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Abstract   9 

Cellulose nanocrystals (CNCs) derived from various types of cellulose biomass have significant 10 

potential for applications that take advantage of their availability from renewable natural 11 

resources and their high mechanical strength, biocompatibility and ease of modification.  12 

However, their high polydispersity and irregular rod-like shape present challenges for the 13 

quantitative dimensional determinations that are required for quality control of CNC production 14 

processes.  Here we have fractionated a CNC certified reference material using a previously 15 

reported asymmetrical-flow field-flow fractionation (AF4) method and characterized selected 16 

fractions by atomic force microscopy (AFM) and transmission electron microscopy. This work 17 

was aimed at addressing discrepancies in length between fractionated and unfractionated CNC 18 

and obtaining less polydisperse samples with fewer aggregates to facilitate microscopy 19 

dimensional measurements.  The results demonstrate that early fractions obtained from an 20 

analytical scale AF4 separation contain predominantly individual CNCs. The number of laterally 21 

aggregated “dimers” and clusters containing 3 or more particles increases with increasing 22 

fraction number.  Size analysis of individual particles by AFM for the early fractions 23 

demonstrates that the measured CNC length increases with increasing fraction number, in good 24 

agreement with the rod length calculated from the AF4 multi-angle light scattering data. The 25 

ability to minimize aggregation and polydispersity for CNC samples has important implications 26 

for correlating data from different sizing methods.   27 
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Introduction 37 

Cellulose nanomaterials have been the subject of increasing interest from both research scientists 38 

and industrial producers for the last decade (Klemm, Kramer et al. 2011, Dufresne 2013). This 39 

family of nanomaterials is derived from various types of cellulose biomass and their production 40 

from the world’s most abundant biopolymer, their expected low toxicity and their novel properties 41 

make them candidates for a wide range of possible applications with significant commercial 42 

potential (Shatkin, Wegner et al. 2014, Jorfi and Foster 2015, Thomas, Raj et al. 2018, Dufresne 43 

2019, Patel, Duttab et al. 2019, Wang 2019). Cellulose nanocrystals (CNCs) are typically 44 

generated by acid hydrolysis of larger fibrils, a process that in most cases leads to negatively 45 

charged surfaces decorated with, for example, sulfate half ester, carboxylate or phosphate groups 46 

(Eichhorn 2011, Moon, Martini et al. 2011, Brinchi, Cotana et al. 2013, Hamad 2014, Trache, 47 

Hussin et al. 2017). CNCs are rod-shaped particles with high typical aspect ratios of ≈~20, high 48 

mechanical strength and low density. The negative surface groups lead to suspensions with high 49 

colloidal stability and facilitate surface modification to ensure compatibility with other materials. 50 

This range of properties makes CNCs promising candidates for applications as strengtheners for 51 

nanocomposites, rheology modifiers, additives for paints, thin films and food packaging and 52 

substrates for biomedical purposes (Eichhorn 2011, Dufresne 2013, Postek, Moon et al. 2013, Jorfi 53 

and Foster 2015).   54 

As produced, CNCs typically have a wide size distribution, making particle size measurements 55 

challenging (Foster, Moon et al. 2018). For example, wood pulp CNCs have mean lengths and 56 

heights of (100 to 300) nm and (3 to 5) nm, respectively, with high polydispersity, as measured by 57 

atomic force microscopy (Moon, Martini et al. 2011, Brinkmann, Chen et al. 2016, Jakubek, Chen 58 

et al. 2018). It is also challenging to completely disperse CNC aggregates, even with extensive 59 

ultrasonication, due in part to their strong tendency to form hydrogen bonded lateral aggregates. 60 

The production of samples with narrower size distribution and minimal aggregation would be 61 

useful for assessing the impact of CNC morphology on properties that are important for 62 

applications, including their reinforcement capacity, rheological properties and self-assembly to 63 

generate chiral nematic films. The availability of samples with narrower size distributions may 64 

also be useful for nanotoxicology studies (Roman 2015, Shatkin and Kim 2015) and several 65 

separation procedures have been reported recently.  including dDifferential centrifugation was 66 

used to separate CNCs produced by hydrolysis of microcrystalline cellulose; transmission electron 67 

microscopy (TEM) analysis demonstrated that fractions with a narrower length range (40 nm-160 68 

nm) could be obtained from a sample with lengths up to 400 nm (Bai, Holberry et al. 2009).  Phase 69 

separation of bacterial cellulose (Hirai, Inui et al. 2009) achieved separation into two layers with 70 

average CNC lengths of 800 and 1670 nm. In both cases the initial CNCs were polydisperse with 71 

lengths up to 400 nm (Bai, Holberry et al. 2009) and 1500 nm (Hirai, Inui et al. 2009) and the 72 

extent of size fractionation was relatively low. An alternateA third approach using a multi-stage 73 

separation process with filter membranes has shown thatwas used to fractionate CNCs with an 74 

initial high polydispersity (10-1700 nm length); the sample with the smallest CNCs was shown by 75 

TEM to have an average length and width that were reduced by a factor of two from those of the 76 

unfractionated sample (Hu and Abidi 2016).  can be partially fractionated and thatInterestingly, 77 

the various fractions exhibited slightly different physical properties (Hu and Abidi 2016).  All of 78 
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these examples used CNCs with relatively broad size distributions to facilitate the separation and 79 

none considered the effect of CNC aggregation on their results.   80 

Recently several groups have reported on the use of asymmetrical-flow field-flow fractionation 81 

(AF4) in attempts to produce more monodisperse CNC samples (Guan, Cueto et al. 2012, 82 

Mukherjee and Hackley 2017, Ruiz-Palomero, Soriano et al. 2017). In one example, Guan and 83 

coworkers separated different fractions of CNC using AF4 with multi-angle light scattering 84 

(MALS) detection and compared their results to TEM of individual fractions (Guan, Cueto et al. 85 

2012). The length calculated from the MALS data assuming a rod-like form factor agreed with the 86 

measured length from TEM for early fractions. A second study used AF4 to separate CNCs 87 

extracted from consumer products, demonstrating the possibility to obtain multiple fractions with 88 

calculated particle lengths between (30 and 110) nm (Ruiz-Palomero, Soriano et al. 2017), 89 

although there was no comparison with microscopy to validate the results. Although Some 90 

optimization of conditions was carried out in both of these studies but neither provided a detailed 91 

optimization of the various fractionation parameters or quantified the mass recovery, making it 92 

difficult to evaluate the results. In related work FFF was used to fractionate cellulose nanofibrils 93 

produced by free radical oxidation (Hiraoki, Tanaka et al. 2018). Nanofibrils with average lengths 94 

between (170 and 270) nm were adequately separated to give different size fractions and the 95 

distributions calculated in the FFF measurement matched the distribution obtained by TEM for the 96 

unfractionated sample. By contrast, nanofibrils with an average length > 400 nm could not be 97 

satisfactorily fractionated. The difficulty to achieve separation from longer fibrils may partially 98 

explain the rather poor fractionation attained in earlier studies using polydisperse CNCs with 99 

lengths in excess of 400 nm (Bai, Holberry et al. 2009, Hirai, Inui et al. 2009).     100 

A detailed AF4 study from one of our groups focused on optimization of all parameters and 101 

demonstrated CNC fractionation with high mass recovery (> 95 %) for analytical separations 102 

(Mukherjee and Hackley 2017). These experiments utilized a combination of MALS, dynamic 103 

light scattering (DLS) and refractive index detection. Measurements of the radius of gyration and 104 

hydrodynamic diameter for each fraction gave shape factors in the range of 1.5 to 1.9, consistent 105 

with an elongated rod-like structure for the fractionated CNCs. Calculated rod lengths varied from 106 

approximately (104 to 204) nm, with a value of 146 nm at the AF4 peak maximum, considerably 107 

different from the previously reported mean lengths (Jakubek, Chen et al. 2018) for the same 108 

sample from either TEM (87 nm) or atomic force microscopy (AFM, 76 nm). Of particular interest, 109 

a semi-preparative method was also developed, opening the potential to produce larger amounts 110 

of fractionated CNC for research or applications (Mukherjee and Hackley 2017). 111 

These previously optimized AF4 fractionation methods (Mukherjee and Hackley 2017) have been 112 

applied here to fractionate a CNC reference material that has been extensively characterized by 113 

DLS, AFM, TEM and static multiple light scattering in previous work (Brinkmann, Chen et al. 114 

2016, Jakubek, Chen et al. 2018, Mazloumi, Johnston et al. 2018). This material is less 115 

polydisperse than some of the earlier studied samples, providing a better assessment of AF4 116 

capabilities. Fractions were analyzed by both AFM and TEM, with a focus on correlating the AF4 117 

data with microscopy measurements of particle size and aggregation level and providing an 118 

explanation for the discrepancies in CNC length observed in the previous AF4 study. The results 119 
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demonstrate early fractions from analytical AF4 separation are shown to contain predominantly 120 

individual CNCs with the number of laterally aggregated and clustered particles increasing 121 

substantially in later fractions. There is a modest increase in the mean length measured by AFM 122 

for individual particles in the first three AF4 fractions in reasonably good agreement with the 123 

lengths estimated from the MALS data. In addition to the separation achieved under optimized 124 

conditions the ability to eliminate almost all clusters from early fractions is an important 125 

observation. that it is possible to obtain fractionated CNC samples that contain very few clusters, 126 

compared to the initial suspension prior to fractionation. This indicates that the agglomeration and 127 

aggregation that is detected by microscopy probably reflects a combination of pre-existing 128 

aggregates in the initial suspension and clusters that form during the sample deposition process. 129 

Although the early fractions contain predominantly individual CNCs, the number of laterally 130 

aggregated and clustered particles increase substantially in later fractions. There is a modest 131 

increase in the mean length measured by AFM for individual particles in the first three AF4 132 

fractions in reasonably good agreement with the lengths estimated from the MALS data.  133 

 134 

Materials and methods 135 

Materials   136 

CNC is a National Research Council Canada certified reference material (CNCD-1, 137 

www.nrc.ca/crm ). The base material was produced by CelluForce Inc.,1 Windsor QC by sulfuric 138 

acid hydrolysis of softwood pulp followed by neutralization and sodium exchange, purification 139 

and spray drying. CNC was dispersed at 2 % mass fraction in deionized water (Milli-Q, 18.2 140 

MΩ cm at 25 °C) using a previously reported protocol (Jakubek, Chen et al. 2018). Suspensions 141 

were sonicated with a total energy of 5000 J/g (130 W Cole Parmer ultrasonic processor, EW-142 

04714-50, with a ¼ inch probe) and stored at ≈ 5 ºC and diluted prior to use. The sonicator energy 143 

transfer efficiency was measured calorimetrically (Taurozzi, Hackley et al. 2011). The 144 

hydrodynamic diameter was measured by DLS (0.05 % mass fraction in 5 mmol L-1 NaCl) using 145 

a Zetasizer Nano ZS (Malvern Panalytical, Westborough, MA) to verify that the dispersion 146 

properties were consistent with previous reports (Jakubek, Chen et al. 2018).      147 

Asymmetrical-flow field-flow fractionation  148 

An Eclipse3+ (Wyatt Technology, Santa Barbara, CA) AF4 system was used for this study and 149 

coupled to a degasser (Gastorr TG-14, Flom Co., Ltd, Tokyo, Japan), an 1100-series isocratic 150 

pump (Agilent Technologies, Santa Clara, CA), a 1260 ALS series autosampler (Agilent 151 

Technologies), a MALS detector (Dawn Heleos-II, Wyatt Technology) with a laser at 661 nm and 152 

an online DLS detector at a scattering angle of 99.9° (Wyatt QELS, Wyatt Technology). 153 

Fractionation was conducted using a mobile phase ionic strength of 1 mmol L-1 NaCl. 154 

 
1 The identification of any commercial product or trade name does not imply endorsement or recommendation by 

the National Institute of Standards and Technology. 

http://www.nrc.ca/crm
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The optimized methods applied in this study used the parameters shown in Table 1. All on-line 155 

measurements were performed at 25 ± 0.1 °C, directly controlled by the MALS detector. Ambient 156 

temperature was within ± 2 °C of the experimentally controlled temperature. AF4 data was 157 

analyzed using OpenLab (Agilent Technologies) and Astra 6.1.7.17 (Wyatt Technology) software. 158 

DLS was used to measure the hydrodynamic radius and rod length was determined using the 159 

MALS data and rod model in the Astra software. 160 

Three fractionated samples were prepared using semi-preparative and analytical separation 161 

conditions. A single fraction was collected for the semi-preparative methods and multiple fractions 162 

(numbered F1, F2, etc) were collected for the analytical separations.  The details for each sample 163 

are summarized in Table 2.   164 

 165 

Table 1  Parameters for semi-preparatory and analytical methods for AF4 fractionation of CNCs 166 

  Semi-preparatory 

fractionation 

Analytical 

fractionation 

Channel type    Long channel  Long channel  

Membrane  RC RC 

MWCO*  10 kDa 10 kDa 

Spacer  490 μm 350 μm 

Flow rates Injection flow 0.2 mL min-1 0.2 mL min-1 
 Detector flow 1.0 mL min-1 0.5 mL min-1 
 Focus flow 2 mL min-1 2 mL.min-1 
 Cross flow 0.2 mL min-1 0.8 mL min-1 

Sample loading Injected mass 2 mg 150 μg 

    

Time parameters (1) Elution 30 s 2 min 

(as sequenced (2) Focus 30 s 2 min 

in the method) (3) Focus + Injection 2 min 3 min 
 (4) Focus 1min 3 min 
 (5) Elution 10 min 60 min 

* molecular weight cut-off, as defined by industry 167 

 168 

Table 2  Summary of AF4 separation of CNCs 169 

Sample AF4 method Fractions collected 

B1 Semi-preparative F25-40 nm 

B2 analytical F1, F2,…F7 (Rh from 22 to 70 nm 

B3 analytical F1, F2,…F10 (Rh from 20 to 75 nm) 

 170 

 171 
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Atomic force microscopy  172 

The three AF4 fractionated samples were deposited on mica for AFM imaging.  studied by AFM: 173 

batch B1, prepared using semi-preparative conditions and batches B2 and B3 prepared by 174 

analytical separation. Fractions within each batch are numbered (e.g., F1, F2). Most fractionated 175 

CNC suspensions were diluted to ≈ 0.001 % mass fraction with the exception of fractions B3-F4 176 

to B3-F10, which had lower mass concentration and were not diluted. They were then vortex-177 

mixed for 5 s, and spin-coated onto a mica substrate. A freshly cleaved mica substrate (2.54 cm  178 

2.54 cm) was first coated with 0.01 % mass fraction poly-L-lysine (PLL) solution (Sigma Aldrich, 179 

Oakville, ON) to provide a positively charged surface. A 200 µL aliquot of PLL solution was 180 

added onto the mica substrate, which was then covered with a petri dish for 10 minutes. The mica 181 

substrate was rinsed with deionized water five times and dried in a nitrogen stream. For spin 182 

coating, 200 µL (samples B1 and B2) or 100 µL (samples B3) of the freshly diluted CNC 183 

suspension was hand shaken for a few seconds and pipetted onto the center of a freshly prepared 184 

PLL-mica substrate, which was vacuum mounted onto a spin coater (WS-650SZ-6NPP/LITE, 185 

Laurel Technologies, North Wales, PA). The spin coating was performed immediately using static 186 

mode at 4000 rpm (66.7 Hz ) and acceleration rate of 2000 rpm/s (33.3 Hz/s.).   187 

The CNC-PLL-mica sample was mounted on a microscope slide for imaging with an AFM 188 

(NanoWizard II, JPK Instruments, Berlin, Germany). Intermittent contact mode was used with a 189 

silicon AFM tip (HQ:XSC11/AL BS, MikroMasch; typical radius 8 nm, 2.7 N/m spring constant). 190 

Large size images, (5 μm  5 μm or 10 μm  10 μm) were recorded to verify the overall 191 

morphology and homogeneity of the CNC samples. A series of small size AFM images was then 192 

acquired with 512 pixel  512 pixel size, (0.8 to 1.0) Hz scan rate, and 1.5 µm Z-piezo range. To 193 

minimize compression of particles by the tip the ratio between the amplitude setpoint (Asp) and the 194 

free amplitude (A0) was set to ≈ 0.8–0.9. The AFM was calibrated using four step-height standards 195 

(VLSI Standards INC., STS3 series, 18 nm, 44 nm, 100 nm and 180 nm).  196 

Images were flattened with a first-order polynomial fit using the JPK AFM software before 197 

processing using Gwyddion 2.45 (Czech Metrology Institute, Brno, Czech republic) for height and 198 

length analysis as outlined previously (Jakubek, Chen et al. 2018).  For each image, all single 199 

particles were selected and their length and height measured. Particles adjacent to each other were 200 

only selected for analysis if the separation between the particles was clearly established in the 201 

contact or near-contact areas. Particles crossing or touching an edge of the image, particles < 25 202 

nm long, particles crossing each other and particles with imaging artifacts were excluded. CNC 203 

length was measured by drawing a profile along the long axis of the particle and height was 204 

measured as the maximum value along the long axis, corrected for the background level where 205 

necessary.   206 

To further investigate the effect of imaging force on the CNC height, some samples were imaged 207 

using a MultiMode AFM with a NanoScope V controller (Bruker Nano Surfaces Division, Santa 208 

Barbara, CA, USA), in PeakForce QNM® mode using PeakFroce Tapping® feedback control.  209 

Silicon nitride ScanAsyst-Air AFM probes (Bruker AFM Probes, Camarillo, CA, USA) were used 210 

in all PeakForce QNM® measurements. The manufacturer specified typical tip diameter and 211 
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spring constants are 2 nm and 0.4 N/m, respectively. In PeakForce Tapping® the force with which 212 

the tip periodically taps the surface is directly used as a feedback signal, meaning that the feedback 213 

loop keeps the peak force (maximum force between the tip and the sample) constant at a 214 

preselected value. This constant value is utilized to adjust the tip-sample positon, employing 215 

sinusoidal ramping function at each tap.  The term force in Fig. 6 refers to this feedback peak force.  216 

 217 

Transmission electron microscopy  218 

Samples were prepared by diluting fractionated CNC suspension (fraction “B3-F1”) to ≈ 0.001 % 219 

mass fraction with deionized water and depositing on plasma exposed (2 min, Model 1070, 220 

Fischione Instruments, Export, PA) carbon film covered copper grids (200 mesh, 01840-F, Ted 221 

Pella, Redding, CA). One drop of CNC suspension was deposited on the grid for 4 min and wicked 222 

with a filter paper. The sample was washed by adding one drop of deionized water to the grid and 223 

wicking with a filter paper after a few seconds. Finally, the sample was stained by depositing a 224 

drop of 2 % mass fraction uranyl acetate solution on the grid for 4 min and wicking away the 225 

solution with a wet filter paper. The grid was allowed to air dry before insertion into the 226 

microscope. Images were recorded with a Titan3 80–300 (FEI, Thermo Fisher Scientific, Hillsbro, 227 

OR) transmission electron microscope operated at 300 kV and 27 k magnification. The 228 

microscope calibration was verified by imaging a TEM magnification calibration standard 229 

(MAG*I*CAL, EMS).  230 

TEM images were analyzed using a custom ImageJ (Rasband 2018) macro to measure the length 231 

and width of individual particles as described previously (Jakubek, Chen et al. 2018). Particles 232 

crossing one another were selected for analysis only if they crossed at an angle in the approximate 233 

range of 30 to 90 and there was a clear indication that the crossing particles can otherwise be 234 

considered as single CNCs. Those crossing at an angle outside the range specified above or 235 

adjacent to each other were selected for analysis only if the separation between the particles was 236 

clearly established in the contact areas.  237 

Statistical analysis and uncertainties 238 

Particle size distributions from AFM and TEM are reported as the arithmetic mean (length, height 239 

or width) and standard deviation as a measure of the spread of the distribution. Uncertainties are 240 

estimated as the 95 % confidence interval calculated from the standard error of the mean with a 241 

coverage factor of 2. Particle size distributions were compared using the two sample Kolmogorov-242 

Smirnov test in Origin Pro 21018b. AF4 derived results (rod length or hydrodynamic radius) are 243 

reported as the mean and standard deviation of values measured continuously across the section of 244 

the peak corresponding to a specific fraction, where the standard deviation represents the spread 245 

in values within that fraction. Rod length should be considered as an estimate for examining trends, 246 

as the inherent uncertainty associated with the model is difficult to assess.  247 

 248 

Results 249 
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CNC fractionation  250 

A CNC suspension prepared from CNCD-1, an NRC reference material, was fractionated by AF4 251 

using the semi-preparative method (sample B1, 2 mg injected mass) developed in earlier work 252 

(Mukherjee and Hackley 2017). A fraction with hydrodynamic radius (Rh) between (25 ± 0.5) nm 253 

and (40 ± 5) nm (B1 F25-40 nm) and a rod length average of (160 ± 80) nm was collected for 254 

microscopy analysis (Fig. 1A). CNCs were deposited on PLL-coated mica and imaged by AFM. 255 

Images showed a combination of individual and clustered CNCs (Fig. 1B), qualitatively similar to 256 

results obtained in earlier work for CNCD-1 and similar wood-pulp derived CNCs (Brinkmann, 257 

Chen et al. 2016, Jakubek, Chen et al. 2018). The length and height were measured for individual 258 

CNCs for a number of images; the mean length and height are summarized in Table 32, with the 259 

standard deviation as a measure of the spread of the distributions, and histograms are shown in 260 

Fig. S1. The height distribution is not significantly different from that measured for CNCD-1 261 

previously (see Table 2) based on comparison of the two distributions by Kolmogorov-Smirnov 262 

analysis (0.05 level); however, the length distributions for the fractionated sample and CNCD-1 263 

are significantly different, consistent with the larger average length for the fractionated sample 264 

(Table 23). Overall these results, and particularly the presence of a considerable fraction of 265 

clustered CNCs, indicate that collection of a relatively large fraction (based on retention time) near 266 

the maximum of the fractogram where the mass of recovered CNC is largest is not the best 267 

approach to obtain a CNC sample with a narrow size distribution and few 268 

aggregates/agglomerates. 269 

 270 

Fig. 1  AF4 fractogram of CNC obtained using semi-preparative conditions (A) and AFM image 271 

(B) of the fraction collected between (25 and 40) nm in hydrodynamic radius    272 

 273 

A second AF4 fractionation experiment using the previously developed analytical method (see 274 

Table 12) was carried out with injection of a smaller CNC mass (150 µg) and collection of 7 275 

fractions (sample B2, F1-F7, 4 minute intervals) with Rh ranging from (22 ± 0.5) nm to (70 ± 2) 276 

nm and length from (104 ± 2) nm to (250 ± 5) nm (Fig. 2A). Fractions F1 to F7 were imaged; the 277 

Retention time (min)

0 2 4 6 8 10 12 14

S
ca

tt
er

ed
 i

n
te

n
si

ty
 (

a.
u
.)

H
y
d
ro

d
y
n
am

ic
 r

ad
iu

s 
an

d
 r

o
d
 l

en
g
th

 (
n
m

)

0

100

200

300

400

Light scattering

Hydrodynamic radius (nm)

Rod length (nm) 

A



9 
 

recovered mass decreased with increasing fraction number, requiring optimization of the sample 278 

dilution and deposition amounts to obtain an appropriate CNC density for imaging and collection 279 

of images on several different length scales. Representative AFM images for F1 and F4 are shown 280 

in Fig. 2B, C, clearly illustrating that the early fractions had a large number of individual CNCs, 281 

and very few clusters. By contrast the later fractions had predominantly clustered CNCs. Larger 282 

scale images (4 µm x 4 µm) were required in order to observe a reasonable number of particles for 283 

F6 and F7, which had very few CNCs. Multiple images for each fraction were analyzed by 284 

counting (1) individual CNCs, (2) features that are assigned to (two) laterally aggregated particles 285 

(dimers) and (3) clusters with 3 or more CNCs in more random orientations; the analysis procedure 286 

is illustrated with the cartoon in Fig. 2E. The results of this analysis are shown as a bar chart in 287 

Fig. 2D. Since it is difficult to distinguish single from laterally aggregated CNCs at the image scale 288 

used for fractions F6 and F7, singles and dimers were grouped together for these two fractions. 289 

Note that this analysis is qualitative since there are frequently several features/image that are 290 

challenging to assign to one of the three categories. However, the overall trend in the data is clear 291 

with clusters and dimers almost absent from fraction 1. Similar fractions of dimers are found in 292 

F2, F3 and F4, but the fraction ofs clusters increases in the at the expense of single CNCs. 293 

  294 
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Table 32  Mean length and height/width data and uncertainty, along with the standard deviation 295 

as a measure of the distribution spread for unfractionated and fractionated CNC measured by 296 

AFM and TEM.  Length estimated using a rod model for AF4-MALS data is also included for 297 

some fractions for samples B1 and B3 fractions. Note that length and height were analyzed for 298 

only 3 fractions for sample B3 although the aggregation state was measured for all fractions (see 299 

Fig. 3). 300 

Sample Method (n)a Length, nm Height/width, nm 

  
Meanb 

Standard 

deviationc 
Meanb 

Standard 

deviationc 

CNC, 

unfractionatedd 
AFM (1567) 76.3 ± 1.7 32.9 3.4 ± 0.1  1.1 

CNC, 

unfractionatede 
AFM (321)   3.5 1.1 

CNC, 

unfractionatedd 
TEM (1909) 82 ± 2 36 7.5 ± 0.1 2.0 

B1, F25-40 nm AFM (234) 96 ± 5 39 3.5 ± 0.2 1.2 

B1, F25-40 nm AF4-MALS 160 ± 80    

B3, Fraction 1 AFM(240) 82 ± 4 30 3.2 ± 0.2 1.1 

B3, Fraction 1 TEM (682) 73 ± 2 30 7.5 ± 0.1 1.8 

B3, Fraction 1 AF4-MALS 113 ± 12 20   

B3, Fraction 2 AFM (227) 128 ± 4 44 3.9 ± 0.2 1.2 

B3, Fraction 2 AF4-MALS 144 ± 8 15   

B3, Fraction 3 AFM (98) 138 ± 12 64 4.3 ± 0.3 1.4 

B3, Fraction 3 AF4-MALS 166 ± 6 10   

B3, Fractions 1-3 AFM (564) 110 ± 4 50 3.7 ± 0.1 1.3 

a n is the number of particles analyzed 301 
b The uncertainty is the estimated 95% confidence interval for the calculated mean 302 
c Standard deviation of the distribution as a measure of the distribution spread  303 
d From Jakubek et al, 2018 304 
e This work; measured using Peakforce AFM   305 

 306 
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 307 

Fig. 2 AF4 fractogram (A) for analytical separation of CNCs (sample B2) with AFM images of 308 

fractions 1 and 4 (B, C). A qualitative illustration of the distribution of single, laterally aggregated 309 

(dimers) and clustered CNCs is shown in the chart (D) with a cartoon (E) illustrating the 310 

assignment of features in the AFM images. Single and dimer CNCs are grouped together for the 311 

two last fractions in chart (D) since they cannot be unambiguously distinguished at the image 312 

resolution used.    313 

 314 

To test whether collection of narrower fractions provided an improvement in separation, an 315 

additional experiment was carried out using the analytical method (Table 32) with collection of 10 316 

fractions (sample B3, F1 – F10) with Rh from (20 ± 0.5) nm to (75 ± 2) nm and rod length from 317 

(97 ± 2) nm to (420 ± 35) nm (Fig. 3A). In this case, fractions were also collected at the highest 318 

retention times where clusters are expected to predominate. Representative AFM images for the 319 

various fractions are shown in Fig. 3B and C, Fig. S2 and S3. The same analysis procedure (see 320 

Fig. 2E) was used to classify CNCs as singles, dimers or clusters. The results are shown as a bar 321 

chart in Fig. 3D with singles and dimers also counted together for later fractions for which only 322 

larger scale images were obtained. This sample exhibited the same overall trend as that shown in 323 

Fig. 2, with predominantly single CNCs or dimers detected in the early fractions. However, this 324 

sample yielded a smaller proportion of clustered CNCs in the later fractions, compared to the 325 

results in Fig. 2. We attribute these differences to some combination of the following factors: 326 

different elution times for the fractionation, variation in the numbers of particles counted and/or 327 
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differences in the AFM sample deposition procedure. Overall, there was a significant improvement 328 

in the fraction of single CNCs in the first 2 fractions when narrower fractions were collected. 329 

 330 

Fig. 3 AF4 fractogram (A) and AFM images for selected fractions F1 and F6 (B, C) from AF4 331 

fractionation of CNC sample B3. Chart (D) shows a qualitative illustration of the distribution of 332 

single, dimer, and clustered CNCs   333 

 334 

Particle size distributions for fractionated CNC  335 

The height and length were measured for all individual CNCs in images collected for sample 336 

(batch) B3, fractions F1, F2 and F3, which had the highest numbers of individual CNCs. The AFM 337 

height and length distributions for each fraction are shown in Fig. 4; the mean values and their 338 

uncertainties and standard deviations as a measure of population spread are summarized in Table 339 

23. The length and height cumulative distributions for the sum of fractions F1 to F3 and the data 340 

for the unfractionated sample are provided for comparison. Kolmogorov-Smirnov analysis 341 

indicates that the three fractions each have different length distributions, consistent with the 342 

increase in average length with increasing fraction number. For height, F1 is different from both 343 

F2 and F3, which are not significantly different from each other at the 0.05 level. The cumulative 344 
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length and height distributions for each of the three fractions and for the combined F1, F2, F3 data 345 

set are all significantly different from the distributions for CNCD-1, although the data for the 346 

unfractionated CNCD-1 is based on a substantially larger data set corresponding to analysis of 347 

≈ 300 CNCs for each of five independently prepared samples. Surprisingly the average length for 348 

each of the three fractions is larger than that measured for the unfractionated sample. Overall these 349 

results indicate that the population of individual CNCs analyzed for the fractionated sample differs 350 

from that in the unfractionated sample. It is likely that the AF4 separation is sensitive to overall 351 

size/dimensions, not just CNC length, consistent with the increase in clusters in later fractions; 352 

note that shape may also play a role in the separation process, as shown previously for separation 353 

of gold nanorods (Gigault, Cho et al. 2013). The AF4-MALS derived rod length estimates for the 354 

same B3 fractions are also listed in Table 23; the AF4-MALS estimates for rod length are slightly 355 

larger than mean AFM lengths, but both MALS and AFM show the same trend of increasing length 356 

with increasing fraction number.  357 

 358 

Fig. 4 Cumulative AFM distribution plots for CNC height (A) and length (B) for fractions F1, F2 359 

and F3 from AF4 fractionation of sample B3. The distributions for the unfractionated sample 360 

(CNCD-1) and the combined (F1+F2+F3) data are also shown for comparison. The 3 fractions 361 

have different lengths and heights in all cases, except for height for F2 and F3. The combined data 362 

set (F1+F2+F3) differs from CNCD-1 for both length and height   363 

 364 

Fraction 1 from the above experiment (B3) was also imaged by TEM for comparison to AFM data.  365 

Previous results for the unfractionated CNC sample had shown that the TEM width was 366 

approximately twice that of the AFM height (Jakubek, Chen et al. 2018).  This result was 367 

somewhat surprising since models for CNCs derived from wood pulp have indicated that the CNC 368 

cross section has two axes with similar dimensions (Moon, Martini et al. 2011).  The results were 369 

hypothesized to indicate a higher degree of lateral aggregation of CNCs after deposition for TEM 370 

and/or an inability to detect CNC aggregation by AFM due to tip convolution effects. TEM images 371 

for B3 F1 (Fig. 5A, B) showed that the fractionated sample gave better quality TEM images than 372 
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unfractionated CNC (see Fig. 7 in previous paper (Jakubek, Chen et al. 2018)), although there was 373 

still a higher proportion of CNC clusters (Fig. 5A, B) than is observed by AFM. The difference 374 

between AFM and TEM for the fractionated sample provides qualitative evidence that the TEM 375 

deposition and staining is responsible for at least some of the observed clusters. The length and 376 

width distributions for fraction 1 are different from those for unfractionated CNCD-1 (Fig. 5C, D 377 

and Table 23), consistent with the AFM results. However, the average width for B3 F1 is still 378 

approximately twice the average AFM height, as observed previously for the unfractionated 379 

sample. Note that laterally aggregated CNCs are frequently observed in B3 F1 TEM images (Fig. 380 

S4), but these were not included in the size analysis to determine the width distribution. The length 381 

distribution is different as measured by AFM and TEM, which may indicate that the sample 382 

deposition process or grid-induced CNC clustering affects the measured CNC size distribution.  383 

 384 

Fig. 5 TEM images (A, B) for sample B3, F1 with cumulative distributions for height (C) and 385 

length (D). The TEM size distributions are compared to the AFM distributions for F1 and the TEM 386 

distributions for the unfractionated sample (CNCD-1). Both length and height distributions are 387 

different for F1 and the unfractionated sample 388 
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Our previous study had considered the possibility that compression of the CNCs by the AFM tip 389 

might reduce the apparent CNC height and at least partially account for the difference between 390 

AFM height and TEM width (Jakubek, Chen et al. 2018). Based on the measured dependence of 391 

CNC height on applied force we concluded that compression by the tip due to the imaging setpoint 392 

used contributes 0.19 nm to the uncertainty in the measured height. Here we have further 393 

investigated this possibility by examining unfractionated CNC using PeakForce Tapping® AFM, 394 

which allows for imaging at much lower applied force. The results are summarized in Fig. 6 and 395 

demonstrate that CNCs can be imaged over a wide range of forces before the measured height 396 

decreases. For the experiment shown, the height starts to decrease above ≈ 500 pN and the image 397 

quality deteriorates above 2300 pN.  This is dependent on the tip/experiment as thresholds for 398 

decreased heights of ≈ 1 nN were observed for replicate experiments using different tips.  Analysis 399 

of multiple images obtained with an imaging force between (200 and 400) pN provided a mean 400 

CNC height of 3.5 nm with a standard deviation of 1.1 nm (n = 321, Table 32) further support for 401 

the conclusion that compression of CNCs by the tip does not account for the factor of 2 difference 402 

between AFM height and TEM width. 403 

 404 

Fig. 6 AFM image of CNCD-1 using PeakForce Tapping® imaging (A). The plot of height vs. 405 

imaging force (B) shows the height for the particles marked with cross sections in (A). (C) 406 

Histogram of heights obtained by analyzing 321 CNCs   407 

 408 
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The AFM and TEM imaging results for fractionated CNC provides support for the hypothesis that 409 

some CNCs that appear as individual particles may be comprised of two laterally aggregated 410 

primary crystallites that are not distinguishable by either AFM or TEM. The crystallites may be 411 

linked by amorphous cellulose that is not removed during the acid hydrolysis or may be initially 412 

separated particles that are strongly hydrogen bonded. Recent experiments using small angle 413 

neutron scattering have concluded that several types of CNCs exhibit lateral aggregation that is 414 

dependent on concentration (Cherhal, Cousin et al. 2015, Uhlig, Fall et al. 2016). It has been 415 

suggested that two sides of crystalline cellulose are more polar than the other two; alignment of 416 

hydroxyl groups parallel to the crystalline plane results in a more polar surface compared to sides 417 

with hydroxyl groups oriented perpendicular to the crystalline plane. Interaction of the 418 

hydrophobic sides of two crystals will serve to expose the more hydrophilic surface to water, 419 

minimizing the free energy and providing a driving force for lateral aggregation (Uhlig, Fall et al. 420 

2016). Experiments in which the height and width for identical CNCs can be reliably measured 421 

would be required to provide further insight into the presence and extent of lateral aggregation for 422 

the fractionated samples. 423 

 424 

Discussion and Conclusions  425 

As previously published, the AF4 approach has been developed and used for the analytical size-426 

based separation of wood pulp derived CNCs (Mukherjee and Hackley 2017). In the present study 427 

the combination of AF4 with orthogonal techniques (i.e., AFM and TEM) permits us to explore 428 

the CNC composition of the fractions generated by this separation approach. AFM and TEM 429 

imaging results for AF4 fractionated CNCs highlight the capacity of this separation technique to 430 

isolate individual CNCs from larger clusters or aggregates. The first fraction contained 431 

predominantly individual CNCs with clusters of 3 or more CNCs increasing in number for all 432 

subsequent fractions. A significant number of features assigned to two laterally aggregated CNCs 433 

(“dimers”) was observed in early fractions, but was lowest in the first fraction. Note that it was not 434 

possible to distinguish individual CNCs and dimers in later fractions which contained a low 435 

concentration of particles and required a lower image resolution in order to visualize a sufficient 436 

number of particles per image. It is noteworthy that CNC agglomeration/aggregation has so far 437 

been difficult, if not impossible, to avoid for CNC samples deposited for microscopy. The present 438 

study demonstrates clearly that it is possible to obtain AFM samples that contain predominantly 439 

individual CNCs, which dramatically improves the ability to measure size distributions. However, 440 

the separation method is so far compatible with preparation of relatively small amounts of material. 441 

It also appears from the data presented herein that one can minimize clustering using our spin 442 

coating method for deposition of AFM samples. The same does not apply to TEM where deposition 443 

and staining on the TEM grid leads to more CNC clustering than for CNCs on PLL-coated mica. 444 

Finally, the observation of clusters for later AF4 fractions (Fig 2 and 3) that have a low overall 445 

CNC mass provides clear evidence that these clusters are present in the initial suspension, and are 446 

not due to clustering that occurs during sample deposition and drying.  447 

The use of AF4-MALS to evaluate the CNC rod length of CNC fractions (Table 23) yields values 448 

that are similar to those obtained by microscopy for the early CNC fractions that are highly 449 
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enriched in individual particles. The later fractions as analyzed by AFM contain predominantly 450 

CNC clusters, which means that use of the rod model to obtain length from the MALS data is 451 

unlikely to be a suitable approach. The presence of a large fraction of clusters in later fractions 452 

therefore accounts for the lack of agreement between lengths obtained from microscopy and AF4-453 

MALS data in the earlier study (Mukherjee and Hackley 2017). In that work a shape factor 454 

obtained as the ratio of Rg/Rh was shown to be approximately constant across the entire fractogram. 455 

However, it is likely that the measured shape factor is reliable for early fractions that do not contain 456 

a large number of clusters but possibly not for later fractions that contain a mixture of clusters with 457 

ill-defined morphology. It is also possible that the MALS results are dominated by local rod-like 458 

structure within clusters, and are not reflecting the larger scale cluster structure. 459 

The present study has employed a less polydisperse CNC sample than some of the previous 460 

attempts at CNC fractionation using methods such as differential centrifugation, phase separation 461 

or separation on filter membranes (Bai, Holberry et al. 2009, Hirai, Inui et al. 2009, Hu and Abidi 462 

2016). Our results indicate that AF4 fractionation is possible for a less polydisperse CNC sample, 463 

indicating that it may be a more generally useful method. One previous AF4 study demonstrated 464 

separation of CNCs in commercial samples, a useful result, but not directly comparable to our 465 

work since AF4 was not correlated with an orthogonal method and the initial CNC size distribution 466 

was unknown. In related work, AF4 fractions were assessed by TEM and the extent of size 467 

fractionation (rod lengths of approximately 85 and 105 for fractions 1 and 3 from MALS) for 468 

microcrystalline cellulose CNC was similar to that shown in Table 3. There was good agreement 469 

between TEM and MALS data for early fractions but a larger difference between methods for the 470 

later fractions, similarly to what we observe here. Our correlation of AF4 data with TEM indicates 471 

that later fractions contain predominantly aggregated CNCs, a factor that was not considered in 472 

the previous study. The present study has the additional advantage of optimized AF4 conditions to 473 

achieve high mass recovery.      474 

Future work should be directed towards improvement in preparative methodology for higher 475 

throughput with narrow size fractions. Examining the laterally aggregated “dimers” as a function 476 

of AF4 parameters such as focus flow and time, or crossflow could be used to test whether some 477 

of the observed clusters in the later fractions may be created during the AF4 experiment. Note 478 

however, that the measured Rh of 22 nm for the first fraction (B3 F1) is approximately 1.5 times 479 

lower than that for the unfractionated CNC (≈ 35 nm) which presumably is mostly due to the 480 

presence of CNC clusters in the unfractionated sample; note that larger clusters may dominate the 481 

intensity-based DLS results. Additional microscopy experiments aimed at measuring both length 482 

and height for the same CNC entities would be useful to confirm hypotheses from this and earlier 483 

work. The availability of fractionated samples with low numbers of clusters is an important 484 

prerequisite for such experiments. 485 
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Fig. S1  Histograms for AFM measured height and length for fractionated CNC (sample B1, 

F25-40 nm, A, B) and the original unfractionated CNC (CNCD-1, C, D).  The length 

distributions are different for the two samples, but the height distributions are not significantly 

different (Kolmogorov-Smirnov test, 0.05 level).  Data for CNCD-1 is from Jakubek et al, 2018; 

note that the bin size for histograms C and D has been changed for ease of comparison to the 

fractionated sample.   

 



 

Fig. S2  Representative AFM images for selected fractions for sample B3. Images are all on the 

same scale for ease of visualization of the change in CNC density   

  



 

  

Fig. S3   Representative AFM images for all fractions for sample B3.  Images are shown on 

different length scales in order to visualize individual and clustered particles  

  



 

 

Fig. S4  Additional TEM images for fractionated sample B3 F1 illustrating the ability to 

distinguish two laterally aggregated CNCs.   
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