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    Chapter 2   

 Characterization of Nanomaterials for Toxicological Studies       

     Kevin   W.   Powers      ,    Paul   L.   Carpinone   , and    Kerry   N.   Siebein     

  Abstract 

 The scienti fi c community, regulatory agencies, environmentalists, and most industry representatives all 
agree that more effort is required to ensure the responsible and safe development of new nanotechnolo-
gies. Characterizing nanomaterials is a key aspect in this effort. There is no universally agreed upon mini-
mum set of characteristics although certain common properties are included in most recommendations. 
Therefore, characterization becomes more like a puzzle put together with various measurements rather 
than a single straightforward analytical measurement. In this chapter, we emphasize and illustrate the 
important elements of nanoparticle characterization with a systematic approach to physicochemical char-
acterization. We start with an overview describing the properties that are most signi fi cant to toxicological 
testing along with suggested methods for characterizing an as-received nanomaterial and then speci fi cally 
address the measurement of size, surface properties, and imaging.  
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 The increased emphasis on nanotechnology and its potential 
widespread commercial applications over the last two decades has 
sparked great interest in the potential human health and environ-
mental effects of nanomaterials. Most of this attention is directed 
toward particulate nanomaterials as these are the most likely to be 
spread through the environment as aerosols or water-borne sus-
pensions. If uncontrolled and unregulated, there is some poten-
tial in the minds of many that such particles can pose a human 
health hazard and/or environmental damage. Although the his-
tory of nanotechnology may trace its roots back to 1959 with 
Richard Feynman’s “There is room at the Bottom” essay and pop-
ularized by Alex Drexler’s 1991 book  Unbounding the Future: 
the Nanotechnology Revolution , the  fi rst serious attention to the 
potential toxic effects of nanotechnology came much later  (  1,   2  ) . 

  1.  Introduction
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In the spring of 2003, several groups presented  fi ndings at the 
annual American Chemical Society meeting illustrating cases where 
the size of nanomaterials affected their distribution and toxic 
behavior in animal studies  (  3  ) . This brought national and interna-
tional attention to the issue. The next year, the Royal Society pub-
lished a report,  Nanoscience and nanotechnologies: opportunities 
and uncertainties , that focused serious attention on the health and 
safety implications of nanotechnologies  (  4  ) . In the Fall of 2004, 
the University of Florida, in conjunction with the National 
Toxicology Program, held the  fi rst US National Symposium on 
experimental approaches available to evaluate the toxicity of nano-
materials  (  5  ) . Since that time, numerous workshops, conferences, 
organizations, and regulatory guidelines have been initiated to 
address this pressing issue. The journal,  Nanotoxicology , was cre-
ated in 2007 and the Society of Toxicology now has a specialty 
section focusing on nanotoxicity. Because of the uncertainty in the 
health and safety effects of nanotechnology, funding for nanotoxic-
ity research has gradually increased with a US National 
Nanotechnology Initiative FY2011 (all agency) budgetary request 
of $117 million devoted to EH&S research (out of the 1.76 billion 
total request). Virtually all researchers in the  fi eld acknowledge 
the importance—and the dif fi culty—of sound characterization of 
nanomaterials as a necessary element in assessing their toxicity 
and/or other biological activity  (  6–  9  ) . 

 Particle characterization is an essential aspect of any attempt to 
assess potential biological effects of nanoparticulate systems. This 
may seem obvious, but to those unaccustomed to analyzing or 
quantifying particulate systems, the thorough characterization of 
their nanomaterials is a daunting task, especially in the context of a 
complex biological environment. Most traditional particle size 
analyzers have been designed to measure particle properties under 
controlled conditions with limited confounding factors  (  10,   11  ) . 
In mineral or chemical systems, one often has the luxury of adjust-
ing the environment by dilution, changing the solvent system, 
adjusting the pH, or adding surfactants to promote dispersion and 
aid the analysis. In biological systems, the presence of multiple 
components, high ionic strength, a limited temperature range, and 
potential toxic effects of dispersion aids hamper the investigator in 
his ability to measure important particle attributes. Properties such 
as size distribution, state of aggregation, surface charge, surface 
chemistry, translocation, and interaction with biological compo-
nents can be very dif fi cult to quantify and interpret in these com-
plex environments  (  12  ) . In the end, characterization becomes 
more like a puzzle put together with various measurements rather 
than a single straightforward analytical measurement. In this chap-
ter we emphasize and illustrate the important elements of nanopar-
ticle characterization with a systematic approach to physicochemical 
characterization. Subheading  2  is an overview describing the 
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properties that are most signi fi cant to toxicological testing along 
with suggested methods for characterizing an as-received nanoma-
terial. Subheadings  3 – 5  address the measurement of size, surface 
properties, and imaging, respectively.  

 

 A number of individual researchers and several National and 
International organizations have pooled resources to try and de fi ne 
which properties of nanomaterials are needed to best evaluate or 
predict their toxicological behavior  (  6,   8,   13,   14  ) . Most researchers 
agree on the basic characterization parameters. These usually 
include those shown in Table  1 .  

 There are many other properties that have been suggested for 
the complete characterization of Nanomaterials. Perhaps the most 

  2.  Measurements 
and Methodologies

   Table 1 
  Important properties for characterization of nanomaterials   

 As-received  In vitro a   In vivo 

 Particle size distribution  Stability  ADME 

 Particle shape  Surface chemistry  Translocation/distribution 

 Bulk composition  Zeta potential  Agglomeration 

 Purity  Cytotoxicity  Immune response 

 Solubility  Hemolytic 
properties 

 In fl ammation 

 Surface chemistry b   Surface adsorbed 
species 

 Toxicity 

 Surface area  ROS generation 

 Surface morphology 
(crystallinity, shape, 
surface roughness) 

 Sterility 

 Hydrophobicity 

 Zeta potential 

 Stability/agglomeration 
behavior 

   a See NIST-NCL protocols at   http://ncl.cancer.gov/     
  b Surface chemistry is often rather broadly de fi ned (if de fi ned at all). Most often it is 
meant to describe the chemical species on the surface, their concentration, and their 
effect on the interaction with the surrounding solvent system, surfaces, and other sus-
pended solids. See Subheading  2  for greater detail  

http://ncl.cancer.gov/


16 K.W. Powers et al.

complete list has been compiled by OECD’s Working Group on 
Manufactured Nanoparticles  (  15  ) . This list includes a number of 
additional properties such as dustiness, water–octanol partition 
coef fi cient, a TEM micrograph, and number of other surface prop-
erties. Ultimately, it is up to the individual researcher to decide 
which properties are pertinent to his or her experiment. For example, 
the OECD list includes “dustiness” which may be important in the 
setting of aerosol exposure limits but may be irrelevant to an 
in vitro or parenteral exposure. 

 Once the properties of interest are identi fi ed, there are two 
issues that must be addressed: measuring the properties and express-
ing the measurement in some standard fashion acceptable to other 
scientists. The “dustiness” property is a good example because it is 
somewhat obscure in its de fi nition  (  16  ) . Intuitively, we may all 
understand that “dustiness” relates to the propensity for a dry 
powder to become aerosolized. However, there are different meth-
odologies for quantifying this property oriented toward speci fi c 
industries, size ranges, and concentrations (e.g., ASTM Standard 
D 7486-08). A dustiness measure designed for the coal industry 
likely will not adequately capture this property for dry agglomer-
ated nanomaterials. Such a measurement for dry nanomaterial 
applications has yet to be standardized. 

 Fortunately, if we go back to the list in Table  1 , we will  fi nd 
that for most (but not all) of these measurements there are estab-
lished analytical methods  (  17  ) . Perhaps the most notable exception 
is the “agglomeration behavior” of particulate systems. The quan-
tification of this important property is a major issue as particles are 
introduced into biological environments and will be treated in 
more detail in the next section. 

 The bulk chemical composition and purity of the material is 
usually assessed by standard analytical means. For metals and metal 
oxides, the elemental composition can be measured by inductively 
coupled plasma (ICP-AES or ICP-MS), atomic absorption, or 
other quantitative techniques. Impurities can also be assessed by 
these means. For polymers or other organic constituents standard 
analytical techniques can be applied, sometimes requiring dissolu-
tion in appropriate solvents  (  18  ) . A variety of methods such as Gel 
permeation chromatography, FTIR, NMR, LCMS, and others can 
be used to determine the structure and average MW of polymers. 
Analytical techniques can be highly specialized and often require 
sophisticated instrumentation and special expertise. If the nanoma-
terial is procured commercially, one of the most obvious sources of 
this information is the manufacturer. Manufacturer’s technical 
support personnel are usually willing to provide additional infor-
mation that may not be on the speci fi cation sheet for their materi-
als. It is always useful, however, to conduct one’s own analysis if 
possible, as the manufacturer may not quantify the same informa-
tion that is relevant for toxicological studies. For example, a few 
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ppm of copper or heavy metals in silver nanoparticles may not 
materially affect the intended antimicrobial properties of the silver 
but, if concentrated near the surface, may have a dramatic effect on 
its toxicity toward higher organisms. We once found 0.50 ppm 
mercury in a 50 ppm colloidal silver preparation that was intended 
for human consumption! The method of manufacture, transport, 
dispersion, storage, or even atmospheric exposure can suf fi ciently 
alter the surface composition of some nanomaterials so as to impart 
toxicological properties signi fi cantly different from the bulk material. 
Hence purity should always be a concern. 

 Solubility is often overlooked as being relatively straightfor-
ward. When it comes to toxicity, it is not. Looking up the “solubility” 
in a CRC handbook and ascribing “soluble” or “not soluble” is 
often insuf fi cient to characterize the solubility of nanomaterials. 
Almost all metals and metal oxides have some solubility in aqueous 
systems and even very slight solubilities can have signi fi cant meta-
bolic/toxic effects. Amorphous silica has an equilibrium solubility 
of 90 ppm at pH 7 which increases dramatically as particle diame-
ter decreases below 10 nm  (  19  ) . The previous example of silver 
nanoparticles is another case in point. The equilibrium solubility of 
silver in deionized water is low enough (only a few ppm) that it 
would generally be described as insoluble, yet its solubility is high 
enough to exert a deadly effect on microbes. Solubility can change 
dramatically with particle size due to increased surface energy, and 
changes in pH can have very dramatic effects on the dissolution 
and solubility of particles. Many metals are multivalent and ampho-
teric, and the hydrolysis and speciation of metal cations can be an 
important parameter (e.g., Cr 3+  vs Cr 6+ ). At the very least, the equi-
librium concentration of soluble constituents should be established 
and the aqueous chemistry of the nanomaterial should be well 
understood when conducting toxicological tests  (  20  ) .  

 

 The determination of particle size seems very intuitive and simple 
to the layman but is far more challenging and complex than is 
generally recognized. Both ISO and ASTM have committees and 
numerous working groups devoted exclusively to particle charac-
terization and particle size measurement (ISO TC24, SC4 particle 
characterization, and ASTM E-29 on particle and spray character-
ization). The complexity in particle characterization lies in two 
basic attributes: particles are generally small and hence they are 
generally numerous. Representative sampling is a crucial (often 
overlooked) issue. A large number of particles must be sampled 
and measured to adequately represent the size distribution, espe-
cially for broad size distributions. The second attribute is that 

  3.  Size, Size 
Distribution, and 
Agglomeration
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particles have a natural tendency to agglomerate in solution or 
“coagulate” from an aerosol dispersion  (  21  ) . Unless stabilized by 
some form of repulsive surface forces (typically electrostatic or 
steric), van der Waals forces will cause particles to stick together as 
they move in Brownian motion and randomly come into contact 
with each other. Hence, one is often dealing with a dynamic system 
where the particle (or at least agglomerate) size changes as a func-
tion of time or with changes in the surrounding environment. 

 Most individual particle sizing techniques do not clearly 
differentiate between primary particles and particle agglomerates. 
In addition, most measurement techniques interpret or report par-
ticle size based on the assumption that the particles are spheres with 
homogeneous properties (e.g., uniform density, refractive index). 
When agglomeration causes particle shape or density to depart from 
these assumptions, the assessment of the particle size distribution 
becomes less reliable. Thus, multiple analysis techniques and imag-
ing are normally combined to develop a more complete picture of 
size distribution and state of dispersion. An example of this is pro-
vided in Figs.  1 ,  2 , and  3  for a nominally spherical 50 nm aluminum 
sample. In this example the particle size was determined by three 
common methods: electron microscopy, BET surface area, and 
laser diffraction. Primary particle size appears to be qualitatively 
distributed in the 20–100 nm range by TEM/SEM. The aluminum 
powder has a speci fi c surface area of 35.1 m 2 /g and a median diam-
eter by laser diffraction as recorded below in Table  2 .     

 Figure  1  shows the laser diffraction size measurement of the Al 
powder dispersed and sonicated in deionized water. Note how dif-
ferent the laser diffraction data looks when plotted as a number 
distribution versus the volume weighted distribution. The number 
distribution is calculated to be the relative frequency of particles of 
a given diameter while the volume distribution is weighted by the 
volume or “cube” of the particle diameter. A particle system with 
a broad size range or with a high degree of agglomeration will be 
evident by a greater disparity between the two distributions when 

  Fig. 1.    Coulter LS13320 laser diffraction particle size for a nominal 50 nm aluminum 
sample (number and volume distributions).       
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  Fig. 2.    TEM micrographs of aluminum 50 nm sample. ( a ) Aggregated particles, ( b ) high 
mag showing crystalline FCC lattice in particle interior and amorphous surface coating. 
Scale bars = 50 nm ( a ) and 20 nm ( b ).       

  Fig. 3.    SEM micrographs of as-received aluminum 50 nm powder.       

   Table 2 
  Particle size data for a nominally 50 nm Al powder   

 50 nm Al powder 

 Median diameter (number)  111 nm 

 Median diameter (volume )  1.02  μ m 

 Speci fi c surface area  35.1 m 2 /g (~56.9 nm sphere) 

 

 



20 K.W. Powers et al.

they are plotted side by side. In this example, the additional 
information gained by BET surface area analysis and by SEM/
TEM (Figs.  2  and  3 ) enables one to conclude that the primary 
particle size distribution lies predominantly between 20 and 
100 nm, and that the powder is substantially agglomerated when 
dispersed in water. 

 In assessing particle size distribution for toxicity testing there 
are additional issues to be addressed. Since aggregate size is often 
dynamic, there is the question of when and under what conditions 
to make the measurements. Usually particles are characterized 
most thoroughly  as-received  from the manufacturer. Here the 
researcher has the maximum control over the environment and 
may freely manipulate the system to measure the desired properties. 
For example, the pH of the solution may be adjusted to promote 
dispersion, surfactants may be used, sonication or high shear can 
be applied to promote dispersion, and particles can be prepared for 
microscopy with fewer potential artifacts. Most measurement 
techniques are not designed for complex systems; therefore the 
best results are usually attained by keeping the particle-solvent 
system as simple as possible. Ensemble techniques usually measure 
properties averaged over a large number of particles in the measure-
ment zone (e.g., dynamic light scattering (DLS), laser diffraction). 
Thus, assuming that the sampling is representative, the results are 
statistically robust. Once the properties of the material are thor-
oughly understood ex vivo, samples can be prepared appropriately 
for exposure with greater con fi dence and understanding. 

 For nanomaterials, the most common wet sizing techniques 
are DLS, laser diffraction, centrifugal sedimentation, acoustic tech-
niques, Brownian motion analysis, electrozone sensing, and dark 
 fi eld,  fl uorescent, or confocal microscopy, albeit optical microscopy 
is limited to viewing relatively large nanoparticle agglomerates. For 
very small nanoparticles, large macromolecules, dendrimers and 
proteins, size exclusion chromatography (SEC), asymmetric  fi eld 
 fl ow fractionation (AFFF), and ultracentrifugation are popular 
methods. For dry powders or aerosolized nanomaterials one can 
determine particle size from BET-speci fi c surface area, dynamic 
mobility analysis (DMA), time of  fl ight mass spectroscopy (TOFMS), 
light scattering, and electron microscopy. Atomic force microscopy 
(AFM) and cantilever resonance techniques (e.g., quartz balances, 
micro fl uidic cantilevers) can be conducted on either dry or wet 
samples. 

 All of these measurement techniques become more dif fi cult to 
implement in complex heterogeneous systems such as cell culture 
media and biological  fl uids. The complexity increases in three ways. 
Additional components can in fl uence the aggregation state of the 
particles (often by a change in pH, ionic strength, or surface 
adsorption). Secondly, they in fl uence important physical properties 
of the surrounding medium such as viscosity, refractive index, or 
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absorbance, and third, additional moieties in biological systems are 
often particles themselves (e.g., large proteins, biopolymers, cells, 
microparticles, etc.) that can confound or obscure the measurement. 
In Fig.  4 , centrifugal analysis demonstrates these phenomena for a 
sample of PEG-coated 40 nm gold particles dispersed into whole 
blood. There appears a relatively distinct peak (at the equivalent of 
40 nm) representing the primary gold particles with two peaks 
representing various cellular components of the lysed blood. The 
cellular components of the blood present a background which can 
easily obscure larger gold aggregates present in the sample. In this 
example, the analysis is further complicated by the fact that the 
various components have distinctly different densities.  

 Due to its broad popularity, DLS deserves a few comments of 
its own. DLS is based on the principle that particles diffuse under 
Brownian motion as a function of their hydrodynamic diameter (or 
size),  fl uid viscosity, and temperature. Smaller particles tend to dif-
fuse more rapidly than larger particles. Mathematically, the diffu-
sion of a particle in a  fl uid is described by the Stokes–Einstein 
equation. Again, in this basic equation the particle is assumed to be 
spherical and homogeneous.
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h
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where  d  h  = hydrodynamic diameter,  k  B  = Boltzman constant, 
 T  = temperature (K),   h   = solvent viscosity, and  D  T  = translational 
diffusion coef fi cient. At a given temperature and viscosity, the 
hydrodynamic diameter can be calculated by experimentally 
determining the diffusion coef fi cient. 

 In DLS, the diffusion coef fi cient is usually derived through the 
use of photocorrelation or power spectrum analysis (Doppler shift). 
Without delving into the mathematical details, one can see that for 
uniform, well-dispersed, homogenous spheres or emulsions, there 
will be a single diffusion coef fi cient, and DLS is highly reliable and 

  Fig. 4.    Analytical centrifugation data for PEG-coated 40 nm gold in whole blood.  Inset : TEM 
micrograph of primary particles (50 nm bar).       
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robust  (  22  ) . Various advanced algorithms enable DLS to be used 
for polydisperse samples, but the accuracy suffers the further a 
sample deviates from the ideal. As with most other techniques, 
highly aggregated, contaminated, or heterogeneous samples can 
yield poor results if the researcher does not use appropriate care in 
making the measurement. Though not strictly de fi ned as DLS, 
Brownian motion analysis can be applied to individual particles if 
their individual movement is captured by video with a dark  fi eld 
microscope and laser illumination. The motion of individual parti-
cles is captured and analyzed to determine their diffusion coef fi cient, 
and a statistical picture of the whole sample is developed by the 
automated analysis of many particles. This technique suffers from 
its own weaknesses including high sensitivity to sample concentra-
tion, clarity and depth of  fi eld, and a relatively smaller sample size. 
However, as a counting technique, it can handle multimodal or 
broad distributions. 

 The preceding discussion highlights the care that must be 
taken when conducting particle size analysis before, during, and 
after exposure in toxicological studies. Multiple techniques are 
almost always essential to develop a full understanding of primary 
particle size and state of agglomeration. The investigator should 
thoroughly understand the physical principles by which these mea-
surements are made and give careful consideration to the composi-
tion of the surrounding  fl uid and how it affects these measurements. 
Collaboration with researchers trained in particle characterization 
is always a good idea.  

 

 Particles are all about size, shape, and surface properties. The most 
obvious surface property for  fi ne particles is the high surface area. 
For spheres, speci fi c surface area increases inversely with particle 
diameter, thus for a given mass it increases dramatically as particle 
size approaches the nano range. The theoretical speci fi c surface 
area is usually measured in meters squared per gram. For a spherical 
particle it can be calculated by the following formula where density 
(  r  ) is described in g/cm 3  and diameter is given in microns.

     
microns

6
SSA .

d
=

×r     

 Thus, a 1  μ m silica sphere (  r   = 2.2 g/cm 3 ) has a SSA of 
2.72 m 2 /g, whereas a 10 nm silica particle has a 100-fold greater 
area of 272 m 2 /g! A perfect sphere is the shape of minimum surface 
area, thus any shape deviation, surface roughness, or porosity serve 
to increase the speci fi c surface area. This equation is most often 

  4.  Surface and 
Interfacial 
Properties
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used to calculate the spherical equivalent particle size from a BET 
surface area measurement  (  23  ) . The BET measurement should be 
included in the particle characterization whenever there is suf fi cient 
dry powder available. For wet systems, or where there is insuf fi cient 
material available to conduct BET analysis, surface area is most 
often approximated by measuring particle size and calculating the 
surface area using a spherical assumption  (  24  ) . Occasionally, sur-
face area is approximated in solution by dye adsorption or acid/
base titration. For example, the Sears test is a standard acid base 
titration method used for determining surface area in the colloidal 
silica industry  (  25  ) . There has been some success in measuring the in 
situ surface area of aerosol powders using the epiphaniometer and 
more recently by a diffusion charging (DC) technique  (  26,   27  ) . 

 Surface area is important because it is the surface that interacts 
with the surroundings; however, it is not surface area alone that 
de fi nes these interactions. Surface chemistry consists of the chemi-
cal structure of particle surfaces, development of surface charge, 
surface functional groups, surface active sites, and the propensity 
to adsorb moieties from the environment both pre- and postexpo-
sure. Surface adsorption and/or coating can completely change 
the nature of the surface. Surface chemical analysis is most easily 
conducted on as-received materials. Two principle measurements 
of surface chemistry are hydrophilicity and zeta potential. These 
will largely determine how the particles physically respond to 
dispersion in aqueous  fl uids. The two are related in that hydropho-
bic particles seldom develop a substantial surface charge and there-
fore may be dif fi cult or impossible to disperse in solution. They 
may however have a greater af fi nity for lipids, membranes, or other 
lypophilic environments. 

 There is no easy way to quantify the contact angle of particles. 
Typically researchers will simulate the particle surface composition 
on a  fl at bulk surface and measure contact angle accepting the fact 
that this is an approximation of the highly curved nanoparticle sur-
face. Another method is by powder capillary rise using the Laplace–
Washburn equation; however, this technique suffers from 
insuf fi cient precision in de fi ning the effective interparticle pore 
radius ( r  eff ) for a nonspherical packed nanoparticle bed plus 
dif fi culty dealing with hysteresis effects     (  28  ) .
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 One will note that the OECD working group on manufac-
tured nanomaterials suggests using the octanol–water partition 
coef fi cient to characterize hydrophilicity  (  15  ) . This method is used 
routinely in the pharmaceutical industry and by environmental 
toxicologists to partition and identify hydrophobic species dis-
solved in aqueous solutions. Its usefulness for nanoparticles is still 
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under debate. In its most simpli fi ed form, nanoparticles are 
suspended in water mixed with an organic solvent, and the concen-
tration of nanoparticles that partition into each phase is quanti fi ed 
through a partition coef fi cient (log  P ). This parameter can be used 
in a comparative manner against standard materials to estimate the 
hydrophobicity of a powder  (  29  ) .

     
o

W

log log .
C

P
C

⎛ ⎞
= ⎜ ⎟⎝ ⎠     

 There are several issues with this simpli fi ed technique. It fails to 
account for effects such as particle size, sedimentation, and surface 
tension effects at the water–octanol interface. Standardized meth-
ods for applying it to nanoparticles are still under consideration. 

 A more quantitative method of determining the hydrophilicity 
of particles is by AFM. In this method, particles are af fi xed to an 
AFM cantilever and force measurements are recorded as the AFM 
tip is lowered into a drop of water  (  30,   31  ) . This is a rather special-
ized technique with its own set of issues such as how particles are 
af fi xed to the cantilever tip and their geometry as the tip approaches 
the water droplet. It has not yet been adapted as a standardized 
method but is very useful if the instrumentation and expertise are 
available. 

 Since almost all exposures in toxicology studies eventually 
involve aqueous biological  fl uids, it is important to determine the 
surface charge that develops on particles when introduced into 
aqueous solutions. Since the charge at the particle surface is dif fi cult 
to measure directly, the zeta potential (net potential at the shear 
plane) and isoelectric point of the particles are typically used to 
quantify particle charge  (  32  ) . A complete analysis should be made 
in both deionized water and in a buffered solution of similar ionic 
strength and pH relevant to the intended exposure route. Figure  5  
shows a zeta potential titration of aluminum nanoparticles and 
demonstrates the sensitivity to the increase ionic strength of tap 
water and the adsorption of even small concentrations of polyva-
lent ions. When measuring (or attempting to measure) zeta poten-
tial, the dispersion stability of the particles in suspension often 
becomes quite evident and provides insight into the agglomeration 
behavior of the materials. For aqueous suspensions, zeta potential 
is generally positive below the isoelectric point (low pH) and nega-
tive above the IEP. One should be alert that as pH approaches very 
high or very low values solubility often increases dramatically.  

 Generally, zeta potentials of absolute value greater than about 
30 mV are characteristic of well-stabilized colloids. As the pH 
approaches the isoelectric point, dispersions become less stable and 
more prone to agglomeration. Due to the high ionic strength and 
near neutral pH of many physiological  fl uids, it is common for 
nanoparticle systems to become totally unstable and agglomerate 
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rapidly when introduced into the biological environment. The 
temptation at this point is to attempt to disperse the particles 
through the use of surfactants or other dispersion aids, high energy 
sonication, shear, coatings, other surface modi fi cations, or by 
changing the solution conditions. The danger is that such treat-
ments may promote unrealistic exposure protocols and begs the 
question, “Are the biological effects due to the particles or to the 
surface modi fi cations used to disperse them?” 

 Zeta potential can be measured with several good techniques 
including electroacoustic, DLS, and electrophoretic methods 
 (  33–  35  ) . 

 The functional surface chemistry of nanomaterials consists of a 
broad range of interfacial properties that, like zeta potential, rely 
on the surroundings as well as the particle surface. Thus, surface 
composition and properties should be characterized as-received 
with the understanding that these properties may change once 
introduced into a biological setting. The elemental composition of 
the particle surface can be determined by surface sensitive tech-
niques such as X-ray photoelectron spectroscopy (XPS), secondary 
ion mass spectroscopy (SIMS), energy dispersive spectroscopy 
(EDS), and auger electron spectroscopy (AES). These are all high 
vacuum techniques and vary in their capabilities and surface sensi-
tivity. Surface chemistry may also change substantially when parti-
cles are handled, dried,  fi xed in a biological matrix, and placed 
under ultra-high vacuum for analysis. Molecular species can some-
times be deduced from these analyses (e.g., bond energies from 
XPS), but painting a complete picture of the surface atomic layers 

  Fig. 5.    Zeta potential titration of aluminum nanoparticles in both deionized and tap waters.       
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on particles is still an art. Standard spectroscopic techniques such 
as FTIR and Raman can be helpful in identifying surface groups, 
but suffer from issues such as sensitivity and (too high) depth of 
penetration. Fortunately, unless a speci fi c surface chemistry is 
intentionally introduced, surface groups tend to be some combina-
tion of the bulk particle composition, oxides, hydroxyl groups, or 
contaminants introduced during synthesis or handling. Surface 
treatments, such as a peroxide baths (Fenton treatment) or plasma 
cleaning, can be used to clean surfaces of impurities with the under-
standing that one may be imparting an arti fi cially “clean” surface 
to the particles prior to exposure  (  36  ) . 

 The propensity for nanomaterials to catalyze or generate free 
radicals or reactive oxygen species is often of speci fi c interest in 
assessing toxicity. Many semiconductor or transition metal oxides 
such as iron oxides, titanium dioxide, and cerium oxide can be cata-
lytic toward free radical species under different conditions  (  37  ) . 
Fullerenes, carbon nanotubes, graphene, along with various func-
tional groups can also generate radicals  (  38,   39  ) . While the mecha-
nisms of ROS generation may or may not be a speci fi c goal of the 
investigation, quanti fi cation of ROS generation is important in the 
toxicological evaluation of nanomaterials. Quanti fi cation of ROS 
in solution or in vitro is often accomplished using various colori-
metric or  fl uorometric indicators such as dihydrorhodamine-123 
(DHR) which is converted to the  fl uorescent form upon reaction 
with peroxide, singlet oxygen, and other reactive species  (  40,   41  ) . 
Electron paramagnetic resonance (EPR) or spin resonance (ESR) is 
a specialized method that can be used to measure free radicals 
directly or by “spin trapping” radicals with a reporter molecule. It is 
a powerful in vitro technique and has seen increasing applications in 
in vivo detection and quanti fi cation of oxygen and ROS  (  42  ) . 

 Clearly there are many other reactions that take place at the 
surface of particles in the biological environment. There may be 
speci fi c uptake of proteins, speci fi c cell membrane interactions, 
opsonization of particles, and numerous other interactions all of 
which might bear on the toxicity pro fi le of these materials. Particles 
designed for therapeutic or imaging applications have speci fi c sur-
face properties engineered to chemically target them to the desired 
location or to control the lifetime in circulation. Consequently, the 
surface chemistry of nanoparticles can be as complex and as broad 
as the  fi eld of analytical chemistry itself.  

 

 Microscopy is often considered the gold standard for measuring 
the properties of nanoparticles because it is visual, more intuitive, 
can be highly quantitative, and there is less ambiguity in the 

  5.  Microscopy 
and Imaging
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observed size, structure, and morphology  (  6  ) . It is generally 
recognized as good practice to include micrographs at the appro-
priate magni fi cation of any nanomaterial being characterized for 
toxicity testing. For nanomaterials, this normally will require scan-
ning electron microscopy (SEM), transmission electron micros-
copy (TEM), or AFM. These techniques can contribute toward 
the measurement of the particle size, shape, morphology, particle 
size range, crystallinity, agglomeration state, purity, surface area, 
and surface morphology. The chemical composition of the nano-
particles and coatings can be determined using energy dispersive 
X-ray spectrometry (EDS) or electron energy loss spectroscopy 
(EELS). As with all particle characterization techniques, sampling 
and statistical reliability are two major issues when drawing conclu-
sions from imaging alone. It is much more dif fi cult to achieve and 
verify a representative sample for the very small samples required 
for microscopy, and there are many artifacts that are possible in the 
preparation and analysis of samples especially for in vacuo tech-
niques such as SEM and TEM. 

 Optical techniques generally don’t have the resolution to see 
individual nanoparticles but are useful to image the cells, tissue, 
and for pathology. Fluorescent probes can be embedded or surface 
attached to particles to track their behavior and location. Usually, 
TEM with the appropriate sample preparation and staining tech-
niques is required to analyze the nanoparticles in the ultrastructure 
of cells and tissue. Morphological information is gained through 
comparison of images taken using multiple techniques over a wide 
range of magni fi cations  (  43,   44  ) . For example, Fig.  6  shows a series 
of optical and TEM images at different magni fi cations that “home 
in” on the location, size, and aggregation state of gold nanoparti-
cles deposited from the blood stream in the liver of a mouse. The 
EDS spectrum is necessary to positively identify the particles, which 
are often confused with staining artifacts or cellular structures.  

 A better understanding of the interactions between cells and 
nanoparticles is obtained using multiple microscopy techniques. 
Correlative microscopy includes any available microscopic tech-
niques, including light, probe, laser, and electron microscope tech-
niques. A few of the microscopy techniques that are typically used 
in biological sciences and the cellular uptake of nanoparticles are 
transmitted light,  fl uorescence microscopy, confocal microscopy, 
and TEM with elemental analysis such as EDS or EELS  (  44–  47  ) . 
The analysis can be in two or three dimensions. Three-dimensional 
analysis is more dif fi cult to achieve, but can provide additional 
information on shape, particle distribution, and relationship to 
various cellular structures. Confocal imaging, stereo SEM, cryo-
sectioning, AFM, and soft X-ray tomography are all techniques 
that provide 3D data. Typically, an optical technique is used to 
screen samples and to locate areas of interest. TEM is needed 
for ultrastructure information obtained through high resolution 
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imaging and elemental analysis. The preparation of samples for 
TEM requires special expertise that is expensive and labor inten-
sive. In many cases, the TEM results are necessary to aid in the 
interpretation of the optical results, after which the optical tech-
nique can be used as a screening process. 

 The latest advances in TEM analysis of biological materials are 
in cryo preparation, cryo TEM, and TEM tomography  (  48–  50  ) . 
Cryo preparation procedures, such as high pressure freezing, elimi-
nate artifacts from the conventional preparation procedures of 
 fi xation, dehydration, and embedding. The possibility of washing 
away nanoparticles is also eliminated when high pressure freezing 
is used. The frozen samples can be imaged directly in the cryo 
TEM without staining. TEM tomography is based on a tilt series 
of two-dimensional projections of the object along different direc-
tions that is reconstructed into a three-dimensional projection of 
the original object. 

 Ion abrasion SEM (IA-SEM) or focused ion beam SEM (FIB-
SEM) is being used to present three-dimensional views of cells and 
tissue  (  48–  53  ) . It is a relatively new technique to the world of 

  Fig. 6.    Optical and TEM images of the gold nanoparticles in the Kupffer cells of a mouse liver with the EDS spectrum 
con fi rming elemental composition. ( a ) Optical micrograph of gold aggregates in a histological liver section. ( b ) TEM of 
particles in liver section at higher magni fi cation. ( c ) TEM at still higher magni fi cation showing primary gold particles. ( d ) 
EDS spectra taken by TEM con fi rming that the particles in the image are gold (copper peaks are from TEM grid). Scale 
bars = 50  μ m ( a ), 2  μ m ( b ), and 700 nm ( c ).       
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biological sciences. It combines the removal of thin layers of samples 
by an ion beam and then imaging the newly exposed face of the 
sample. This slice and image technique combined with stereologi-
cal image analysis software can be used to build the 3D image 
from SEM slices. The result is an image cube that shows the nano-
particle distribution in three dimensions. 

 Some of the more exciting recent advances in biological imag-
ing include X-ray microscopy and soft X-ray tomography. The res-
olution of X-ray microscopy lies between that of the optical 
microscope and the electron microscope. X-ray microscopy using 
synchrotron soft X-ray sources such as the Advanced Light Source 
at Berkeley Labs has achieved resolutions as  fi ne as 15 nm. The 
advantage of X-ray microscopy is that biological samples can be 
analyzed in their natural hydrated state, preserving the unaltered 
microstructure of the cell. Soft X-ray tomography provides three-
dimensional imaging much like the medical computed tomogra-
phy (CT) scan we are all familiar with, but at much higher 
resolutions. The biggest drawback to the widespread use of X-ray-
based biological imagining has been the need for a synchrotron 
source of X-rays. However, commercial instruments with laser 
plasma X-ray sources are now being developed with submicron 
capabilities and the potential to do small animal imaging  (  54,   55  ) . 

 Imaging is currently the only method available to assess the 
shape of nanoparticles. Although many nanoparticulate systems 
are nominally equiaxed or spherical, many of the most interesting 
structures are not. Carbon nanotubes (CNTs), nanowires, and 
nano fl akes might pose a signi fi cant risk if toxicity is linked directly 
to shape factors. High aspect  fi bers (e.g., asbestos) have been linked 
to mesothelioma at larger particle sizes and hence researchers and 
regulatory agencies are cautious. There have been a number of 
studies to try and determine if shape is a factor in the toxicity of 
CNTs and, although there are a number of studies showing pul-
monary or cellular toxicity, it is still inconclusive  (  56,   57  ) . 
Nonetheless, shape affects many other physical properties such as 
aerosolization, aggregation, and diffusion and should be quanti fi ed 
in any characterization protocol.  

 

 There has been a great deal of attention and research devoted to 
the issue of nanotoxicology over the last 10 years. The scienti fi c 
community, regulatory agencies, environmentalists, and most 
industry representatives all agree that more effort is required to 
ensure the responsible and safe development of new nanotechnol-
ogies. Characterizing nanomaterials is a key aspect in this effort. 
There is no universally agreed upon minimum set of characteristics 

  6.  Conclusions
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although certain common properties are included in most recom-
mendations (see Table  1  and additional references). Reviewers for 
many professional journals have been sensitized to look for such 
information. Ultimately it is up to the researcher to decide the 
properties that are the most pertinent to the goals of the investiga-
tion and to characterize their nanomaterials accordingly. Research 
teams incorporating multidisciplinary personnel can be most help-
ful in this respect.      
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