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Abstract

Cellulose nanocrystals (CNCs) are an emergent, sustainable nanomaterial which are bio-sourced,
abundant, and biodegradable. On account of their high aspect ratio, low density, and mechanical
rigidity, they have been employed in numerous areas of biomedical research including as
reinforcing materials for bone or tissue scaffolds or as carriers in drug delivery systems. Given the
promise of these materials for such use, characterizing and understanding their interactions with
biological systems is an important step to prevent toxicity or inflammation. Reported herein are
studies aimed at exploring the in-vitro and in-vivo effects that source, length, and charge of the
CNCs have on cytotoxicity and immune response. CNCs from four different biosources (cotton,
wood, Miscanthus x. Giganteus, and sea tunicate) were prepared and functionalized with positive
or negative charges to obtain a small library of CNCs with a range of dimensions and surface
charge. A method to remove endotoxic or other impurities on the CNC surface leftover from the
isolation process was developed, and the biocompatibility of the CNCs was subsequently assayed
in-vitro and in-vivo. After subcutaneous injection, it was found that unfunctionalized (uncharged)
CNCs form aggregates at the site of injection, inducing splenomegaly and neutrophil infiltration,
while charged CNCs having surface carboxylates, sulfate half-esters, or primary amines were
biologically inert. No effect of particle source or length was observed in the in-vitro and in-vivo
studies conducted. The lack of in-vitro or in-vivo immune response toward charged CNCs in these

experiments supports their use in future biological studies.
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Introduction

Cellulose nanocrystals (CNCs) have emerged as a green nanomaterial with properties that
are desirable for a wide range of applications in polymer and materials science. Cellulose is a
B(1—4)-linked D-glucose polymer which is predominantly found in the cell walls of plants,
providing mechanical reinforcement by forming an ordered, hierarchical structure. This naturally
occurring biostructure can be broken down using a series of base, bleach, and acid washes (aided
by mechanical agitation) to obtain crystalline nanorods called cellulose nanocrystals, thereby
offering a route to a green, abundant, and relatively low-cost source of organic nanomaterials.!
Depending on the biological source and conditions used during the isolation process, CNCs with
a wide range of lengths (50-5,000 nm) and aspect ratios (1-100) can be obtained.'-* The resulting
crystalline materials are biodegradable and have a property profile that includes low density,
mechanical rigidity, and optical transparency when homogenously dispersed in a host matrix.!>* 3
CNCs can also be chemically modified to allow tuning of their properties.! &7 CNCs have been
investigated in a diverse range of applications from packaging and materials reinforcement to
optoelectronic and water purification systems, among others.!» 7 As such, the annual number of
patents filed involving CNCs has increased more than seven-fold between 2013 and 2017, a trend
that is expected to continue in the future with increased availability of and interest in CNCs.?

Beyond their use in materials engineering applications, CNCs have gained attention as an
attractive nanomaterial for biomedicine, owing to their unique physicochemical properties, ease
of isolation and functionalization, and abundance in nature. Early studies have shown applications
for CNC-based composites in biomaterial scaffolds, antimicrobial dressings, and bioimaging
devices.”!” For example, poly(vinyl acetate)-CNC composites have been investigated as

mechanically adaptable intracortical probes that display enhanced mechanical compliance



between the probes and neural tissue, thereby reducing inflammation and scarring relative to more
traditional stiffer silicon-based probes.!®!8 CNCs have also found use in the delivery of small
molecules, proteins, and nucleic acids, which can be attached to the CNCs through covalent and
non-covalent bonds or delivered using CNCs in hydrogels or micellar formulations.?’-28 Notably,
De France and colleagues report that CNC-PEG conjugates can adsorb proteins and be injected to
form a hydrogel in-situ, remaining at the site of injection for months to allow site-specific release
of cargo.?® With the increased interest in and availability of CNCs, it is imperative to address how
CNCs interact with biological systems to ensure safe implementation.

To date, studies that have addressed the biocompatibility of CNCs have been limited
predominantly to in-vitro or respiratory uptake models. Nanoscale materials often interact with
cells and tissues differently than bulk material owing to their high surface area to volume ratios
and presence of positive or negative surface charges, which can affect cellular uptake, chemical
adsorption, and pharmacological clearance of the materials.?® In particular, high aspect ratio

30,31 and fibrous silica®? have been the subject of significant

nanoparticles such as carbon nanotubes
concern on account of early reports of pulmonary and cellular toxicity. Indeed, testing on CNCs
has indicated that they can exhibit asbestos-like pulmonary toxicity in a murine respiratory uptake
model owing to their low density, nanoscale properties, and surface chemistry.?? It is interesting
to note that in these studies and related model pulmonary studies the aspect ratio of the CNCs** or
whether the CNCs were in an aqueous suspension or powder form*? does impact the nature of the
biological response. While there is still a lot to learn and understand about the potential pulmonary
toxicity of CNCs, CNCs differ from carbon nanotubes because they are dispersible in water,

potentially allowing for safer handling as aqueous slurries or dispersions. Dispersed wood-derived

CNCs have been shown in-vitro to have no disruptive effect on cell viability on multiple cell lines



at biologically relevant concentrations of < 250 pug/mL,* potentially opening the door to aqueous
CNC solutions and their derivatives being investigated in further diagnostic and therapeutic
medical devices and drug delivery systems.

Although these results suggest the in-vitro biocompatibility of CNCs, they do not address
the effects of functionalization, particle shape, or isolation procedures of CNCs in-vitro or in-vivo.
For example, surface charge modification has been shown to alter cellular interactions with CNCs
both in-vitro and in a zebrafish model.3¢3® Mahmoud et al. report that functionalizing CNCs with
a positive (RBITC) or negative (FITC) charged fluorophore altered cellular uptake in-vitro using
HEK and S9 cell lines.?® Particle size was also shown to alter respiratory clearance of CNCs, as
CNCs sourced from tunicate (/ = 2,244+1,687 nm) invoked greater respiratory inflammation than
those sourced from cotton (/= 237+118 nm).>* Finally, chemical agents or bacterial contamination
encountered during the isolation and functionalization process can also confound biological studies
if incompletely removed. Labet and Thielemans reported that cleaning CNCs by Soxhlet extraction
enhances reproducibility of functionalization reactions, highlighting the importance of removing
debris from the surface of CNCs.*® With increased interest in the commercial production of CNCs
using different sources and isolation procedures, the work reported herein is aimed to more
thoroughly examine how parameters, such as charge, length, and cleaning procedures of the CNC
surface, impact in-vitro and in-vivo cytotoxicity and immunocompatibility incurred by the various
CNCs. While Colombo et al. previously evaluated the in-vivo tissue distribution of subcutaneously
injected AF647-modified CNCs,* this is the first study to our knowledge which evaluates the
effects of CNC source on biocompatibility and the first which evaluates the in-vivo effects of
source and charge after subcutaneous injection. A comprehensive review of in-vitro and in-vivo

biocompatibility studies on cellulose-based materials were recently published by Ventura et al.*!



To evaluate the effects of CNCs with different sizes and dimensions, CNCs from four
different biosources including wood (w-), cotton (c-), Miscanthus x. Giganteus (MxG-), and
tunicate (z-) were targeted for investigation. In addition, CNCs with different surface chemistry
affording a variety of charges were targeted (Figure 1). Finally, CNCs produced via large scale
production (/s) were compared to those produced on a smaller laboratory scale in order to evaluate
whether the method of production would alter the biological response. A total of twelve different
CNCs were studied. Uncharged CNCs (MxG-CNC-OH, obtained via hydrochloric acid hydrolysis)
and CNCs functionalized with sulfate half-esters (c-CNC-OSO3", MxG-CNC-OSOs3", and -CNC-
OSOys", obtained via sulfuric acid hydrolysis) were prepared directly from the biosource using
literature procedures.*>** ¢-CNC-OSO;, MxG-CNC-OH, and #-CNC-OSOs; were further
functionalized to yield CNCs with carboxylic acids (CNC-COOH, via TEMPO-based oxidation of
the C6 alcohol)* or amines (CNC-NH>, via reaction of epichlorohydrin and ammonia) on their
surface.?> While unfunctionalized CNCs have a slight negative charge, it was hoped that a
distribution of charges above and below this baseline would afford a distribution of relevant
charges for downstream biological applications of CNCs. Finally, CNCs isolated on a larger,
commercially-viable scale from wood (via sulfuric acid hydrolysis, w-CNC-OSOs3s))*¢ 47 and
Miscanthus x. Giganteus (via hydrochloric acid hydrolysis, MxG-CNC-OH;))*® 4 were obtained

to allow a comparative analysis of isolation procedure on the biocompatibility of CNCs.



bs (biosource) — w (wood), ¢ (cotton),
t (tunicate), MxG (Miscanthus x. Giganteus)

OR OH
oo S o o B S o bs-CNC-0S0; (R=50;)
d Ho o d Ho/l/v/OM
OH H bs-CNC-OH (R=H)
OH H
OR OH
HO 2t ﬁHO o o]
1. (o] (o)
o M WHO OWHO ol
OH H
|7 OH OH —I TEMPO, NaBr,

1M NaOH, NaOCl, pH=10,
60 °C, 2h 4.5h, RT

2.NHOH, pH=12, ' o N,

60°C, 2 J_/ o :
0 s
OH 0
O Ho b
HO: SE OH
oH
OH

bs-CNC-NH, bs-CNC-COOH

bs-CNC-OR

Figure 1: Overview of CNC synthesis. CNCs were obtained from tunicate, MxG, cotton, and wood to allow study of
CNCs with four different lengths. CNCs were then functionalized using epichlorohydrin-mediated amination or

TEMPO-oxidation to achieve CNCs with positive and negative charge modifications, respectively, on their surface.

Materials and Methods

Materials and Mice. All chemicals unless otherwise noted were obtained from Sigma
Aldrich and used without further purification. Sea tunicates (Styela Clava) were harvested from
floating docks in Warwick Marina (Warwick, RI). Base-treated pulp from harvested Miscantus x.
Giganteus was received as a generous gift from Aloterra Energy LLC (Conneaut, OH). Whatman
Grade #1 filter paper and 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) were obtained from
Fisher Scientific. (£)-Epichlorohydrin was obtained from Alfa Aesar. Commercial scale w-CNC-
OSOs7sy were purchased from Blue Goose Biorefineries Inc. (Saskatoon, SK),**4” and MxG-CNC-
OHs) were received as a generous gift from the Materials Engineering Research Facility (MERF)
at Argonne National Laboratory (Lemont, IL), who have developed a commercially scalable
procedure for the isolation of CNCs from Miscantus x. Giganteus.*®* RAW 264.7, RAW-Blue
NF-«B reporter, and HEK-Blue mTLR4 reporter cells were obtained from InvivoGen. The cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)

fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and selective antibiotics



and were maintained at 37 °C and 5% CO> atmosphere. All culture reagents were obtained from
Thermo Fisher Scientific. For in-vivo experiments, six-week-old C57B1/6J mice were obtained
from Jackson Laboratories and acclimatized for 1 week prior to the onset of testing. Animals were
housed under controlled light, temperature, and humidity conditions, supplied with food and water
ad libitum, and monitored daily. All experiments were conducted with approval of the University
of Chicago Institutional Animals Care and Use Committee, and animals were maintained in
accordance with guidelines and regulations defined by the National Institutes of Health. Statistical
analyses were performed using GraphPad Prism.

Isolation of Sulfated CNCs from Sea Tunicate Beak. Sea tunicates (Styela Clava) were
cleaned and bleached following previously reported procedures.*? Briefly, tunicates were gutted
and their mantles collected. The mantles were washed in 5 wt.% aqueous potassium hydroxide at
80 °C for 8 h under continuous stirring. After rinsing with water, the mantles were washed again
with potassium hydroxide solution at 80 °C for 16 h. The cleaned mantles were rinsed until the
rinse pH was neutral. Bleaching was performed by adding the cleaned mantles (500 g) into 3 L of
distilled water (dH2O) with 5 mL of glacial acetic acid and 10 mL of sodium hypochlorite (>4%
chlorine). The temperature was increased to 60 °C and the mixture stirred for 1 h. Additional
glacial acetic acid (5 mL) and sodium hypochlorite (10 mL) were added in 1 h intervals until the
color of the mantles changed to white. Finally, the bleached tunicate mantles were rinsed with
water and dried for further use. To hydrolyze the tunicate pulp and obtain crystalline CNCs, 5 g of
dry bleached tunicate mantles were pulverized in 500 mL of dH>O using a kitchen blender to yield
a fine cellulose pulp. 500 mL of sulfuric acid (98%) was then slowly added over 60 min with
vigorous stirring to a suspension of the tunicate pulp in an ice bath. After the acid addition was

completed, the reaction was heated to 60 °C and reacted for 1.5 h. The acid hydrolysis was



quenched by adding 1 L of cold water to the reaction, and the suspension was then filtered through
a fritted glass filter. The crude product was washed with dH>O until pH > 6. It was re-dispersed in
dH>O at 1 wt.% by ultrasonication and dialyzed against dH>O for 4 days. Finally, the hydrolyzed
tunicate CNCs were recovered by lyophilization to obtain a white aerogel, --CNC-OSOs".
Isolation of Sulfated and Unfunctionalized CNCs from Miscanthus x Giganteus. CNCs
from Miscanthus x. Giganteus (MxG) were isolated from base-treated pulp using previously
reported methods with minor changes.** MxG pulp was reacted four times with 4.0 L of 2 wt.%
sodium hydroxide solution, once at 25 °C and three times at 100 °C for 24 h, filtering and washing
with dH>O after each step until the pH < 8. The resulting pulp was reacted twice with 4.0 L of 2
wt.% sodium hypochlorite (>4% chlorine) and 15 mL of glacial acetic acid for 2 h at 70 °C. The
resulting solution was cooled, filtered, washed with dH>0, and freeze dried to yield 150 g of
cellulose fiber as a white pulp. To isolate MxG-CNC-OH, the bleached white pulp was hydrolyzed
with hydrochloric acid. 3.0 L of 1 M HCI was added to 100 g of the white MxG pulp and heated
to 75 °C for 15 h. To obtain MxG-CNC-OSOs’, the bleached white pulp was hydrolyzed with
sulfuric acid. 250 mL of 30 wt.% H>SO4 was added to 10 g of the MxG pulp and heated to 50°C
for 3 h. The resulting mixtures were cooled and filtered through a fritted glass filter. The filtered
products were washed with dH,O until pH > 6, resuspended at 1 wt.%, dialyzed for 72 h against
dH»O0, and freeze-dried to yield CNCs (MxG-CNC-OH and MxG-CNC-OS0O37) as white aerogels.
Isolation of Sulfated CNCs from Cotton filter paper. CNCs from Whatman #1 filter
paper were isolated using previously reported methods with minor changes.** 5.2 g filter paper
was initially suspended in 250 mL water and ground into an aqueous pulp using a kitchen blender.
The pulp mixture was then placed in an ice bath, and 140 mL 98 wt.% sulfuric acid was added

dropwise such that the temperature was held below 20 °C. After addition was complete, the ice



bath was removed and the mixture was reacted at 50 °C. After 3.5 h, the reaction was stopped by
diluting the mixture with 3.0 L dH>O. The resulting suspension was filtered and washed using a
fritted glass filter until the pH > 6.0. The product was resuspended in dH>O at 1 wt.%, dialyzed
against dH>O for 72 h, and freeze-dried to yield cotton CNCs as a white aerogel, c-CNC-OSOs".

TEMPO Oxidation of CNCs. CNCs from tunicate, MxG, and cotton were treated with
TEMPO to oxidize the C6 alcohol to a carboxylic acid.*® As an example, MxG-CNC-OH (4.14 g)
was dispersed by sonication in 500 mL dH>O for 30 min. TEMPO (0.412 g) and NaBr (4.02 g)
were then added and stirred until dissolved. Then, 10 wt.% of NaOCl (>4% chlorine) was added,
and the mixture was stirred for 4.5 h at 25 °C in the dark while holding pH at 10-11 with 5 M
NaOH. After the reaction was completed, NaCl (17.0 g) was added and stirred for 10 min. 2 M
HCI was added to adjust the pH < 7, and the mixture was filtered through a fine-pore fritted glass
filter to yield a crude solid. The solid was resuspended at 1 wt.% in dH,O and dialyzed against
dH-O for 72 h. The dialyzed solution was freeze-dried to yield a white aerogel, MxG-CNC-COOH.
This procedure was repeated using tunicate (--CNC-OSO3") and cotton CNCs (¢-CNC-0OS03") to
obtain +~-CNC-COOH and ¢-CNC-COOH, respectively.

Amine Functionalization of CNCs. CNCs from tunicate, MxG, and cotton were
functionalized with amines using epichlorohydrin and ammonia according to a previously reported
method.?> As an example, MxG-CNC-OH (128 mg) was dispersed in 200 mL water by
ultrasonication for 30 min. It was then reacted with epichlorohydrin (6 mmol/g CNC) at 60 °C for
2 h in the presence of 1 M NaOH to introduce an epoxy moiety to the surface of the CNCs. The
product was dialyzed overnight until the pH was <12. The dialyzed product was then adjusted to
pH of 12, and 1 mL of 29.4% aqueous NH4OH was added to the CNCs and reacted for 2 h at 60

°C to aminate the CNCs. The reaction was then cooled and filtered through a fine-pore fritted glass
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filter. The crude product was dispersed by ultrasonication at 1 wt.% in dH>O, dialyzed against
dH>O for 72 h, and freeze-dried to obtain a powdery white product, MxG-CNC-NH,. This
procedure was repeated using sulfated tunicate (--CNC-OSO3") and cotton CNCs (c-CNC-0OSO03")
to obtain --CNC-NH> and ¢-CNC-NH, respectively.

Material Characterization. Isolated and functionalized CNCs were characterized by FT-
IR spectroscopy, electrophoretic light scattering (ELS), conductometric titration, and
thermogravimetric analysis (TGA). Residual contamination was assessed by 400 MHz 'H-NMR.
All material characterization methods and results are available in the Supplementary Information.

Imaging. CNC-OSO3", CNC-COOH, and CNC-NH; samples were imaged using atomic
force microscopy (AFM). 0.01 wt.% of CNCs were dispersed by brief ultrasonication in dH>O and
then prepared on an exfoliated mica substrate. The mica was coated with 50 pL poly-L-lysine for
2 min and then washed with dH>O. 50 uL. of CNC solution was then loaded onto the mica and
allowed to settle for 2 min before being washed with dH>O. Samples were dried overnight and
imaged with a Cypher ES Environmental AFM (Asylum Research) using FS-1500 probes (Asylum
Research). The length of CNCs was analyzed using height mode with Gwyddion for SPM (Czech
Metrology Institute). On account of the low dispersibility of uncharged CNCs in water resulting
in large aggregates during AFM imaging, MxG-CNC-OH(;s and MxG-CNC-OH samples were
instead imaged by transmission electron microscopy (TEM). For TEM imaging, 1.0 mg/mL CNC
solutions were dispersed by brief ultrasonication in dH>O and then passed through a 10 pm pore-
diameter filter to remove larger aggregates. About 10 pL of the filtered solution was drop cast on
an ultrathin holey carbon-coated copper grid and stained with 2 wt.% uranyl acetate. The stained

sample was immediately imaged using a FEI Technai F30 TEM (TSS Microscopy).
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Wide Angle X-Ray Scattering. To assess crystallinity of CNC samples, Wide Angle X-
ray Scattering (WAXS) was conducted on beamline 12-ID-B using the Advanced Photon Source
at Argonne National Laboratory (Lemont, IL) with a Pilatus 300k detector (Dectris) or on a
laboratory SAXSLAB GANESHA 300 XL system. On beamline 12-ID-B, samples were irradiated
at a voltage of 13.3 KeV for 0.1 s. On the GANESHA system, samples were irradiated using a Cu
Ka source (A = 0.154 nm) at a voltage of 40 kV for 30 min. CNCs were packed in a washer and
held in place with Kapton tape. Samples were mounted in a vacuum chamber perpendicular to the
collimated beam. Crystallinity Index was determined by the peak deconvolution method after
subtracting the Kapton background, and peaks were fit in MATLAB to a Gaussian distribution
function at the idealized diffraction peaks for cellulose 1P reported by A.D. French.% ! Details on
the fit function employed are described at depth in the Supplementary Information.

HEK mTLR4 Assay. HEK mTLR4 cells are used as a semiquantitative readout of
endotoxin contamination.’> CNCs were first washed 3 times with endotoxin-free water. For each
wash, CNCs samples were dispersed at approximately 1,000 pg/mL in water, ultrasonicated for 5
min (3 s on/off cycles at 25% power), and subjected to ultracentrifugation at 10,000 G to precipitate
the CNCs. The solutions were decanted and re-dispersed after each wash and freeze-dried at the
end of cleaning. CNC concentrations of 10-100 pg/mL were then used to determine contamination
of CNC samples. Particle suspensions of 100 and 1,000 pg/mL were prepared in endotoxin-free
water, and 20 pL of each suspension was plated in triplicate in a 96 well plate. LPS-EK
(InvivoGen) with a known endotoxin content was used as a positive control. HEK Blue detection
media (InvivoGen) was reconstituted in 50 mL endotoxin-free water, heated to 37°C for 30 min,
and passed through a 0.22 um pore-diameter filter. HEK Blue mTLR4 cells were passaged and

plated in the 96 well plate at 25,000 cells/well in 180 pL HEK Blue detection media. Cells were
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incubated with the CNCs at 37 °C and 5% CO; overnight. The plate was analyzed after 12 h using
a Multiskan FC plate reader (Thermo Scientific), and absorbance was measured at 620 nm.

MTT Assay. RAW-Blue cells were plated in a 96 well plate at 25,000 cells/well in 200 pL
DMEM containing 10% HI-FBS and selective antibiotics. Cells were incubated at 37 °C and 5%
CO, for 24 h. Then, particle suspensions from 100 to 1,000 pg/mL were prepared in endotoxin
free water, diluted 1:10 in culture media, and added to the cells. 10% DMSO was used as a positive
control. After 24 h, cell culture media was replaced with 50 pL of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) reagent (1 mg/mL) and 50 pL of FBS-free media. After
incubation for 3 h, formazan crystals were dissolved in 150 puL of a 10% w/v sodium dodecyl
sulfate and 0.01 M HCI solution, protected from light, and incubated for 30 min. The absorbance
was measured by a Multiskan FC plate reader (Thermo Scientific) at 590 nm.

RAW-Blue NF-kB Assay. RAW-Blue cells were passaged and plated in a 96 well plate at
25,000 cells/well in 200 pL. DMEM containing 10% HI-FBS and selective antibiotics. Cells were
incubated at 37 °C and 5% CO; for 24 h. Then, particle suspensions from 100 to 1,000 pg/mL
were prepared in endotoxin-free water, diluted 1:10 in DMEM + 10% HI-FBS, and added to the
cells. LPS-EK (InvivoGen) was used as a positive control. 24 h after the final addition, 20 puL of
the cell supernatant was placed in 180 pL freshly prepared QuantiBlue (InvivoGen) solution and
incubated at 37 °C and 5% CO: for up to 4 h. The plate was analyzed every hour using a Multiskan
FC plate reader (Thermo Scientific) and absorbance was measured at 620 nm.

In-vivo biocompatibility experiment. To assay systemic inflammation incurred by the
CNCs, CNCs were injected subcutaneously and assayed acute cytokine production, spleen mass,
and inflammation at the site of injection. 0.1% or 0.5% CNC solutions were cleaned using the

aforementioned procedure and dispersed in endotoxin-free water. To ensure that all CNCs were
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injected at the same location, mice were anesthetized under 2-2.5% isoflurane and 2L/min oxygen
flow. Mice were then injected in the left flank with the appropriate CNC solution (300 puL of 0.1%
or 0.5% CNC/mouse, n=3-5/group). Mice were bled via facial vein 1 or 24 h after injection. Serum
was isolated by ultracentrifugation, and cytokine production was analyzed using CBA Mouse
Inflammation Cytokine Kit (BD Bioscience) according to the manufacturer’s procedure. Flow
cytometry was conducted using Novocyte flow cytometer (ACEA BioSciences), and data were
processed in MATLAB and analyzed using GraphPad Prism. To assess tissue compatibility of the
CNCs, mice were sacrificed after 2 or 30 d. The subcutaneous tissue was imaged and then collected
for histological analysis. Spleens were also collected and weighed as a measure of systemic
inflammation. Subcutaneous tissue was immediately fixed in 10% neutral buffered formalin for
36 h, dehydrated in ethanol, and embedded in paraffin. Tissues were sectioned with a microtome,
stained with hematoxylin and eosin, and imaged using an Axio Observer 7 microscope (Carl Zeiss
AG) with an Axiocam 506 color camera (Carl Zeiss AG). Based on the images, inflammatory

response was assessed qualitatively with the assistance of a histopathologist.

Results and Discussion

Isolation and functionalization of cellulose nanocrystals. CNCs prepared from each of
the four in-house procedures and those obtained from the two large scale isolation procedures were
characterized by AFM or TEM, wide-angle X-ray scattering (WAXS), thermogravimetric analysis
(TGA), and FT-IR to ensure no confounding factors would affect biocompatibility assessments.
The length and morphology of the CNCs was evaluated using AFM, except in the case of the
uncharged MxG-CNC-OH;) and MxG-CNC-OH samples which were imaged using TEM, as they

disperse poorly in solution. As expected, tunicate-based CNCs (-CNCs) were longest (820+400
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nm) (Figure 2A & Figure S1A), MxG-CNCs were shorter (190+60 nm and 120+40 nm for
hydrochloric acid hydrolysis and sulfuric acid hydrolysis, respectively) (Figure 2B-C & Figure
S1B-C), and cotton-based CNCs (c-CNCs) were shortest (90+£20 nm) (Figure 2D & Figure S1D).*
The MxG-CNC-OH;) samples (200+£80 nm) were longer than MxG-CNC-OH prepared in house
(Figure 2E & Figure S1E); which is possibly a consequence of differences in the length of acid
treatment.? The w-CNC-OSO57(5) samples were 110£40 nm (Figure 2F & Figure S1F), which is
commensurate with previous reports.

With the size of the isolated CNCs confirmed, WAXS, TGA, FT-IR, and conductometric
titration experiments were subsequently conducted to evaluate the crystallinity index (CI) and
chemical composition of the isolated CNCs. Using the peak deconvolution method for WAXS
analysis (assuming a Gaussian distribution and modelling the cellulose 1B peaks of 101, 101, 021,
and 002),% it was found that all CNCs were between 85-90% crystalline (Table 1 and Figures S2-
S6). Through TGA (Figure S7), it was observed that all of the sulfated CNC samples had a lower
degradation temperature than unfunctionalized MxG-CNC-OH and MxG-CNC-OHg;), which is
consistent with previous reports.>* FT-IR spectroscopy revealed no unexpected peaks or lignin
contamination (which is observed as peaks at 1,604, 1,512 and 1,462 cm™! that correspond to the
aromatic rings of lignin) in the samples (Figure S8).* Finally, conductometric titrations revealed
the presence of about 170, 110, and 27 mmol/kg of sulfate half-ester groups on -CNC-OSOs,

MxG-CNC-0S0ys, and ¢-CNC-0OSO0y', respectively (Figure S9).
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Figure 2: Microscopy of CNCs used in this study. A) AFM image of --CNC-OSOs". B) AFM image of MxG-CNC-
0OSO0s". C) TEM image of MxG-CNC-OH. D) AFM image of c-CNC-OSOs". E) TEM image of MxG-CNC-OHgsy). F)
AFM image of w-CNC-OSOs7s). For AFM imaging, samples were drop cast from a dilute aqueous solution onto a
poly-lysine coated mica substrate, and for TEM imaging, samples were casted onto a carbon-coated copper grid and

stained with uranyl acetate..

The isolated CNCs were subsequently modified to achieve a distribution of surface charges
(Figure 1). -CNC-0OS0O3°, MxG-CNC-OH, and ¢-CNC-OSO3" were TEMPO-oxidized to yield
carboxylic acid-functionalized CNCs (CNC-COOH) or amine-functionalized (CNC-CNH; via
epichlorohydrin-mediated amination) according to literature procedures and dialyzed for several

days to remove impurities.”> *> The resulting chemically modified CNCs were characterized by
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FT-IR (Figure S8), conductometric titration (Figure S9), and AFM (Figure S10), and their purity
was assessed by semiquantitative 'H-NMR of a wash solution (Figure S11). In the FT-IR spectra,
characteristic carboxylate peaks were observed at 1,600 cm™!' in the CNC-COOH samples while a
weak amine wag peak was observed at 850 cm! in the CNC-NH, samples. While the amine wag
peak has a high signal to noise ratio and cannot alone justify the presence of surface amines, later
zeta potential measurements (Table 1) confirm that the CNCs functionalized by epichlorohydrin-
mediated amination have a positive surface charge which is consistent with the presence of amine
groups on the CNC surface. For CNC-COOH samples, conductometric titrations indicated the
presence of 900-1,300 mmol/kg carboxylate groups (Figure S9), providing further validation that
the materials were successfully functionalized. AFM studies of the modified CNCs (Figure S10)
confirmed that the dimensions of the CNCs did not change significantly during chemical
functionalization, suggesting in tandem with WAXS (Table 1 and Figures S2-S6) that the
conditions used for modification retained the crystallinity of the resulting materials. Finally,
several of the isolated samples were dispersed in D,O and subsequently removed from the solution,
and the D,O supernatants were analyzed by '"H-NMR in reference to a 1 mg/mL maleic acid
standard (Figure S11). The isolated and functionalized CNCs were free of contamination in the
mmol contaminant/g CNC range, further justifying their use in later studies.

After confirming the chemical modification of the CNCs, electrophoretic light scattering
experiments were conducted on a subset of the MxG-CNC samples to validate that the CNCs
achieved the desired positive or negative charge modifications and further validate the chemical
modification (Table 1 and Figure S12). Estimating the charge density on CNCs was critical to
determine if and how charge properties alter biocompatibility in later analyses. Although

electrophoretic light scattering is based off a spherical model, which is a poor description for the
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long and rigid nanocrystals, the zeta potential ({) is directly proportional to the mobility (p) as
shown in (1); thus, these data provide a qualitative assessment of the surface charge.>* MxG-CNCs
were dispersed by brief ultrasonication in pH = 7 deionized water at a concentration of 1 mg/mL,
passed through a 10 um filter to ensure the complete removal of large aggregates, and immediately
analyzed. As expected, TEMPO oxidation imparted a strongly negative charge to the surface of
CNCs at pH = 7 (-52.9+£3.8 mV) while amination imparted a positive surface charge at pH = 7
(23.7£7.4 mV). Sulfated CNCs bore a comparable or slightly greater negative charge than the
unfunctionalized CNCs, which is expected on account of the relatively low density of negatively
charged sulfate half-ester moieties.> > Upon successfully completing characterization of the CNC

samples, biological activity could be assayed.

) { =5
Source Length Crystallinity Index Zeta Potential
t-CNC-OSOy5 820+400 nm 87% -27.4+1.1 mV
MxG-CNC-0SOs 12040 nm 86% -19.0£1.3 mV
MxG-CNC-OH 190£60 nm 88% -16.3£0.4 mV
MxG-CNC-OHg) 200+80 nm 90% -17.74£3.2 mV
c-CNC-OSOy5 90+20 nm 88% -16.320.3 mV
w-CNC-OSO;37s) 110£40 nm 85% -26.2+1.6 mV
MxG-CNC-COOH N/A 86% -52.94£3.4 mV
MxG-CNC-NH> N/A 85% 23.7£7.4 mV

Table 1: Characterization of CNCs was conducted to evaluate length, crystallinity, and surface charge. The length of
the CNCs was calculated for each of the samples using AFM peak height measurements or TEM images in the case
of CNC-OH samples. Crystallinity index was calculated by obtaining WAXS spectra of all samples and using peak
deconvolution to identify contributions from each of the four major cellulose 1 crystalline peaks (101, 101, 021, and

002) as well as the amorphous contribution to the spectrum. Finally, electrophoretic light scattering was used to
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determine the zeta potential of CNC samples. CNC solutions were dispersed at 1 mg/mL by ultrasonication, and zeta

potentials were obtained at 1 V and calculated using the linear polymer model (1) at pH=7 in water.

Endotoxin decontamination of samples. One challenge with studying the biological
response of different CNCs is the possibility that the CNCs contain chemical or biological
contaminants which can skew results and complicate data interpretation. Perhaps the most
ubiquitous of these contaminants is bacterial endotoxin, a lipopolysaccharide which composes the
outer membrane of gram-negative bacteria and induces cytotoxic responses by mTLR4 activation
at trace concentrations (< 1 ng/mL).>?> Owing to its abundant presence in nature and amphiphilic
nature, bacterial endotoxin previously has been found to adsorb strongly to nanoparticles,
including CNCs.”” The United States Pharmacopiea has reported an acceptable limit of 20
EU/device for medical devices, where EU is a measurement of the activity of endotoxin present in
a sample.>® Preliminary in-vitro assays with the CNCs indicated the presence of low-level immune
activation and cytotoxicity that was suspected to result from such contamination; as such, methods
to identify the presence and subsequently remove endotoxin from the CNC surface were explored.

Quantifying the presence of endotoxin on nanoparticle surfaces poses a unique challenge
on account of the interaction of nanoparticles with common endotoxin test reagents.*” °° For
example, LAL gel clot assay is a common semi-quantitative readout of endotoxin presence which
is dependent on the interaction of the coagulin protein with lipopolysaccharide endotoxins to
generate clotting. Many nanoparticle samples interact with coagulin, resulting in aberrant clotting
and false positive results.”® Other methods, such as the rabbit pyrogen test, are expensive and
impractical for early-stage biocompatibility screening.® As such, the HEK mTLR4 cell line was
used to quantify the presence of lipopolysaccharide endotoxins, where mTLR4 receptor activation

by endotoxins result in the secretion of alkaline phosphatase (SEAP) which can be detected
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colorimetrically by phosphatase detection reagents. Initial results indicated that MxG-CNC-COOH
(and other samples) used directly without further purification did show some presence of endotoxin
(Figure 3), albeit at relatively low levels. Nonetheless, it was decided to develop a cleaning
procedure for all the CNCs to reduce any potential complications of endotoxin contamination.

Previous studies have reported the removal of endotoxin by treating nanoparticulate
formulations with heat, solvent, or radiation.>* 3% 61-63 Most commonly, samples are treated with
dry heat or autoclave at 175-250 °C for several hours to induce decomposition of the
lipopolysaccharide — this approach has proven successful for silicon, titanium, zirconium, and
cobalt nanoparticles, as well as alginate-based biomaterials.®! ¢ Other studies have reported that
extensive washing with ethanol, acetone, or strong acid removes endotoxin from titanium
nanoparticles.®> While these approaches have been successfully implemented in many cases, the
low degradation temperature (approximately 130 °C), poor tolerance for strong acid, and
negligible solubility in organic solvents of CNCs provided a unique challenge to remove endotoxin
without damaging the CNCs. As such, a procedure using aqueous washes in tandem with ultrasonic
treatment was developed based on inspiration from the medical device literature to clean the
CNCs.% The CNCs were dispersed in endotoxin-free DI water, probe ultrasonicated for 5 min at
25% power (3 s on/off cycles), and then centrifugated to sediment the CNCs. The supernatant was
then decanted and the procedure repeated for a total of three washes. The samples were then freeze
dried, weighed and dispersed in endotoxin-free water for further use. This procedure afforded ca.
70 wt.% yield of CNCs and could be conducted in about one hour, providing a rapid and simple
method to obtain clean samples for biological testing.

Using the described endotoxin removal procedure, all the CNC samples were cleaned and

found to have endotoxin levels < 5 EU/mL when incubated at concentrations of 10-100 pg/mL
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with the HEK mTLR4 reporter cell line (Figure 3). Having successfully validated a reliable method
to remove endotoxin from the samples, the ability of the CNC samples to activate the immune

system in future experiments could be assayed.

HEK mTLR4 Activity | | |
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Figure 3: Endotoxin removal from CNC samples was validated using the HEK mTLR4 reporter assay (n=3/group).
CNC samples were washed three times with endotoxin-free dH20 by subsequent sonication and ultracentrifugation.
The cleaned samples were freeze dried, redissolved in endotoxin-free dH2O, and incubated with cells at 10-100 pg/mL
overnight. HEK mTLR4 activity was indicated using HEK-Blue Detection Medium (InvivoGen), and absorbance was
quantified at 620 nm. LPS was used as positive control, and an uncleaned sample (far left in red) with low-level

endotoxin contamination is shown as a reference. Error bars indicate standard deviation.

In-vitro biocompatibility of CNCs. After successfully cleaning the samples, in-vitro
biocompatibility of all the CNC samples was assayed. Given that CNCs isolated with hydrochloric
or sulfuric acid hydrolysis, as well as those which have been further functionalized to achieve
different charges or physicochemical properties, have been used in biological studies,?*?? it was
critical to establish a baseline for how different physicochemical parameters (such as charge and
particle size) would affect the previously reported biocompatibility of CNCs.*3-37 As an initial test
of cytotoxic activity induced by the CNCs with different sources, lengths, and charges, the RAW-

Blue macrophage cell line was employed. Cells were incubated with 10-100 pg/mL of CNCs for
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24 h, and an MTT assay was used as a colorimetric readout of mitochondrial activity to determine
cytotoxicity. No changes in cytotoxicity were observed (Figure 4A), validating that altering source
or charge of the CNCs had no bearing on cytotoxicity in-vitro. It is perhaps a little surprising that
the positively charged CNCs did not induce cytotoxicity, as other cationic polymers such as
poly(ethyleneimine) have been shown previously to induce apoptosis in-vitro.%> As such, similar
experiments were conducted using an alternative cytotoxicity assay which measures lactate
dehydrogenase (LDH) activity. Again, no cytotoxicity was observed using the CNCs from various
sources and charges, validating that the CNCs prepared for these studies did not activate cell death
pathways under the conditions studied on account of their length or surface functionality (Figure
S13). These results corroborated the prior experiments which suggested that CNCs are not
cytotoxic regardless of the source or the charge in-vitro; however, it must be cautioned that other
functionalization chemistry, such as those which include a longer linker, different pKa, or greater
charge density, might influence cytotoxicity in the case of positively charged CNCs. Moreover, no
significant differences between CNCs produced on a small scale or larger, commercially viable
scale were observed, indicating that after the above cleaning procedure the method of isolation did
not alter cytotoxicity of CNCs in-vitro.

After conducting the initial cytotoxicity assessments, immune activity of the 12 CNC
samples was assayed. Previous studies have shown that many polymers, such as polystyrene or
polycaprolactone, can induce nonspecific inflammation in-vitro as measured using RAW-Blue
NF-kB activity.®® ¢7 It is hypothesized that this nonspecific activation might arise from various
physicochemical interactions of the polymers with innate immune cells; as such, it was important
to assess whether different CNCs that vary in charge or particle size induce differential immune

responses in-vitro. RAW-Blue cells have a SEAP reporter coupled to the NF-xB signal
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transduction pathway which provides a broad readout of immune activation. CNCs were incubated
with RAW-Blue cells for 24 h, and then the supernatant was collected and assayed using
QuantiBlue detection reagent. No NF-kB signaling was induced by the CNCs with different
lengths or charges (Figure 4B). IL-6 and TNF-o ELISAs were also conducted on supernatants as
a secondary readout of immune activation. Low levels of TNF-a production were observed in most
samples, indicating inflammation from cell damage independent of the NF-kB signaling pathway,
while IL-6 was not induced (Figure S14-S15). Taken together, these results suggest that

source/size or charge of the CNCs do not induce significant immune activation in-vitro.
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Figure 4: [n-vitro assays assessing biocompatibility of the prepared CNCs (n=3/group). CNCs were incubated with
the RAW-Blue macrophage cell line at 10-100 pg/mL for 24 h and (A) immune system activity and (B) cytotoxicity

were assayed using RAW-Blue and MTT Assays, respectively. No aberrant immune system activity or cytotoxicity

were observed using CNCs from any source or functionalization. Error bars indicate standard deviation.

23



Though the CNCs appeared to induce minimal immune activation or cytotoxicity in-vitro,
an additional possibility was that CNCs could precipitate from cell culture media and disrupt
cellular division. To test this hypothesis, a BrdU ELISA using RAW macrophages (the parent cell
line of RAW-Blue macrophages) was conducted on a subset of the CNC samples to measure the
rate of proliferation during incubation with the CNCs. BrdU is a thymidine analog which can be
incorporated into host DNA to measure the rate of cell division. CNCs were incubated with the
RAW macrophages for 12 h, and then BrdU-containing media was added for an additional 12 h to
measure division using an anti-BrdU antibody ELISA. Again, no differences were observed
(Figure S16). During the analyses, however, the presence of large aggregates in the MxG-CNC-
OH samples were observed using a light microscope (Figure S17). Given these results, it was
hypothesized that aggregation could damage tissue and result in systemic inflammation in-vivo,

inspiring us to conduct an in-vivo biocompatibility assay in mice to test this possibility.
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Figure 5: A) In-vivo experimental design to test inflammation induced by the CNCs (n=3-5/group). No changes in B)
TNF-a or C) IL-6 were observed in the CNC samples at either concentration or timepoint analyzed. D) Mice injected
with 0.5% MxG-CNC-OH had significant splenomegaly after 2 d, suggesting an acute immune response toward the
CNCs. Error bars indicate standard deviation. Significant differences between treatments were analyzed by two-way

ANOVA with residual multiple comparisons testing. ** =p <0.01

In-vivo biocompatibility of CNCs. Having replicated and expanded upon previous in-
vitro work demonstrating the biocompatibility of CNCs, an in-vivo experiment was designed using
a subset of the CNCs to assay how size and charge would alter the acute inflammatory response
towards CNCs in a mouse model. Given that CNCs in in-vivo applications have often been

administered through subcutaneous routes of administration,'# 26

six types of CNCs were injected
subcutaneously (--CNC-OSO3°, MxG-CNC-0OSOs", ¢-CNC-0S03°, MxG-CNC-OH, MxG-CNC-
COOH, and MxG-CNC-NH3), and the local and systemic immune response was assayed after 2 or
30 d. Two concentrations of CNCs were selected, 0.1% and 0.5%, as these concentrations were
observed to be above and below the concentration threshold for dispersibility of the
unfunctionalized (MxG-CNC-OH) samples. Using these two concentrations, experiments were
conducted to evaluate if the effect of aggregation on in-vivo tissue compatibility of the CNCs could
be assayed. Mice were injected subcutaneously in the right flank with 300 pL of the prescribed
CNC solutions (corresponding to clinically relevant doses of approximately 10 and 50 mg/kg of
CNCs), and the systemic immune response was assayed over 2-30 d using acute cytokine
production (measured by ELISA), spleen mass, and hematoxylin and eosin staining of tissue from

the injection site (Figure 5A). These outputs would afford a better understanding of systemic

inflammation incurred by CNCs which could not be evaluated in-vitro.
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As a measure of tissue damage and innate immune stimulation incurred by the CNCs,
cytokine production was assayed in the serum after injection of the CNC samples. Immunotoxic
nanoparticles induce secretion of cytokines into the bloodstream within hours of injection which
can invoke a sickness response in-vivo.®” % Thus, three pro-inflammatory cytokines (IL-6, TNF-
a, and IFN-y) were analyzed in the serum 1 and 24 h after injection. No significant difference in
cytokine production was observed, indicating that the CNCs did not invoke acute serum toxicity
at the timepoints analyzed (Figure 5B-C and Figure S18). These results corroborate the earlier in-
vitro studies using the RAW-Blue cell line and suggest low systemic immunotoxicity of CNCs.

Tissue histology and spleen mass were then measured as indicators of local and systemic
pro-inflammatory immune responses, respectively. While cytokine production provides temporal
information about the acute inflammatory environment in response to CNCs, histology provides
spatial information correlating inflammatory responses to tissue damage incurred by the CNCs.
Additionally, spleen mass provides information about the systemic immune response to tissue
damage at the site of injection. Mice were sacrificed after 2 or 30 d, and spleens were immediately
weighed. In mice dosed with a 0.5% CNC solution, the unfunctionalized MxG-CNC-OH samples
induced significant splenomegaly 2 d after injection (Figure 5D). This suggests the production of
lymphocytes as an immune response was mounted, which is critical for proper wound healing in
response to tissue damage. Further imaging of the injection site post-mortem revealed concurrent
inflammation in the subcutaneous tissue of the mice injected with 0.5% MxG-CNC-OH after 2 d
(Figure S19). The subcutaneous tissue was then dissected, fixed, and stained with hematoxylin and
eosin. Staining revealed neutrophil infiltration and the presence of large CNC aggregates (> 50
um) in tissue from the site of injection of mice injected with 0.5% MxG-CNC-OH after 2 d (Figure

6). No aggregates were observed in CNC-NH;, CNC-COOH, or CNC-OSOj3" samples at either
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timepoint, while limited neutrophil infiltration was observed in some samples (Figure 6 and Figure
S20). Given that unfunctionalized CNC-OH are significantly more hydrophobic than CNCs
containing amines, carboxylates, or sulfate half-esters, these results suggest that unfunctionalized
CNCs have a higher aggregation propensity in tissue which can result in a systemic inflammatory
response. Altogether, these results indicate that charged CNCs are nonimmunogenic and therefore
viable for use in further biological experiments, while uncharged CNCs can generate undesirable

inflammation at high concentrations which can result in tissue damage and sickness response.
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Figure 6: Hematoxylin and eosin staining of tissue collected from the injection site of uncharged A) MxG-CNC-OH
and negatively charged B) MxG-CNC-COOH 2 d after injection. Significant neutrophil infiltration and presence of

crystallite aggregates was observed in the MxG-CNC-OH samples suggesting a pro-inflammatory immune response.

Conclusion

Reported herein is the in-vitro and in-vivo biocompatibility studies of CNCs from various
biosources and with different surface charges. The CNCs were isolated, functionalized, and
characterized from three biosources and obtained from two large-scale producers to yield a series
of CNCs with a variety of lengths, charges, and isolation conditions. A simple procedure to remove
endotoxin from the CNC surface was developed to allow decontamination prior to their use in
biological systems. This procedure was replicated with all CNC samples, and the HEK mTLR4
reporter cell line was used to validate the removal of endotoxin from all samples. Given the
increased use of CNCs in biological systems, this low cost and rapid purification procedure should
facilitate enhanced reproducibility and validity of results in later biological studies.

The biocompatibility of CNCs with different length, source, and charge was assessed in-
vitro and in-vivo. Unfunctionalized CNCs prepared through hydrochloric acid hydrolysis were
observed to aggregate both in cell culture and in the tissue, resulting in acute systemic
inflammation when injected subcutaneously in a murine model. Meanwhile, charged CNCs
(achieved through surface modification to place amines, carboxylates, or sulfate half-ester moieties
on the CNC surface) did not induce cytotoxicity or systemic inflammation in-vitro or in-vivo.
These results suggest that CNCs functionalized with positive or negative charges are more
appropriate for use in biomaterial tissue scaffold composites and hydrogels than unfunctionalized
CNCs. Previous reports have indicated that CNCs remain in the tissue for several months after

injection.?® Understanding how CNCs interact with this tissue as a biomaterial scaffold degrades
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or as CNCs leach from the scaffold is critical to the design principles for new biomaterial systems
that utilize such nanomaterials.

While these results provide initial information on the biocompatibility of the CNCs studied,
it will be critical to better understand how these materials interact with tissue both acutely and
chronically. Future work must be conducted to evaluate long term interactions between CNCs and
subcutaneous tissue, to study how different functionalization methods alter immune responses, to
determine effects of CNCs administered through different routes of injection, and to learn if similar
trends persist in higher order animals. Nonetheless, these results suggest that charged CNCs are

compatible with biological tissue and have potential to be used in future biomedical applications.
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Additional methods, detailed characterization of CNCs including FT-IR, WAXS spectra,
"H-NMR, TGA, and AFM, LDH assay results, IL-6 and TNF-a ELISA assay results, BrdU

assay results, visualization of aggregates in in-vitro cell culture, additional in-vivo results.
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