhalation exposure test, the procedures to transfer the air-dispersed test CNT to an exposure container, and the procedures to evaluate the properties of the test CNT in the exposure container. 


1. Scope

The procedures shown in IV-2. apply to the preparation of CNT aerosol particles from liquid in which multiwall or single-wall CNT with lengths of 5 μm or shorter and size of 100 nm or smaller have been dispersed, the continuous supply of said aerosol particles into the inhalation exposure container, and the continuous monitoring of the supply conditions (number-based particle size distribution and mass concentration) and stability.


2. Normative references

Refer to III-2.- 2.

3. Terms and definitions

For terms and definitions other than those below, refer to 3.1~3.4 of III-2.

3.1 Aerodynamic particle sizer

A device that sorts the aerosol particles using the inertial force and viscosity resistance of the particles and finds the aerodynamic size distribution of the particles. 


3.2 Cascade impactor

A device that lines up multiple inertial impactors that separate and trap aerosol particles according to the size of their inertial force in series. 


4. Equipment

The main equipment is shown below. Figure IV-2.1 shows the composition of this equipment.



Figure IV-2.1 Equipment composition

4.1 Equipment involved with aerosol generation and transport

Refer to III-2. 4.1.1~4.1.4

4.2 Equipment involved in the aerosol property assessment

4.2.1 Aerosol particle sampling pipe

Refer to III-2. 4.2.1

4.2.2 Inline aerosol measuring system

The inline aerosol measuring system is a device (group) that continuously and quickly measures the size distribution and number concentration of aerosol particles. If the size of the measured particles is taken into account, it is presumed that the most effective measurement method is the differential mobility particle size analysis method (ISO 15900). 


Furthermore, the cascade impactor, which enables continuous measurement of particle size distribution, and the aerodynamic particle sizer are useful for verifying the mixing ratio of large micron-order aerosol particles as an equipment equivalent diameter.  


NOTE   In the actual project, the inline aerosol particle measurement system comprising DMA and CPC based on the differential mobility particle size analysis method was used, and aerosol was suctioned at a flow rate of 0.3L/minute. This system was set so that the particle size distribution of particles with an electrical mobility diameter in the range of 10~500 nm was measured in approximately three minutes.


4.2.3 Particle trapping system

Refer to III-2. 4.2.3

4.2.4 Mass concentration measurement system

Refer to III-2. 4.2.4 provided that “fullerene” in NOTE 1 should be read as “multiwall or single-wall carbon nanotubes”.

5. Procedures

5.1 Concentration adjustment of the dispersion liquid and verification of the dispersed state

The multiwall or single-wall CNT dispersion liquid prepared according to IV-1(1) or IV-1(3) is diluted with purified water and dispersed in an ultrasonic bath for approximately 30 minutes. After this operation, a visual check is conducted to make sure that sedimentation has not occurred in the dispersion liquid. 


5.2 Verification of dispersal condition retention

Refer to III-2. 5.2. However, read “III-5.” as “IV-5.” in the description. 

5.3Cleaning the aerosol generation and transport equipment

Refer to III-2. 5.3. However, read “Figure III-2.1” as “Figure IV-2.1” in the description. 

5.4Property evaluation of dispersion liquid spraying and aerosol particles through inline measurement

Refer to III-2. 5.4. However, read “Figure III-2.1” as “Figure IV-2.1” in the description. 

5.5 Property evaluation by trapping aerosol particles

The particle trapping system is operated, and the particles trapped on the substrate are observed under an electron microscope. Based on the microscope images, it is presumed that the shapes of the various particles (single fibrous particles, particles with bundled CNT, thread ball-like particles, etc.) can be observed. Their characteristics and ratio should be understood. In addition, the particle size distribution should be found from the microscope images. The major axis diameter and the diameter of the direction that crosses the major axis, etc., are candidates for the quantitative description of size. 

5.6 Mass concentration measurement of aerosol particles

Refer to III-2. 5.6.

5.7 Selection of the dispersion liquid concentration and the operating conditions of the aerosol particle generation and transport equipment


The procedures from 5.1 to 5.6 are repeated after changing the dispersion liquid concentration and the operating conditions of the aerosol generation and transport equipment in various ways.   


Some procedures can be omitted in accordance with the methods for changing the conditions. Based on the measurement results obtained, the optimal conditions for the test to be implemented are considered. The following factors should be taken into consideration when selecting the optimal conditions: 


(a) Properties of the aerosol particles (particle size distribution, number concentration, mass concentration, shape)


(b) Aerosol flow


(c) Spray liquid consumption rate


After determining the optimal conditions, use the inline aerosol particle measuring system to verify whether or not the particle size distribution of the generated aerosol particles are stable enough to be applied to the biological exposure tests over the duration of the continuous tests in light of the standards of the test to be implemented. 


NOTE   For the actual project, the conditions of the spray liquid were determined after taking into consideration the properties of the dispersion liquid prior to dilution and restrictions regarding the total consumption of the dispersion liquid during the exposure test duration, in addition to the abovementioned factors. As a result, the CNT mass concentration for the multiwall CNT was set as 0.025 wt% and the dispersant (Triton X) concentration was set as 0.0125 wt%. The delivery rate of the spray liquid, or the consumption rate, was set to be approximately 0.8 mL/minute. The pressurized air flow passing through the spraying equipment was set as 25 L/minute (atmospheric pressure equivalent). With these conditions, it was estimated that the size of the droplets generating the aerosol (mass-based geometrical average) was approximately 6 μm. In order to dry and aerosolize droplets of this size while limiting wall loss through inertial collision in the flow channel, the group of droplets were quickly heated and dried after they exited the two-fluid nozzle using a dry stem with outer-wall heating (90~100 °C). Meanwhile, the CNT concentration and dispersant (polysorbate 80) concentration of the dispersion liquid for the single-wall CNT were both 0.03 wt%. The spray consumption rate was set as approximately 0.6 mL/minute, and the pressurized air flow was set to as 35 L/minute. In this case, it was effective to heat the outer wall in the flow channel downstream of the two-flow nozzle after eliminating large droplets through collisions. The estimated size of the aerosolized droplets was approximately 2 μm. Furthermore, the air flow of the charge neutralization system was 10 L/minute for both multiwall CNT and single-wall CNT. 


5.8 Injection of aerosol into the exposure container

In order to inject aerosol into the exposure container, the switching valve is set so that the aerosol passes through channel b in Figure IV-2.1. In consideration of the ventilation requirements of the test animals in the exposure container, cleaned air is continuously sent at the required flow rate near the entrance of the exposure container. The environment inside the exposure container is set so that the temperature is 20~25 °C and the pressure is slightly reduced. 


When a preliminary test (5.9) is conducted before conducting the actual inhalation exposure test, the test animals are not placed in the exposure container. 


NOTE   In the actual project, cleaned air was respectively delivered at 65L/minute for the multiwall CNT test and 55L/minute for the single-wall CNT test so that air containing the tested nanoparticles flowed through the container at a total of 100 L/minute. When aerosol was passing through channel a, the flow of the abovementioned cleaned air was set at 100 L/minute so that a constant flow of air was always passing through the exposure container. 


5.9 Preliminary verification test of the aerosol properties in the exposure container

Refer to III-2. 5.9.

5.10 Implementation of exposure tests

Refer to III-2. 5.10. However, “Figure III-2.1” in the description should be read as “Figure IV-2.1”

5.11 Implementation of control tests

Refer to III-2. 5.11.

6. Practical example

Examples of the particle size distribution of aerosol particles sampled from the exposure container in the implemented exposure test and electron microscope images are shown in Figure IV-2.2 and Figure IV-2.3.



Figure IV-2.2 Electrical mobility diameter distribution of aerosol particles

(temporal change during the six hours of testing)

(a): Multiwall CNT, (b): Single-wall CNT



Figure IV-2.3 Scan electron microscope image of aerosol particles

(a): Multiwall CNT, (b): Single-wall CNT
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IV-3. Quantitative analysis method of multiwall carbon nanotube in tissues

Introduction

In order to conduct the carbon nanotube (CNT) toxicity assessment, it is necessary to measure the amount of CNT remaining in the biological tissues of rats exposed to CNT, and clarify the behavior of the residual volume such as temporal changes.


IV-3. shows the procedures to determine the quantity of MWCNT in the lung tissue of rats administered with or exposed to multiwall carbon nanotubes (MWCNT). The quantity of MWCNT in samples homogenized with rat lung tissue is determined using the combustion-oxidation type total carbon analysis method, after breaking down and removing tissue-derived organic carbon through acid degradation and high-temperature thermolysis. 

1. Scope

The procedures shown in IV-3. apply to the measurement of the MWCNT content in the lung tissue of rats that were intratracheally instillated with dispersion liquid in which MWCNT was dispersed using a surfactant (e.g.: Triton-X) or rats that were subjected to inhalation exposure of an aerosol of the said dispersion liquid. The samples used for this analysis are samples in which rat lung tissue was homogenized using normal saline. 


It is recommended to verify in advance whether or not these analysis procedures can be applied to the analysis of the homogenized sample. For instance, the MWCNT recovery rate (normally 100±10 %) should be verified by analyzing a sample in which dispersion liquid with a known MWCNT content is added to a homogenized sample. 


2. Normative references

None.

3. Terms, definitions and symbols

For terms and definitions other than those below, refer to 1. and 2. of Chapter II. 

3.1 Combustion-oxidation type total carbon analysis method

A method for measuring the total carbon content in a sample. The carbon in the sample is oxidized and burned by subjecting it to high temperature in the presence of oxygen and an oxidation catalyst. The absorbance of the infrared absorption spectrum of the generated carbon dioxide is measured using an infrared spectrophotometer. The total carbon content is determined from the obtained absorbance.


4. Equipment

4.1 Homogenizer

Device that can homogenize lung tissue (e.g.: Polytron RT3100 of Kinematica, Inc.). 

4.2 Acid degradation device

A device wherein a glass container containing the homogenized rat lung tissue sample and nitric acid is placed on a hot plate (e.g. HF-61 of Yamato Scientific Co., Ltd.) and the acid in the rat lung tissue is degraded. 


4.3 Filtration equipment

A device that separates MWCNT particles from the sample after acid degradation. Quartz filter paper is mounted on a glass filter (e.g.: KG-25 of Advantec Toyo Kaisha, Ltd.) and MWCNT particles are separated and trapped onto filter paper by using a pump to suction the sample after acid degradation. 


4.4 Muffle furnace

A device that performs high-temperature thermolysis of persistent organic carbon ( derived from rat tissue) that adheres onto MWCNT particles separated in 4.2 (e.g. FP42 of Yamato Scientific Co., Ltd.).

4.5 Combustion-oxidation type total carbon analyzer

A device that determines the quantity of MWCNT separated in 4.4 (e.g. SSM-5000A/TOC-V of Shimadzu Corporation). The device principles are as described in 3.1. An outline of the device is shown in Figure IV-3.1. Oxygen is used as the carrier gas. The sample boat (e.g.: ceramic boat) is used to introduce the sample into the catalytic combustion part. The oxidation combustion part is filled with an oxidation catalyst (e.g.: platinum and cobalt oxide mixed catalyst) and heats the MWCNT in order to break it down into carbon dioxide. The carbon dioxide gas passes through the moisture removal part, and the absorbance is then measured using an infrared spectrophotometer (e.g.: non-dispersive infrared spectrophotometer (NDIR)). The absorbance of a standard curve solution with a known carbon content (e.g.: glucose aqueous solution or MWCNT dispersion liquid) is measured, and the MWCNT content is determined based on the relationship between the absorbance and carbon content.
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Figure IV-3.1 Combustion-oxidation type total carbon analyzer

1 Sample introducing part; 2 Sample introducing shutter; 3 Moving rod; 

4 Catalytic combustion part; 5 Analysis sample; 6 Sample boat; 7 Oxidation catalyst; 

8 Carrier gas introducing part; 9 Moisture removal part; 10 Infrared spectrophotometer

4.6 Tube mixer

A device that evenly mixes the rat lung tissue homogenized sample after thawing for MWCNT quantitative analysis (e.g.: TMS of Iuchi Seieido Co., Ltd. (Currently: AS ONE Corporation)). 

5. Reagent and sample

5.1 Glucose

Guaranteed reagent that conforms to JIS K8824 (e.g.: D(+)-glucose guaranteed reagent of Wako Pure Chemical Industries, Ltd.)

5.2 Nitric acid

Ultra pure reagent with a residual element concentration of 1ppb or lower (60 % ultra pure nitric acid of Kanto Chemical Co., Inc.).  

5.3 Water

Water manufactured using a water purifier (e.g.: Milli-Q TOC system of Nihon Millipore K.K.).

5.4 MWCNT dispersion liquid

Dispersion liquid in which MWCNT powder is dispersed in a surfactant aqueous solution (e.g.: Triton-X aqueous solution). 

5.5 Oxygen gas

Oxygen gas with purity of 99.9% or above. 

5.6 Normal saline

Solution prepared in accordance with the preparation method for physiological saline stipulated by the Japanese Pharmacopoeia.

5.7. Rat lung tissue sample

Sample of lung tissue extracted after dissecting a rat and refrigerated at -80 °C after the sample is weighed. The lung tissue can be taken from the left and right side separately. In order to accurately study the disposition, attention must be paid at the time of dissection to make sure that lymph nodes are not included in the tissue sample.   


6. Analysis method

6.1 Preparation of a homogenized lung tissue sample

Add triple the weight of normal saline to the tissue sample in 5.7, cut it up finely with scissors, and homogenize it in a homogenizer (e.g.: 10,000 rpm). All of the work should be conducted under cooled conditions such as in ice. If extraction is not conducted immediately after homogenization, the sample should be kept frozen at -80 °C. The frozen sample can be rethawed and used for analysis, but as sedimentation of the tissue occurs, the sample should be evenly mixed using a tube mixer after thawing.


6.2 Degradation of the homogenized sample

The organic carbon in the homogenized rat tissue sample is degraded and removed through acid degradation and high-temperature thermolysis to isolate and trap MWCNT.

6.2.1 Acid degradation

The homogenized sample prepared in 6.1 is weighed into a glass bottle using a Pasteur pipette (for instance, 0.2g of the homogenized sample in a 10 mL glass bottle). Nitric acid is added to this bottle, and the bottle is placed on a hot plate and heated for eight hours at 120 °C (sample temperature). As the volume of the solution decreases through evaporation by heating, nitric acid is added as needed and make sure not to deplate the acid. After heating, the sample is left to cool to room temperature, and the water in 5.3 is added. This dispersion liquid is poured into a glass filtration device equipped with quartz filter paper while being stirred, and the MWCNT particles are isolated and trapped onto the filter paper using a suction pump. A wash-bottle is used to wash the MWCNT particles remaining in the glass bottle and filtration device onto the filter paper using the water in 5.3, trapping the MWCNT particles on the filter paper. 

6.2.2 High-temperature thermolysis

The filter paper with the trapped MWCNT particles is placed on a flat ceramic plate and heated for 15 minutes in a muffle furnace set to 400 °C. This high-temperature thermolysis degrades the persistent organic carbon derived from lung tissue that remains in the MWCNT particles. After heating, it is left to cool to room temperature. 


6.3 Determining the quantity of MWCNT


Using the combustion-oxidation type total carbon analyzer, the quantity of MWCNT isolated from the lung tissue using the procedures in 6.2 is determined. 

6.3.1 Combustion-oxidation type total carbon analyzer usage method

Carrier gas is channeled before analysis, and the temperature of the combustion oxidation part is set to the temperature at which MWCNT breaks down to carbon dioxide (e.g.: 900 °C). The analysis sample is put on the sample boat and the sample introducing shutter is opened and the boat is inserted. After the shutter is closed and it is checked that the NDIR absorbance is constant, the boat is moved to the combustion oxidation part and the analysis sample is burned and oxidized. The absorbance of the generated carbon dioxide is measured using an infrared spectrophotometer. An example of MWCNT measurement is shown in Figure IV-3.2.




Figure IV-3.2  MWCNT measurement example (Sample: 10 μg MWCNT)

6.3.2 Measurement of MWCNT content

The amount of MWCNT isolated from lung tissue using the procedures in 6.2 is determined using glucose aqueous solution with a known carbon content as a standard curve sample. Check in advance that complete combustion and oxidation of MWCNT to carbon dioxide takes place under the measurement conditions of the total carbon analyzer. MWCNT dispersion liquid subjected to the treatment in 6.2 may also be used as the standard curve sample in addition to the glucose aqueous solution. This MWCNT dispersion liquid may also be used as a spike recovery solution when examining the scope of application of the analysis procedures described in 1. The MWCNT concentration of the dispersion liquid is determined in advance using the method in 6.3.3. 


For the glucose standard curve sample, glucose reagent is put in a volumetric flask using a stainless steel spatula, which is accurately weighed on a balance, added with purified water and dissolved to be made into a constant capacity. For the measurement of the standard curve solution, drip the glucose standard curve sample onto the quartz filter paper placed inside the sample boat using a glass microsyringe (Hamilton Company 1710), and the absorbance is measured in accordance with 6.3.1. The amount dripped is changed in accordance with the amount of MWCNT that needs to be measured, and a glucose standard curve is created. The detection limit depends on the performance of the combustion-oxidation type total carbon analyzer and analysis conditions, but 0.3 μg has been reported as an example.  

Next, the homogenized lung tissue sample is measured. The filter paper used to isolate and trap MWCNT is placed on the sample boat following the procedures in 6.2, and the absorbance of MWCNT is measured following the procedures in 6.3.1. The quantity of MWCNT in the homogenized sample is determined using the glucose standard curve. The MWCNT concentration in the lung tissue (e.g.: μg/g (tissue, wet)) is determined using this value and the various weights of the homogenized sample and lung tissue that were measured separately. 


6.3.3 Determination of MWCNT concentration in the dispersion liquid

The MWCNT concentration in the dispersion liquid is determined using the following procedures. A standard curve is created in accordance with 6.3.2 using a glucose aqueous solution with a known carbon concentration as the standard curve sample. The MWCNT dispersion liquid is pre-treated in the same way as 6.2 to isolate and trap MWCNT. The absorbance is measured following the procedures in 6.3.1, and the glucose standard curve is used to determine the MWCNT concentration in the dispersion liquid.
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IV-4. Preparation method of single-wall carbon nanotube samples of liquid phase dispersion for in vitro systems – Ultrasonication method

Introduction

IV-4 shows the procedures to prepare dispersion liquid of single-wall carbon nanotubes (SWCNT) in a cell culture medium with ultrasonic treatment that is to be used as an in vitro test sample. A bath-type device (so-called ultrasonic cleaner) is used to conduct ultrasonic treatment. A DMEM culture medium to which fetal bovine serum (FBS) has been added is used as the liquid phase in which SWCNT is dispersed. FBS functions as nutrition for the cultured cells as well as a dispersant to disperse and stabilize the SWCNT in the liquid phase. The advantage of this preparation method is that a dispersant such as a surfactant that is not originally contained in the culture medium does not have to be added to the in vitro test system. Also, as the culture medium and sample dispersion liquid that are to be tested are homogenous, changes in state, such as agglomeration, when the dispersion liquid is added to the culture medium, are relatively rare. 

1. Scope

The procedures shown in IV-4. apply to the preparation of a dispersion sample of SWCNT bulk powder in a culture medium using a bath-type ultrasonic processor, and mainly provide technological guidelines for efficient ultrasonic irradiation. 


The basic parts of IV-4. can be applied even when considering the use of dispersion mediums or dispersants other than those described in this section. The properties of the dispersion liquid (for instance, particle distribution, maximum dispersible concentration, viscosity, temporal changes, stability with respect to disturbance and possible contamination) greatly depend on test conditions such as the SWCNT bulk powder and the type of equipment used. The user needs to optimize the sample preparation details in the laboratory in accordance with the prepared SWCNT bulk powder and devices in order to obtain dispersion liquid that has properties that will satisfy the objectives. 


2. Normative references

JIS K 3850-3:2000 Annex B (provisions) “Setting of Ultrasonic Bath Operating Conditions and Standardization”

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II. 

4. Equipment and instruments

The equipment and instruments used are sterilized as needed. 

4.1 Ultrasonic processor

A bath-type ultrasonic processor with an appropriate oscillating frequency and output (commercial ultrasonic cleaners, etc.; for instance, the ultrasonic processor described in Annex A). It is preferable that the ultrasonic processor be equipped with a sample cooling mechanism. 

4.2 Sample container

Glass container that has the strength to withstand heating at 250 °C and ultrasonic treatment and has a sealable lid.


4.3 Electric furnace

An electric furnace that can be adjusted to 250 °C.

4.4 Preliminary dispersion device

It is recommended that a homogenizer with rotary blades capable of mechanical grinding (e.g.:  Polytron of Kinematica, Inc.) be used. However, the ultrasonic processor designated in 4.1 may also be used. 

4.5 Centrifuge

Centrifuge with a capability of around 1,000×g.

4.6 Clean bench

It is recommended to use a clean bench for dispersion in order to prevent contamination of the cell culture medium which is the main component of the dispersion liquid, or to conduct asepsis that conforms to this. However, fans are not used in order to prevent exposure through the scattering of nanoparticles. In addition, fluorescent lights and ultraviolet lamps are not used in order to avoid the effect of lighting. 


4.7 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.6. 

5. Sample

5.1 Bulk powder

Single-wall carbon nanotube dried powder.

5.2 Dispersion medium

DMEM culture medium. Contains 10 % of FBS and 1 % of an antibacterial and antifungal agent. 

6. Preparation method

6.1 Weighing

The required amount of bulk powder is weighed out using an electric balance and transferred to the sample container. 

6.2 Sterilization and deactivation of endotoxins

The sample container is covered with aluminum foil and heated for two hours at 250 °C using an electric furnace. It is taken out after being cooled to room temperature. Refer to Chapter II 3.1 and 3.2. 


NOTE   Heating may change the physical/chemical structure and quantitative ratio of components such as SWCNT, amorphous carbon, and volatile substances contained in the bulk powder. The upper temperature limit to prevent damage to the sample should be verified as needed, using methods such as thermogravimetrical analysis or thermogravimetry-mass spectrometry analysis. 

6.3 Addition of dispersion medium

Add a dispersion medium to the sample container until the target concentration is achieved. 


6.4 Ultrasonic dispersion

The sample container is sealed with a lid, and the sample is treated for the predetermined time using an ultrasonic processor. The position of the sample container and the water depth in the water bath is adjusted for treatment so that ultrasonic waves propagate efficiently to the sample. 


The presence of bubbles during treatment will greatly attenuate the ultrasonic waves, and may cause the bulk powder to remain without being dispersed. Therefore, positions and water depth that may cause bubbles to occur and accumulate during treatment should be avoided as much as possible. Particular attention should be paid in the first few minutes to remove bubbles adhered onto the bulk powder and settle the bulk powder floating in the surface (for instance, conducting preliminary dispersion using a homogenizer capable of mechanical stirring and crushing, such as Polytron of Kinematica, Inc., will enable this operation to be conducted more efficiently). 


In addition, it is also recommended to periodically stir the sample, etc., so that the entire sample will always be evenly mixed. 


The rise in liquid temperature may induce the aggregation of dispersed particles. The liquid should be appropriately cooled so that heat generated by the ultrasonic waves will not affect the sample. 


The ultrasonic waves may damage the SWCNT. Carbon debris generated by the crushing of SWCNT may increase if damage progresses. The ultrasonic treatment intensity and time should be adjusted in order to minimize debris generation. 


NOTE   Points of caution other than those mentioned above are as follows: 


(a) It has been confirmed that dispersed particles aggregate particularly easily due to the increase in liquid temperature if the dispersion medium has a high ionic strength. Generally, using a dispersion medium with a low ionic strength will enhance stability with respect to aggregation. 


(b) The ultrasonic waves may cause abrasion of the sample container, resulting in rubble and particles mixing into the sample. The sample container should be washed and dried after the process has been completed, and checked for the presence of damage such as clouding caused by abrasion. For periodic inspections, ultrasonic treatment of purified water should be conducted, and the dry residue should be weighed. 

(c) Ultrasonic waves induce a sonochemical reaction of the sample, and may induce the breakdown of accompanying components in the dispersion medium and reactions with the bulk powder. 


(d) The energy absorption rate of the sample in the sample container changes depending on various conditions such as the design of the ultrasonic water bath, the water depth, the position of the sample in the water bath, and the thickness of the glass. The various conditions should be optimized in each laboratory, and the conditions should be standardized so that the energy absorption rate does not change, ensuring reproducibility of the ultrasonic dispersion treatment (refer to References 1)).


6.5 Post-treatment

Perform centrifugal separation as necessary to remove large particles that have not been dispersed. For instance, conduct centrifugal separation at 1,000×g on the sample for 30 minutes. After the large particles have settled, collect the supernatant liquid and use this as the dispersion liquid sample. Adjust concentration using dilution, etc..

NOTE   If the sample contains metal particles, they settle out faster than SWCNT through centrifugal separation treatment. Also, only SWCNT with a specific chirality may preferentially settle out due to differences in affinity with the dispersant. Therefore, it should be noted that the sample component ratio, SWCNT diameter distribution, SWCNT metal-to-semiconductor ratio may change (cause segregation) before and after centrifugal separation treatment (Refer to References 2) and 3)). In addition, dilution may change the particle size distribution of the dispersion liquid sample.


6.6 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3.

7. Reporting

It is recommended that the following items be reported in order to ensure traceability when providing the dispersion liquid to a third party such as the user:

(a) Dispersion treatment implementation date, name of responsible person, responsible agency, etc..


(b) Information regarding the bulk powder (manufacturer name, product name, lot number, general classification of manufacturing method (CVD, arc discharge, etc.) and the type of catalyst metal used, etc.) 


(c) Concentration of coexistence components such as the bulk powder, dispersant, and buffering agent included in the dispersion sample


(d) Ultrasonic processor specifications (manufacturer name, product name, type (bath-type, horn-type, etc.), oscillating frequency, oscillating output, etc.) 


(e) Ultrasonic dispersion treatment conditions (ultrasound irradiation time, sample cooling, etc.)

(f) If post-treatment is conducted, said content
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Annex A. Practical example

A practical example of the dispersion system preparation test and dispersion liquid assessment implemented in accordance with the procedures is shown below.

A.1 Device

A.1.1 Ultrasonic processor

An ultrasonic cleaner (SHARP UT-53N, oscillating frequency 35 kHz; output 55 W) was used. Circulation cooling of the water in the cleaning tank prevented the liquid temperature of the sample from rising.  

A.1.2 Sample container

A quartz glass beaker (capacity 100 mL) and a silicone rubber stopper lid were used. 

A.1.3 Electric furnace

A muffle furnace equipped with a temperature control device was used. 

A.1.4 Preliminary dispersion device

A rotor/stator type homogenizer (Ultralux of IKA) was used. 

A.2 Sample

A.2.1 Bulk powder

Single-wall carbon nanotube (manufactured by Company A)

A.2.2 Dispersion medium

50 mL of fetal bovine serum and 5 mL of antibacterial and antifungal agent were added to 500 mL of the DMEM basal medium, and it was sufficiently stirred without creating bubbles to be used as the dispersion medium. 


A.3 Dispersion

A.3.1 Weighing

84.2 mg of bulk powder was weighed out using an electric balance and transferred to the sample container. 


A.3.2Sterilization and deactivation of endotoxins


The sample container was covered with aluminum foil and heated for two hours at 250 °C using an electric furnace. It was taken out after being cooled to room temperature.  

A.3.3 Addition of dispersion medium

42.0 mL of the dispersion medium was added to the sample container until the sample concentration was 2.0 mg/mL.  


A.3.4 Preliminary dispersion

The raw material liquid was treated for 5 minutes using the preliminary dispersion device. 

A.3.5 Ultrasonic dispersion

After sealing the sample container with a lid and treating it for four hours using an ultrasonic processor, the dispersion medium was diluted to ten times the original volume and treated for 30 more minutes. The position of the sample container and the water depth in the water bath was adjusted while observing the vibrations and oscillations of the powder sample and dispersion medium in the sample container so that the ultrasonic waves propagated efficiently to the sample. In addition, the water in the bath was cooled by circulation and the temperature was kept at 10 °C or lower. Ultimately, the powder sample was entirely dispersed so that no residual material was generated (concentration 0.2 mg/mL).

Annex B. Dispersion liquid assessment method

The properties (for instance, particle distribution, maximum dispersible concentration, viscosity, temporal changes, stability with respect to disturbance and possible contamination) of the dispersion liquid prepared in accordance with IV-4. greatly depend on the SWCNT bulk powder, the dispersed liquid phase, and the used equipment type. The user needs to optimize the operation details in the laboratory in accordance with the prepared SWCNT bulk powder and devices in order to obtain dispersion liquid that has properties that will satisfy the objectives. However, the SWCNT dispersion liquid assessment method required for this has not been sufficiently established at the present time. 


The dispersion liquid assessment method shown in Annex B was implemented on the dispersion liquid prepared in IV-4. Annex A. The methods used were ones that are relatively well-used in academic literature. However, some of those methods have a large experimental element and lack in quantitative characteristics or objectivity. The samples can be evaluated in a more objective manner by conducting multifaceted measurements using multiple methods on the samples before and after dispersion treatment. 


B.1 Particle size distribution measurement

This is measured using Atomic Force Microscope (AFM) images or using the Dynamic Light Scattering method (DLS). The former method is described below. Refer to IV-5. for the latter method. 

B.1.1 Substrate preparation

A silicon substrate with an oxidized membrane is prepared, and the surface is modified in accordance with the method in B.5 References 1). In other words, the substrate is immersed in purified water and left still for ten minutes, followed by vacuum drawing in room temperature for 15 minutes, and then dried.


The substrate is then immersed for 30 minutes in dichloroethane added with 1 m･mol/L of 3-aminopropyltriethoxysilane. After the recovered substrate is rinsed with dichloroethane and then rinsed with purified water, it is dried.


NOTE   Surface modification of the substrate is conducted to improve the deposit ratio of dispersed SWCNT particles, but the optimal surface modification depends on the chemical conditions of the SWCNT particle surface, the liquid pH, and the coexisting molecules, etc..

B.1.2 Preparation of an observational sample

The dispersion liquid sample is dripped onto the substrate, and it is left still for five minutes, making sure that it does not dry up. The substrate is lightly rinsed in purified water, then dried with a blower and used as the observational sample. 


NOTE 1   It is important to attach the dispersed particles onto the substrate with an appropriate distribution density. If the distribution density is too high, multiple particles will overlap and prevent accurate measurement. If it is necessary to lower the deposit ratio, the time that the substrate is left is shortened, or the sample is diluted. However, note that dilution may cause the particle size distribution to change. 


NOTE 2   The deposit ratio of dispersed SWCNT particles onto the substrate may change depending on the size of the particles. If the particle distribution is wide, accurate measurement is difficult.   

B.1.3 Acquisition of AFM images

Observation is conducted using an appropriately calibrated AFM. Obtain images at a constant magnification ratio from multiple measurement points randomly selected from the observation sample. Periodically replace the probe so that sharp images can always be taken. 


B.1.4 Particle measurement

Measure the size of the SWCNT particles from the obtained images. Measure all the particles in the image in order to get an accurate particle size distribution measurement. If there are a large number of particles in the image, conduct sampling using the following method for example: 


(a) Section the image into squares, and measure all the particles within randomly selected squares. 

(b) Draw a straight line in a certain direction, and measure all the particles on the straight line. 

NOTE 1   When AFM is used, only the particle shape can be determined. If particles with high-aspect ratio in addition to the measured SWCNT are included, the particle shape must be determined using a different method.  


NOTE 2   For more accurate particle measurement, refer to ISO 13322-1  Particle size analysis -- Image analysis methods -- Part 1: Static analysis methods. 

B.1.5 Reporting

The following are reported. 

(a) Typical AFM image

(b) Number of AFM images used for measurement, scale, and the number of measured particles 

(c) Measured particle distribution ( histogram or cumulative frequency distribution)

(d) Representative diameter (median, mean value, etc.)

(e) Outline of particle measurement method (preparation method of the observational sample, data analysis method, particle analysis software used, etc.)


B.1.6 Practical example

Dimension 3100 of Veeco Instruments, Inc. (Nanoscope IIIa controller was used, Tapping AFM mode) was used for the device. The image was obtained from 5×5 μm regions that were randomly selected from the observational sample. The image measurement software, UTHSCSA Image Tool (distributed free of charge at the website of the Dental Diagnostic Science at the University of Texas Health Science Center at San Antonio Dental School: http://ddsdx.uthscsa.edu/Imagetool.asp) was used for particle measurement. Refer to IV-4. Annex C.

(a) Number of AFM image: Six. A typical image among them is shown in Figure IV-4.1. 

(b) Number of measured particles: 580 particles

(c) Particle size distribution: Shown in Figure IV-4.1


(d) Representative diameter: median 0.25 μm; mean 0.34 μm



Figure IV-4.1 Typical AFM image (left) and measured particle size distribution (right)

B.2 Observation of dispersed state

Observe using a transmission electron microscope (TEM)

B.2.1 Preparation of observational sample

A few drops of the dispersion liquid sample are dripped onto the microgrid with support membrane, and this is dried and used as the observational samples.

B.2.2 Observation

Observed as bright-field images, and photos of the images are taken. Items such as the following should be observed: 


(a) SWCNT: Diameter, length, linearity of the wall surface, presence of defects and kinks, etc. 

(b) Aggregation: Whether the dispersed particles are bundled or isolated. If bundled, the number of SWNCT comprising the bundle, the bundle length and width, the bundle shape (presence of bifurcations, etc.) 

(c) Presence of other structural components: multiwall carbon nanotubes, metal particles (catalytic metals, contamination during dispersion treatment, etc.), carbon particles (graphite, onion-like carbon, etc.), amorphous carbon (determination is difficult if dispersion medium components coexist), etc..

B.2.3 Reporting

Describe the observation conditions (accelerating voltage, etc.) and observation content, and post typical observational images. It is recommended to post multiple observational images with differing magnification ratios so that the reader can get a sense of the overall and detailed conditions of the dispersed particles. It is also recommended to post major structural components other than SWCNT. 


NOTE   Show reporting examples.

(a) Observation conditions: JEOL JEM-1010 is used (accelerating voltage: 100 kV)

(b) Observation image: A typical image is shown in Figure IV-4.2.

(c) SWCNT: Approximate diameter of 3 nm. Good linearity of the wall surface, kinks present.

(d) Aggregation: Bundle comprising a few to a dozen or so SWCNT. Lengths of 0.1~1 μm


(e) Other structural components: Multiwall CNT comprising 2~3 layers (rare); no metal particles

  

  

Figure IV-4.2 Typical TEM observation images

B.3 Particle concentration assessment in the dispersion liquid

The small amount of the powder sample is entirely dispersed in the dispersion medium so that there is no residue, and a standard sample with a known concentration is prepared. The turbidity of the standard sample and unknown sample are measured, and the concentration of the unknown sample is calculated based on this ratio (refer to B.5 References 2) and 3)). 

B.4 Measurement of noncombustible residue (ash content)

The sample is measured before and after dispersion using thermogravimetrical analysis (TGA). 


Instead of thermogravimetrical analysis, the same measurement can be conducted using a muffle furnace, etc., that can be heated up to 800 °C. Advantages of using thermogravimetrical analysis are that information regarding the amorphous carbon content contained in the powder sample and SWCNT quality can also be obtained (refer to B.5 References 4) and 5)). 


B.4.1 Measurement

The powder sample before dispersion treatment is measured as is using a thermogravimetrical analyzer. 


In terms of measurement conditions, dry air is channeled, while the temperature is increased to 800 °C at a rate of 5 °C/minute. The dispersion liquid sample is filtered under reduced pressure using a membrane filter with a pore diameter of 0.2 μm, and the dispersed particles are trapped. After 200 mL of purified water is poured onto the filter and the trapped material is washed, this is redispersed using ultrasonic treatment in 40 mL of purified water. After trapping and redispersion is repeated three times, this is kept in a vacuum oven at 115 °C and dried for three days, and thermogravimetrical analysis is conducted under the same conditions as the powder sample. 


B.4.2 Data analysis

The residual weight (wt%) is read from the thermogravimetrical curve of the powder sample and dispersion liquid sample. 


B.4.3 Reporting

The rate of temperature increase, ambient atmosphere, thermogravimetrical curve, and the measured ash content (wt%) are reported.

NOTE   An example of reporting is shown.

(a) Rate of temperature increase: 5 °C/minute

(b) Ambient atmosphere: dry air

(c) Thermogravimetrical curve: Shown in Figure IV-4.3


(d) Ash content: -0.1 wt% in the sample before dispersion, and 4 wt% in the sample after dispersion



Figure IV-4.3 Thermogravimetrical curve of bulk powder before dispersion (dotted blue line) and dispersion liquid (solid red line)
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Annex C. Measuring the length of fibrous dispersed particles

It is difficult to separate, isolate, and disperse single-wall carbon nanotubes (SWCNT) in a liquid unless it goes through extraction with centrifugal separation using an appropriate dispersant. If extraction is not performed, the majority of SWCNT fibers in the liquid normally aggregate and form bundles due to the Van der Waals’ force. Therefore, intricately branched (bifurcated) particles are often observed among dispersed SWCNT fibrous particles. There is no established method for measuring the particle size (length) of such particles. However, as some sort of policy is required to make systematic measurements, measurements were taken in accordance with the following independently-established rules. 


Examples of fibrous particle measurement using AFM are shown each for Rules 2.~5. in Figure IV-4.4. 


The measurement region along the length of the fiber is shown in the figure with an arrow parallel to the fibrous particles. 


Rule 1.   Only non-spherical particles (estimated aspect ratio of 3 or greater) are measured. 

It is necessary to verify in advance whether the non-spherical particles are SWCNT or not using a method other than AFM (such as TEM). In this test, TEM was used to verify that almost all of the non-spherical particles were SWCNT (included a minute quantity of 2~3 layer multiwall carbon nanotubes), and almost all of the spherical particles were components derived from the dispersion medium. 

As abrasion of the AFM probe changes the apparent aspect ratio in the image, the probe is changed as needed and always kept in good condition.

Rule 2.   Fibrous particles with no branches are measured along the length of the fiber (Figure IV-4.4-A). 

If a particle is curved and adhered to the substrate, it is difficult to determine whether the curve occurred at the time of adhesion, or whether it reflects the conditions of the particle in the liquid. The maximum length that can be measured in the liquid is measured. 


Rule 3.   The lengths of fibrous particles with relatively few branches are measured along their longest route (Figure IV-4.4-B). As in Rule 2., the maximum length that can be measured in the liquid is measured.


Rule 4.   Particles forming an X are considered to be two overlapping particles, and are measured separately (Figure IV-4.4-C). 

Rule 5.   The ellipse approximation method is used to measure the length of particles in which three or more fibers are intricately intertwined (Figure IV-4.4-D). 

In this test, there were very few particles that fell under the category of Rule 5., and as the number of particles that fell under the category of Rule 3. and Rule 4. was not necessarily large compared to those that fell under the category of Rule 2., in terms of number-based distribution, it is presumed that they did not have a large effect on the particle size distribution.



Figure IV-4.4 Examples of fibrous particle measurement
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IV-5. Measurement method of carbon nanotube samples of liquid phase dispersion

As the content of IV-5. is almost the same as III-5., the overlaps are omitted here.


Introduction

IV-5. shows the procedures of determining the average particle size of the carbon nanotube (CNT) nanoparticles and their aggregates dispersed in liquid, particularly in a culture medium for in vitro tests, using the Dynamic Light Scattering method (DLS). The procedures to evaluate whether the nanoparticles and their aggregates are stably dispersed from temporal changes in the scattered light intensity and visual check of sedimentation formation are also shown.


1. Scope

The procedures shown in IV-5 apply to the CNT nanoparticles and their aggregates that have been dispersed in liquid. The range of the average particle size to be measured is around 20~1000 nm, which can be accommodated by commercial DLS devices. 


In general, CNT samples have a large absorption constant over a wide wavelength range, and therefore it is difficult to measure the particle size with transmission-type DLS except in the case of ultra-dilute samples.


Attention is required if the scattered light intensity from the CNT sample is abnormally low, as particle size measurements may not be highly reliable.


Annex A. Accuracy assessment

Refer to III-5 Annex A.

Annex B. Practical example

An example of measuring the particle size of single-wall carbon nanotube nanoparticles dispersed in a culture solution is shown.


B.1 Test outline

A dispersion sample is divided into three dispersion samples, and an in vitro test, DLS measurements and concentration measurements were conducted simultaneously at three different locations. For the DLS measurement, the scattered light intensity and scattering intensity average particle size was measured for four days. The average particle size was found using the photon correlation method.

B.2 DLS measurement conditions

The DLS measurement conditions are shown in Table IV-5.1.

Table IV-5.1 DLS measurement conditions

		Item

		Condition



		Particle sample 

		Single-wall carbon nanotube (diameter approx. 3nm)



		Dispersion sample 

		Liquid resulting from dispersing the particle sample in the dispersion medium below



		Dispersion sample preparation method 

		Ultrasonic dispersion (bath-type)



		Sample container 

		Polypropylene centrifuge tube 



		Dispersion medium 

		DMEM (cell culture medium) containing 10 % FBS (fetal bovine serum). Also contains a pH indicator. 



		Dispersion sample storage conditions

		Stored in a refrigerator (temperature of 4~5 °C)



		Particle sample mass concentration (feed)

		0.2 mg/mL



		Dispersion sample viscosity 

		0.935 cP (estimated using the Field Flow Fractionation method)



		Equipment name (measurement method, manufacturer name, etc.)

		Refer to B.3



		Particle size reference material used for the equipment validity check 

		Polystyrene latex 



		Cleaning

		Measurement cell is repeatedly cleaned using ultrapure water  



		Measured temperature

		25.0±0.1 °C





B.3 Equipment and instruments

An outline of the device used for measurement is shown in Table IV-5.2. The main devices used for measurement are as follows: 

(a) Centrifuge tube made of polypropylene and polyethylene (25 mmφ)

(b) Pasteur pipette (with high SiO2 purity)  

(c) Disposable pipette (made of polypropylene) 

(d) Ultrapure water (for cleaning equipment; filtered with a 0.1 μm filter) 

Table IV-5.2 Equipment used for measurement


		Equipment

		Measurement method

		Wavelength


nm

		Angle


deg

		Sample volume


mL

		Measurement cell



		

		Optical system

		Data analysis method

		

		

		

		



		F

		Homodyne

		Photon correlation method

		660

		160

		5

		Centrifuge tube made of polypropylene and polyethylene





B.4 Visual check of sedimentation formation


An example of the sedimentation conditions of the sample is shown in Figure IV-5.1. Although it is difficult to check visually, there is no sedimentation over the four days, and thus the dispersion sample can be considered to be stable.

(a) Appearance on Day 1

(b) Appearance on Day 4

 SHAPE  \* MERGEFORMAT 



 SHAPE  \* MERGEFORMAT 




Figure IV-5.1 Appearance of dispersion sample in which single-wall carbon nanotube nanoparticles were dispersed in the culture medium

B.5 Flow of measurement procedures

Conforms to III-5. Annex B. B.5 and III-5. Annex C.

B.6 Measurement results

The DLS measurement results are shown in Table IV-5.3.

Table IV-5.3 Average particle size and standard uncertainty of single-wall carbon nanotube nanoparticles

		Characteristic

		Symbol

		Value ± standard uncertainty (nm)



		scattering intensity average particle size  

		

DLS


d




		713±16



		Number (number-based) average particle size 

		

n


d




		370± 9





B.7 Stability evaluation results

Figure IV-5.2 shows the temporal changes in the scattering intensity average particle size and scattered light intensity over a period of four days. There are hardly any changes in either of them, and the dispersion sample is stable. In other words, the figure indicates that the nanoparticles of a single-wall nanotube (secondary particles) are stably dispersed.


In Figure IV-5.2, the relative values of the scattered light intensity (●) in reference to the measured value on the first day (with the value being 1) are plotted. The overall uncertainty of the average particle size is within the value of the circles (○,●). As no drastic increases or decreases are seen in either, it is presumed that the sample is relatively stable. 
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Figure IV-5.2 Daily changes in the scattering intensity average particle size (○) and scattered light intensity (●) of single-wall carbon nanotube nanoparticles dispersed in the cell culture medium

Authors of IV-5.

Shinichi Kinugasa, Haruhisa Kato, Kayori Takahashi

IV-6(1) Preparation method of transmission electron microscope samples for a single-wall carbon nanotube dispersion liquid – Rapid freezing technique

Introduction

In order to ensure reliability in the nanoparticle toxicity test, it is necessary to understand the size, shape, and composition, etc., of the tested nanoparticles. An electron microscope has high spatial resolution and enables shape and composition analysis, crystalline structure analysis, and analysis of chemical bonding conditions, etc., and is thus the most effective nanoparticle measuring method. 


IV-6(1) shows the procedures for preparing samples using the rapid freezing technique to observe nanoparticles dispersed in a liquid phase under a transmission electron microscope (TEM).


Nanoparticles generally have strong cohesive properties, and nanoparticles dispersed in a liquid phase easily aggregate in the process of preparing a TEM sample. In particular, single-wall carbon nanotubes easily aggregate and form bundles. Therefore, it is effective to prepare a sample that limits the aggregation of nanoparticles by rapidly freezing the nanoparticle dispersion liquid, freeze-drying the dispersion liquid, then drying only the dispersion medium using vacuum sublimation. 


1. Scope

The procedures in IV-6(1) apply to the retention of nanoparticles from the liquid phase nanoparticle dispersion system in which the primary particle size is 100 nm or smaller on to the TEM grid with a carbon support membrane that has a diameter of 3 mm. Here, the method using a polystyrene latex dispersion liquid with a primary particle size of 48 nm as a model and an example in which this is applied to single-wall carbon nanotubes are shown. 

2. Normative references

None. 

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II. 

4. Equipment and materials

4.1 Rapid freezing sample preparation device

A device that can drip nanoparticle dispersion liquid onto liquefied propane cooled to liquid nitrogen temperature. The work space is filled with high-purity nitrogen gas vaporized from liquid nitrogen, and can prevent the adhesion of frost on the sample. 


4.2 Microgrid with support membrane

A metal grid that is tens of μm in thickness with a membrane that is tens of nm in thickness attached on it in order to retain the observation sample, such as a powder. An amorphous carbon membrane is normally used. 


4.3 Metal container with lid

A container with a large heat capacity. The container has a low temperature elevation when cooled to low temperature, and is easy to handle. 


4.4 Hydrophilic treatment device

A device that introduces hydroxyl by plasma-treating the surface of the microgrid with support membrane, making it hydrophilic. 


4.5 Vacuum freeze-drying device

Many commercial freeze-drying devices are for food storage, etc., and the chilling temperature and retained vacuum do not satisfy the levels required for the purposes of this test. A biological sample freeze-drying device for electron microscopes is commercially available and is adequate for the purposes for this test. An electron microscope transfer holder that can arbitrarily set and keep the frozen sample grid at -140~-90 °C and a vacuum pumping system that can keep the transfer holder sample part to 1×10-5 Pa or less are used. 

4.5.1 Electron microscope transfer holder

The sample installation part at the tip of the holder needs to be able to be arbitrarily set to -140~-90 °C through liquid nitrogen cooling and the transfer holder needs to have a shutter mechanism to prevent the sample to be exposed to air. In addition, the transfer holder needs to have a working chamber that can set the sample in the holder without exposing the sample to air, while keeping it in a chilled state. 

4.5.2 High vacuum pumping system

The high vacuum pumping system should be able to set the electron microscope transfer holder and perform vacuum pumping, be equipped with a vacuum gauge, and preferably reach a vacuum of 1×10-4 Pa or lower.

5. Preparation method

5.1 Rapid freezing of the CNT dispersion liquid

There is a risk of liquid propane catching fire, so it is strongly recommended that a specialized device be used. The following procedures are premised on the use of a specialized device. 

5.1.1 Preparations for the rapid freezing sample preparation device

The working chamber of the rapid freezing sample preparation device is filled with liquid nitrogen, and it is completely chilled. In order to prevent melting of the frozen sample during work, chilling to -140 °C or lower is recommended. 

5.1.2Hydrophilic treatment of the microgrid with support membrane

Expose the microgrid with support membrane to atmospheric plasma using the hydrophilic treatment device and hydrophilize the surface. This treatment will enhance the wettability of the microgrid with support membrane, preventing it from repelling the nanoparticle dispersion liquid. 


5.1.3 Sample preparation using rapid freezing

Place the tweezers, metal container with lid and microgrid with support membrane into the working chamber in advance, and chill. 

Slowly introduce the propane gas into the refrigeration container of the rapid freezing sample preparation device, and liquefy. It facilitates the process to use a thin nozzle for the tip of the gas tube of the propane gas cylinder. Fill the refrigeration container with liquefied propane until the container is sufficiently immersed. 

Attach tweezers to the injector of the rapid freezing sample preparation device, and after setting the hydrophilized microgrid with support membrane on the tweezers, coat a small amount of the nanoparticle dispersion liquid onto the grid. In order to prevent the dispersion liquid from freezing from the cool air of the working chamber during this process, place the injector at a distance from the working chamber. 


Immerse the injector in liquefied propane, and rapidly freeze the microgrid with support membrane. 

Take out the microgrid with support membrane. At this time, make sure to work in the cooled region of the working chamber, and if instruments such as the tweezers are taken out of the cooled region, make sure to sufficiently cool them again before they are used. 


Fill the Dewar flask of the transfer holder set in the working chamber and the working chamber with liquid nitrogen, and cool the holder tip to about -150 °C.

5.2 Freeze-drying of the rapid freezing sample

5.2.1 Transfer of the rapid freezing sample

The rapidly frozen microgrid with support membrane is put in the metallic container which was cooled to liquid nitrogen temperature, cut off from the air, and transferred to the working chamber of the electron microscope transfer holder. 


5.2.2 Setting of the rapid freezing sample in the transfer holder

The rapidly frozen microgrid with support membrane is set in the transfer holder inside the sufficiently cooled working chamber of the transfer holder. The tweezers and sample holding member of the transfer holder used at this time are sufficiently cooled inside the working chamber with liquid nitrogen. Be very careful not to take the rapidly frozen microgrid with support membrane out of the cooled region of the working chamber.

5.2.3 Freeze-drying treatment

Close the shutter of the transfer holder, and quickly set the transfer holder in the high vacuum pumping system so that it is not exposed to air, and start vacuum pumping. When the vacuum has reached 1×10-4 Pa or lower, open the shutter of the transfer holder. Change the set temperature of the transfer holder to -90 °C. As the temperature approaches -90 °C, the vacuum becomes about 1×10-2 Pa and gas release from the sample can be seen. This is due to the ice components of the frozen sample sublimating and forming gas, and indicates that the sample is in the drying process. 


When drying is complete, the vacuum improves again. When the vacuum is once again 1×10-4 Pa or lower, it means that drying is complete and the transfer holder could be returned to room temperature. 

When the transfer holder returns to room temperature, vacuum pumping is terminated, air is leaked and the sample is taken out.


5.2.4 Liquefied propane treatment

Liquefied propane treatment is performed in accordance with the instructions of the rapid freezing sample preparation device. Be very careful of fire. 


6. Electron microscope observation results

Carl Zeiss EM-922 was used for the device, and the sample was observed at an accelerating voltage of 200 kV. 

Figure IV-6.1 (a) and (b) show the observation results of the TEM sample from the polystyrene latex dispersion liquid with a primary particle size of 48 nm prepared using the rapid freezing/freeze-drying method. The image shows that the prepared TEM sample has extremely well-dispersed state, with no aggregation of the polystyrene particles.  



Figure IV-6.1 Observation results of the polystyrene latex dispersion liquid TEM sample prepared using the (a) Rapid freezing and (b) Freeze-drying method

Figure IV-6.2 shows an observation result of the TEM sample prepared using the TEM sample preparation method shown in III-6(1). It can be seen that the SWCNT have aggregated and formed bundles. 



Figure IV-6.2 Observation result of the SWCNT dispersion liquid TEM sample prepared using the TEM sample preparation method shown in III-6(1)

Figure IV-6.3 (a) and (b) show the observation results of the TEM sample from the SWCNT dispersion liquid prepared using the rapid freezing/freeze-drying method. Unlike the bundle aggregates shown in Figure IV-6.2, the SWCNT are distributed as fibers with lengths of about 0.5~5 μm. In this way, using the rapid freezing/Freeze-drying method will allow to prepare TEM samples that reflect its dispersed state in liquid, even for nanoparticles that aggregate easily such as the SWCNT dispersion liquid.



Figure IV-6.3 Observation results of the SWCNT dispersion liquid TEM sample prepared using the (a) Rapid freezing method and (b) Freeze-drying method

Author of IV-6(1)

Kazuhiro Yamamoto

IV-6(2) Preparation method of transmission electron microscope samples for lung tissues that contain multiwall carbon nanotube

Introduction

TEM observational samples of lung tissue containing MWCNT can be prepared using the method shown in III-6(2). IV-6(2) shows an example in which this method was applied to the preparation of TEM observational samples of rat lungs that were intratracheally instillated with MWCNT dispersion liquid. 


1. Electron microscope observation results

Figure IV-6.4 shows the TEM images of a rat lung sample three months after being intratracheally instillated with a MWCNT dispersion liquid (adjusted so that the MWCNT weight is 1.0 mg/body) and prepared in accordance with the method in III-6(2). The images (a), (c), and (d) in the figure were observed using Hitachi H-7000 at an accelerating voltage of 80 kV. Image (b) was observed using Carl Zeiss EM-922 at an accelerating voltage of 200 kV.

Image (a) is a TEM image of an alveolar macrophage, and shows fibrous materials being taken into the cell. 


Image (b) is a high-resolution image of fibrous materials that were taken into the alveolar macrophage, showing the graphite crystal lattice and a hollow tubular structure. This revealed that the fibrous materials that were taken into the alveolar macrophage were MWCNT. It also showed that MWCNT maintained a good crystalline form even three months after intratracheal instillation. 

Image (c) is a TEM image of the inflammation area of the alveolar epithelial cells, and MWCNT can also be observed in the inflammation area of the epithelial cells. 

Image (d) shows the vascular tissue in the lung. The area around the vascular tissue is inflamed, and MWCNT can be observed. 




Figure IV-6.4 TEM images of lung tissue

Author of IV-6(2)

Kazuhiro Yamamoto

V. Titanium dioxide nanoparticles

V-1(1) Preparation method of titanium dioxide nanoparticle samples of liquid phase dispersion for in vivo systems – Bead mill dispersion method

Introduction

In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal instillation test to investigate the effects of nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles generally have strong cohesive properties, and in order to satisfy such requirements, it is necessary to disintegrate the nanoparticle aggregates and make them into primary particles. At the same time, it is necessary to control the characteristics of the dispersion medium using surface chemistry methods and keep the disintegrated nanoparticles in a stably dispersed state.


V-1(1) shows the procedures for preparing a titanium dioxide (TiO2) nanoparticle dispersion sample to be used as an intratracheal instillation toxicity test sample. TiO2 particles of which the primary particle size is 100 nm or smaller are used as raw materials to be dispersed in water with a wet bead mill as nanoparticles, and the TiO2 nanoparticle dispersion sample is stably dispersed using a surfactant with little biological effect. 


1. Scope

The procedures shown in V-1(1) apply to the preparation of an intratracheal instillation test sample with a particle concentration of about 5 mg/mL in which primary particles or aggregates of 50 nm or smaller dispersed in the liquid phase using a bead mill with TiO2 powder (anatase-type) as the raw material.

An appropriate dispersant is used to secure dispersion stability of the dispersion liquid from the time of sample preparation to the implementation of the intratracheal instillation test (approximately one week). 

2. Normative references

None in particular.

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment

4.1 Disperser

A bead mill that enables dispersion using tiny beads with a diameter of 50 μm or smaller (Figure V-1.1. Example: Ultra Apex Mill UAM-015 of Kotobuki Industries Co., Ltd.) is used. The inner surfaces of the dispersion container is lined with an abrasion resistant material such as zirconium, and the beads and agitator blades are also made of an equivalent abrasion resistant material.


4.2 Post-treatment equipment

A centrifuge that can be operated at a centrifugal acceleration of up to 20,000×g used to adjust the size and concentration of particles in the dispersion liquid.


4.3 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.5. 




Figure V-1.1 Bead mill

5. Sample

5.1 Dispersion medium and preparation of the medium

5.1.1 Dispersion medium

Purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated using an endotoxin removal filter (e.g.: BioPak of Millipore) added with a dispersant of a specified concentration is used for the dispersion medium.


5.1.2 Dispersant

Disodium phosphate (also known as: disodium hydrogen phosphate, Na2HPO4･12H2O, Disodium Phosphate, DSP) is used as the dispersant. DSP is effective for the aqueous dispersion of titanium dioxide and is used as a biological buffer solution. 

As optimal dispersed state was obtained with a DSP concentration of 2mg/mL when dispersing titanium dioxide to 10mg/mL, a dispersion medium with a DSP concentration of 2mg/mL is prepared. 


5.2 Titanium dioxide TiO2 (anatase-type)

The titanium dioxide powder is stored in a desiccator. 

6. Preparation method

6.1 Pre-treatment of dispersing equipment

Before dispersion, bead mill components such as the beads and agitator blades used for dispersion, etc., are washed with ethanol and then sterilized with ultraviolet light. The irradiation time should be at least eight hours.


6.2 Bead mill dispersion

The powder sample stored in the desiccator is weighed out so that the particle concentration of the dispersion liquid to be dispersed is 10 mg/mL. 


A specified volume of the dispersion medium prepared in 5.1 is fed into the disperser in advance, and the raw material powder that was collected in advance is put directly into the slurry tank of the disperser while being stirred. 


The disperser is operated in accordance with the usage method. After dispersing for the prescribed time, the dispersion liquid is collected. 


6.3 Particle size adjustment

Centrifugal separation is conducted on the collected dispersion liquid for one hour at a centrifugal acceleration of 8,000×g or 16,000×g, and the supernatant liquid is collected and used as the dispersion liquid sample. 

6.4 Concentration adjustment

The dispersion liquid sample is diluted or concentrated to the specified concentration. 

The dispersion medium prepared in 5.1 is used for dilution. 

If concentration is necessary, centrifugal ultrafiltration is performed. An ultrafiltration membrane with a molecular weight cut off of 100,000 or less is used. 

6.5 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3. 

7. Dispersion liquid assessment

7.1 Measurement of particle size distribution

The particle size distribution is evaluated using the Static Light Scattering method or the Dynamic Light Scattering method. However, if the particle size distribution obtained using the Dynamic Light Scattering method is wide, another measurement method, such as the Static Light Scattering method or the visualization method is used concurrently.


The measurement results are displayed in terms of cumulative distribution, frequency distribution, or representative diameter, and the definition of distribution basis (scattered light intensity, number-based, or mass-based) or representative diameter is added. The representative diameter is represented by scattered light intensity, median diameter (number-based or mass-based), or mean diameter (number-based or mass-based).  


The physical property values (dispersed viscosity, refractive index of the powder and dispersion medium, and the measured temperature) used for measurement are also added. 


7.2 Observation of dispersed state

The dispersed state is observed and evaluated through TEM or SEM. The sedimentation of particles is also checked. 

7.3 Assessment of particle concentration of the dispersion liquid

5~10 mL of the dispersion liquid collected in 6.3 is put into a drying pan, dried for two hours at 200 °C, and the particle concentration is evaluated from the mass. The dispersant content is found in advance using the mass obtained by drying the dispersion medium alone under the abovementioned conditions.


7.4 Physical property assessment

The changes in crystalline structure, surface conditions, and chemical composition, etc., before and after dispersion are evaluated using X-ray diffraction (XRD), TEM observation, and energy dispersive X-ray spectrometry (EDS), etc..

7.5 Stability evaluation

The stability is evaluated based on the temporal changes in the particle size (representative diameter or distribution) and the concentration of the particles in the dispersion liquid. Stability evaluation can also be performed based on the Zeta potential measurement or sedimentation property. 

8. References

1) S. Endoh, J. Maru, K. Uchida, K. Yamamoto, J. Nakanishi, “Preparing samples for fullerene C60 toxicity tests: Stable dispersion of fullerene crystals in water using a bead mill”, Adv. Powder Technol., 20 (2009) 567-575.

2) N. Kobayashi, , T. Naya, S. Endoh, J. Maru, K. Yamamoto, J. Nakanishi, “Comparative pulmonary toxicity study of nano-TiO2 particles of different sizes and agglomerations in rats: Different short- and long-term post-instillation results”, Toxicology, 264 (2009) 110-118.

Annex A. Practical example

An example of preparing a dispersion liquid in which 10~50 nm nanoparticles are suspended at a concentration of 5 mg/mL is shown below, using ST-01 of Ishihara Sangyo Kaisha, Ltd. as a raw material (Refer to References 2) of the main text of V-1(1)). 


A.1 Dispersion using a bead mill

The particle concentration of the raw material slurry was 10 mg/mL and the dispersant concentration was 2 mg/mL.

Ultra Apex Mill UAM-015 of Kotobuki Industries Co., Ltd. was used for the disperser. The operating conditions are shown: 

(a) Quantity of dispersion liquid: 500 mL


(b) Dispersion liquid circulation flow: 10 L/h


(c) Bead diameter: 15 μm


(d) Quantity of beads: 400 g


(e) Peripheral velocity of agitator blade tip: 12 m/s


(f) Dispersion time: 2 hours

Figure V-1.2 shows the particle size distribution after dispersion measured using the Dynamic Light Scattering method (UPA of Nikkiso Co., Ltd. was used). The conditions for measurement using the Dynamic Light Scattering method are as follows: 

(a) Measured temperature: Room temperature (no particular control)

(b) Dispersed viscosity: 0.994 mPa s (in the case of 20.3 °C)

(c) Dispersed refractive index: 1.33


(d) Particle refractive index: 2.58


As the primary particle size of ST-01 is 10 nm or smaller, the primary particles were not dispersed, but secondary particles of about 20−60 nm can be obtained. 




Figure V-1.2 Particle size distribution of ST-01 dispersed using a bead mill

A.2 Particle size and concentration adjustment

Figure V-1.2 shows the particle size distribution of TiO2 particles in the supernatant liquid obtained by subjecting the dispersion liquid of ST-01 to centrifugal separation at 16,000×g (MX-300 of TOMY SEIKO CO., LTD. was used). Particles of 30 nm and above were removed by centrifugal separation.

The concentration of the dispersion liquid prepared using centrifugal separation was 4.8 mg/mL. As the concentration was close to the specified concentration, no adjustments such as dilution were made. 

Figure V-1.3 shows the changes in the particle size distribution of ST-01 over a four days. Slight changes in the measurement values when the sample was left still can be seen at 20 nm or smaller, but shaking restored the sample to its original distribution.




Figure V-1.3 Dispersion liquid stability (4 days)

A.3 Changes in the crystalline structure

Figure V-1.4 shows a comparison of the crystalline structures of ST-01 and the ST-01 dispersed using a bead mill. No changes in the crystalline structure are seen due to bead mill dispersion.




Figure V-1.4 X-ray diffraction pattern before and after bead mill dispersion

Author of V-1(1)
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V-1(2) Preparation method of titanium dioxide nanoparticle samples of liquid phase dispersion for in vivo systems – Ultrasonication method

Introduction

In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal instillation test to investigate the effects of nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles have strong cohesive properties, and generally exist in the work environment, etc., as aggregates of submicron or larger. Therefore, in order to understand the effects of nanoparticles, toxicity tests are required for dispersion samples in which primary particles have been dispersed and in which the secondary particle size has been restricted. 


V-1(2) shows the procedures for preparing an intratracheal instillation test sample to evaluate the biological effects of titanium dioxide (TiO2) nanoparticle aggregates. TiO2 particles of which the primary particle size is 100 nm or smaller are dispersed in water as secondary particle aggregates with a particle size of 1 μm or smaller, and the TiO2 nanoparticle dispersion sample is stably dispersed using a surfactant with little biological effect. 


1. Scope

The procedures shown in V-1(2) apply to the preparation of an intratracheal instillation test sample with a particle concentration of about 5mg/mL in which TiO2 powder (anatase-type) with nano-sized primary particles are dispersed in the liquid phase in an aggregation state of 1 μm or smaller. An appropriate dispersant is used to secure dispersion stability of the dispersion liquid from the time of sample preparation to the implementation of the intratracheal instillation test (approximately one week). 


2. Normative references

None in particular. 

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II. 

4. Equipment and instruments

4.1 Dispersion equipment

Ultrasonic bath, such as Branson 5510J-MT with an output of 135 W and frequency of 42 kHz is used.

4.2 Container

A sterilized 100 mL glass container with a screw-on lid. 


4.3 Particle size and concentration adjustment equipment

A centrifuge that can be operated up to a centrifugal acceleration of 20,000×g, used to adjust the size and concentration of the particles in the dispersion liquid.

4.4 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.4. 

5. Sample

5.1 Dispersion medium and preparation of the medium

5.1.1 Dispersion medium

Purified water that has been purified with a water purifier (e.g.: Milli-Q of Millipore) and treated using an endotoxin removal filter (e.g.: BioPak of Millipore), added with a dispersant of a specified concentration is used for the dispersion medium.

5.1.2 Dispersant

Disodium phosphate (also known as: disodium hydrogen phosphate, Na2HPO4･12H2O, Disodium Phosphate, DSP) is used as a dispersant. DSP is effective for the aqueous dispersion of titanium dioxide and is used as a biological buffer solution. 


As optimal dispersed state was obtained with a DSP concentration of 2mg/mL when dispersing titanium dioxide at 10mg/mL, a dispersion medium with a DSP concentration of 2mg/mL is prepared.


5.2 Preparation of apowder sample and raw material dispersion liquid

5.2.1 Titanium dioxide (TiO2) (anatase-type)

Titanium dioxide powder (e.g.: ST-01 of Ishihara Sangyo Co., Ltd) with a primary particle size of 100 nm or smaller. The raw material powder is stored in a desiccator. 

5.2.2 Raw material dispersion liquid

If the liquid is dispersed at a particle concentration of 10 mg/mL, 0.5 g of the titanium dioxide powder is weighed out. The weighed powder sample is put into a 100 mL glass container with a screw-on lid containing 50 mL of the dispersion medium prepared in 5.1.2, and the container is sealed.  

6. Preparation method

6.1 Ultrasonic dispersion

The 100 mL glass container with a screw-on lid which contains 50 mL of the dispersion liquid is put in the specified location (directly above the ultrasonic resonator where the water in the ultrasonic bath vibrates most intensely). The liquid height of the ultrasonic bath is adjusted to produce the strongest resonance with the liquid surface of the dispersion liquid in the glass container with a screw-on lid. 


Ultrasonic irradiation is performed for the specified time (2~3 hours) and dispersion is conducted. 

6.2 Particle size adjustment

Centrifugal separation is conducted on the obtained dispersion liquid for one hour at a centrifugal acceleration of 1,000×g, and the supernatant liquid is collected.

6.3 Concentration adjustment

The particle concentration is verified using the method described later (7.3). 

The dispersion medium prepared in 5.1 is used for dilution. 

If concentration is required, centrifugal ultrafiltration is performed at 6,000×g. An ultrafiltration membrane with a molecular weight cut off of 100,000 is used. The operation time is 1~3 minutes to avoid an increase in particle size through excessive concentration.


If granulation occurs, ultrasonic irradiation is performed using an ultrasonic bath for 10~20 minutes.  

6.4 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3. 

7. Dispersion liquid assessment

7.1 Measurement of particle size distribution

The particle size distribution is evaluated using the Static Light Scattering method or the Dynamic Light Scattering method. However, if the particle size distribution obtained using the Dynamic Light Scattering method is wide, another measurement method, such as the Static Light Scattering method or the visualization method is used concurrently.


The measurement results are displayed in terms of cumulative distribution, frequency distribution, or representative diameter, and the definition of the distribution basis (scattered light intensity, number-based, or mass-based) or the representative diameter is added. The representative diameter is represented by scattered light intensity, median diameter (number-based or mass-based), or mean diameter (number-based or mass-based).  


The physical property values (dispersed viscosity, refractive index of the powder and dispersion medium, and the measured temperature) used for measurement are also added. 


7.2 Observation of dispersed state

The dispersed state is observed and assessed using TEM and SEM. The particle sedimentation is also checked. 

7.3 Assessment of particle concentration of the dispersion liquid

5~10 mL of the dispersion liquid collected in 6.2 is put into a drying pan, dried for two hours at 200 °C, and the particle concentration is evaluated from the mass. The dispersant content is found in advance using the mass obtained by drying the dispersion medium alone under the abovementioned conditions. 
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Annex A. Practical example 1

An example of preparing a dispersion liquid in which aggregates with secondary particles sized 50~200 nm are suspended at a concentration of 5 mg/mL from ST-01 manufactured by Ishihara Sangyo is shown (Refer to References 1)).

A.1 Dispersion using an ultrasonic bath

The concentration of particles fed into the glass container with a screw-on lid was 10 mg/mL.

Branson 5510J-MT was used for the ultrasonic bath. The water surface was set at 2.2 mm and dispersion was conducted for three hours. 

Figure V-1.5 shows the particle size distribution after dispersion measured using the Dynamic Light Scattering method (Zetasizer Nano of Malvern Instruments, Ltd. was used.) as a light intensity-based and mass-based cumulative undersize distribution. There were many particles of sizes that were not suitable for DLS measurement, but are shown for reference. The DLS measurement conditions were as follows:

(a) Measured temperature: 25 °C

(b) Dispersed viscosity: 0.887 mPa s


(c) Dispersed refractive index: 1.33


(d) Particle refractive index: 2.70








Figure V-1.5 Particle size distribution of ultrasonically dispersed ST-01 and dispersion liquid adjusted by centrifugal separation

A.2 Particle size adjustment

Centrifugal separation at 1,000×g was conducted for one hour on the dispersion liquid after ultrasonic dispersion, and the supernatant liquid was collected. The particle size distribution of the supernatant liquid is shown in Figure V-1.5. The figure shows that the particle size distribution after centrifugal separation has a single peak and comprises aggregates of mostly 200 nm or smaller. These aggregates settle, and thus, the dispersion liquid is unstable. However, resuspension is possible with simple shaking. 


The particle concentration of this dispersion liquid was 3.8 mg/mL and the recovery rate was approximately 20 %.

A.3 Concentration adjustment

Concentration was conducted by centrifugal ultrafiltration. Centrifugal separation was performed for one minute at 6,000×g using a filtration film with a molecular weight cut off of 100,000 (Vivaspin 20-100k of GE Healthcare Bio-Sciences KK.), and the film residue was redispersed. Figure V-1.5 also shows the particle size distribution. A distribution of particles sized 100 nm or smaller is retained. The concentration after concentration was performed was 6.4 mg/mL. Figure V-1.6 shows the TEM images of particles in the supernatant liquid after centrifugal separation.



Figure V-1.6 TEM images of aggregates

Annex B. Practical example 2

An example of preparing dispersion liquid comprising aggregates with secondary particles sized 100 nm or larger from ST-01 manufactured by Ishihara Sangyo is shown. 


B.1 Dispersion using an ultrasonic bath


The concentration of particles fed into the glass container with a screw-on lid was 10 mg/mL.


Purified water that does not contain DSP is used for the dispersion medium.


The conditions for the ultrasonic bath are the same but the dispersion time is 90 minutes.


After ultrasonic dispersion, DSP was added, making the DSP concentration 2 mg/mL, in order to stabilize the dispersion liquid.


Figure V-1.7 shows the particle size distribution (scattered light intensity-based and mass-based frequency distribution and cumulative distribution) measured using the Dynamic Light Scattering method (Zetasizer Nano of Malvern Instruments, Ltd. was used). 


B.2 Particle size adjustment


Centrifugal separation at 1,000×g was conducted for five minutes on the dispersion liquid after ultrasonic dispersion, and the supernatant liquid was collected. The particle size distribution in the supernatant liquid is shown in Figure V1.7. The figure shows that the particle size distribution after centrifugal separation has a single peak and the aggregates are almost all 100 nm or larger. 


The particle concentration of this dispersion liquid was 2.5 mg/mL and the recovery rate was approximately 12 %.








Figure V-1.7 Preparation of aggregates of 100 nm or above from ST-01 Ultrasonic dispersion 90 minutes; centrifugal separation 1,000×g
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V-2. Preparation method of titanium dioxide nanoparticle samples of liquid phase dispersion for in vitro systems

Introduction

In order to ensure reproducibility and reliability in the inhalation exposure test and intratracheal instillation test to investigate the effects of nanoparticles on the body, it is essential to control the size and shape of the tested nanoparticles and to understand their characteristics. Nanoparticles generally have strong agglomerating/aggregating properties, and as the culture medium used for in vitro testing contains components that promote aggregation, such as salts, the nanoparticles may directly settle in the cells. Therefore, a preparation method for stable and reproducible dispersion during the in vitro test period (normally four days) is required. In order to observe the effects of the nanoparticles, it is necessary to minimize the use of dispersants such as surfactants and in order to satisfy such requirements, it is necessary to disintegrate the nanoparticle aggregates and make them into primary particles. At the same time, it is necessary to control the characteristics of the dispersion medium using surface chemistry methods and keep the disintegrated nanoparticles in a stably dispersed state. 


V-2 shows the procedures for preparing a dispersion liquid of titanium dioxide (TiO2) nanoparticles in a cell culture medium to be used as an in vitro test sample. The characteristics of this preparation method are that the FBS in the cell culture medium is used to disperse TiO2 particles, rather than using surfactants, etc; fractions of dispersion liquid containing TiO2 nanoparticles with differing secondary particle size values can be obtained through phased centrifugal separation; and that the period used for cell culture and the secondary particle size values stabilize. 

1. Scope

The procedures shown in V-2. apply to the preparation of a dispersion sample containing a liquid phase (culture medium) with secondary particles sized 50~150 nm through centrifugal separation, using TiO2 powder with primary particles sized 100 nm or smaller as the raw material. 


2. Normative references

None in particular. 

3. Terms, definitions and symbols

Refer to 1. and 2. of Chapter II.

4. Equipment and instruments

4.1 Centrifuge

A centrifuge equipped with a rotor capable of performing centrifugal separation at an acceleration of 16,000×g to 1,000×g on centrifuge tubes that have a capacity of at least 50 mL per tube (e.g.: AV anti HP-25 and rotor JA-25.50 of Beckman Coulter, Inc.). 


4.2 Clean bench

It is recommended to use a clean bench for dispersion in order to prevent contamination of the cell culture medium which is the main component of the TiO2-culture medium dispersion liquid, or to conduct asepsis that conforms to this. However, fans are not used in order to prevent exposure through the scattering of nanoparticles. In addition, fluorescent lights and ultraviolet lamps are not used in order to avoid the effect of lighting. 


4.3 centrifuge tube

A glass or plastic container to contain solution or dispersion liquid and conduct centrifugal separation using a centrifuge. 


4.4 Vortex mixer

A test device that rotates the bottom of the test tube at a high speed and stirs the liquid inside. 

4.5 Protective gear

Protective gear such as face masks, protective gloves, protective goggles, and lab coats associated with 6.5. 

5. Sample

5.1 Bulk powder

Powdered TiO2 with any crystal shape. This preparation method can be applied to both anatase-type and rutile-type TiO2.

5.2 Dispersion medium

DMEM culture medium. Contains 10 % FBS and 1 % antibacterial and antifungal agent. A prepared commercial product is used. 

6. Preparation method

The following procedures are all aseptically treated.  

6.1 Preliminary adsorption step

TiO2 nanoparticles have strong sorptive behavior, and adsorb serum-derived proteins such as FBS and salts such as calcium in the culture medium. As this behavior will deplete the culture medium components and starve the cultured cells, possibly affecting the cell toxicity test, the adsorptive capacity is saturated in advance using FBS. 


6.1.1 Dispersion

The TiO2 powder is weighed into a centrifuge tube, FBS is added, and the powder is dispersed using a vortex mixer, etc. 

6.1.2 Removal of supernatant liquid

Centrifugal separation is performed with an acceleration of 16,000×g for 20 minutes at 25 °C, and the supernatant liquid is removed. 

6.2 Washing step

If an excessive amount of FBS that was not adsorbed by the TiO2 nanoparticles during the treatment in 6.1 is brought into the TiO2-culture medium dispersion liquid, this may produce an artificial effect on the cells. Therefore, the TiO2 nanoparticles are washed using DMEM that does not contain FBS in order to prevent unadsorbed blood serum components from being carried in.     

6.2.1 Dispersion

DMEM that does not contain FBS is added to the sedimentation from which the supernatant liquid was removed in 6.1, and this is redispersed. If the sedimentation is hard, it should be sufficiently loosened with a spatula before it is thoroughly dispersed with a vortex mixer, etc. 


6.2.2 Removal of supernatant liquid

Centrifugal separation is conducted on the sample at an acceleration of 16,000×g for 20 minutes at 25 °C, and the supernatant liquid is removed. 

NOTE   An example of the series of operations from the preliminary adsorption step to the washing step mentioned above is shown using the centrifuge (AV anti HP-25) and centrifuge tube (#357002; 50 mL capacity) of Beckman Coulter, Inc (refer to Figure V-2.1).

3.2g of the TiO2 powder is weighed into a centrifuge tube, 20 mL of FBS is added, and this is sufficiently shaken and dispersed using a vortex mixer, etc. 

The lid of the centrifuge tube is closed tightly to prevent liquid leakage, the tube is put in a rotor (JA-25.50), and centrifugal separation is performed at an acceleration of 16,000×g for 20 minutes at 25 °C.

The supernatant liquid is removed by suction using an aspirator, etc. 

20 mL of DMEM that does not contain FBS is added to the sedimentation, and after sufficiently loosening it with a spatula, it is redispersed using the vortex mixer. 


Centrifugal separation is conducted on this at an acceleration of 16,000×g for 20 minutes at 25 °C. The supernatant liquid is removed by suction using an aspirator, etc. 

6.3 Fractionation step

After 6.1 and 6.2, TiO2-culture medium dispersion liquid containing secondary TiO2 particles within a certain range of sizes are obtained by means of a fractionation step comprising phased centrifugal separation treatment.

In other words, the supernatant liquid is collected using centrifugal separation treatment, and the same amount of fresh DMEM containing FBS as the amount of supernatant liquid removed is added to the sedimentation, and this is resuspended. Next, centrifugal separation treatment with a lowered centrifugal force is conducted, and the collection of supernatant liquid and resuspension of the sedimentation is repeated. The range of the secondary TiO2 particle size in the various TiO2-culture medium dispersion liquid collected as supernatant liquid depends on the centrifugal force. The collection method of 4,000×g fraction and 1,000×g fraction TiO2-culture medium dispersion liquid is shown below (refer to Figure V-2.1).



Figure V-2.1 Outline of the TiO2-culture medium dispersion liquid preparation method

DMEM with 10% FBS is added to TiO2 after washing (sedimentation in 6.2.2 of the previous section), making the concentration 80 mg/mL, and this is sufficiently dispersed. If the sedimentation is hard, it is sufficiently loosened with a spatula, etc., and then dispersed using a vortex mixer, etc..

Centrifugal separation is performed at an acceleration of 8,000×g for 20 minutes at 25 °C, and the supernatant liquid is removed. 

Fresh DMEM with 10% FBS is added to the sedimentation and this is redispersed. If the sedimentation is hard, it is sufficiently loosened with a spatula, etc., and then dispersed using a vortex mixer, etc..

Centrifugal separation is performed at an acceleration of 4,000×g for 20 minutes at 25 °C.

The supernatant liquid is collected and used as the TiO2-culture medium dispersion liquid (4,000×g fraction). 

Fresh DMEM with 10% FBS is added to the sedimentation and this is redispersed. Centrifugal separation is performed at an acceleration of 2,000×g for 20 minutes at 25 °C, and the supernatant liquid is removed.


Fresh DMEM with 10% FBS is added to the sedimentation and this is redispersed. Centrifugal separation is performed at an acceleration of 1,000×g for 20 minutes at 25 °C.


The supernatant liquid is collected and used as the TiO2-culture medium dispersion liquid (1,000×g fraction). 

6.4 Dispersion liquid storage

The prepared TiO2-culture medium dispersion liquid is refrigerated at 4 °C until testing. The liquid is kept still and not shaken or mixed. 

6.5 Safety measures in the handling of nanoparticles

Refer to Chapter II 3.3.

7. Dispersion liquid assessment

One lot of the TiO2-culture medium dispersion liquid prepared in 6. is divided into three lots; one lot is used for the in vitro test, one lot is used for concentration measurement, and one lot is used for the particle size measurement and stability test. These tests are essentially conducted synchronously. 


An example of the TiO2-culture medium dispersion liquid prepared using this sample preparation method is shown below. 

7.1 Bulk powder

Anatase-type titanium dioxide ST-01 (primary particle size 7 nm; specific surface area 300 m2/g) of Ishihara Sangyo Kaisha, Ltd. was used. 

7.2 Dispersion medium

DMEM (GIBCO 11965－092 of Invitrogen), 10% fetal bovine serum (Cellect GOLD, 2916754 of MP Biomedicals Inc.), and 1 % antibiotics (02892－54 of nacalai tesque) were added. 

7.3 Dispersion liquid characterization

Characterization here refers to determining the secondary particle size, dispersion liquid stability, TiO2 particle concentration, changes in salt concentration (Na, K, P) in the culture medium, and dissolution of metals. 

7.3.1 Secondary particle size, dispersion stability and concentration


Table V-2.1 shows an example of the TiO2-culture medium dispersion liquid characterization results.

Table V-2.1 Example of TiO2-culture medium dispersion liquid characterization results

		Fraction

		TiO2 concentration

(mg/ml)

		Yield with respect to concentration in feed (%)

		Size (nm)

		U (nm)

		utime (nm)

		uapp (nm)

		umethod (nm)



		4000×g

		0.096

		0.12

		dl

		147.7

		8.3

		7.2

		3.3

		2.4



		

		

		

		dn

		103.9

		17.7

		13.7

		8.4

		7.5



		1000×g

		0.287

		0.36

		dl

		224.5

		10.1

		8.0

		3.4

		5.2



		

		

		

		dn

		148.5

		18.1

		12.3

		7.8

		10.8





dl: Light intensity average particle size, dn: Number average particle size, 

u: Combined uncertainty, utime: Daily fluctuations, 

uapp: Fluctuations between devices, umethod：Fluctuations between analysis methods

7.3.2 TiO2 particles in the dispersion liquid

Figure V-2.2 shows the transmission electron microscope (TEM) images.

4000×g fraction



1000×g fraction




Figure V-2.2 Transmission electron microscope images of TiO2 particles in the TiO2-culture medium dispersion liquid (the bar represents 100 nm)
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V-3. Measurement method of titanium dioxide nanoparticle samples of liquid phase dispersion

As the content of V-3. is almost the same as III-5., the overlaps are omitted. However, in NOTE 2 of III-5. 7.4 “Viscosity measurement,” there is a reminder that the viscosity of the dispersion liquid may significantly increase due to the presence of nanoparticles, but a significant increase in viscosity does not occur for the TiO2 dispersion liquid.

Introduction

V-3. shows the procedures to determine the average particle size of the titanium dioxide (TiO2) nanoparticles and their aggregates that are dispersed in liquid, in particular in the in vitro test culture solution, using the Dynamic Light Scattering method (DLS). It also shows the procedures to evaluate whether the nanoparticles and their aggregates are stably dispersed from temporal changes in the scattered light intensity and visual check of sedimentation formation.


1. Scope

The procedures shown in V-3. apply to the TiO2 nanoparticles and their aggregates that have been dispersed in liquid. The range of the average particle size to be measured is around 20~1000 nm, which can be accommodated by commercial DLS devices. 

Annex A. Accuracy assessment

Refer to III-5. Annex A

Annex B. Practical example

An example of measuring the particle size of industrially manufactured and sold titanium dioxide nanoparticles dispersed in a culture solution is shown. 


B.1 Test outline

A dispersion sample is divided into three dispersion samples, and an in vitro test, DLS measurement and concentration measurement was conducted simultaneously at three different locations. For the DLS measurement, the scattered light intensity and scattering intensity average particle size was measured over a period of four days. Three different devices were used on each measurement day and the average particle size was found using two types of particle size distribution analysis methods. 


B.2 DLS measurement conditions

The DLS measurement conditions are shown in Table V-3.1

Table V-3.1  DLS measurement conditions

		Item

		Conditions



		Particle sample 

		Titanium dioxide nanoparticles, nominal primary particle size 7 nm



		Dispersion sample 

		Liquid resulting from dispersing the particle sample in the dispersion medium below



		Dispersion sample preparation method

		Preliminary adsorption method*



		Sample container

		Polypropylene centrifuge tube 



		Dispersion medium 

		DMEM (cell culture medium) containing 10 % FBS (fetal bovine serum). Also contains a pH indicator.   



		Dispersion sample storage requirements

		Stored in a refrigerator (temperature of 4~5 °C)



		Particle sample mass concentration

		0.0821±0.0028 mg/L(measured using fluorescent X-ray analysis) 



		Dispersion sample viscosity

		0.947 cP(measured using an Ubbelohde viscometer) 



		Equipment name (measurement method, manufacturer name, etc.)

		Refer to B.3



		Particle size reference material used for the equipment validity check 

		Polystyrene latex 



		Cleaning

		The measurement cell was repeatedly washed using ultrapure water



		Measured temperature

		25.0±0.1 °C





Note*: Method of compensating the protein loss in the culture medium due to centrifugal separation. 

B.3 Equipment and instruments

Refer to III-5. Annex B B.3


B.4 Visual check of sedimentation formation

Figure V-3.1 shows an example of the sedimentation conditions of the sample. A little bit of white sedimentation can be seen at the bottom of the container, but as the amount of sedimentation hardly increases in the four days, the dispersion sample can be considered to be stable. The entire dispersion sample is red due to the pH indicator.


(a) Appearance on Day 1

(b) Appearance on Day 4

 SHAPE  \* MERGEFORMAT 


   SHAPE  \* MERGEFORMAT 




Figure V-3.1 Appearance of dispersion sample in which titanium dioxide nanoparticles were dispersed in the culture medium

B.5 Flow of measurement procedures

Conforms to III-5. Annex B. B.5 and III-5. Annex C.

B.6 Measurement results

Table V-3.2 shows the DLS measurement resultsin. 

Table V-3.2 Average particle size and standard uncertainty of titanium dioxide nanoparticles

		Characteristics

		Symbol

		Value ± standard uncertainty (nm) 



		Scattering intensity average particle size  

		

DLS


d




		240± 9



		Number (number-based) average particle size 

		

n


d




		127±19





B.7 Stability evaluation results

Figure V-3.2 shows the temporal changes in the scattering intensity average particle size and scattered light intensity over a period of four days. There are hardly any changes in either of them, and the dispersion sample is stable. In other words, the figure indicates that the titanium dioxide nanoparticles (secondary particles) a are stably dispersed. 

In Figure V-3.2, the scattered light intensity was measured with device D, and the relative values in reference to the measured value on the first day (with the value being 1) are plotted. The average particle size of each measurement day is the mean of data obtained from the three devices. The overall uncertainty of the average particle size is within the value of the circles (○,●). As no drastic increases or decreases are seen in either, it is presumed that the sample is relatively stable. 
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Figure V-3.2 Daily fluctuations in scattering intensity average particle size (○) and scattered light intensity (●) of titanium dioxide nanoparticles dispersed in a cell culture medium
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3.2g of metal oxide is dispersed in 20 ml of FBS





Centrifugal separation is performed at 16,000×g; 20 minutes





After removing the supernatant fluid, this is redispersed in 20 ml of DMEM that


does not contain FBS





Centrifugal separation is performed at 16,000×g; 20 minutes





After removing the supernatant fluid, this is redispersed in 40 ml of DMEM containing 10% FBS





Centrifugal separation is performed at 8,000×g; 20 minutes





Sedimentation   8,000×g supernatant liquid





Centrifugal separation is performed at 4,000×g; 20 minutes





Sedimentation  4,000×g supernatant liquid 





TiO2-culture medium dispersion liquid (4,000×g fraction)





Centrifugal separation is performed at 2,000×g; 20 minutes





Sedimentation  2,000×g supernatant liquid 





Centrifugal separation is performed at 1,000×g; 20 minutes





Sedimentation1,000×g supernatant liquid





TiO2-culture medium dispersion liquid (1,000×g fraction)





After the supernatant liquid is removed, new culture medium is added to the suspension in the same amount as the removed liquid, and this is resuspended





Preliminary adsorption step
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