1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nanolmpact. Author manuscript; available in PMC 2020 March 04.

-, HHS Public Access
«

Published in final edited form as:
Nanolmpact. 2019 March ; 15: . doi:10.1016/j.impact.2019.100171.

Dispersion preparation, characterization, and dosimetric
analysis of cellulose nano-fibrils and nano-crystals: Implications
for cellular toxicological studies

Dimitrios Bitounis?, Georgios Pyrgiotakis@, Douglas BousfieldP, Philip Demokritou®”
aCenter for Nanotechnology and Nanotoxicology, HSPH-NIEHS Nanosafety Center, Department
of Environmental Health, Harvard T. H. Chan School of Public School, Harvard University, 665
Huntington Boston, MA 02115, USA

bDepartment of Chemical and Biological Engineering, University of Maine, Orono, ME 04469,
USA

Abstract

The characterization of cellulose-based nanomaterial (CNM) suspensions in environmental and
biological media is impaired because of their high carbon content and anisotropic shape, thus
making it difficult to derive structure activity relationships (SAR) in toxicological studies. Here, a
standardized method for the dispersion preparation and characterization of cellulose nanofibrils
(CNF) and nanocrystals (CNC) in biological and environmental media was developed.
Specifically, electron microscopy was utilized and allowed to specify optimum practices for
efficiently suspending CNF and CNC in water and cell culture medium. Furthermore, a technique
for measuring the /n vitro particle kinetics of CNF and CNC suspended in cell culture medium
utilizing fluorescently tagged materials was developed to assess the delivery rate of such CNM at
the bottom of the well. Interestingly, CNF were shown to settle and create a loosely packed layer
at the bottom of cell culture wells within a few hours. On the contrary, CNC settled gradually at a
significantly slower rate, highlighting the discordance between administered and delivered mass
dose. This work is both novel and urgent in the field of environmental health and safety as it
introduces well-defined techniques for the dispersion and characterization of emerging, cellulose-
based engineered nanomaterials. It also provides useful insights to the /n vitro behavior of
suspended anisotropic nanomaterials in general, which should enable dosimetry and comparison
of toxicological data across laboratories as well as promote the safe and sustainable use of
nanotechnology.

Keywords
nanocellulose; nanofibrils; nanocrystals; nanotoxicology; particle kinetics

"Corresponding author: pdemokri@hsph.harvard.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

Introduction

The natural origin, abundance, and biodegradability of cellulose-based materials have been
utilized by the pharmaceutical, food, and construction industries as drug excipients, dietary
supplements, and reinforcing abilities in composite materials, respectively (Baiardo et al.,
2002; Thoorens et al., 2014; Ullah et al., 2016). Their nanoscale counterparts, termed
cellulose-based nanomaterials (CNM), have recently emerged as a potentially sustainable
group of materials with enhanced properties. Mechanical strength, high surface to volume
area, gas barrier properties, and optical properties impart them with a versatile
physicochemical profile that could provide considerably better products in several industrial
fields (Cowie et al., 2014; Salas et al., 2014). Intense academic research has been focusing
on two main forms of CNM namely cellulose nanofibrils (CNF) and cellulose nanocrystals
(CNC) with significant progress being made toward the fabrication of substrates for human
stem cell cultures or scaffolds for bone tissue regeneration, modulation of lipid digestion and
absorption, and, finally, the production of lightweight and durable films, wound dressings,
and food packaging (Cazon et al., 2017; Deloid et al., 2018; Hakkarainen et al., 2016; Lou et
al., 2014; Yamaguchi et al., 2016)

CNF can be produced in large quantities using mechanical treatment of cellulosic organic
matter, like plant-based biomass, and are semi-crystalline, fibrillar structures (Nechyporchuk
et al., 2016). In terms of size, they span several microns in length, but with enough
mechanical disintegration and homogenization the diameter of the fibrils may be in the
nano-scale (Chinga-Carrasco, 2011). CNC are highly crystalline, rigid nanoparticles of long
aspect ratio and their synthesis requires acid hydrolysis of the amorphous part present in
CNM (Bondeson et al., 2006; Habibi et al., 2010).

Given the variety of applications and possible economic growth from the use of cellulose-
based materials, there has been a lot of interest in profiling their potential pathogenicity
(Endes et al., 2016; Ong et al., 2017; Roman, 2015; Zhang et al., 2019). When it comes to
microcrystalline cellulose and other types of refined wood pulp, the US Food and Drug
Administration (FDA) generally regards them as safe (GRAS) (“Select Committee on GRAS
Substances,” 2018). At the same time, the bioactivity and any health risks imposed by CNM
exposure are still unknown. This is because the nano-sized features of CNF and CNC may
interface with cells and tissues in unpredictable ways, similarly to what has also been
hypothesized for other inorganic engineered nanomaterials (ENM) (Chen et al., 2017; Servin
and White, 2016; Setyawati et al., 2018; Wu et al., 2013).

The first step toward understanding the interaction of any ENM with living systems is their
characterization under conditions which are physiologically relevant to the ENM exposure
scenario (Konduru et al., 2018; McClements et al., 2016; Sohal et al., 2018a, 2018b). This
task becomes particularly challenging, but all the more important, when ENM are submitted
to /n vitro models of biologically complex processes like ingestion (DeLoid et al., 2017; Guo
etal., 2017) and during in vivo studies (Nallanthighal et al., 2017). While it is possible to
quantify and characterize cellulose-based materials at high concentrations (several mg/ml) in
simple organic and aqueous solvents (Foster et al., 2018; Hubbe et al., 2017; Mao et al.,
2017), there is a stark lack of methodological tools for the dispersion preparation and
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characterization of CNM suspended at low concentrations (several pg/ml) in complex liquid
media, especially culture medium used in /n vitro cellular studies.

Furthermore, over the last decade, it has become clear that the meaningful interpretation of
in vitrotoxicological studies of ENM requires the reproducible dispersion and
characterization of the material to be tested in the dispersant of choice (Cohen et al., 2018,
2014). Indeed, there are numerous works on the importance of good dispersibility of
nanoparticles in environmental and biological media, accompanied by a body of literature
that attempts to link the physicochemical properties of ENM to their biological activity
(Harper et al., 2015; Liu et al., 2013). Although there are tools to understand the deposition
and biological effects of aerosolized CNM deposited on cells at the air-liquid interface
(Baiardo et al., 2002; Endes et al., 2014), there has been a lack of standardized procedures
that describe the dispersion preparation and characterization of low-concentration CNM
suspensions for submerged cell cultures.

The limited number of available studies on CNM follow dispersion preparation and
characterization methods optimized for metal and metal oxides, but most of these techniques
are difficult or inaccurate to adapt to suspensions of particles with such anisotropic shapes,
optical, and mechanical properties. Specifically, light-scattering techniques for
hydrodynamic size measurements are not optimal for measuring flexible, soft, and fibrous
materials (Bloomfield, 2000; Jo et al., 2014; Mao et al., 2017). Furthermore, studies on the
colloidal nature of some ENM suspensions have been recently used to quantify the fraction
of the administered dose in terms of mass that actually reaches the cells /n vitro (Cohen et
al., 2014; Deloid et al., 2014). This wave of studies culminated with the development of /n
silicomodels that can be used to estimate delivered to cell dose metrics for any type of near-
spherical, rigid nanoparticle (DeLoid et al., 2015; Thomas et al., 2018). In the case of CNM,
though, the effect of medium composition on their effective density is not easily quantifiable
as inter-particle dynamics cannot be accurately described using numerical models for
spherical particles and their sedimentation cannot be based on Stoke’s law for rigid bodies
undergoing laminar flow.

Here, a first attempt to develop a standardized method for the dispersion preparation and
characterization of CNM suspensions in deionized water and cell culture medium is
presented. First, we optimized our electron microscopy preparation steps in an effort to
obtain an accurate size distribution of the particles suspended in deionized water or cell
culture medium. This allowed us to evaluate the effect of sonication and vortexing on
dispersing CNM and identify some previously ignored caveats in the preparation of CNM
dispersions for cellular studies. Finally, we probed the /n7 vitro CNM particle kinetics and
dosimetry by employing fluorescence-enhanced CNF and CNC materials recently developed
by the authors (Salari et al., 2019). More importantly, the proposed standardized approach
across the dispersion preparation, characterization, and dosimetry of CNM in environmental
and biological media uncovers traits of CNF and CNC suspensions that should be taken into
consideration when performing /n vitro studies and promotes inter-comparability and
standardization in the multi-disciplinary field of nanotoxicology and biomedicine.
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2. Materials and method
2.1. Synthesis and characterization of CNF and CNC

The cellulose nano-fibrils (CNF) and cellulose nano-crystals (CNC) used in this study were
synthesized according to a procedure described in detail elsewhere by the authors
(Pyrgiotakis et al., 2018). In brief, CNF were produced by grinding softwood bleached kraft
fibers in an ultra-fine friction grinder. Reverse osmosis water was added to the ground
product and the mixture was processed with a disintegrator, resulting in a thick slurry of
nano-sized cellulose fibrils. The CNC were synthesized by the hydrolysis of the same kraft
fibers in the presence of 72% w/w H,SO,. The reaction was quenched with deionized water
and neutralized with NaOH. After repeated cycles of washing, the product was a highly-
concentrated paste of rigid, spindle-like cellulose crystals. Following their synthesis, both
CNF and CNC were autoclaved at 121°C for one hour. The physicochemical
characterization of the as-synthesized CNMs was performed by means of electron
microscopy (EM), N5 adsorption, pycnometry, X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FTIR), and inductively-coupled plasma mass
spectroscopy (ICP-MS).

2.2. Dispersion of CNF and CNC in deionized water and cell culture medium

Both sonication and vortexing were explored as part of developing a standardized protocol
for dispersion of CNM. In more detail:

In a 15-ml conical polypropylene tubes, 10 mg of CNF paste (2% w/w dry content) were
added in 2.0 ml of deionized water or RPMI-1640 supplemented with 10% fetal bovine
serum (FBS) vol/vol, 10 mM HEPES buffer, 100 IU/ml Penicillin, 100 pg mi~1
Streptomycin, and non-essential amino acids (1/100 dilution of 100x solution,
ThermoFisher) (cell culture medium) to achieve a final concentration of 0.1 mg ml~1. The
tubes were sealed with Parafilm, secured on a laboratory vortex mixer using a clamp, and
mixed by high-speed vortexing at various timepoints (20s, 60s, 180s, and 600s) in order to
parametrically study the effect of vortexing on the dispersibility of CNF. The dispersion of
CNF in deionized water was also explored using a calorimetrically calibrated cup-horn
sonicator (Branson Ultrasonics, Danbury, CT, USA) as was previously described by
Taurozzi et al. (Taurozzi et al., 2011). Specifically, a 2-ml sample of CNF in deionized water
at 0.1 mg ml~1 was sonicated following the protocol for fast-settling ENM described by
Cohen et al. (Cohen et al., 2018) and 389 J were delivered to the suspension.

In order to assess the dispersibility of CNC, 5 mg of CNC paste (4% w/w dry content) were
added in 2.0 ml of deionized water or cell culture medium to achieve a final concentration of
0.1 mg mI~L. The tubes were sealed with Parafilm, secured on a laboratory vortex mixer
using a clamp, and mixed by high-speed vortexing in order to parametrically assess the
effect of vortexing on the dispersibility of CNC.

The effects of vortexing/sonication in the dispersibility of CNF and CNC were then assessed
by electron microscopy as described below.
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2.3. Electron microscopy of CNF and CNC in deionized water or cell culture medium

Poly-L-lysine (pll) solution (Sigma-Aldrich) was deposited onto 12-mm round mica sheets
(Ted Pella Inc.), itself fixed on an aluminum stub. Then, CNF suspended in deionized water
or cell culture medium as described above were deposited on the pll-coated mica sheet for
10 minutes. The entire stubs were frozen by placing them on a block of dry ice for at least
another 10 minutes and were subsequently submerged in liquid Ny(l) for several seconds to
rapidly freeze their entire volume while keeping the fibrils in their native, suspended state.
Immediately after freezing in N(l), the stub was placed in a flask lyophilizer (Labconco®)
where the samples were sublimated overnight at =50 °C and 0.014 mBar. This step removed
the frozen liquid while leaving on the stub the frozen fibrils which we could later observe
using scanning electron microscopy (SEM) and study their native agglomeration state. Right
before imaging, the samples were sputter-coated with a 10-nm layer of Pd/Pt. Electron
microscopy was performed using the Everhart-Thornley or in-lens detectors of a Supra
55VPTM field-emission electron microscope (FESEM) by Carl Zeiss AG. The obtained
FESEM images of CNF were digitally processed using an ImageJ routine which recorded
the projected area A of the two-dimensional particle silhouettes. The equivalent circular area
diameter d, of each particle was then calculated using the formula @, = 2(A )0 defined as
the circle of a diameter d that has the same area A as that of the particle (Li et al., 2005).
The preparation followed prior to the observation of CNF suspensions in deionized water or
cell culture medium by FESEM is summarized in Supplementary Figure 1a.

For the nanoscale characterization of CNC suspended in deionized water, 12 mm round mica
sheets (Ted Pella Inc.) fixed on an aluminum stub were sputter-coated with a 10-nm layer of
Pd/Pt. This step deposited a flat and thin layer of metals that rendered conductive the surface
of the mica sheet. Next, 10 pl of CNC suspended in deionized water as described above were
drop cast on the metal-coated mica sheet and left to dry protected from dust. For CNC
suspended in cell culture medium, 10 pl of suspension were deposited on the mica sheet.
The particles were let to deposit on the meal-coated mica sheet and were left to dry under
room temperature to avoid convection currents that could disturb the agglomeration state of
the particles. Once dry, 250 pl of deionized water were drop cast on the dried surface. This
way, water soluble molecules could re-dissolve in water and distribute across the entire stub
while unmasking the CNC on the surface of the mica sheet. Electron microscopy was
performed using the in-lens detector of a Supra 55VPTM field emission electron microscope
by Carl Zeiss AG. The preparation followed prior to the observation of CNC suspensions in
cell culture medium by FESEM is summarized in Supplementary Figure 1b.

2.4. Invitro kinetics of CNF and CNC suspended in cell culture medium

Tagging of CNF and CNC with fluorescein isothiocyanate: The covalent bonding
of fluorescein isothiocyanate (FITC) on the surface of CNF and CNC and the
characterization of the fluorescence-enabled CNMs have been presented in another work
from our group (Salari et al., 2019). In brief, CNF and CNC were amine functionalized and
then added to a 3.6 mM aqueous FITC solution in the presence of sodium borate and sodium
chloride. The materials were then stirred in the dark for several hours to allow FITC to react
with the amine groups on the surface of the particles. The covalent bonding of FITC on the
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surface of CNF and CNC was verified when there was no more FITC coming off of the
particles upon washing.

Cryosectioning of CNM suspensions in cell culture medium to assess kinetics
and concentration profiles across the well: In order to estimate the fraction of
administered CNF and CNC mass that is progressively deposited on a monolayer of cells
(fioy) n vitroas a function of time, the particle kinetics of FITC-tagged CNF (FITC-CNF)
and FITC-tagged CNC (FITC-CNC) in cell culture medium were assessed following a cryo-
sectioning technique developed and used for other nanomaterials by the authors (DeLoid et
al., 2015). In summary, cylindrical wells were formed using dental wax (~9.8 mm in height
and ~6.3 mm in diameter). These were filled with 1.2 ml of FITC-CNF or FITC-CNC
suspended in cell culture medium following the dispersion preparation protocol described
above. The choice of dental wax was based on the fact that it is composed of alkanes and
other organic molecules which are all insoluble to water. As a result, leaching of material
from the dental wax to the contained aqueous-based samples was not considered that it could
considerably change their composition. After 0.5, 1.0, and 24.0 hrs, the samples were frozen
by placing them on a block of dry ice and then by immersing them in Np(y. The frozen
suspensions were removed from their wells by breaking the wax and were sectioned using a
Leica CM1850 microtome in 20-um thick increments. The sections of FITC-tagged CNM
suspensions were pooled in groups of 5, thawed, and brought to a final volume of 100 pl
with the addition of cell culture medium. Pooling multiple slices allowed us to gain a
quantifiable fluorescence signal significantly stronger than the cell culture medium’s auto-
fluorescence. The samples were transferred to black, clear-bottom, 96-well plates and their
fluorescence intensity was recorded by a spectrophotometer equipped with a Xenon lamp
(SpectraMax® M5). The recorded signal was then compared against a freshly prepared
calibration curve using the same cell culture medium and FITC-tagged CNM. It was thus
possible to resolve the concentration of the suspended materials in 100 pm increments at 0.5,
1.0, and 24.0 hours. The space that extends 100 um from the bottom of the well contains
material that has deposited on cells and is of particular importance to in vitro toxicological
studies. This space will be hereafter referred to as the “striking zone”. Supplementary Figure
2 summarizes the procedure for preparing, sectioning, and measuring the concentration
profile of FITC-tagged CNM across the height of wax-based wells. Fluorescence
measurements were performed in triplicate for each time-point and fluorescence intensity in
each well was measured tree times.

The curves of spatial particle concentration of FITC-CNF and FITC-CNC along the height
of the well were fitted at each timepoint using linear and non-linear regression analyses on
GraphPad Prism. One-phase decay equations were used for the non-linear regression in the
form of C= (G - A * e K™+, where Cis the FITC-CNM concentration along the height
of the well in ug ml~1, Pthe plateau of FITC-CNM concentration away from the bottom of
the well in pg mI~1, Cpthe initial FITC-CNM concentration of the suspension in pg mi=2, /
the distance from the bottom of the well, and K a rate constant. The fraction of administered
mass found within the striking zone (7p) at given exposure times was calculated by
integrating the fitted curves over 100 um along the well’s height. The time-resolved
evolution of 7pwas fitted with a pseudo-first order exponential equation dependent on the
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initial concentration of the suspension and tending to a plateau which corresponded to the
maximum fraction of mass expected to reach the cells at long timepoints (see results section
below). Finally, it needs to be noted that while several in vitro assays are performed over
long time-points (e.g., 48 hrs), our preliminary data showed that kinetics of CNF and CNC
plateau well before the 12-hour mark. As a result, we did not consider necessary to
investigate time-points beyond 24 hours, especially given the laborious nature of the
experiment.

3. Results and discussion

3.1. Synthesis and characterization of CNF and CNC

A detailed physicochemical characterization of CNF and CNC can be found in a work
previously published by our group (Pyrgiotakis et al., 2018). The quantification of CNF and
CNC concentrations in the starting suspensions used to prepare the samples presented in this
work has also been independently performed and presented in the work by Pyrgiotakis et al.
In summary, the mean diameter of CNF was 50 + 44 nm. Some of them organized in large,
branched structures of which the node-to-node length was 336 + 233 nm. Free-standing,
single fibrils had an average length of 6.710 + 5.611 um with an aspect ratio of 107.6 £ 54.5.
The specific surface area (SSA) was calculated based on the dimensions of individual fibrils
and was found to be 34 m?2 g~1. The average length and diameter of CNC were found to be
267 + 91 nm and 25 + 9 nm, respectively. For both CNF and CNC, there were no detectable
differences between their chemical composition or surface chemistry and those of wood
fibers, as indicated by FTIR, ICP-MS, and XPS analyses. Supplementary Figures 3a and 3b
show electron microscopy images of CNF and CNC, respectively. It is worth noting that
variations in surface chemistry might affect the dispersibility of CNF and CNC (Yanamala et
al., 2016). The CNMs used in this study have been synthesized from a delignified kraft pulp
to improve the wettability of the final particles so that the final CNF had a lignin content of
~0.3% wi/w. The respective value for CNC would be even lower given that their synthesis
through acid hydrolysis is expected to also attack lignin. Furthermore, the surface chemistry
of untagged and FITC-tagged CNF and CNC has been shown to be virtually identical under
XPS and FTIR (Salari et al., 2019). In fact, the concentration of FITC on CNF and CNC was
relatively low at 1x10~4 and 4x10~> mol per mol of glucose repeat unit, respectively. As a
result, FITC molecules were not expected to significantly affect the sedimentation and
diffusion kinetics of CNF and CNC.

3.2. Characterization of CNF and CNC suspended in deionized water and cell culture
medium using electron microscopy

A common electron microscopy artefact for soft materials originates from their collapse on
electron microscopy substrates. Herein, a sample preparation process that allows fibrils to
retain their conformation in deionized water and cell culture medium, thus enabling a more
accurate measurement of their size, was developed and utilized as outlined in detail in
Materials and Methods. It has to be noted that a biomolecular coating around the observed
CNF might increase the apparent size of the agglomerated fibrils. Still, since their size is in
the order of tens of microns, this biomolecular coating is not expected to introduce
considerable bias. Representative FESSEM images of CNF dispersed in deionized water
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with and without our proposed preparation method are included in Supplementary Figure 3¢
and 3d, respectively. This enhanced preparation allowed us to assess how sonication and
vortexing affected their dispersibility in our media of choice as well as how it compared to
mixing the material by simple “tube inversion” (see below).

After drop-casting CNC suspended in cell culture medium, the volume of water is removed
by evaporation and the amount of crystallizing proteins, amino acids, and small molecules
can physically cover CNC on the substrate. The simple preparation process that was
introduced prior to FESEM imaging of CNC intersected a step that allowed soluble species
to wash away by diffusion, while CNC remained attached on the substrate. Eventually, CNC
were uncovered without resorting to wash cycles which could have disturbed the particles’
native agglomeration state. The carbon-based composition of CNC also imparted them with
a higher work function than the metal-coated background so that the particles generated high
contrast images under FESEM and were easily identifiable.

It is worth noting that when ENM are suspended in liquid media and biological solutions,
dynamic light scattering (DLS) is the method of choice for a high-throughput measurement
of their hydrodynamic diameter in real time (Murdock et al., 2008). DLS assumes that
particles are spherical and scatter light independently of their orientation. Furthermore, the
resolution of this technique is limited when measuring the hydrodynamic size of poly-
disperse particle populations (Caputo et al., 2019). Specifically, the instrument tends to
present data that merge particle populations that are not considerably different in terms of
hydrodynamic size. Unfortunately, the flexible and branched structure of CNF on one hand
and the long aspect ratio of CNC (~11) on the other, render them unfit for direct
measurement by DLS (Khouri et al., 2014; Phan-Xuan et al., 2016). At the same time,
traditional preparation steps for the observation of CNM under electron microscopy impose
practices that manipulate the composition of the dispersant and the particles’ surface
chemistry, as has been previously highlighted (Franken et al., 2017; Ogawa and Putaux,
2018). In our study, we intended to probe the native state of the suspension, therefore using
any dispersant other than the environmental and biological media of choice or employing
concentrations outside the typical range of nanotoxicology studies was not an option.

3.3. Dispersion optimization of CNF in deionized water and cell culture medium

Effects of sonication during dispersion preparation on cellulose-based
nanomaterials: Cup-horn and probe sonication are considered the gold standard for the
dispersion of metal and metal oxide ENM in d.i.w and are essential in standardizing
methodologies for cellular studies (Bello and Leong, 2017; Cohen et al., 2018).
Nevertheless, in this study, sonication of CNF could entangle the fibrils in webs which
spanned several pm? (Supplementary Figure 4a). Similarly, for CNC here, sonication did not
physically alter their shape, but induced some agglomeration, possibly because of increasing
the number of inter-particle collisions (Supplementary Figure 4b). Such interdigitated
structures of CNM might be useful for some applications, but the smallest possible, discreet
nanomaterial structures are required for the reproducibility and standardization of /n vitro,
dose-response studies (Cohen et al., 2013). Consequently, the effect of sonication was
deemed unfavorable for dispersing CNF or CNC.
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Optimization of vortexing time for CNF: Cellulose nano-fibers should not require a lot
of energy to disperse in aqueous-based media due to their surface which is easily wettable
by water (Jiang and Hsieh, 2013). Therefore, a low-energy technique like vortexing was
explored for dispersing CNF. The optimization of FESEM preparation allowed us to obtain
representative images of CNF dispersed in deionized water or cell culture medium. In order
to assess their dispersibility, we aimed at measuring several hundreds of these structures
from random areas on the stub. Because of the large size of CNF agglomerates, images were
captured at relatively low magnification, but to ensure smaller-sized single fibrils were not
overlooked, we also captured images at higher magnification.

Figure 1a presents CNF dispersed in deionized water after vortexing of variable duration,
while in Figure 1b, higher magnification images suggest there are very few single fibrils
present. Figure 1c presents image analysis results in the form of d4 distributions of CNF in
deionized water: high-speed vortexing for 20s provided sufficient energy to disperse the
CNF in d.i.w at 0.1 mg mI~L. Vortexing for 60 or 180s did not improve the dispersibility of
the fibrils, whereas 600s of vortexing appeared to instigate fibril entanglement and shifted
the particle size distribution to larger sizes due to the gradual agglomeration of fibrils in
shear flow — a phenomenon which has been described in detail elsewhere (Cosgrove, 2009).
Even some macroscopically visible structures appeared after 600s of vortexing (shown in
Supplementary Figure 4c).

For CNF suspended in cell culture medium at 0.1 mg mlI~1, “tube inversion” alone or
vortexing for 20s could not thoroughly disperse CNF, as shown in Figures 2a and 2b. On the
contrary, 60s of high-speed vortexing resulted in discrete CNF structures, as shown in Figure
2c. Longer vortexing (180s) appeared to re-entangle CNF and generate structures with
interweaving borders (Figure 2d). The size distribution of the visualized particles in cell
culture medium suggested that CNF agglomerate heavily and form complex structures in the
presence of biomolecules. As a result, sub-micron fibrils are not visible and nano-scale
features of CNF are masked, possibly due to their coating by proteins and lipids which are
abundantly present in FSB-supplemented cell culture media. Here, it should be noted that
the overall size of CNF structures in cell culture medium might allow for optical microscopy
to be utilized to qualitatively assess the dispersibility of the fibrils, as has been demonstrated
by others (Choong et al., 2016).

The systematic testing of the effect of vortexing on CNF dispersed in deionized water
suggest that this material can be dispersed using low-energy techniques, but there is an
optimum vortexing duration: less vortexing might not deliver enough energy to thoroughly
disperse CNF in deionized water or cell culture medium, while over-vortexing is also
problematic as it appears to initiate fibril re-entanglement. Finally, it is interesting to notice
that fibrils agglomerate in cell culture medium giving rise to structures ~10x larger than
those present in deionized water. In toto, the standardized dispersion preparation of CNF in
deionized water and cell culture medium is presented in Figure 4a.

3.5. Dispersion optimization of CNC in deionized water and cell culture medium

The rigid structure of CNC excluded the possibility of entanglement and it was thus easier to
disperse them than CNF. Furthermore, the CNC surface is covered by sulfonate groups
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which readily dissociate in aqueous-based environments and contribute to their
hydrophilicity (Chang et al., 2016). Figures 3a and 3b present representative FESEM images
of CNC dispersed in water at 0.1 mg ml~1 and vortexed for 10s. It was observed that even
“tube inversion” alone could adequately disperse CNC in deionized water, but it is suggested
to still vortex the suspension in order to standardize the procedure and avoid inter-user
variability. The obtained FESEM images present a coffee ring effect typical for sub-micron
colloids (Parker et al., 2018): as the drop on the substrate evaporates faster from its
shallower edges, liquid flow from the center of the drop toward its periphery carries
individual CNC (inset of Figure 3a). When the drop evaporates, most of CNC can be seen
piled along the perimeter of the drop, suggesting singly dispersed particles.

Their dispersion in cell culture medium only required 10s of high-speed vortexing to evenly
disperse the particles under macroscopic observation. As shown in Figures 3¢ and 3d, CNC
suspended in cell culture medium at 0.1 mg ml~ did not form large agglomerates. However,
limited clustering of CNC was present (Figure 3e) which may be attributed to the self-
assembly of neighboring CNC at high local concentrations, as has been previously observed
for this material (Jiang et al., 2018). In toto, the standardized dispersion preparation of CNC
in deionized water and cell culture medium is presented in Figure 4b.

3.6. In vitro kinetics of FITC-CNF and FITC-CNF in cell culture medium and effect on

dosimetry

As shown in the work by Salari et al., the optimal excitation wavelengths of FITC-CNF and
FITC-CNC were 470 and 480 nm, respectively, and both share an emission maximum at 520
nm. For this study, it was determined that their lowest usable concentration in cell culture
medium was 5 pg/ml and the smallest sample volume that returned a trustworthy linear
relationship between the amount of FITC-tagged CNM and their fluorescence was 100 pl
(RZ > 0.98) (data not shown). For both FITC-CNF and FITC-CNC dispersed in cell culture
medium, we verified that the recovered material after cryo-sectioning the wells was
consistent across all time-points. To do so, we integrated the fitted concentration profiles
along the entire length of the well. After performing each measurement in triplicate, the
RSD of the recovered FITC-CNC and FITC-CNF were acceptable at 23% and 10%,
respectively. The higher RSD for FITC-CNC is attributed to their lower fluorescence
intensity which made measurements more susceptible to variations due to background noise.

Concentration profile of FITC-tagged CNF: Figure 5a shows the concentration profile
of FITC-CNF along the height of the well at various timepoints. It can be seen that already
at 0.5 hrs, the deposited material had occupied 500 pum of the well’s height. In fact, CNF
appeared to have piled on a layer of constant concentration which will be referred to as the
“cloud zone”. The progressive formation of the cloud zone is a signal of inefficient packing,
probably due to the highly branched structure of CNF and their high specific volume. The
rapid settlement of FITC-CNF is in good agreement with the micron-sized structures that
were recorded under electron microscopy. Interestingly, FITC-CNF concentration beyond
the cloud zone decreased following a one-phase decay as observed for other nano-sized
particles, suggesting that shorter, disentangled fibrils remain in suspension for longer times.
After 24 hrs, the local concentration of FITC-CNF had increased, indicating that smaller
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fibrils had enough time to deposit and/or that the material had slowly rearranged due its
flexible and compressible nature.

Fraction of administered mass of FITC-CNF delivered to cell as a function of
time (fp): Figure 5b presents the time-resolved evolution of 75 for FITC-CNF in cell
culture medium. Expectedly, fp at the striking zone only changed marginally (from 0.15 to
0.20) between 0.5 and 1.0 hrs given the material kept piling on top of itself. Following the
deposition of smaller fibrils and some rearrangement, its value reached ~0.30 after 24.0 hrs.
Overall, these results indicate that within ~1 hour, the material will have quantitatively
(>90% of administered mass) deposited in the cloud zone, but only ~30% of the
administered mass will be in the vicinity cells, i.e., in the striking zone. The quantitative
settling of CNF is explained by the presence of micron-sized agglomerates and the fact that
they settle much faster than they diffuse. In other words, Brownian maotion is not expected to
influence their sedimentation through the cell culture medium used in this study. Having said
that, this hydrodynamic behavior is contingent upon the cell culture medium used in this
study and significant changes in its composition might also change the settling of CNF. At
this point, the packing of the material brings into focus two issues: the first is that particle
surface might be a more appropriate metric for dose-response studies of CNF, albeit difficult
to calculate; the second is that cells will first come in direct contact with the largest (and
faster settling) fraction of the suspended fibrils. Having said that, CNF that have come out of
suspension do appear to pack more efficiently with time, suggesting that more fibrils may
reach the cells at longer time-points. Also, depending on the cell line, it is possible that some
CNF be cleared by phagocytosis, thus allowing new layers of CNF to approach the cells.
Eventually, CNF in the cloud zone might move in the striking zone, but the rate and extent
of this phenomenon is most likely cell culture medium- cell-, and well-geometry dependent.

Concentration profile of FITC-tagged CNC: Figure 6a shows the concentration profile
of FITC-CNC along the height of the well at various timepoints. It can be seen that the
concentration of FITC-CNC decreases along the height of the well following a one-phase
decay. Moreover, material concentration in the striking zone increases significantly between
each time point (p<0.0001, regular two-way ANOVA, with subsequent multiple
comparisons). Owing to the small volume, rigid structure, and limited agglomeration of
FITC-CNC, there is no indication of material piling. Interestingly, the concentration of
particles away from the bottom of the tube plateaus below the starting value of 0.1 mg ml=1,
indicating that despite its small size and low density, FITC-CNC do not present good
colloidal stability in this cell culture medium.

Fraction of administered mass of FITC-CNC delivered to cell as a function of
time (fp): Figure 6b presents the time-resolved evolution of 75 in the striking zone for
FITC-CNC in cell culture medium. This material appears to sediment more gradually than
FITC-CNF, as expected by its much smaller size. The value of 7 approaches a plateau
(0.26), which suggests that only ~26% of the originally administered mass should reach the
cells within the context of a 24-hour /n vitro assay. In contrast to FITC-CNF, it has to be
highlighted that the sedimentation of FITC-CNC is expected to depend significantly on the
exact composition of the culture medium. Variations in protein content, small molecules, and
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viscosity might alter their agglomeration, sedimentation, and diffusion. Therefore, the results
presented here should only be regarded specific to the conditions of this study in terms of
materials, culture medium, and well geometry. Overall, the /n vitro employment of CNC
should be accompanied by dosimetric considerations in order to achieve meaningful dose-
response correlations.

Assuming that cells only interact with materials in the striking zone, overall results suggest
that cells will interact with comparable masses of deposited CNF and CNC. For the specific
type of CNC used in this study, dispersed in this specific cell culture medium, and contained
within the reported well geometry, the mass delivered to cells is ~30% of the administered
mass. The mass of CNF deposited in the direct vicinity of cells is also ~30% of the
administered mass; at the same time, CNF quantitatively settles out of suspension, but due to
its unique morphology does not immediately reach the cells, but rather piles up and forms
the cloud zone. To the best of our knowledge, this is the first time that such a behavior is
observed for a material with nano-sized features.

4. Conclusion

Cellulose-based nanomaterials are garnering attention from the material science and
biomedical fields while their potential applications are most appealing to the pharmaceutical,
food, and coatings industries. With this new-found interest in this family of materials, it is
also necessary to understand if their long-term use could pose any ill-effects to the
environment or human health. Because there are no real-time, high-throughput techniques
for the evaluation of CNM suspensions in biologically relevant media, there is equally no
systematic characterization prior to their administration to cells, tissues, or animals. In some
published studies, characterization data are obtained by techniques that are ideal for metal
and metal oxide ENM, but difficult to apply on materials with anisotropic shapes and
mechanical properties (e.g., stiffness, homogeneity). It has been established that
intercomparable and reproducible toxicological studies require standardized procedures for
dispersing, characterizing, and testing ENM. Here, we have optimized some widely adopted
material characterization techniques and used them to understand the behavior of CNM
suspensions in deionized water and cell culture medium. Specifically, a standardized
dispersion preparation process was developed for CNM suspended in deionized water or cell
culture medium.

As shown in this study, sonication is not recommended for dispersing CNM, but rather a low
energy technique like vortexing is sufficient to disperse them in deionized water and even
cell culture medium. Due to the more complex structure of CNF as compared to CNC, there
is an optimal vortexing time beyond which fibrils are prone to re-entanglement. At the same
time, CNF suspended in cell culture medium organize in fast-settling structures and reach
the cells in a matter of a few hours. Consequently, the kinetics of this material in the context
of an /n vitro assay can be summarized by stating that the administered mass equals the mass
deposited on cells.

On the contrary, for CNC, dosimetry should be taken into account as the material is expected
to progressively deposit on cells over several hours and reach a maximum deposited to cell
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dose which is significantly less than the administered dose. Given the numerous physical
(length, diameter, aspect ratio, etc.) and chemical (surface chemistry, crystallinity, etc.)
synthesizable variants of CNC, the variable composition of cell culture media, and the
geometries of in vitro assays, the particle kinetics observed in this study should be regarded
as material-, culture medium-, and well-geometry-dependent. Finally, it should be noted that
the actual presence of cells may also have an effect on the particle kinetics of CNC,
especially if they are actively internalizing deposited material and thus eliminating CNC
from the suspension. At the same time, the methods developed to disperse the CNM,
characterize them in cell culture media, and measure their kinetics can be employed to study
any type of CNC or CNF.

Moving forward, a definite advancement for the field would be to model their kinetics and
dosimetry so as to accommaodate variable medium composition, well geometry, and particle
aspect ratios. In the metrology front, it would be immensely useful to enable real-time
particle characterization techniques based on light scattering for particles that veer off the
spherical shape onto which their algorithms rely. In the meantime, this work is of value
because it emphasizes on some nuances in the preparation and characterization of dilute
CNM in deionized water and cell culture medium and also highlights the importance of
dosimetric considerations when preforming dose-response studies in submerged cell
cultures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Representative FESEM images and da frequency distribution of CNF dispersed in deionized
water at 0.1 mg ml~L. (a) Representative FESEM images of CNF dispersed in deionized
water at 0.1 mg ml~1 after “tube inversion” and by applying high-speed vortexing for various
durations. (b) Higher magnification images of the samples presented in (a). (c) On the left,
the da frequency distribution of CNF dispersed in deionized water at 0.1 mg ml~1 shows that
20s were enough to disperse the fibrils; more than 180s introduced re-entanglement of small
fibrils (1-3 um) to larger sizes. On the right, the frequency distribution of large agglomerates
did not appear to change considerably with various vortexing times. N > 1500 for each
timepoint.
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Fig. 2.

Rgpresentative FESEM images and d4 frequency distribution of CNF dispersed in cell
culture medium at 0.1 mg ml~L. In the top, low magnification FESEM images present
heavily interweaved CNF for dispersions prepared by “tube inversion” or vortexing for 20s.
Sixty (60) seconds of vortexing were required to generate discreet CNF structures and allow
for their size distribution analysis (N =56). Additional vortexing (180s) gave rise to further
interweaved macroscale structures.
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(a)

Fig. 3.
Representative FESEM images of CNC dispersed in deionized water and cell culture

medium at 0.1 mg mI~L. (a) Low magnification FESEM image presents the outline of the
drop that has dried on the Pt/Pd-coated substrate. Accumulation of CNC along the borders of
the drop suggests singly dispersed particles (see higher magnification inset of the area in
black rectangle). (b) Higher-magnification FESEM images of the area of image (a) enclosed
in dashed orange rectangle shows oriented grouping of CNC, as has been reported by others.
The inset shows a high-magnification image of the area enclosed in the black rectangle. (c)
Low-magnification FESEM images of CNC dispersed in cell culture medium at 0.1 mg ml~1
and exposed following the sample preparation procedure presented in the main text. (d-e)
Examples of loose CNC clusters observed in cell culture medium.
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Fig. 4.

Schematics that summarize the dispersion preparation of CNF and CNC in deionized water
and cell culture medium. (a) High-speed vortexing for 20 s and 60 s are required for the
dispersion preparation of 0.1 mg mI=1 CNF in deionized water and cell culture medium,
respectively. (b) CNC are easily dispersible and only require 10 s to fully disperse the
starting material in deionized water or cell culture medium at a concentration of 0.1 mg ml
~1 Freshly prepared dispersions can be readily diluted to lower concentration with the
addition of the required amount of dispersant.
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Fig. 5.

Pa?ticle kinetics of FITC-CNF in cell culture medium. (a) Time-resolved concentration
profile along the height of a well for FITC-CNF dispersed in cell culture medium at 0.1 mg
ml~1. The red band indicates the striking zone, i.e., 100 um of the well’s height; the blue
band indicates the cloud zone, i.e., the well’s height occupied by the total CNF settled out of
suspension. At 0.5 and 1.0 hr, the edge of the cloud zone is defined by the change in the
spatial concentration profile of FITC-CNF as it shifts from following a linear to a non-linear
regression profile. N=3; error bars represent standard deviation from triplicate measurements
At 24.0 hrs, the eventual sedimentation of smaller sized fibrils has smoothed the borders of
the cloud zone. (b) The fraction of administered dose can be described in terms of the total
mass of deposited FITC-CNF (cloud zone — blue band) and the sub-fraction of deposited
fibrils in direct vicinity of cells (striking zone — red band). It is interesting to note that the
FITC- CNF concentration in the striking zone reaches a plateau later than it does in the
cloud zone, suggesting rearrangement and an increase in packing factor of CNF after the
material has settled out of suspension.
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Particle kinetics of FITC-CNC in cell culture medium (a) Time-resolved concentration
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profile along the height of a well for FITC-CNC dispersed in cell culture medium at 0.1 mg
ml~1. The red band indicates the striking zone, i.e., 100 um of the well’s height. It is
important to note that the FITC-CNC concentration increases significantly between each
time point. (b) The fraction of administered mass measured in the striking zone increases

gradually, is not expected to surpass more than 0.26 in within a 24-hour in vitro assay.
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