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Cellulose nanomaterial metrology: microscopy
measurements

Linda J. Johnston

Cellulose nanomaterials are increasingly used for a wide variety of applications. Adequate characterization
of these materials is required for quality control during production, to distinguish between materials syn-
thesized by different methods, by different suppliers or from difference cellulose biomass sources, to
facilitate development of applications and for regulatory purposes. Here we review recent microscopy
measurements for the three main types of cellulose nanomaterials: cellulose nanocrystals, individual cell-
ulose nanofibrils and cellulose nanofibrils. Atomic force microscopy and both scanning and transmission
electron microscopy are covered with a focus on recent studies that have metrological rigor, rather than
qualitative investigations. In some cases results are compared to those obtained by other methods that
are more likely to see widespread use for routine quality control measurements. Detailed studies that use
microscopy to provide insight on fundamental material properties (e.g., chiral properties) are also
included. Particle size and morphology are important properties but are challenging to measure for cell-
ulose nanomaterials due to the rod or fibril shaped particles, their propensity to agglomerate and aggre-
gate, their low contrast for electron microscopy and, for cellulose nanofibrils, the complex branched and
interconnected structures. Overall, the results show that there are now a number of studies in which
attention to metrological detail has resulted in measurements that allow one to compare and distinguish
between different materials, although there are still examples for which it is not possible to draw con-
clusions on size differences. The use of detailed microscopy protocols that yield accurate and reliable
results will be beneficial in material production and addressing regulatory requirements and will allow the
validation of other methods that are more amenable to routine measurements.

components, automotive sector, food coatings, cosmetics,
tissue engineering scaffolds and drug delivery.'™

Cellulose nanomaterials (CNMs) have attracted considerable
attention recently since they are generated from cellulose, the
world’s most abundant biopolymer, making them a sustain-
able replacement for petroleum-based products that are cur-
rently in widespread usage. They are widely available materials
that are renewable and sustainable and have a range of
impressive and useful properties. These include their high
aspect ratio, high crystallinity, mechanical strength, thermal
stability, ease of surface functionalization, anticipated lack of
toxicity and self-assembly properties. As a result, they are now
being used or developed for a diverse range of applications
including adhesives, inks, drilling fluids, filtration, paper pro-
ducts, textiles, optical films, polymer composites, electronic
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Cellulose nanomaterials are defined as materials composed
predominantly of cellulose with any external dimension in the
nanoscale or materials with internal or surface structure in the
nanoscale and composed predominantly of cellulose; there are
three main categories of CNMs.'® Cellulose nanocrystals
(CNCs) are composed predominantly of cellulose with crystal-
line and paracrystalline regions and have at least one elemen-
tary fibril and no longitudinal splits. Note that an elementary
fibril is biosynthesized by a single terminal enzyme complex
and has a configuration of cellulose chains specific to the cell-
ulose-producing species The typical aspect ratio of CNCs is
between 5 and 50 and they do not exhibit interparticle entan-
glement or network-like structures. They are generated by acid
hydrolysis of wood pulp or other cellulose biomass sources,
which typically leads to negatively charged surface groups such
as sulfate half esters or phosphates."*

Individual cellulose nanofibrils (iCNFs) are discrete cell-
ulose nanofibrils composed of at least one elementary fibril
with ionic groups on the surface.’® They are typically generated
by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-
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mediated oxidation coupled with mild mechanical disinte-
gration in water, leading to carboxylic acid groups on their
surface.”®> A number of other routes that introduce a signifi-
cant number of charged surface groups can also be used.’
Cellulose nanofibrils (CNFs) are nanofibers composed of at
least one elementary fibril that contain branches, a significant
fraction of which are on the nanoscale. Dimensions are typi-
cally 3 to 100 nm in cross section and up to 100 pm in length.
Cellulose nanofibrils form entanglements between particles or
network-like structures, may contain hemicellulose and or
lignin if formed from plant sources and may have functional
groups on their surface. Their formation employs mechanical
treatment of pulps using homogenizers, mechanical refiners,
microfluidizers or grinding equipment.” Representative
images of the three types of CNMs are shown in Fig. 1. Other
cellulose based materials such as microfibrillated cellulose
may have a (small) nano component'* but are outside the
scope of the current review.

Many CNM applications require an in-depth understanding
of the material properties and how they impact performance.
Despite the importance of the physical chemical properties,
there are relatively few validated protocols that allow for repro-
ducible characterization of the materials. This is in contrast to
the available standards for measurements of non-nano cell-
ulose-based materials (ISO TC 6 Pulp Paper & Boards) and in-
organic nanomaterials (ISO TC 229 Nanotechnologies; silica,
metal and metal oxide nanoparticles, quantum dots). Size
(length, cross section), aspect ratio and morphology (shape,
branching) as well as surface chemistry and crystallinity are
important parameters to assess. This helps to define and dis-
tinguish between different materials and impacts on pro-
perties that are important for applications.

Adequate characterization of CNMs is also important for
determining their classification as a nanomaterial and obtain-
ing regulatory approval for their use. One driving force for a
better understanding of the dimensional properties of CNMs
is the recently revised European definition of a nanomaterial.'®
The revised definition states that a nanomaterial is a natural,
incidental or manufactured material consisting of solid par-
ticles that are present, either on their own or as identifiable
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constituent particles in aggregates or agglomerates, and where
50% or more of the particles in the number-based size distri-
bution fall within the 1 nm-100 nm range or meet similar cri-
teria for rod or plate-shaped materials. This new definition is
meant to be included in legislation for various European
Union agencies and to facilitate a streamlined approach to
dealing with nanomaterials in different sectors. However, the
regulatory definition varies with the jurisdiction, and in some
cases has a mass-based rather than a number-based criterion,
as summarized in recent reviews.'”>° For example, the nano-
specific guidance of the US Toxics Substance Control Act
applies to chemical substances that are “solids at 25 °C and
standard atmospheric pressure, manufactured or processed in
a form where any particles, including aggregates and agglom-
erates, are in the size range of 1-100 nm in at least one dimen-
sion and are manufactured or processed to exhibit one or
more unique and novel properties”.>! Materials with less than
1% by weight of any particles, including aggregates and
agglomerates, between 1 to 100 nm are excluded. In Canada,
the working definition has a similar size range and statement
on novel properties, but includes both mass and number-
based criteria with thresholds of 1% and 10%, respectively.*
This review will focus on investigations of CNM size and
morphology with an emphasis on a critical review of studies
that are aimed at metrologically rigorous measurements,
rather than the use of imaging methods for a qualitative
assessment of size and shape. Although qualitative measure-
ments are frequently used during preparation and characteriz-
ation of materials, they do not allow one to distinguish
between materials, either within a single lab using similar
instrumentation and methods, or between laboratories.
Qualitative measurements of a small number of particles with
no assessment of measurement uncertainty also fail to provide
sufficient information to allow comparison of materials from
different cellulose sources. The following statement para-
phrased from a recent review of CNM characterization accu-
rately describes the need for metrologically relevant methods
and data. “Key to the advancement of these applications will
be the development of measurement protocols necessary for
consistent, reliable and accurate characterization of CNMs that

Fig. 1 Images of the three main types of CNMs: (a) CNCs, AFM, (b) iCNFs, AFM, (c) CNFs, SEM. This figure has been adapted from references® (a),'®
(b),” (c) with permission from Springer Nature, copyright 2018, Wiley, copyright 2016 and De Gruyter, copyright 2014.
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are critical for expanding the mechanistic understanding of
the various processes needed for optimizing CNM utilization.
More consistent protocols and measurements will help reduce
systematic uncertainty in data measurements, allowing higher
confidence when comparing results between research groups.
It has become essential to be able to describe CNMs consist-
ently without confusion, whether it is for scientific curiosity,
quality control, product development or selling to different
markets”.>® This review will cover primarily transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM)
and atomic force microscopy (AFM), all of which have been
widely used. However, in some cases, comparisons with more
readily accessible methods that are useful for quality control of
material properties will also be discussed; these include light
scattering methods, optical imaging, small angle X-ray scatter-
ing (SAXS) and rheology. Use of microscopy methods to obtain
information on fundamental mechanisms of behavior of these
materials is also included. The focus is primarily on recent
studies (since approximately 2016) that have measured particle
size distributions for a sufficient number of particles to ensure
metrological validity and investigations of nanoscale structure
that provide fundamental insight on the properties and behav-
ior of CNCs.

The three types of CNM each present additional challenges
when compared to simple inorganic nanomaterials which fre-
quently have approximately spherical shapes, relatively narrow
size distributions and for which aggregation and agglomera-
tion can often be minimized.”*°® The level of difficulty is
lowest for CNCs, for which length and width can typically be
assessed in the same image set and for which it is possible to
control the extent of particle agglomeration and aggregation.
However, the irregular rod shape of the CNCs does present
some challenges in deciding exactly how the cross section
should be measured. iCNFs are similar to CNCs; measurement
of their cross section is more straightforward since they are
typically comprised of a single elementary fibril, and can be
deposited on a substrate for imaging with relatively modest
agglomeration. However, they have the added complexity of
having kinked structures and often have higher aspect ratios
than CNCs, which makes assessment of length somewhat
more challenging. The challenges of assessing dimensional
parameters for typical CNFs which have highly branched and
interconnected structures is considerably higher. A number of
studies have only measured particle width but the complex
tree-like structure makes it challenging to decide how the
branch width measurements should be done and whether a
representative data set has been obtained.

Cellulose nanocrystals

Cellulose nanocrystals are straight rod or spindle-shaped par-
ticles, as noted above, and are the most straightforward CNM
type for detailed examination of their size and morphology. As
such there have been quite a large number of studies that have
used AFM and TEM (and occasionally SEM) to investigate their

This journal is © The Royal Society of Chemistry 2024
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size. Most early studies have been summarized in recent
reviews>?” and indicate that CNCs from wood pulps have
mean cross sectional dimensions of 3-8 nm with mean
lengths in the range of 50 nm up to several hundred nm. By
contrast tunicate-derived CNCs have much higher aspect ratios
with rectangular cross sections (mean values of 8 nm and
20 nm) and lengths up to several pm and bacteria-derived
CNCs are also larger with reported AFM mean heights of
14 nm and lengths of 1.1 pm. Images of longer CNCs such as
those from tunicate or bacterial sources have some particles
that have slight curvature along their long axis.***°

The variation in CNM morphology is related to the biosyn-
thesis of cellulose, a linear polymer of p-glucose units, by a
terminal enzyme complex.>®*? Individual cellulose chains are
produced in parallel by the enzyme complex and assemble
into elementary fibrils with individual polymer chains held
together by van der Waals forces and hydrogen bonding.
Different plants and organisms have terminal enzyme com-
plexes that assemble different numbers of individual polymer
chains to give the elementary fibril, resulting in fibrils that
vary in their cross-sectional dimensions. The elementary
fibrils are then assembled in a hierarchical fashion to give
larger microfibrils and ultimately fibers that contain other
components such as lignin and pectin and provide the struc-
tural integrity of plants.>® The processing conditions that are
used to liberate CNMs from the pre-processed cellulose
biomass also impact the particle morphology. There is an
extensive body of literature that examines the properties of
CNCs generated from different cellulose biomass sources, par-
ticularly from plants, and explores the effect of changes in the
acid hydrolysis conditions on the material properties, includ-
ing CNC yield, degree of polymerization, size, crystallinity and
surface charge. A summary of this work will not be presented
here but the interested reader can find information in several

comprehensive reviews.»®7:11:31,32

Sample preparation for AFM

Sample preparation is a key factor for microscopy measure-
ments and one aims to ensure samples have adequately dis-
persed material that minimizes the extent of agglomerated par-
ticles but maximizes the number of analyzable particles/
image. Given the propensity of CNCs to agglomerate and/or
aggregate, preparation of the initial suspension should be
done with care. Probe sonication has typically been used to
disperse CNCs, particularly when the sample is sourced as a
dry powder that requires redispersion for characterization or
for development of applications. In a number of studies
dynamic light scattering (DLS), rheology or TEM has been
used to assess the sonication efficiency and select an energy
that minimizes agglomerates/aggregates without damaging the
CNCs."3*73% Although neither DLS nor rheology provides
direct information on the number of remaining agglomerates,
both have been shown to be useful for obtaining a repeatable
CNC dispersion.'>?>3° A recent study has compared results for
five methods for monitoring sample dispersion in order to
assess their suitability for determining an optimal sonication
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level for commercial CNCs.*® The methods included rheol-
ogy, AFM, DLS, interferometric scattering microscopy and
cluster-triggered emission autofluorescence spectroscopy.
The AFM images of samples prepared with different soni-
cation energies were analyzed in detail to estimate particle
volume and agglomerate fraction, as well as height, signifi-
cantly increasing the information content that is generally
obtained from this method. Overall, the results indicated
that AFM height, rheology and the two microscopy/spec-
troscopy methods were sufficiently sensitive to the transition
from agglomerates to individual CNCs and gave similar
results (Fig. 2). By contrast DLS and AFM volume and
agglomerate fraction continued to show apparent changes in
dispersion level for higher total sonication energies, leading
to the possibility that some CNC degradation will occur if
these methods are used to monitor samples. The authors
noted that the formation of agglomerates during sample
deposition on the AFM substrate will limit the utility of
monitoring agglomerate fraction. The image resolution used
and the assumptions used to calculate volume may also con-
tribute. In any case, alternatives to AFM for routine monitor-
ing of dispersion are certainly necessary since the time com-
mitment required to assess AFM height is a significant dis-
advantage for routine measurements.
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Deposition of CNCs for AFM has generally used either mica
or silicon wafers as the support and a large number of studies
have coated the surface with a cationic polymer layer (typically
poly-t-lysine, PLL, or poly(allylamine hydrochloride), PAH) or
treated the surface with (3-aminopropyl)triethoxysilane
(APTES) to minimize agglomeration and better immobilize
particles. Almost all studies which have yielded samples com-
patible with AFM measurements have been for charged CNCs,
since neutral CNCs formed, for example, by HCI hydrolysis are
typically much more extensively aggregated. Both drop casting
and spin coating methods with a relatively low CNC concen-
tration (<0.005 wt%) have been used for deposition on the
AFM substrate. One study demonstrated that the spin coating
method provided a more reproducible coverage of the surface
with a reduced the level of CNC agglomeration,'® leading to a
larger number of individual CNCs per image for size analysis.
Another recent study provides qualitative AFM evidence that
the level of CNC agglomeration depends on the surface charge
which can be modified by the method used to prepare the
CNCs or by heat treatment®' and in agreement with earlier
studies on the two-dimensional aggregation of CNCs.*>*
None of these studies has been able to completely reduce the
number of laterally agglomerated CNCs and small clusters, a
fraction of which are presumably present in the suspension
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Fig. 2 Plots of DLS hydrodynamic diameter (a), rheology shear modulus (b) and AFM height (c) and number of agglomerates (d) as a function of
applied sonication energy. The stars indicate degraded CNCs and the grey shaded areas are the 95% confidence intervals for the line of best fit. This
figure has been adapted from ref. 40 with permission from Springer Nature, copyright 2023.
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used to prepared the sample. However, several recent studies
have started to address the challenges posed by agglomeration
either by quantifying the fraction of agglomerates or fractionat-
ing the sample as discussed in later sections.

Particle size measurements by AFM

AFM is almost always used to measure particle length and
height as a measure of the particle cross section and since the
aspect ratio is modest both can be measured using the same
image scale. Particle width cannot be assessed by AFM unless
a deconvolution procedure is implemented to account for
broadening of the feature by tip convolution effects; this adds
significantly to the time and effort required and has been
done in very few examples.**** Particle length is measured
from a cross section drawn thru the long axis of the particle.
Height is somewhat more challenging since the particles have
an irregular morphology in many cases as illustrated in
Fig. 3.2%°%%%%7 particle irregularity is partly due to the tapered
ends of the crystals, but also to the fact that the height can
vary by as much as several nm across the long axis of the par-
ticle. It is therefore important to note exactly how the particle
height is measured, for example at the maximum height along
the long axis, but this is rarely included in published image
acquisition and analysis protocols. In most cases individual
particles as observed by either TEM or AFM are analyzed, but
in many cases these particles may consist of individual
primary crystallites and particles comprised of several tightly
bound crystallites, accounting for the irregular profile and
asymmetric cross sections as noted in a number of
papers.>®*® However, it should be noted that it may not be
straightforward to distinguish between multiple tightly bound
crystallites and two adjacent (but separate) crystallites,
depending on image quality and resolution and the judgement
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of the analyst (see Fig. 3 for examples for both AFM and
TEM).46,48

Many studies have provided CNC particle size distributions
based on imaging a significant number of CNCs (several
hundred or more). Some of these have shown differences in
size that are attributed to changes in conditions for prepa-
ration of the CNCs. However, the size distributions are rela-
tively broad and the level of uncertainty associated with the
various measurements is not typically assessed, particularly
for earlier studies. Therefore, it is challenging to determine
whether or not observed changes are sufficient to conclude
whether the materials are the same or different, since this
requires consideration of the uncertainty associated with the
measurements. This is particularly important if one wishes to
assess whether two samples, for example from different suppli-
ers or prepared with different cellulose biomass sources, can
be considered the same in terms of their dimensional attri-
butes. Table S1t provides information for CNC particle size
distributions from a number of studies for which results are
based on a reasonably large number of particles. These studies
and other relevant work are discussed below.

A recent VAMAS (Versailles Project on Advanced Materials
and Standards) interlaboratory comparison (ILC) under the
Nanoparticles Technical Work Area® provides data that can be
used to address the uncertainty in AFM size measurements of
CNCs.”® In this work CNC suspensions were prepared from a
certified reference material®® in a single laboratory using opti-
mized protocols and then circulated to 10 participating labora-
tories for AFM imaging and analysis. The participants rep-
resented a mix of academic, industrial and government labora-
tories all of which had extensive experience with AFM and over
half of which had prior experience with CNC characterization.
The detailed image analysis protocol provided to participants

Length

Thickness

Fig. 3 AFM (a, height; b, phase) images showing a CNC with an irregular height as shown in the line profile below the images. TEM image (c) of an irregu-
lar CNC particle comprised of two crystallites with a cartoon illustrating two methods to assess the particle width (scale bar 50 nm). This figure has been
adapted from ref. 46 (AFM) with permission from ACS Publications, copyright 2010 and from ref. 48 (TEM) with permission from Nature, copyright 2022.
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specified the use of intermittent contact AFM and requested
that all identifiable individual particles in each image be ana-
lyzed with the height measured at the maximum position
along a cross section drawn through the long axis of the par-
ticle. There was considerable variation between laboratories in
the instruments/probes used, as well as the number of par-
ticles analyzed and the reported length and height values. The
individual laboratory data sets (Fig. 4a and b) were fit to a
skew normal distribution which is characterized by three para-
meters, a central location (mean), a scale (distribution width)
and a shape factor that allows for both positive and negative
skew in the particle size distribution. The skew normal distri-
bution becomes a normal distribution for data sets with no
asymmetry and can readily accommodate different levels of
asymmetry. Note that although a log normal distribution is
often assumed for length, the differences in asymmetry in the
ILC data sets made the skewed normal distribution a better
approach. A similar approach using a pooled data set fit to a
skew normal distribution was used to obtain ILC consensus
values (Fig. 4c).

The ILC led to final consensus values (tstandard deviations
as a measure of the breadth of the distribution) of 94.5 +
39.6 nm, 3.44 + 1.21 nm and 30.3 = 12.8 nm for length, height
and aspect ratio, respectively.’® A comparison of the degree of
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overlap between laboratory values and the consensus estimate
for length is shown in Fig. 4d. The study also calculated values
for the overdispersion which accounts for the presence of
greater variations in the data sets than is expected based on
the statistical model and can be used to assess the agreement
between the individual laboratory means and the consensus
value and to identify potential outliers. Overdispersion values
of 15 nm, 0.28 nm and 5.5 were obtained for length, height
and aspect ratio, respectively. Note that it may be possible to
reduce the uncertainty in measurements if the imaging and
analysis are done in a single lab using standard protocols as
shown by AFM analysis of multiple samples by two analysts as
part of the characterization of the CNC certified reference
material that was used in the ILC."?

The AFM ILC also provided insight on the effects of using
multiple probes to image the samples and on the number of
CNCs that should be analyzed to obtain representative results.
Since the ILC requested that participants analyze 500 CNCs, 6
of 10 laboratories used multiple probes for imaging. Statistical
comparison of the results obtained with individual probes
resulted in several interesting observations. First, in one lab-
oratory the particle size increased in a systematic manner
throughout the course of imaging, presumably due to wear of
the probe used. Conversely for another laboratory a single
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Fig. 4 Results from AFM ILC of CNCs: (a) representative AFM image with arrows showing irregularly shaped particles; (b) length histogram for lab
A8; (c) skew normal probability densities for the individual laboratory results (black lines) and the corresponding consensus distribution (orange line);
(d) degree of overlap between skew normal length distributions for 10 participating laboratories and the consensus value. This figure has been

adapted from ref. 50 with permission from Springer Nature, copyright 2021.
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probe was used without any indication that probe wear during
image acquisition was a problem. Secondly, the particle sizes
measured with different probes were different. The effect was
more pronounced for length than height with the variation in
length in some cases being comparable to the estimated over-
dispersion value of 15 nm for the ILC consensus value. These
complexities make it challenging to assess the overall number
of particles that should be analyzed for a representative result;
however, it was estimated that approximately 300 particles
should be adequate for length assuming adequate control of
probe performance and imaging, while 200 or 250 particles
will give a reliable result for height. Overall, it was concluded
that the probe characteristics and potential probe deterioration
are significant factors in the observed lab-to-lab variability.
Although the variability did not appear to be linked to the
probe spring constant, there was evidence that use of a more
compliant cantilever for soft tapping mode operation was
useful to avoid probe evolution during imaging. Analyst bias
plays a small role in the variability based on initial tests of the
analysis protocol in multiple labs and earlier results obtained
during characterization of the reference material used in the
ILC study.'>*°

The ILC results demonstrate that it is not possible to draw
conclusions from small differences in CNC dimensions or
aspect ratio for different samples, especially when the experi-
ments are performed in different laboratories, unless one is
prepared to accept a relatively large uncertainty. However, it
may be more feasible to correlate measured particle size para-
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meters with other properties or performance if the various
samples are measured in a single lab with standardized pro-
cedures. It is useful to compare the ILC results to recently pub-
lished studies that examined differences between CNCs pre-
pared by different methods and/or from different sources. The
Cranston group has compared properties of a variety of com-
mercially available sulfated or carboxylated CNCs to those of
in-house prepared CNCs.’>*® In the first study only 1 sample
had a mean length that was considerably larger than the
others (183 nm vs. 132-134 nm) and it is straightforward to
conclude that this sample is different from the others
(Fig. 5).>® The heights ranged from 6 nm to 8 nm for the four
samples. In a second study the mean length varied from a low
of 170 nm to a high of 230 nm, compared to a value of 190 for
the in-house CNCs.>*> Although a difference of 40 nm is a
clearly significant, it is more difficult to conclude whether a
20 nm length difference is meaningful, given the measured
overdispersion value of 15 nm in the ILC. However, this simple
comparison ignores several important factors: (1) a lower
uncertainty may be obtained for measurements done in a
single lab using the same method, (2) the number of particles
analyzed in this study (>100) may not be sufficient for a repre-
sentative result and (3) effects related to differences between
probes have not been assessed. Nevertheless, these studies
used a number of methods for characterization and even if the
dimensional measurements are inconclusive in some cases,
the overall conclusions on material similarities are still likely
to be valid.
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In another recent study, CNCs prepared from both wood
and cotton using the same procedure were compared.*® The
measured average lengths (based on analysis of >250 particles)
differed by only 14 nm and this in combination with the stan-
dard deviation (60 nm) as a measure of the distribution
breadth led the authors to conclude that the length distri-
butions were the same. This conclusion appears reasonable
based on the ILC results summarized above. Another paper
compared CNCs prepared from three sources, although not
with identical preparation methods.>> AFM height measure-
ments of >1000 CNCs indicated that the diameters were
different for bacterial and wood based CNCs but methoxycar-
boxylated CNCs were not distinguishable from wood CNCs. All
three materials had lengths that differed by a minimum of
100 nm, clearly indicating that the length particle size distri-
butions are different. In contrast, a recent overview of the
effects of cellulose source and sulfuric acid hydrolysis con-
ditions summarized more than 45 literature papers that used
different cellulose sources and gave details on the CNC prepa-
ration method and the yield, dimensions and crystallinity of
the CNCs.>® Although the large number of examples is an
advantage, this review did not systematically consider how
measurements were done and what the possible uncertainties
might be. It is clear that small differences in sample dimen-
sions or crystallinity®” do not allow one to reach any con-
clusions as to the similarity of the materials. On the other
hand, one can conclude that large differences are likely to be
meaningful. Nevertheless, this leaves a considerable number
of studies where the lack of details and uncertainty assessment
makes it challenging to draw any conclusions.

In a final example AFM, SAXS and light scattering data for
five sulfated and carboxylated CNCs from cotton and bacterial
sources were measured in order to assess the best combination
of techniques for accurate measurements of CNC dimen-
sions.>® The AFM data for length, height and width were based
on a minimum of 100 particles and the histograms were fit to
a log normal distribution; however, the limited statistics and
poor fits for some cases suggest that the number of particles is
too small for reliable results. Furthermore, the AFM widths are
acknowledged to be inaccurate due to lack of deconvolution
and aggregation of particles. The authors concluded that a
combination of AFM measurements to assess the mean length
and polydispersity and SAXS to measure lateral dimensions
was preferable. However, both AFM height and width (inaccur-
ate due to lack of deconvolution) are larger than values
obtained by SAXS, although the width/height ratios for each
sample are similar for the two methods. The limited number
of particles analyzed by AFM and the variations in measured
cross sectional values do not provide strong support for the
conclusions on the optimal methods for dimensional
measurements.

TEM of CNCs

There are fewer examples where TEM has been used to obtain
morphological and dimensional information for CNCs.
Similarly to AFM, the propensity of these materials to aggre-
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gate and agglomerate is an issue but, in addition, they are
prone to electron beam induced damage and the EM contrast
is limited for carbon-rich materials. The limited contrast
means that most studies have imaged metal-stained samples.
Studies up to approximately 2015 are covered in various
reviews>>”* and indicate that almost all EM studies of CNCs
that provide detailed dimensional analysis are done using
TEM with samples deposited on carbon-coated copper grids
that are pretreated by glow discharge or plasma cleaning to
render them more hydrophilic, followed by staining with
uranyl acetate.

Several recent papers considered approaches to optimize
sample preparation and imaging conditions to obtain the
most reliable results for CNCs**®® and CNMs.®! The Foster
group tested a number of methods to obtain better dispersed
samples and concluded that use of a never-dried CNC suspen-
sion with added bovine serum albumin and deposition on
silicon oxide coated Formvar grids was the optimal method.®°
They also examined different stains, concluding that methyl-
amine vanadate provided somewhat better results than other
stains such as uranyl acetate, ammonium molybdate, iodine
and methylamine vanadate. More recently TEM imaging has
been used to optimize uranyl acetate staining with the con-
clusion that the sample drying method and grid conditions
were the most significant factors in obtaining images with ade-
quate contrast and minimal aggregation that are suitable for
particle size analysis.®® The conclusions of these studies were
based largely on a qualitative assessment of CNC dimensions
and dispersion level. More recently the effects of grid type,
grid pre-treatment and negative staining were examined using
TEM imaging with calculation of fractal dimension and lacu-
narity using ImageJ as a measure of assessing the aggregation/
dispersion and the degree of fibrillation.®® It was concluded
that formvar/carbon coated grids coated with PLL gave optimal
reproducibility, although it is not clear that the samples
studied are suitable for size and shape analysis of individual
CNCs. The same sample preparation method was subsequently
used to examine the aggregation state of CNCs as a function of
increased sonication times, again using TEM imaging for ana-
lysis.*® Five types of clusters were identified, with the fractional
amount of each changing with applied sonication energy; it
was concluded that the approach showed promise for asses-
sing the aggregation state of CNCs.

The ILC referred to above that tested an AFM protocol for
obtaining particle size distributions for CNCs also examined
TEM imaging and data analysis methods.®* A similar approach
was used for TEM with an optimized sample preparation
method developed by the piloting lab and used to prepare the
ILC samples. After examination of a variety of factors, the final
method involved deposition of a dilute CNC suspension on
carbon-coated copper grids that had been plasma-cleaned, fol-
lowed by washing and staining with a 2% solution of uranyl
acetate. Note that this still led to considerable variability in the
density of CNCs across the grid, although it was possible to
find areas with a reasonable particle density and less agglom-
eration. Ten laboratories participated in this ILC and all
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Fig. 6 TEM images (scale bar 100 nm) for CNC samples sonicated with low (a) and high (b) energy, with the cartoon under the images illustrating the
different observed features. Panel (c) shows the fraction of each of four particle types: (aggregates, bundles of laterally associated CNCs, crystallites
and distorted particles) as a function of the sonication dose. This figure has been adapted from ref. 48, with permission from nature, copyright 2022.

returned data sets. As for the AFM study, this ILC tested micro-
scopes from several of the main manufacturers and most par-
ticipants followed the recommended protocol. However, there
was still considerable variation between laboratories in the
mean length and width reported and in the overall shape of
the particle size distributions. The same approach of fitting to
a skew normal distribution was followed, leading to final con-
sensus values (tstandard deviation as a measure of the distri-
bution breadth) of 95.8 + 39 nm, 8.6 + 2.9 nm and 13.3 + 5.7
for length, width and aspect ratio, respectively, with overdis-
persion values of 12.3 nm, 0.78 nm and 1.8. It was concluded
that the selection of individual CNCs for analysis and the
variability in CNC agglomeration and staining are the main
factors that lead to variations in measured length and width
between laboratories.

TEM has been used less frequently recently for comparison
of different materials. In one case it was used to examine the
effects of the acid hydrolysis conditions on the properties of
CNCs generated from eucalyptus pulps.®® A decrease in the
length-weighted average length from 280 nm to approximately
120 nm was observed for an approximately 10% increase in
acid concentration. Although the number of CNC analyzed was
as low as 50 for samples with a low CNC yield, up to 350 par-
ticles were analyzed for other samples; given the large vari-
ation in length, the overall conclusions make this paper a valu-
able illustration of the ability to tailor the CNC properties by
varying the hydrolysis conditions.

A very recent study has used detailed morphological ana-
lysis of TEM images to investigate the mechanism for transfer
of chirality from the molecular to the colloidal scale for
CNCs.*® CNC suspensions were sonicated with increasing
energies and the evolution in particle size and shape were eval-
uated from TEM images for a minimum of 250 CNCs per
sample; the irregular shape of the particles was assessed by

This journal is © The Royal Society of Chemistry 2024

measuring an area equivalent width (W,g) which better rep-
resents the average width of an irregularly-shaped elongated
particle (Fig. 3). Analysis of the W,g, length and aspect ratio as
a function of sonication energy (Fig. 6) allowed separation of
the analyzed features into four different “particle” classes:
aggregates are disordered assemblies of small crystallites;
bundles are laterally connected crystallites (i.e., connected
along their long axes); individual crystallites are small regular
rod-shaped crystallites; distorted (often kinked) particles
appear at higher sonication dose and are judged to be
mechanically damaged (Fig. 6a and b) by excessive sonication.
Correlation of the changes in the fraction of the particle
classes at different sonication energies (Fig. 6¢) with the for-
mation and properties of chiral CNC films produced from the
same samples led to the conclusion that the particle bundles
act as chiral dopants, allowing for transfer of chirality from the
molecular to the colloidal scale. This paper provides an
impressive example of using detailed morphological analysis
of CNCs to provide fundamental information on the factors
that control the chiral properties of CNC films, an important
factor for optical film applications.

Comparison of AFM and TEM dimensions

A few papers have reported both AFM and TEM data for the
same CNCs.'>?*%%¢ The ILC work referred to above used a
certified reference material for all measurements and obtained
good agreement for CNC length, with <1.5 nm difference in
the mean length for the two methods.®* However, the agree-
ment between AFM and TEM for CNC length obtained in the
ILC can be contrasted to the earlier characterization of the
CNC reference material for which mean lengths were lower for
both methods and differed by 10 nm (AFM 77 nm, TEM,
87 nm)."> This data set was based on measurement of five
independently prepared samples with two analysts for each
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AFM image set and TEM imaging by two laboratories.
Considering the variation observed between laboratories in the
ILC and the estimated overdispersion for each method, one
cannot conclude that the 10 nm difference is significant.
Interestingly, an earlier study of a similar CNC from the same
commercial source also observed an approximately 10 nm
difference between AFM and TEM, in this case with AFM
giving the higher value.>® The large number of data sets for
the CNC reference material demonstrates that the same length
can be obtained by either method, although a large number of
determinations are required to converge to a constant value,
highlighting the importance of understanding the uncertain-
ties associated with individual measurements.

By contrast to the above observations for length, a number
of studies have reported that the measured TEM width is
larger than the AFM height by a factor of >2. One of the first
direct comparisons was by Nishiyama and coworkers who
reported that TEM width was 2-4 times larger than AFM
height for CNCs prepared from cotton, avicel and tunicate.”®
The differences between the height and width were attributed
to flat, ribbon-like particles that were comprised of multiple
individual crystallites. Similar conclusions were reached for
CNCs with a cellulose II structure, several wood-derived CNCs
and the CNCs used in the AFM/TEM ILC.*”"®” However, a
number of microscopy studies have indicated that the number
of lateral agglomerates varies with sample preparation con-
ditions, consistent with SAXS/SANS studies®®®® which con-
cluded that CNCs in suspension are laterally aggregated in a
concentration dependent manner. It may be difficult, if not
impossible, to distinguish between such lateral particle
agglomeration and the presence of individual particles com-
prised of two or more tightly bound crystallites that appear as
a single (irregularly-shaped) particle.

The comparison of height and width has been examined in
more detail recently by Chen and coworkers using a single
method so that width and height are measured for the same
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particles.*® CNCs were initially fractionated by asymmetric
field flow fractionation (AF4) using either semi-preparative or
analytical conditions and the collected fractions were analyzed
by AFM. The initial AF4 fraction was shown to contain predo-
minantly single CNCs (up to 90% of particles), and the frac-
tions of laterally associated “dimers” and small clusters
increased significantly in later fractions (Fig. 7).”° This work
demonstrates that the CNC clusters that are typically observed
in samples deposited for AFM can be almost completely elimi-
nated by fractionation and indicates that a fraction of the
dimers and clusters are pre-existing in the suspension, rather
than being formed during the deposition process.”® Several
previous attempts at CNC fractionation had been reported to
reduce polydispersity, but not to the point of producing frac-
tions with predominantly single CNCs.”"”> The use of a care-
fully optimized AF4 separation method and a starting CNC
suspension that was less polydisperse than those used in
earlier work, along with detailed AFM interrogation of individ-
ual AF4 fractions, provided a significant improvement in the
Chen study.

In a follow-up paper a fractionated CNC suspension was
codeposited with 10 nm gold nanoparticles and imaged by
AFM.** The gold served as an internal calibrant to measure tip
size for each image and to facilitate deconvolution of the
observed CNC width. This analysis led to the conclusion that
CNC particles showed a range of widths with approximately a
third of particles having a width that was similar to the
observed height, the remainder having widths in the same
range as TEM and consistent with laterally associated particles.
These findings are consistent with the earlier studies of larger
cotton derived CNCs that also showed a rectangular cross
section and with an early attempt to obtain the deconvoluted
width of wood-derived CNCs.**%°

Another recent study reported both AFM and TEM data for
CNCs from two commercial sources. The TEM length (142 nm)
differed from the AFM length (118 nm) by 24 nm for one of
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Fig. 7 Representative AFM images showing the number of single, dimer and clustered CNCs for two AF4 fractions with an illustrative cartoon under
the images: (a) fraction 1, (b) fraction 4. Panel (c) shows the change in the percentage of single, dimer and cluster CNCs for the AF4 fractions. This
figure has been adapted from ref. 70 with permission from Springer Nature, copyright 2019.
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the two samples but only by 12 nm for the other (89 vs.
101 nm).®® The AFM heights (4.3 nm, 4.9 nm) were also
smaller than the TEM widths (6.2 nm and 12.8 nm) and the
differences were hypothesized to be caused by differences in
image resolution. Although the TEM width is probably less
accurate due to the relatively poor image contrast and a lower
image resolution than for AFM height, it also seems likely that
lateral aggregation is a contributing factor, particularly for the
sample with larger width. It is noteworthy that one might con-
clude on the basis of only the TEM data that the two samples
had different particle size distributions whereas the AFM
differences are not large enough to draw such a conclusion.
The number of particles analyzed is also small for AFM, and
considering the likely uncertainties, additional data may be
necessary for a definitive conclusion on the similarity of the
dimensions of the two materials, although a ¢test did indicate
a statistical difference between them.

Individual cellulose nanofibrils

There are several differences between iCNFs and CNCs: iCNFs
are typically longer with frequent kinks or bends along their
long axis, they have a relatively symmetric width of ~3 nm
(based on TEM), since they are comprised of individual
elementary fibrils and their length varies from ~200 nm to
1 pm or larger.">"® Note that these dimensions are for wood-
derived iCNFs. The early studies from the Isogai group on the
development of the TEMPO-oxidation method used to produce
iCNFs employed TEM for qualitative size and morphology
analysis.'>'*”® The term iCNFs has recently been defined by
ISO to distinguish this important and morphologically distinct
subset of CNFs but has not yet been widely adopted or utilized
in the literature.'® Papers often refer to TEMPO-CNF, TOCN or
sometimes CNFs, although it is clear that the preparation
method involves TEMPO oxidation. Although particles with
straight sections connected by occasional kinks are typical for
iCNFs, slight curvature has been observed in some cases for
wood-derived iCNFs,”*”* as well as for tunicate iCNFs’> which
have larger cross sections that reflect the different size of the
elementary fibril.

Sample preparation

Recently most detailed microscopy studies of iCNFs have
used AFM."®*%76781 geveral different methods have been used
to prepare samples, including (1) deposition on mica, rinsing
and drying and (2) deposition on APTES-modified mica or
silicon wafers that were oxidized to give a silica surface or
modified with polymer; typically a dilute solution of iCNFs
was used (<0.001 wt%). The results show a variety of particle
densities on the surface, but in general one can conclude that
it is reasonably straightforward to obtain well-separated indi-
vidual particles. Most studies have used tapping mode to
acquire images, although details on the AFM mode and
method for image analysis are lacking in some cases. Several
groups have used peak force tapping mode for either nano-
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mechanical measurements or for optimal high resolution
imaging.?*”?

AFM and TEM studies of iCNF

Several AFM studies have focused primarily on iCNF height. In
one case heights between 2.0 and 2.9 nm were obtained for
iCNFs prepared with differing amounts of charged carboxylate
groups.'® The AFM measurements of cross section were corre-
lated with turbidity measurements of the same samples, indi-
cating that turbidity can be used as a rapid means of estimat-
ing iCNF cross section.'® In another study the iCNF height was
measured at the highest point on straight iCNF sections with
no obvious twist for 13 samples prepared with varying levels of
Tempo oxidant and mechanical treatment.”® The height values
showed little variation, all being in the range of 2.4-2.6 nm.
Both studies analyzed only between 50-100 particles, but this
may be adequate since the height size distribution is narrow.
Another recent AFM study provided width measurements (n =
200) of two iCNFs generated by Tempo-mediated oxidation.®>
However, the large width (~20 nm) is not useful in the absence
of deconvolution. Finally, a study that correlated particle
aspect ratio and surface charge with formation of colloidal
glasses or glasses has concluded that iCNFs with low and high
surface charge have the same diameter (2.9-3.3 nm), based on
AFM measurement of the height of >1000 particles; however,
the length decreases by approximately a factor of 4 with
increasing surface charge.”” See Table S27 for additional infor-
mation on the more detailed studies.

One study used a combination of AFM to measure iCNF
height and TEM to measure length and then correlated aspect
ratio and surface charge density with flow properties and floc-
culation behavior, important factors for high performance
materials containing CNMs.”” The results showed that the par-
ticle thickness distribution (n = 150) was similar for 4 samples
(means of 2.1 to 2.5 nm) with charge density varying from 380
to 1360 umol g~* but that the TEM length (N = 200) decreased
from ~650 nm for low charge to ~420 for the highest surface
charge. In this case the dimensions were compared to those
estimated from SAXS data using a ribbon model, which gave
values for the smaller cross section of 2.2 nm and for the
larger between 4.3 and 5.9 nm in reasonably good agreement
with a qualitative assessment of TEM width (~8 nm). This is
one of few studies that attempts to measure the two cross-sec-
tional dimensions of iCNFs from the same sample. Although
the results suggest an asymmetric cross section, it would be
important to verify that the TEM resolution is adequate for
width measurements. However, the results are consistent with
previous studies which concluded that elementary fibrils of
plant-derived cellulose have a slightly asymmetric cross
section.® The results were correlated with the rheological be-
havior of iCNFs, providing insight on the critical networking
point, which is relevant to high-performance CNM-based
materials.

The Nystrom and Mezzenga groups reported a detailed
AFM study of iCNFs with a comparison to wood CNCs gener-
ated by HCI oxidation of Tempo-CNFs and bacterial CNCs gen-
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erated by sulfuric acid hydrolysis.”® The three samples showed
that all fibrils and crystals (Fig. 8a and b) with observable chir-
ality were right-handed in AFM, cryo-SEM and TEM images,
independent of imaging mode. Measurement of the mechani-
cal properties demonstrated that iCNF had Young’s modulus
in the range of 20-50 GPa, similar to both wood and bacterial
CNCs, suggesting that the mechanical properties do not vary
with the sample preparation method. Careful analysis of the
distribution of kink angles for iCNFs (Fig. 8c) indicated that
the observed kinks result from mechanical treatment during
sample preparation, rather than from the presence of amor-
phous regions of the fibril. Histograms for the size distri-
bution (Fig. 8d and e) obtained from analysis of 2380 individ-
ual iCNFs showed that the average length was 511 nm, based
on a log normal fit. The lengths were measured by tracing the
entire length of the particle with a custom routine that
accounted for different kink angles. The height distribution
was symmetric with values in the range of 1.9 nm-2.7 nm with
the most probable height of 2.35 nm and no obvious differ-
ence between values obtained in straight and kinked regions
of the fibril. Some splits were observed in individual fibrils,
possibly accounting for the relatively broad range of heights.
Finally, it was possible to visualize very thin features that were
hypothesized to be individual cellulose chains. Similar fea-
tures have been reported in a later study.”®

Another study from the Nystrom and Mezzenga groups has
examined the effect of sonication on the total fibril length, the
number of kinks per fibril and the length of straight seg-
ments.®” A combination of AFM image analysis and statistical
considerations led to the conclusion that sonication causes
breaks along straight segments, not at pre-existing kinks. Acid
cleavage of iCNFs to give carboxylated CNCs occurs preferen-
tially both at kinks and in between kinks. This study also

250 nm
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demonstrated that the initial right-handed chirality of the
iCNFs is inverted when a cholesteric phase is formed from car-
boxylated CNCs generated from iCNFs.

The above study was extended to a more detailed examin-
ation of the structural properties of iCNFs generated from soft-
wood pulp as a function of production parameters, including
bleaching, extent of oxidation and sonication.”” A higher
surface carboxylate content had previously been shown to yield
shorter iCNFs as evidenced by decreases in both fibril length
and degree of polymerization (determined from viscosity
measurements) for more highly oxidized fibrils.** The samples
were prepared by deposition on APTES coated mica, followed
by rinsing and drying and imaged in tapping mode and only
single fibrils were considered although a comparison showed
that ignoring agglomerates and split fibrils introduced only
minor changes (<3%). Analysis of >200 iCNFs for various con-
ditions demonstrated that increased sonication time and
increased surface charge both led to shorter and thinner
fibrils with fewer kinks, with an optimum in terms of
maximum length and minimal kinks for samples with approx.
600 pmol g charge density. The fibril twisting periodicity was
also shown to decrease with higher charge density, consistent
with expectations based on electrostatic repulsion.

A recent study from the Willhammar and Saito groups has
used AFM in combination with other methods to examine the
local crystalline structure and twisting in tunicate iCNFs.””> A
combination of scanning electron diffraction and AFM were
used to demonstrate that the crystalline structure of the iCNFs
was maintained as the fiber twists. Furthermore, the twist rate
was found to be proportional to the inverse of the cross-sec-
tional area and both methods gave similar twist rates of 0.24
and 0.26° nm™". Of particular interest from the point of view
of image analysis this paper used an automated method
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Fig. 8 AFM (a) and TEM (b) images of iCNFs showing the right-handed chirality and an AFM image (c) that shows tracking of the length of a number
of kinked fibrils. Length and height histograms for iCNFs are shown in panels (d) and (e). This figure has been adapted from ref. 29 with permission

from Nature, copyright 2015.
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ated into three size groups (bottom). The three different sizes are indicated in blue, red and green in the AFM images in (c). This figure has been
adapted from ref. 75 with permission from ACS Publications, copyright 2021.

implemented in Python to determine the particle height,
leading to a histogram that could be modeled as three normal
distributions. It was concluded that there were extended iCNF
regions with a consistent thickness of 3.0 + 1.5 nm while
twisted regions were thicker (7.4 + 2.0 nm), Fig. 9. The third
component was assigned to overlapping iCNFs (13.0 + 2.9 nm).
In a related TEM and electron microdiffraction study the
intrinsic right-handed twisting of tunicate CNCs has been
observed under cryogenic conditions.?*

Cellulose nanofibrils

CNFs are considerably more challenging for microscopy
measurements since they are typically complex structures with
a branched or tree-like structure that has fibrils with a range of
sizes (Fig. 1c). As a result, there are so far relatively few
detailed studies of their size and morphology and no general
consensus on how to deal with the complex sample mor-
phologies with many interconnected branches as well as indi-
vidual fibrils that are separated from the larger structures.®®
For most sample morphologies it is feasible to measure the
fibril width and mean values can vary from <10 nm up to
60 nm or larger, with the smaller fibrils having similar widths
to CNCs and iCNFs. Length measurements are more challen-
ging and it may be necessary to record images on several
length scales to capture both dimensions; for some samples
the extent of interconnectedness may preclude detailed length
measurements. Although many CNF have interconnected

This journal is © The Royal Society of Chemistry 2024

structures with curved particles/branches and sharp angles at
nodes where one branch is connected to a larger one, the mor-
phology varies considerably with the level of sample proces-
sing and the cellulose biomass source. More highly processed
CNFs may exhibit a significant number of smaller fibrils that
are either curved or have occasional kinks along the long axis
of the fibril,**®*® somewhat similar to the morphology of
iCNFs. Overall, these observations and the above comments on
CNC and iCNF morphology suggest that the generalization of
straight (CNCs), kinked/straight (iCNFs) and branched, curved
(CNF) morphologies is typical of many CNMs but does not
apply to all samples. This presumably reflects a combination
of the dimensions of the initial elementary fibrils assembled
by the enzyme complex for CNMs from different biomass
sources, the assembly of these fibrils into larger structures, the
disassembly of the cellulose microfibrils into smaller CNM
particles and the energy input to redisperse the particles, if
necessary.

Sample preparation

CNFs have been produced by a range of different methods
starting with many different sources of cellulose biomass,
making it difficult to compare the utility of sample preparation
methods across different studies. These issues are com-
pounded by the observation that the details provided for
sample preparation, imaging and data analysis are not
sufficient to allow for reproduction and comparison to other
studies. A common theme for sample preparation is that
sample dispersion can be maximized by starting with dilute
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CNF suspensions (e.g., 0.001 wt% in water) that have been
pre-treated by vortexing or sonication to minimize aggregation.
Another commonly used strategy is deposition of the
sample on PLL or polyethyleneimine coated substrates such as
mica or silicon in order to minimize particle-particle
interactions.’”*°° Preparation of samples by freezing and
subsequent lyophilization has also shown promise as a
method to minimize any possible redistribution and agglom-
eration during sample drying on the substrate and to maintain
as much as possible the sample organization in the original
suspension.'”’®® In cases where a relatively small amount of
mechanical energy is used to generate CNFs, it may be advan-
tageous to fractionate the sample by either centrifugation or
screening to remove large fibers prior to SEM analysis.'®""
With few exceptions samples have been coated with a thin
metal layer to provide adequate contrast. However, a promising
alternative to metal coating is the deposition of samples on a
conductive support which facilitates negative contrast imaging
and has been shown to give superior contrast to that typically
obtained for metal coated samples.®”:°>

Electron microscopy studies

By contrast to microscopy studies of CNCs and iCNFs which
have used AFM and/or TEM, SEM of CNFs has generally been
used to provide a qualitative assessment of the overall mor-
phology and dimensions of the sample; size measurements
based on analysis of a sufficient number of particles are rare,
even for examples where good quality images with reasonable
levels of sample dispersion have been achieved. Here we focus
on recent studies in which SEM and occasionally TEM have
been used to obtain morphological and dimensional infor-
mation on CNFs. Two early papers provide a good overview of
the types of structures that are typical of CNFs.'”””* In one
case, a combination of SEM and TEM was used to measure
diameters of fibrils, with values that range from approximately
5 nm to 300 nm.”® Note that this work provides few details on
exactly how the various measurements are done, for example
the number of CNFs analyzed and how diameter is measured.
Nevertheless, both papers provide a good overview of the chal-
lenges associated with analyzing CNF diameter. Work by
Larsson and colleagues also provides an excellent illustration
of the different morphologies that are observed for two
samples of microfibrillated cellulose with differing degrees of
fibrillation."* A combination of filtration and centrifugation
was used to separate each sample into four fractions of varying
size and mass fraction. Although these materials have a rela-
tively small nano fraction (10-20% by mass), their characteriz-
ation by TEM and surface charge measurements provides a
good illustration of the complexity of fibrillated CNMs.
Literature reports with particle size distributions for CNFs
are summarized in Table S3} and discussed below. Two papers
from the Demokritou group also used a combination of SEM
and TEM to analyze the diameter of CNFs, in one case for
samples that have fewer interconnected fibrils, facilitating the
analysis.®>®° This work found fibril widths in the range of
50-80 nm for several samples and also reported that depo-
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sition of CNF suspensions in cell culture media gave samples
that were less satisfactory for imaging. One interesting aspect
of these studies was the attempt to measure fibril length and
to deal with the interconnected fibrils by assessing the dis-
tance between branches (node-to-node length of 336 =
233 nm) as well as the average length (6.71 + 5.6 pm) of single
fibrils. This is a potentially interesting approach for dealing
with the structural complexity of CNFs, although there are
insufficient details to allow the approach to be generalized.

One of the most detailed studies to date of CNF particle
size was reported by the Batchelor group.®® This study exam-
ined the effect of analyst bias and number of particles ana-
lyzed for two samples with differing degrees of heterogeneity/
fibrillation generated from eucalyptus pulp. Samples were
coated with iridium to improve contrast, resulting in high
quality images with a relatively large number of branched par-
ticles. The CNF width varied from around 5 nm to around
200 nm with some variation depending on the analyst, the
number of particles analyzed and the sample; the median
fibril width was typically between 25 to 30 nm (Fig. 10). It was
concluded that it is preferable to measure all analyzable par-
ticles in an image to reduce analyst bias and that approxi-
mately 150 fibrils should be analyzed to obtain a representa-
tive result. One of the main strengths of this study was the
careful data analysis and the evaluation of whether observed
differences were statistically meaningful. However, some
details on the location at which fibril width was measured are
lacking.

The approach described above is similar to a previous study
by the same group on the effect of refining and homogeniz-
ation on the production of nanocellulose.’* Low and high mag-
nification images were used to track the fiber width by SEM on
two length scales as a function of refining and homogeniz-
ation, with the most extensively processed sample being
similar to that used in the above work. The SEM data was com-
bined with gel point determination by sedimentation to esti-
mate the aspect ratio. The study concluded that there is only a
small benefit on the mechanical sheet strength for the tenfold
increase in the energy consumption required to produce very
low diameter (12 nm median), high aspect ratio (229) fibers.
The use of SEM with images on two length scales was also
used more recently along with specific viscosity measurement
from rheology and aspect ratios from AFM to compare CNMs
with particles of three distinct sizes, CNCs, CNFs and wood
fibres.”® This work highlights the utility of careful microscopy
measurements with attention to multiple image scales, ade-
quate numbers of analyzed particles and statistical analysis to
assess the applicability of complementary methods for obtain-
ing information on dimensional parameters.

Other microscopy approaches

Few papers have used AFM to assess size and morphology of
CNFs, despite its relatively common use for examining CNCs
and iCNFs. This is largely because the complex entangled
structures typical of CNFs are challenging for AFM imaging as
noted in a recent overview of the priorities for CNF particle
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Fig. 10 Representative image of CNFs, annotated to show the fibrils counted (a, red lines) and a histogram showing the width distribution measured
by a single analyst for this sample for each of four images (b). This figure has been adapted from ref. 86 with permission from Springer Nature, copy-

right 2020.

size measurements.®> The first issue is that the fibril length is
hard to measure and may well require images on multiple
length scales due to the high polydispersity of the sample. The
second issue is that the presence of small individual fibrils
and large bundles of fibrils leads to large variations in z-scale
within an image that makes it difficult to adequately assess
the height of both small fibrils and large fibril bundles. Scan
times are also typically considerably longer than for EM and
tip convolution effects mean that it is not feasible to measure
accurate widths of smaller fibrils, compounding the difficulty.
Despite these challenges several recent papers have used AFM
for size analysis of CNFs. One study demonstrated that APTES-
coated silica is a good choice for immobilization of CNFs for
sample preparation for AFM.’® In another study CNFs were
used to achieve high brightness in very thin films that were
only a few micrometers thick.*® Birch pulp CNFs were fractio-
nated by differential centrifugation to give 3 sizes of fibrils
(fine, medium and coarse) that were deposited on a micro-
scope slide and their thickness assessed by AFM height
measurements of >500 CNFs particles per sample.®®
Histograms were fit with a log normal distribution which gave
thicknesses (sd) of 4.2 nm (2.7), 5.6 nm (3.2) and 19.5 nm
(13.2), although details on which CNFs were analyzed and
where on the CNFs the heights were measured are not pro-
vided. The two smaller fractions cannot be concluded to differ
in thickness, given the likely uncertainty of the measurement,
but the coarser fraction is certainly of different size.®® A recent
study that used CNFs to reinforce polymer films measured
heights and lengths of particles by AFM, reporting values of
~1.2 pm and 38.8 nm, although with limited detail on
measurement procedures.®’

Work by Mattos et al. has attempted to resolve some of the
issues associated with using AFM to characterize particle sizes
for CNFs and has also compared results to those obtained by
negative contrast SEM.®” They studied CNFs with an intermedi-
ate degree of fibrillation and considered effects related to flat-
tening of the CNFs on the surface, leading to relatively large
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differences between height and width that must be accounted
for in determining the CNF cross section and aspect ratio.
CNFs were deposited by immersing poly(ethylene imine)-
coated mica in a dilute CNF solution and imaged in tapping
mode with 500 randomly selected particles analyzed for width
and height measurements. Note that there was significant
agglomeration for CNFs, limiting the number of individual
CNFs for size analysis. Values of AFM height and width varied
significantly: 6 + 3 nm and 67 + 18 nm, respectively. This was
partly due to tip convolution effects but even after correction
using the nominal tip characteristics, the AFM widths were
still substantially larger than height, leading to the hypothesis
that flattening as well as aggregation of CNFs contribute to the
observed effects. Consistent with this AFM of CNFs on bare
mica showed reduced widths. Here it is worth noting that
asymmetric particle cross sections have been hypothesized for
various CNMs using other methods and have also been con-
firmed experimentally for CNCs. It is therefore still to be deter-
mined how much of the difference between width and height
in the present example can be attributed to flattening of the
CNFs on the surface.

The Mattos study compared AFM to negative contrast SEM
with CNFs deposited on gold coated mica and demonstrated
that this method had significantly improved contrast com-
pared to conventional SEM with metal coating of deposited
CNFs (Fig. 11). SEM widths were correlated with AFM height
and width. A second recent study has used negative contrast
SEM on a conductive silicon substrate to obtain SEM images
of several CNF samples as a function of dewatering treatment.
This work recorded images on three different magnifications
to capture the CNF complexity and also analyzed large
numbers of particles, giving statistically relevant data sets. The
width was measured at each branch point as illustrated in the
annotated images provided as supporting information of the
paper. Mean or median widths were not calculated from the
histograms. In another example, AFM height and SEM width
(conventional SEM with gold coated samples) were measured
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Fig. 11 TEM images illustrating the difference in contrast for conventional imaging of CNFs deposited on a substrate and then coated with metal (a)
and CNFs deposited on a metal-coated substrate (b, negative contrast imaging). Image (c) shows a number of interconnected CNFs, illustrating the
variation in morphology. This figure has been adapted from ref. 87 with permission from ACS Publications, copyright 2019.

for CNFs generated from agricultural waste; similar estimates
for the fibril cross section were obtained for each method,
although the histograms provided are broader for AFM.*®

Two recent papers have used fluorescence microscopy alone
or in combination with EM to examine dimensions of CNFs.”
Tagawa and coworkers imaged dye-stained CNFs generated by
an aqueous counter collision method and deposited on trans-
parent polymer films using a combination of AFM and fluo-
rescence microscopy. They obtained similar average lengths
from each method for each of four samples (average lengths
varied from 1 to 4 pm) that were generated from different cell-
ulose biomass sources. Of particular interest in this study was
the comparison of CNFs widths from SEM and optical
microscopy, demonstrating that isolated CNFs with widths
down to approximately 20 nm can be detected by fluorescence
for well-dispersed samples with fibrils separated by several
hundred nm. This study highlights the possibility of using
optical/fluorescence microscopy to obtain dimensional infor-
mation (length) over a wider range of image scales than is cur-
rently used with optical microscopy, although not with the
resolution needed to detect the smallest fibrils present in most
CNF samples or for samples with densely packed and intercon-
nected fibrils. Super-resolution imaging has also been used to
detect dye-labelled CNFs, a technically challenging experiment,
although one with limited applicability.'®°

Studies comparing different CNMs

There are a few literature studies where more than one type of
CNMs has been studied wusing similar methods and
approaches and several examples are noted above. Some
papers provide qualitative image analysis confirming the
general observations concerning the morphology and size for
the three types of CNMs. In one early study a combination of
AFM height and TEM length for a minimum of 200 particles
per sample was measured for three CNCs prepared with
different reaction times and compared to CNFs prepared by
mechanical defibrillation and iCNFs prepared by TEMPO oxi-
dation.’® The particle heights decreased for CNC (from
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6.7 nm to 3.96 nm) with increasing reaction time and were
slightly larger than the mean fibril widths of iCNF (<3 nm). By
contrast CNF had a broader distribution of fibril widths that
could be fit to two components with mean widths of 2.7 nm
and 8.5 nm. The fibril lengths ranged from 115 nm to 165 nm
for CNCs, to several hundred nm to pm for iCNFs and to
several ym for CNF. Another study compared AFM measure-
ments of height (for >1000 particles) for iCNF with low and
high surface charge for bacterial CNC and wood pulp CNCs,
both generated by sulfuric acid hydrolysis. The mean height
for both iCNF samples was 3.3 nm but the fibril length was
much shorter (0.86 pm) for the sample with the higher surface
charge, compared to the low surface charge sample (3.9 pm).
The bacterial and wood pulp CNCs had similar particle
heights (6.7 nm, 7.0 nm) although the bacterial CNCs had a
mean length of 0.52 pm compared to a value of 0.2 pm for the
wood pulp CNCs.

Two studies supported by the US Nanomaterials Health
Implications Research Consortium had the overall goal of
understanding the variation in biological activity for CNMs
with different properties.’”'°> One study was aimed at generat-
ing standard well-characterized samples for toxicological
testing.”® Two CNF samples with very similar particle dia-
meters (64 nm, 78 nm) and lengths (6.7, 6.8 nm) were charac-
terized along with one CNC sample with a relatively large dia-
meter of 25.2 nm and a mean length of 267 nm. The avail-
ability of standard materials for further testing is a significant
step forward for ensuring that experiments in different labora-
tories can be compared. In the second example the pro-inflam-
matory response induced by CNMs was examined for two
CNFs and a series of CNCs, most of which were obtained from
%2 Tnitial characterization of the samples
using a combination of TEM and crystallinity measurements
as well as solution DLS and zeta potential measurements was
carried out. The data show variation in both length and dia-
meter for the various CNCs and a small variation in crystalli-
nity index. This study concluded that CNCs with mean length
between 200-300 nm were more likely to cause lysosomal
damage than CNFs and that the pro-inflammatory response
correlated to higher crystallinity and generation of reactive

the Consortium.
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oxygen species. Although the comparison of CNFs to some
CNCs showed a clear trend, a more detailed examination of
measurement uncertainty would be needed to understand
which of the observed variations are sufficiently large to con-
clude that the sample properties are different and to correlate
changes in dimensional properties with biological activity.

Image analysis - progress towards automation

The papers discussed above have used a variety of different
image analysis methods. In a number of cases, the microscope
software is used to obtain dimensional parameters, such as
length, width and height. More frequently, open source, freely
available software such as Image J'® (frequently used with
EM, but also compatible with some AFM images) and
Gwyddion (AFM)."** These software packages can be used with
a thresholding option to identify particles and to provide a
level of automation for obtaining a wide range of dimensional
parameters (minimum and maximum Feret diameters, circu-
larity, area, perimeter, etc.). Nevertheless, both software
packages are less straightforward to use with CNMs than for
most inorganic nanomaterials, particularly those that are
approximately spherical with a relatively narrow size distri-
bution and can be well-dispersed on the substrate.

To date there are relatively few papers that have used auto-
mated image analysis methods for CNCs, iCNFs or CNFs. The
TEM ILC used a custom Image] macro to automate some
tasks, but still relied on manual particle selection and determi-
nation of particle width and length.®* Some automated fea-
tures in Gwyddion were employed to draw profiles through
selected CNCs and then measure their length and height for
the AFM ILC and in one laboratory a MATLAB routine was
used to automate analysis of the extracted profiles.”® A custom
software package, Fiber App, designed for analysis of poly-
mers, biomacromolecules and fibrils has been used to
measure length and height from iCNF and CNC AFM
images.'® DNA Trace is also useful for obtaining iCNF length
from AFM images and was developed for tracing the length of
a variety of polymers.'®® Both Fiber App and DNA Trace have
primarily been used with reasonably well-dispersed iCNFs or
CNCs but may be less suitable for samples with significant
agglomeration. Another software package, Diameter] devel-
oped by NIST, can be used to rapidly measure the diameter of
nanofibers from EM images, but has not yet been tested with
CNMs.'%” However, it has been used to assess the width of
polymer nanofibers used for tissue engineering.'®® One paper
discussed above has developed custom approaches to measure
dimensional parameters from AFM images. The iCNF height
was measured using the scikit-image and OpenCV Python
3.6.3 libraries.”” The iCNFs were identified by binarizing the
images and applying locally adaptive thresholding. A combi-
nation of removal of noise and contamination, and a probabil-
istic Hough transform coupled with Canny edge detection
were used to calculate the average height along the centre of
each iCNF.

Two recent papers have used freely available software to
assess the number of aggregates or agglomerates, as well as
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individual particles, for CNCs. In the Parton paper, the out-
lines of individual CNC were traced manually using Fiji
(Image]) software and analyzed using the Shape Filter plug-in
to obtain a range of parameters for each feature, including
length, area equivalent width, perimeter, solidity, aspect ratio
and rectangularity.*® At least 250 features per sample were ana-
lyzed as a function of sonication energy. Changes in the
measured parameters were used to divide the observed fea-
tures into 4 groups: aggregates are disordered assemblies of
crystallites, bundles are laterally connected crystallites, individ-
ual crystallites and distorted crystallites. In addition to calcu-
lating the number fraction of each class, the volume fraction
was estimated by measuring the average AFM thickness (auto-
mated in Gwyddion) and assuming that the lengths measured
by AFM and TEM are the same since the length vs. height and
length vs. width plots are similar. This allows one to estimate
volume and aspect ratios using the measured cross-sectional
dimensions, rather than using either width or height.

A second recent paper from the Cranston group used
Gwyddion to process AFM images and determine the height of
individual particles (including any laterally aggregated CNCs
that appear as a single rod-shaped feature) and aggregates
(intersecting clusters of CNCs).*° Image] with thresholding
was then used to measure the area of individual particles and
aggregates and to measure particle length along the long axis.
Volumes were calculated from the area and AFM height and
aspect ratios from the length (Image]) and height (Gwyddion).
Note that in contrast to the Parton work noted above, a
uniform cross sectional dimension is assumed for these esti-
mates. Although AFM is arguably a difficult method for asses-
sing sample dispersion, it can be used for validation of other
methods as illustrated in this study.

Based on the above examples it is clear that there remains
considerable scope for automated measurement of dimen-
sional parameters from AFM or EM images of CNMs, a devel-
opment that would result in a substantial decrease in the time
and effort needed to obtain statistically relevant data sets. This
would be particularly advantageous for TEM where the collec-
tion of a large number of images can be done reasonably
quickly but the analysis is time-consuming. AFM image acqui-
sition is still a slow step, although current developments in
high-speed AFM coupled with automated analysis would be a
substantial step forward. Moon and colleagues have recently
developed a comprehensive image processing system, SMART
(Standardized Morphology Analysis for Research and
Technology) for semi-automatic analysis of both TEM and
AFM images for CNCs.'*>"'® The software uses a multi-step
approach that includes pre-processing to enhance image
quality, grouping of features to identify specific classes of
CNCs (edge, isolated, aggregated) and algorithms for digital
measurements of CNC dimensions (Fig. 12a and b)."'° SMART
was initially tested on a subset of the images collected as part
of the characterization of CNC particle size for the CNC refer-
ence material.”’ Comparison of the initial manual image ana-
lysis and SMART revealed that TEM length and width were
similar for the two approaches (Fig. 12c), as were AFM
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border (blue) CNCs. The lengths obtained by manual and SMART analysis of five images are shown in panel (c), with the solid line showing equal
lengths for the two methods. This figure has been adapted from ref. 110 with permission from Springer Nature, copyright 2021.

measurements. Similar mean values and distributions were
obtained for both manual and SMART analysis, despite the
fact that somewhat different subsets of particles were analyzed
with the two methods. This approach has the potential to sig-
nificantly decrease the time required for analysis and may
remove some of the analyst subjectivity in identifying individ-
ual particles.

A second paper describes the application of SMART for ana-
lysis of four image sets from a TEM ILC, again with good
agreement between manual and SMART analyses.'®® This
study highlights the importance of good image quality for
application of SMART. It also demonstrates the utility of this
approach for obtaining the area fraction of isolated CNCs,
edge-touching CNCs and agglomerated CNCs, making it amen-
able for use for following the progress of sample dispersion. A
method for rapid monitoring of size as a function of particles
imaged/analyzed may in principle be useful for assessing the
number of CNCs that should be analyzed for a stable dimen-
sional measurement. Current work is directed towards extend-
ing the approaches used to the analysis of CNFs, a consider-
ably more challenging problem, given the level of interconnect-
edness and branching typically observed for this material.

Conclusions and future perspectives

The papers discussed in this critical review indicate that there
has been significant progress in utilizing both EM and AFM to
assess dimensions of CNMs for distinguishing between
sample preparation or cellulose biomass sources, as well as for
obtaining fundamental mechanistic information on these
materials. Although the uncertainty of the measurements is
not explicitly addressed in most studies, the level of detail pro-
vided and the number of particles analyzed are now recog-
nized to be important factors. Furthermore, the recent ILC for
CNC particle size distributions as measured by AFM and TEM
provides guidance on the statistics that may be needed and the
uncertainty associated with these measurements. However, it
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should be noted that the uncertainty due to variations related
to sample preparation in different laboratories was not tested
in the ILCs, and will likely increase the uncertainty. There has
also been progress on using microscopy measurements for
more than just size, either to assess fundamental properties of
the materials (e.g., chiral properties) or to measure the frac-
tions of isolated and agglomerated particles to follow changes
in dispersion of the material as a function of sonication or
deposition on substrates. However, there remain studies that
lack the necessary statistics and consideration of measurement
uncertainty to allow one to draw meaningful conclusions on
differences in CNM dimensions.

There are a number of recommendations that will help
researchers address the gap in detailed studies that provide
statistically relevant data sets with reported measurement
uncertainty. This includes the importance of analyzing a
sufficient number of particles, the requirement to analyze all
individual particles in analyzed images, and the importance of
considering the microscope resolution, particularly for EM.
The number of particles that have to be imaged to ensure stat-
istically meaningful data may vary with the sample, its polydis-
persity and its dispersion on the support used. However, one
should generally aim at a minimum of 200-300 particles and
monitoring dimension as a function of the number of particles
analyzed is useful to identify when the size has leveled off to a
constant value. There are different methods to assess uncer-
tainty; although an inter-laboratory comparison is useful, this
is far from suitable for routine experiments. Measurement of a
number of independently prepared samples by different ana-
lysts in a single laboratory is a good alternative. Another
method is the bottom-up approach of estimating potential
uncertainties from various sources (for example, sample
preparation, instrument operating conditions, etc.); this
approach may be challenging for a non-metrology group and
may lead to uncertainties that are larger than those assessed
by other methods.

The progress on automation and the various approaches
that have been used to assess individual isolated vs. agglomer-
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ated particles show promise for both faster analysis and higher
information content from the microscopy experiments.
Although it is clear that microscopy is unlikely to be con-
sidered a routine tool for assessing sample preparation or
quality control, recent studies that have correlated results from
microscopy with those from complementary methods have the
potential to validate the utility of more rapid methods for
obtaining useful size-related information. Challenges remain
in applying detailed microscopy studies to CNFs. It will be
important to develop methods that are capable of not only
measuring particle width but also include details on what to
measure and report, and how to deal with branched, intercon-
nected fibrils.

Finally, although dimensional measurements are important
for characterizing CNMs and microscopy can be used to
examine some fundamental questions about the behavior of
these materials, size measurements will also be of increasing
relevance for decisions as to whether a material can be classified
as a nanomaterial according to the definition used by a specific
regulatory body. This is a tractable problem for CNCs and iCNFs
where all particles have cross-sectional dimensions that are in
the nanoscale range (typically 1-100 nm). It is less obvious how
one should deal with the branched structures provided by CNFs
and most definitions are better suited to nanomaterials with
well-defined individual particles rather than the interconnected
CNF structures. Furthermore, given the complexity of the
branched and interconnected structures, it is unclear that the
nanosized fragment will behave in the same way as an isolated
cellulose nanomaterial such as CNCs or CNFs.
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