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ABSTRACT

While injectable hydrogels have several advantages in the context of biomedical use, their
generally weak mechanical properties often limit their applications. Herein we describe in situ-
gelling nanocomposite hydrogels based on poly(oligoethylene glycol methacrylate) (POEGMA)
and rigid rod-like cellulose nanocrystals (CNCs) that can overcome this challenge. By physically
incorporating CNCs into hydrazone cross-linked POEGMA hydrogels, macroscopic properties
including gelation rate, swelling kinetics, mechanical properties, and hydrogel stability can be
readily tailored. Strong adsorption of aldehyde and hydrazide modified POEGMA precursor
polymers onto the surface of CNCs promotes uniform dispersion of CNCs within the hydrogel,
imparts physical cross-links throughout the network, and significantly improves mechanical
strength overall, as demonstrated by quartz crystal microbalance gravimetry and rheometry.
When POEGMA hydrogels containing mixtures of long and short ethylene oxide side chain
precursor polymers were prepared, transmission electron microscopy reveals that phase
segregation occurs with CNCs hypothesized to preferentially locate within the stronger
adsorbing short side chain polymer domains. Incorporating as little as 5 wt % CNCs results in
dramatic enhancements in mechanical properties (up to 35-fold increases in storage modulus)
coupled with faster gelation rates, decreased swelling ratios, and increased stability versus
hydrolysis. Furthermore, cell viability can be maintained within 3D culture using these hydrogels
independent of the CNC content. These properties collectively make POEGMA-CNC
nanocomposite hydrogels of potential interest for various biomedical applications including

tissue engineering scaffolds for stiffer tissues or platforms for cell growth.



INTRODUCTION

Hydrogels have been widely explored as promising biomaterial candidates for cell
scaffolds and drug delivery vehicles due to their high water content, controllable porosity,
generally acceptable biocompatibility in a range of biological environments, and their generally
facile chemical tailorability."* While a variety of physical,” chemical® or ion-mediated’ gelation
methods have been applied to create hydrogels, recent advances in in situ-gelling chemistries

(including largely bio-orthogonal click chemistry-based approaches®®™°

) have made hydrogels
particularly translatable to biomedical applications, eliminating the need for gelation initiators
such as heat, excessive agitation, chemical activators, UV light, or pH changes while enabling
minimally invasive delivery to targeted sites in the body. Moreover, these injectable materials
can be engineered to display tunable biodegradation under different environmental conditions
depending on the chemistry used to form the cross-links.>**** However, injectable hydrogels are
often limited by a relatively low elastic modulus,***® limiting their utility in applications
demanding at least a degree of mechanical strength (e.g. engineering of stiffer tissues such as

cartilage,’” implantation in high-shear environments,® or spinal applications™).

Recently, poly (oligo ethylene glycol methacrylate) (POEGMA)-based hydrogels have
garnered attention for biomedical applications due to their demonstrated in vivo tolerability, ease
of functionalization, potential for rapid gelation, and optional thermoresponsive properties.®2%%
Unlike poly(ethylene glycol) (PEG), which can only be end-group functionalized, the free radical
(co)polymerization method used to produce POEGMA enables the incorporation of a range of
reactive comonomers or cross-linkers, facilitating production of pre-gel precursor polymers with

a range of desired chemistries, cross-link densities, and molecular weights. We have previously

reported extensively on modular POEGMA hydrogels cross-linked via hydrazone bonds, formed



by reactive extrusion of aldehyde and hydrazide-functionalized precursor polymers.®?%2°

Hydrogel properties including the lower critical solution temperature (LCST), cross-link density,
swelling ratio, and cell adhesion can be modified by varying the ethylene oxide side chain
length,?* combining multiple precursor polymers,?* or introducing hydrophobic domains into the
precursor polymers.?® However, the mechanical strength of these materials remains limited; more
specifically, in the context of the highly protein and cell-repellent POEGMA hydrogels based on
long oligo(ethylene glycol) side chains, even highly functionalized precursor polymers (30 mol
% hydrazide or aldehyde-bearing repeat units) lead to hydrogels with only moderate mechanical

strength (~1 kPa shear storage modulus).

CNCs have been investigated as reinforcing agents for a variety of polymeric systems
due to their large aspect ratio, high Young’s modulus (over 100 GPa) and recent commercial
availability.?® Based on their demonstrated low cytotoxicity?®*® they have also recently gained
interest in biomedical applications including tissue engineering, drug delivery and
bioimaging.*>***® To date, CNCs have been used as a reinforcing component in hydrogels®

(primarily polyacrylamide-based materials®**

) and other biocomposite materials including
electrospun poly(lactic acid)*? and cellulose fiber scaffolds.*® However, a lack of injectability, a
poor understanding of CNC distribution throughout the nanocomposite, and underwhelming
increases in mechanical performance limits the application of these systems. While our recently
reported work on hydrazone cross-linked dextran/carboxymethyl cellulose (CMC)
polysaccharide hydrogels reinforced with both unmodified and aldehyde-functionalized CNCs

achieved the goals of injectability and uniform CNC distribution, the mechanics remained too

low for many applications; a maximum increase in elastic modulus of 140% was demonstrated,



with a decrease in modulus observed at CNC loadings above 0.5 wt % (hypothesized to relate to

the presence of CNCs compromising the ability of dextran and CMC to cross-link).**

Herein, we demonstrate how simple physical entrapment of CNCs within injectable
POEGMA-based hydrogels can lead to injectable hydrogels with orders-of-magnitude increases
in mechanical properties. POEGMA precursor polymers strongly adsorb to CNCs (imparting
physical cross-links) and leading to both excellent dispersibility of CNCs within the hydrogel as
well as remarkable enhancements in gel mechanics relative to previously reported CNC-hydrogel
nanocomposites. Concurrently, the POEGMA-CNC interactions are demonstrated to drive
significant changes in other gel properties including gelation rate, swelling, and degradation
kinetics, even at very low overall CNC loadings (< 5 wt %). Together, these properties may offer
opportunities for rational hydrogel design to achieve a wide variety of gel properties amenable to

many potential biomedical applications.

EXPERIMENTAL
Materials.

Di-(ethylene glycol) methyl ether methacrylate (M(EO),MA, n=2 EO repeat units, Sigma
Aldrich, 95%) and oligo(ethylene glycol) methyl ether methacrylate with an average number-
average molecular weight of 500 g mol™ (OEGMAsq, n=8-9 EO repeat units, Sigma Aldrich,
95%) were purified through a column of basic aluminum oxide (Sigma Aldrich, type CG-20) to
remove inhibitors. Functional monomer N-(2,2-dimethoxyethyl)-methacrylamide (DMAEAmM)
was synthesized as described previously.?® Acrylic acid (AA, Sigma Aldrich, 99%), 2,2-

azobisisobutyric acid dimethyl ester (AIBMe, Wako Chemicals, 98.5%), adipic acid dihydrazide



(ADH, Alfa Aesar, 98%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC,
Carbosynth, Compton CA, commercial grade), thioglycolic acid (TGA, Sigma Aldrich, 98%),
sodium hydroxide (EMD Millipore Germany), sodium chloride (Sigma Aldrich, >99.5%)),
hydrochloric acid (LabChem Inc., 1 M), dioxane (Caledon Laboratory Chemicals, reagent grade)
and sulfuric acid (Sigma Aldrich, 95-98%) were all used as received. Whatman cotton ashless
filter aid (CAT No. 1703-050, GE Healthcare Canada) was used as the cellulose source. 3T3 Mus
musculus mouse fibroblast cells were obtained from ATCC: Cedarlane Laboratories (Burlington,
ON, Canada) and cultured in Dulbecco’s modified Eagle medium — high glucose (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin (PS). Trypsin-
EDTA, and a LIVE/DEAD assay kit were purchased from Invitrogen Canada (Burlington, ON,
Canada). Resazurin sodium salt was purchased from Sigma Aldrich. For all experiments

Millipore Milli-Q grade distilled deionized water (DIW, 18.2 MQ cm resistivity) was used.
Synthesis of hydrazide-functionalized poly(oligo ethylene glycol methacrylate) (POxHso).

Precursor polymers PO1gH30 (10 mol % OEGMAs0/90 mol % M(EO),MA) and PO;¢oH30
(100 mol % OEGMAsq0) Were synthesized to have 30 mol % hydrazide-functionality (denoted as
Hao) as described previously.?* Briefly, AIBMe (74 mg), M(EO),MA (6.2 g for PO1oHs3o, O g for
PO100H30), OEGMAs, (1.8 g for PO1gH30, 8.0 g for PO19oH30), AA (1050 uL; 30 mol % to total
added OEGMAGsq + M(EO),MA for PO19H30, 550 pL; 30 mol % to total added OEGMAs, for
PO100H30) and TGA (150 pL, 10 wt % in dioxane) were added to a 250 mL round bottom flask.
40 mL of dioxane was added to the reaction mixture, which was then purged with nitrogen at
ambient conditions for at least 20 min. The reaction was allowed to proceed for 4 h at 75 °C
under magnetic stirring, after which the flask was cooled. After solvent evaporation, DIW (200

mL) was added to the oligo(ethylene glycol) methyl ether methacrylate/acrylic acid copolymer



solution. ADH (8.66 g) was added and the solution pH was adjusted to 4.8 £ 0.1 using 1 M HCI.
EDC (3.87 g) was then added to mediate grafting of hydrazide groups to AA residue carboxylic
acid groups, maintaining the pH at 4.8 £ 0.1 via dropwise addition of 1 M HCI over 4 h. The
mixture was left stirring overnight, subsequently dialyzed (MWCO = 3,500 g mol™) against DIW
for at least six (6+ h) cycles, and lyophilized. Polymers were stored as 20 or 40 wt %

suspensions in PBS buffer (Bioland Scientific, CA) at 4°C.
Synthesis of aldehyde-functionalized poly(oligo ethylene glycol methacrylate) (POyAz).

Aldehyde-functionalized PO10A30 and PO100A30 precursor polymers (30 mol % aldehyde,
denoted Asg) Were synthesized following a previously reported procedure.?* AIBMe (100 mg),
M(EQO),MA (6.2 g for PO10A30, 0 g for PO100A30), OEGMAs (1.8 g for PO1pAg30, 8.0 g for
PO100A30), DMAEAM (2.6 g for PO1pA30, 1.2 g for PO100A30; 30 mol % to the total added
OEGMAsq + M(EO),MA) and TGA (150 L for PO10Az0, 20 UL for PO1g0Az0; 10 Wt % in
dioxane) were added to a 250 mL round bottom flask. Dioxane (40 mL) was added to the
reaction mixture, which was then purged with nitrogen for at least 20 min. The flask was moved
to a pre-heated oil bath at 75 °C under magnetic stirring to polymerize for 4 h, after which the
reaction was allowed to cool to room temperature. After solvent evaporation, 0.33 M HCI (200
mL) was added to the oligo (ethylene glycol) methyl ether methacrylate/ DMAEAmM copolymer
solution and left stirring for 24 h to facilitate conversion of acetal groups to aldehyde groups.
The solution was dialyzed (MWCO = 3,500 g mol™) against DIW for a minimum of six (6+ h)
cycles and lyophilized to dryness. Polymers were stored as 20 or 40 wt % suspensions in PBS

buffer at 4 °C.



Chemical characterization of POEGMA precursors.

Aqueous size exclusion chromatography (SEC) was performed using a Waters 515 HPLC
pump, Waters 717 Plus autosampler, three Ultrahydrogel columns (30 cm x 7.8 mm i.d. with
exclusion limits of 0-3 kDa, 0-50 kDa and 2-300 kDa) and a Waters 2414 refractive index
detector. A mobile phase consisting of 25 mM N-cyclohexyl-2-aminoethanesulfonic acid
(CHES) buffer, 500 mM NaNOs; and 10 mM NaNj at a flow rate of 0.8 mL min™ was used for all
analyzed polymers except PO1pA30. The system was calibrated with narrow-dispersed PEG
standards (106 to 584 x 10° g mol™, Waters). N,N-dimethylformamide (DMF) SEC was used to
analyze the PO10A30 polymer, using a Waters 590 HPLC pump, three Waters Styragel columns
(HR-2, HR-3, HR-4; 7.8 x 300 mm; 5 um particles) maintained at 40 °C, and a Waters 410
refractive index detector maintained at 35 °C. Polymer samples were eluted at 0.5 mL min™ with
DMF containing 50 mM LiBr. The system was calibrated with narrow molecular weight PEG
standards (Waters). *H-NMR was performed using a Bruker AVANCE 600 MHz spectrometer
with deuterated chloroform as the solvent. The degree of functionalization of the aldehyde
containing precursors was determined by *H-NMR, while the degree of functionalization of the
hydrazide containing precursors was determined by conductometric titration (Supporting

Information, Table S1).
Preparation of cellulose nanocrystal (CNC) suspensions.

CNCs were generated through the acid-mediated hydrolysis of cotton ashless filter aid
(40 g) using 64 wt % sulfuric acid (700 mL) at 45 °C for 45 min, as described previously.* The
cellulose solution was quenched in DIW, and centrifuged for 10 min at 6000 rpm. Water was
decanted out, and the process was repeated until a pellet no longer formed. The cellulose

suspension was dialyzed (MWCO = 12-14 kDa) against DIW for a minimum of ten (12+ h)



cycles. The CNC suspension was sonicated using a probe sonicator (Sonifier 450, Branson
Ultrasonics, Danbury, CT) for three (15 min) cycles and stored as a 1 wt % suspension in its acid
form (pH = 3.2). Suspensions were concentrated up to 8.3 wt % by evaporation at ambient
conditions, using gravimetric analysis to determine final weight-percent concentrations. Sulfate
ester content was determined via conductometric titration (100 mg of CNC in 100 mL of 10 mM
NaCl as the analysis sample and 2 mM NaOH as the titrant), yielding a sulfur content of 0.42 wt
% (0.30 charges per nm?) in the CNCs. The charge per nm? is calculated assuming a CNC length
of 129 nm, diameter of 10 nm, and density of 1.6x10%* g nm™. The apparent diameter of CNCs
by dynamic light scattering (DLS, Zetasizer Nano, Malvern, UK) was 71 nm and the
electrophoretic mobility was -1.86 x 10 m? V! s™* (measured on 0.25 wt % CNC suspensions in

10 mM NacCl).
Preparation of injectable nanocomposite hydrogels.

Hydrogels were prepared by coextruding one or more PO,A3, and POyHg solutions at 16
wt % in PBS buffer from a double barrel syringe equipped with a static mixer (MedMix, L-
System). CNCs were incorporated at different loadings (0 — 4.95 wt % total mass) in equal
amounts in both barrels. Mixtures were extruded into silicone molds, covered with a glass slide,
and allowed to gel for 2+ hours before any testing. Gelation time was monitored by a vial
inversion test, whereby a hydrogel sample was extruded into a synthesis vial and inverted for 5
seconds; gelation time was defined as the time at which no flow was observed in the sample for

the duration of inversion.

Five different series of POEGMA hydrogels were investigated. Two single-precursor gel
systems were prepared using one POxH3o hydrazide and one POxA3, aldehyde-functionalized

precursor polymer with the same transition temperature (i.e., x=10 or x=100). Three mixed-
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precursor systems (POys/75, POsgs0, and PO7s/25) were also prepared by mixing a mass-based ratio
of both hydrazide and aldehyde PO10:PO1qo precursors at a total loading of 16 wt % in PBS (i.e.,
PO,s/75 contains 80 mg of PO1oH3p and 240 mg of PO19oH30 in 2 mL of PBS in the hydrazide
barrel, and 80 mg of PO10A30 and 240 mg of PO;100A30 in 2 mL of PBS in the aldehyde barrel).
Suffixes are used to indicate the CNC loading (i.e., PO10-1.65 indicates a sample containing
1.65 wt % CNC (wet mass), or a mass loading ratio of POEGMA:CNC of 10:1). A list of all
prepared hydrogels and nomenclature, along with the incorporated mole % of each precursor
monomer residue in the resulting hydrogels formed, is provided in Table 1. Note that all
hydrogels are prepared using the same overall wt % of both hydrazide and aldehyde-
functionalized POEGMA polymers (15 wt %), precursor polymers that contain the same relative
amount of reactive functional groups (30 mol % on a total monomer basis), and a 1:1 mass ratio
of hydrazide:aldehyde polymer; as such, the hydrazide:aldehyde ratio in each hydrogel prepared
is maintained constant at 1:1. Note that ultra-high CNC loadings (4.95 wt %) could only be
tested in conjunction with PO series gels since the corresponding PO;o combinations gelled

too quickly to be extruded and clogged the syringes.
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Table 1. Nomenclature, mol % of long-chain (OEGMA:s), and short-chain (M(EO),MA) as calculated
by *H-NMR (following method reported by Dong et. al.*®), mol % of functional monomer (hydrazide or
aldehyde) present in the overall gel formulation, and approximate gelation times of POEGMA-CNC

nanocomposite hydrogels investigated in this work.

POEGMA  Sample Overall Overall Overall CNCs Gelation
Series Name OEGMAsy M(EO);MA Functional (wt %0) Time
(mol %) (mol %) Monomer

(mol %)

PO100-0 0 ~ 40 min

P0100-0.2 0.2 ~ 25 min

Poloo P0100-0.96 70 0 30 0.96 ~ 15 min
PO1g0-1.65 1.65 ~8 min

PO1g9-4.95 4,95 ~30s

POys5/75-0 0 ~180s

PO2s5/75-0.2 0.2 ~60s

POzs1rs PO,s/75-0.96 >4 16 30 0.96 ~ 455
P025/75-1.65 1.65 ~30s

POsq/50-0 0 ~20s

POs0/50-0.2 0.2 ~15s

POsos0 POso/50-0.96 38 42 30 0.96 ~10s
PO50/50-1.65 1.65 ~5s

PO75/25-0 0 ~20s

PO75/05-0.2 0.2 ~15s

PO7sizs PO1525-0.96 22 48 30 0.96 ~10s
PO75/25-1.65 1.65 ~5s

PO40-0 0 ~5s

PO4,-0.2 0.2 <5s

PO10 PO,0-0.96 6 64 30 0.96 <5s
PO4o-1.65 1.65 <<5s

Transmission electron microscopy (TEM) with cryogenic sectioning.

Hydrogel samples were prepared as described above and submerged in 10 mM PBS to

swell for at least 24 h. A slow solvent exchange to ethanol was performed to minimize the

collapse of pore structure, using increasing ethanol solutions of 0, 10, 20, 30, 40, 50, 75, 95 and

100 vol %. Pieces of hydrogel samples were then quick frozen in liquid nitrogen and placed into

a pre-cooled (-145°C) FC 4E cryochamber attached to an Ultracut E ultramicrotome (Reichert-
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Jung Wien, Austria). Thin sections (unstained) were cut with a diamond knife and placed onto
Formvar-coated Cu grids which were allowed to warm to room temperature prior to imaging
using a JEOL JEM 1200 EX TEMSCAN transmission electron microscope (JEOL, Peabody,

MA) operating at an accelerating voltage of 80 kV.
Swelling and degradation.

Hydrogel discs with initial weight W were placed in a 12-well cell culture plate and
completely submerged in 10 mM PBS (pH 7.4, 5 mL) at time t = 0. Samples were then incubated
at room temperature (22 °C), removed at specified time intervals, gently wicked to remove non-
adsorbed solution, and weighed (W;). Discs were re-submerged in 5 mL PBS and weighed at
subsequent time intervals until equilibrium was reached (generally 24 h). The swell ratio (SR)

was determined according to equation (1):
SR = Wi/Wy 1)

PO1g0 hydrogel swelling was modeled using first order kinetics of the form A = A,(1 —
e(‘kt)), and PO, hydrogel de-swelling was modeled using first order kinetics of the form A =

Ao (eFD)  allowing for fit of the swelling parameter k for each hydrogel tested.

Accelerated degradation studies were also performed at 22 °C in 0.1 M HCI to enable
comparisons between the acid-catalyzed hydrazone bond hydrolysis rates of different samples.
Long term degradation studies were carried out in PBS at 37°C. All experiments were repeated
in at least triplicate, with results presented as an average value with error bars representing one

standard deviation.
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Characterization of hydrogel rheological properties.

Rheology measurements were carried out at 22°C using a Mach-1 Mechanical Tester
(Biomomentum Inc., Laval, QC, Canada) with parallel-plate geometry. All tested hydrogel discs
had cylindrical geometry with a diameter of 12.7 mm and a height of 3.5 mm. Unconstrained
compression testing was performed to 25% of the sample height at a rate of 3% per second to
determine the Young’s modulus. Shear testing was also performed whereby samples were pre-
compressed by 25% followed by strain sweeps with amplitudes ranging from 0.1 to 2.2 degrees
at a frequency of 0.5 Hz to determine the linear viscoelastic region (LVE) of the hydrogel
samples. Dynamic frequency sweeps were subsequently performed within the hydrogel LVE
from 0.1 to 2.2 Hz to determine the shear storage modulus (G’) of the samples. Samples were
tested in at least triplicate; results are presented as an average value with error bars representing

one standard deviation.

Quartz crystal microbalance with dissipation (QCM-D).

POEGMA adsorption to CNCs was studied using a Q-Sense E4 (distributed by Biolin
Scientific for Q-Sense, Sweden) QCM-D instrument with four sensor channels. Q-Sense QSX
303 silicon dioxide-coated quartz crystal sensors with a resonant frequency of 5 MHz (Biolin)
were used for all measurements. Sensors were rinsed sequentially in DIW and ethanol, air dried,
and UV-ozone treated for 20 minutes prior to use. A single drop of 2.35 wt % CNC suspension
was then loaded onto a sensor, spin coated at 4000 rpm for 30 s (G3P Spincoat, Specialty

Coating Systems Inc., IN), and baked overnight at 80 °C to make a uniform thin film. DIW was
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then used to rinse off any loosely bound CNCs, after which the sensors were baked for another 2

hours at 80 °C.

Prior to running an experiment, the QCM-D instrument was thoroughly cleaned (with
washing sensors in place) by flowing a solution of 2 wt % Hellmanex for 5 min, followed by
DIW for 25 min (both at a flow rate of 100 uL min™) through all channels. CNC-coated sensors
were then loaded, and allowed to swell overnight by running 10 mM PBS through the instrument
at 100 puL min™. After a stable baseline was observed for all CNC-coated sensors in PBS (< 1 Hz
change over 10 min), PO,As, and PO4Hso solutions (0.1 mg mL™) were introduced at 100 pL
min™. Once the frequency change plateaued, sensors were rinsed with PBS (100 pL min™) to
remove any unbound material. Experiments were concluded once a final stable baseline

frequency in PBS was reached.

QTools software (version 3.0.12, Biolin) was used for data analysis of frequency and
dissipation data (overtones 1, 3,5, 7, 9 and 11). A rigid film assumption was made (valid given
that the dissipation change is < 10 x the frequency change, 47)*", allowing use of the Sauerbrey

equation to estimate adsorbed mass (4m) according to Equation 2:
Am =—C-Af/n (2

Here, C is a constant (17.895 ng cm™ Hz™) related to the quartz sensor & geometry and n is the
overtone number. Surface coverage calculations were performed by calculating the Flory radius

(Rg) for each precursor polymer, as given by Equation 3:
Rr = aN3/5 (3)

Here, a is the monomer repeat unit length and N is the number of monomers comprising the
precursor polymer. A projected circular surface area was calculated from the Rg value and
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multiplied by the number of polymers adsorbed onto the CNC-coated sensor, as estimated from
the calculated adsorbed mass from QCM observations. This surface area was divided by the total
surface area of the QCM-D sensor to give an estimate of surface coverage. DLS measurements
were performed on suspensions of 0.225 wt % precursor polymer with 0.025 wt % CNC (0.25 wt

% total) in 10 mM NacCl to further investigate adsorption and surface coverage.
Isothermal titration calorimetry (ITC).

Calorimetric titrations were performed on a Nano ITC Low Volume System (TA
Instruments—Waters LLC, Newcastle, DE) as described previously.*® Briefly, experiments
consisted of 20 successive 2.5 pL injections of a POEGMA precursor polymer (20 wt % in 10
mM PBS) into a reaction cell containing 170 pL of a 0.9 wt % CNC suspension in purified water
(all solutions were degassed prior to testing). All experiments were performed at room
temperature under constant stirring at 350 rpm. Titration heat signals were processed by
NanoAnalyze software (TA Instruments—Waters LLC, Newcastle, DE). Data from the first
injection was disregarded, omitting errors originating from the diffusion of titrant into the
calorimetric cell.* The heat of dilution of adding each POEGMA precursor polymer solution
(prepared in PBS) into water not containing CNCs was used as a blank, with those measured
heats of dilution subtracted from the enthalpies measured for each run. The molar heat of
injection (AH, kJ mol™) was determined by integrating each individual injection peak, as

demonstrated previously for other polymer systems adsorbing onto the surface of CNCs.*°
In vitro cytotoxicity assay.

3T3 fibroblast cells were plated on a 24-well plate with DMEM media (500 pL) at a

density of 3.0 x 10* cells per well and incubated for 24 h at 37 °C. Hydrogels were swollen and
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sterilized in 70% ethanol for 24 hours, washed three times in sterile PBS and then incubated in
DMEM for 24 hours. Hydrogels were subsequently plated on top of 3T3 cells (covering almost
the entire well) and then incubated for an additional 24 hours. Hydrogels were then removed
from the wells, and cells were stained with a resazurin solution (100 pL, prepared via the
manufacturer’s protocol) and incubated for an additional 4 hours. Fluorescence readings were

recorded at 615 nm using a VICTOR 3 multi-label microplate readereone standard deviation.
Confocal microscopy of 3T3 seeded hydrogels.

PO100 hydrogel precursors (both hydrazide and aldehyde) were pre-seeded with 3T3
fibroblast cells at a concentration of 1.2 x 10* cells per mL of prepolymer solution and
subsequently extruded from a double barrel syringe into 8-well culture plates to form hydrogels
with ~30,000 cells per well. Hydrogels were allowed to cure for 1 h at room temperature before
adding 200 uL DMEM to fully submerge the hydrogel samples, after which they were incubated
at 37 °C for 24 h. Following, plates were gently washed with PBS and then stained with a
calcein/ethidium homodimer-1 solution (live/dead assay) prepared according to the
manufacturer-suggested protocol. Samples were viewed on a Zeiss LSM 510 laser scanning
microscope (Oberkochen, Germany) using a 488 nm laser and a BP 505-530 nm emission filter
(for calcein AM) or a 543 nm laser with a LP 560 nm emission filter (for ethidium homodimer-

1). Images were processed using Zeiss LSM Image Browser software (version 4.2)
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RESULTS
Synthesis and characterization of hydrogel precursors.

POEGMA precursor polymers were synthesized by free-radical copolymerization of
diethylene glycol methacrylate (M(EQ),MA), oligoethylene glycol methacrylate (OEGMAsq)
and 30 mol % of a functional acrylate monomer to facilitate cross-linking (see Supporting
Information, Figure S1 for chemical schemes®). Precursor polymers were tailored to have
molecular weights between 15,000 and 30,000 g mol™ so as to promote physiological clearance
of hydrogel degradation products. The mole ratio of M(EO),MA:OEGMAsq Was varied, as
shown in Table 1, to yield precursor polymers with different ethylene oxide (EO) side chain
lengths and LCST values but with similar degrees of functionalization and molecular weight
(Supporting Information, Table S1, Figures $S2-S5).% Colloidally stable suspensions of cellulose
nanocrystals with dimensions of (60-240) x (2-10) nm (Supporting Information, Figure S6)
were then mixed at varying concentrations (Table 1) with POEGMA precursor polymers prior to

hydrogel extrusion.
Preparation of injectable hydrogels.

Nanocomposite POEGMA-CNC hydrogels were successfully prepared via co-extrusion
of the reactive precursor polymer solutions from a double barrel syringe, as shown schematically
in Figure 1. The POEGMA content in the hydrogel network was set at 16 wt % (previously
shown to facilitate effective gelation of POEGMA precursor polymers regardless of the
OEGMAs00:M(EO),MA ratio),?* while the CNC content was varied from 0 to 4.95 wt % (the
latter representing the highest concentration of CNCs that could be extruded due to rheological

limitations). The hydrogels cross-link via reversible covalent hydrazone bond formation between
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the POEGMA-bound hydrazide and aldehyde functional groups, physically entrapping the

unmodified CNCs within the network.
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Figure 1. Schematic representation of hydrogel precursors and injectable POEGMA-CNC nanocomposite
hydrogels (not drawn to scale). Precursor polymers with either short (n = 2) or long (n = 8-9) ethylene
oxide side chains contain 30 mol % functional hydrazide or aldehyde monomer (m). Overall molecular
weight is similar for all polymers (M, =~ 20,000 g mol™).

CNC loading has significant effects on both the gelation time and visual appearance of
the resulting hydrogels (Table 1 and Figure 2). Increasing the CNC concentration in the
precursor mixture led to a systematic decrease in the gelation time of hydrogel discs, as
measured using the vial inversion test. This trend is particularly noteworthy in hydrogels
containing a higher fraction of OEGMAGsq0 (PO100 and POys75), which have inherently longer
gelation times (3 to 45 min) than hydrogels with higher fractions of M(EO),MA (PO, and

PO7s25) that have gelation times under 20 s independent of CNC content.?®
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Visually, increasing the CNC loading led to a decrease in hydrogel transparency
regardless of the POEGMA composition used (Figure 2). This decrease in gel transparency due
to increased CNC loading is consistent with observations in other CNC-hydrogel systems*®**>!
and is attributed to the increasing turbidity of concentrated CNC suspensions. However, for all
CNC concentrations tested, no visible aggregation of CNCs was observed in any of the
hydrogels, a shortcoming of previous hydrogel systems with high CNC loadings** that suggests a
uniform dispersion of CNCs within the POEGMA matrix. Note that the inhomogeneities in

Figure 2B are due to the presence of air bubbles that become trapped in the gel due to the speed

of the gelation process and do not represent any phase separation within the gel itself.

=i B e S
Figure 2. Optical appearance of PO,y (A) and POy, (B) hydrogels with increasing CNC loading (0, 0.2,
0.96, 1.65 wt % CNCs, from left to right, respectively).
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Hydrogel swelling and degradation.

Swelling experiments were performed on single precursor POEGMA series hydrogels
(PO1p and PO1qp) in 10 mM PBS at 22 °C (Figure 3), with all gels normalized to an initial weight
(16 wt % polymer) to track the swelling ratio. All PO1go-based hydrogels (which have no
appreciable volume phase transition temperature in water) swelled to reach an equilibrium
swelling value; as the CNC loading was increased, the equilibrium swelling value was reduced
while the rate of swelling was increased (Figure 3A). For example, after 24 hours, PO10-0
reached a mass-based equilibrium swelling ratio of 3.2 + 0.1, taking tso = 2.75 hours to reach
50% of its total equilibrium swelling; in contrast, PO100-4.95 reached an equilibrium swelling
value of only 1.30 = 0.01 with a tso = 0.75 hours (Table 2 and Figure 3A). The swelling rate
constant k also generally increases with increasing CNC loading except at extremely high CNC
contents (Table 2), again suggesting that faster swelling kinetics are generally achieved in the
presence of CNCs. In contrast, PO;p-based hydrogels which exhibit volume phase transition
temperatures of ~ 33 °C)?* gradually de-swell to reach an equilibrium swelling value lower than
the initial normalized hydrogel weight, consistent with a thermoresponsive hydrogel (Figure 3B).
The presence of CNCs has a minimal effect on the equilibrium swelling ratio of the POy
hydrogels, as the PO1,-0 and PO1¢-1.65 hydrogels reach similar equilibrium swelling values after
24 hours (0.79 £ 0.02 and 0.83 £ 0.01 respectively, Table 2). However, consistent with the PO
hydrogel series, increasing the CNC loading increases the rate of hydrogel de-swelling, as the tsg
is notably shorter for CNC reinforced gels and k increases as the CNC content is increased

(Table 2 and Figure 3B).
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Table 2. Comparison of the swelling ratio (SR), time to reach 50% of total swelling (tso) and rate constant
k for PO, and POyq series hydrogels with increasing CNC content. SR is calculated after 24 hours; ts is

interpolated.

Sample SR (-) tso (hr) k
PO100-0 3.2+0.1 2.75 0.25
PO10-0.2 1.9+0.1 1.75 0.40
PO100-0.96 1.7+0.1 1.75 0.38
PO1p0-1.65 20+0.2 <05 1.12
PO400-4.95 1.3+0.1 0.75 0.41
PO4,-0 0.79 £ 0.02 10.75 0.07
PO4,-0.2 0.80£0.01 7.5 0.11
P0O10-0.96 0.81 +0.02 2.75 0.21
PO4o-1.65 0.83+0.01 2.5 0.23

Accelerated degradation studies were performed in 0.1 M HCI to investigate the
comparative hydrogel network dissolution over time (Figure 3C and 3D). The presence of acid
hydrolyzes the reversible POEGMA hydrazone cross-links, liberating free aldehyde and
hydrazide-functionalized polymer chains and leading to a breakdown of the network structure.
The networks degrade back to their starting precursor polymers, as previously shown through the
direct overlap of GPC traces of the degradation products and starting precursor polymers.? For
both POy and PO series hydrogels, degradation is significantly slowed by the presence of
CNCs. For PO1g0-0 gels, complete network degradation was achieved after only 50 minutes; in
contrast, 300 minutes is required for full dissolution of the PO;0-4.95 gels. POy series hydrogels
degrade much slower than their PO1qo series counterparts, attributable to both the higher cross-
link density (due to shorter ethylene oxide side chains which impart less steric hindrance to
cross-linking®*) and lower water content of these gels. Still, PO1o-1.65 gels resist dissolution
longer than PO10-0 gels, again suggesting that CNCs play a role in enhancing the network

structure.
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Ongoing long term degradation studies in PBS at 37°C (Supporting Information, Figure
S7) show slow swelling of the PO;qo hydrogels over a three month period, corresponding to the
slow degradation of hydrazone bonds resulting in network expansion and increased water uptake;
however, the hydrogels are still intact even after this period. A similar but even slower swelling
(degradation) is observed PO;, hydrogels following their initial thermal de-swelling (consistent
with previous observations in CNC-free hydrogels), with CNC loading having no significant

effect on long term degradation (similar to results observed in accelerated degradation studies).
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Figure 3. (A-B) Swelling kinetics in 10 mM PBS at 22 °C for POy (A) and POy, (B) series hydrogels;
lines are modeled using first order kinetics; (C-D) Accelerated degradation kinetics in 0.1 M HCl at 22 °C
for PO1o0 (C) and POy (D) series hydrogels; dashed lines are included as guides to the eye. Hydrogels
contain 0 wt % (blue o), 0.2 wt % (green A), 0.96 wt % (red 0), 1.65 wt % (yellow o) and 4.95 wt %
(purple x) CNCs. Error bars represent one standard deviation of at least three replicates.

Hydrogel rheological properties.
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Mechanical testing was performed on all hydrogel series to determine the effects of
adding CNCs. In all cases, incorporation of CNCs into the hydrogel networks resulted in gels
with enhanced shear storage modulus G’ (Figure 4). Gels with high M(EO),MA content (PO
and POys/25) have a high cross-link density and are thus inherently stronger than gels with high
OEGMAG5q, content (PO190 and POys/75), in which the longer PEG side-chains sterically hinder
cross-linking.? Correspondingly, PO1o and PO7s5 series gels show a significantly smaller
mechanical enhancement ratio (MER) with increasing CNC loading as compared to PO140 and
PO,s/75 series gels (Table 3). PO1o-1.65 showed a MER of 1.8 + 0.4, whereas PO19o-1.65 showed
a MER of 11.0 = 1.2. When the CNC loading was increased even further to 4.95 wt %, the
resulting PO100-4.95 gel exhibited a MER of 35.5 £ 6.0. (Note that PO, gels with 4.95 wt %

CNCs gelled too quickly to be extruded into molds for comparison.)

Unconstrained compression measurements to determine the Young’s modulus showed
similar general trends (Figure 4F). For PO1qp gels, the incorporation of 1.65 wt % CNCs resulted
in a substantial 8-fold increase in Young’s modulus versus POEGMA only controls. For the
stiffer POy gels, the corresponding increase in Young’s modulus for 1.65 wt % CNC loading

was only 1.2 times that of the controls.
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Table 3. Comparison of the shear storage modulus, G’, and mechanical enhancement ratio (MER) for

single and mixed precursor-based hydrogels with increasing CNC content. G’ values are averaged across
the LVE range investigated.

Sample G’ (kPa) MER ()

PO1g0-0 1.1+0.1 N/A
PO190-0.2 72+04 6.5+0.7
PO199-0.96 10.2+04 9.3+0.9
PO190-1.65 12.1+0.7 11.0+1.2
PO100-4.95 39.0£55 35.5+6.0
PO2s/75-0 1.4+0.3 N/A
POy5/75-0.2 3.7£0.9 26+0.8
PO25/75-0.96 7.1+0.6 51+1.2
POys/75-1.65 10.9+0.9 78+1.8
POs0/50-0 6.3+0.5 N/A
POs0/50-0.2 76104 1.2+0.1
POs0/50-0.96 12.3+1.0 2.0+£0.2
POs0/50-1.65 10.8+0.9 1.7+£0.2
PO75/25-0 128+ 14 N/A
PO75/25-0.2 148+1.5 1.2+0.2
PO75/05-0.96 156+14 1.2+0.2
PO75/05-1.65 17.2+1.0 1.3+£0.2
PO10-0 13.0+25 N/A
P0O10-0.2 23.6+15 1.8+04
P0O10-0.96 25.6 £2.2 20+04
PO1o-1.65 23.7+0.8 1.8+04
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Figure 4. Frequency sweep measurements within the hydrogel LVE at 22°C for POyq9 (A), POys/75 (B),
POsq50 (C), PO525 (D), and POy, (E) hydrogels containing 0 (blue o), 0.2 (green A), 0.96 (red 0), 1.65
(yellow 0) and 4.95 (purple x) wt % CNCs; (F) Young’s modulus determined under unconstrained
compression for POy, (dark grey) and PO, (light grey) hydrogels. In all cases, error bars represent one
standard deviation of at least three replicates.
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The mixed precursor hydrogel series displayed trends following the single precursor
series with similar OEGMAs,/M(EO),MA content; with the major component of the mixed
precursor gels holding the controlling influence on the resulting mechanical properties. POs/7s-
1.65 displayed a MER of 7.8 + 1.8, closest to that observed for PO;00-1.65 (MER = 11.0 + 1.2);
alternately, PO7s/25-1.65 displayed a MER of 1.3 £ 0.2, closest to that observed for PO1,-1.65
(MER = 1.8 £ 0.4). Note that all mixed precursor hydrogels displayed lower MER values than
would be predicted based on a weighted average of the single precursor hydrogel components
(Table 3), suggesting that the ability of CNCs to reinforce a mixed precursor hydrogel network is
hindered by the mixed precursor hydrogel morphology. This trend is most obvious with the
POss50-1.65 gels, which display a MER of 1.7 + 0.2 that is significantly lower than would be

predicted by the simple rule of mixtures (MER = 6.4).

To better understand the links between internal hydrogel structure and measured
mechanical properties, TEM experiments were performed on cryo-sectioned 1.65 wt % CNC
networks of PO1q, PO1g0, PO2s/75 and PO7s25 hydrogels to view the CNC distribution within the
networks (Figure 5). In the long ethylene oxide side chain single precursor hydrogel system
(PO100, Figure 5A), CNCs appear to be uniformly dispersed throughout the hydrogel matrix,
even at ultra-high CNC loadings (Supporting Information, Figure S8). However for the short
ethylene oxide side chain single precursor hydrogels whose gelation times are much faster, this
uniform dispersity is not as evident (Figure 5B and cryo-TEM with liquid propane cryo-
sectioning, Supporting Information, Figure S9). The mixed precursor hydrogels show distinct
areas of higher and lower CNC density observed within the network (seen in Figures 5C and 5D
as dark CNC-rich domains or light CNC-poor domains). Given that we have observed phase

separation between the low-LCST (POjp) and high-LCST (PO100) domains of these mixed
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precursor hydrogels using small angle neutron scattering,?® this result suggests that CNCs may
have more affinity for either the PO1o-rich or PO;go-rich phase inside the hydrogel. Note that
individual CNC rods are harder to see in hydrogel systems containing PO1, precursor polymers,

suggestive of potentially stronger interactions between PO;o and CNCs that may obscure the

CNC shape upon imaging.

" —
e ‘6’\;
¢

Figure 5. TEM images showing the distribution of Cs in cryo-sectioned PO;gg-1.65 (Ai; P010-1.65
(B), POss/75-1.65 (C) and PO525-1.65 (D) mixed precursor hydrogels. Scale bars represent 1 um. Inset
images are schematic representations of the perceived CNC distribution within each hydrogel matrix



relative to the identified morphologies of the POEGMA matrices, which have been studied previously
through neutron scattering experiments.” (not drawn to scale).

POEGMA adsorption onto CNCs.

QCM-D studies were performed to characterize adsorption of POEGMA precursors onto
spin-coated CNC model films. Figure 6 shows the frequency change (3" overtone) over time
associated with the adsorption of both PO1 and PO precursor polymers onto a CNC-coated
sensor. Averaging the equilibrated baseline frequency values before and after POEGMA
injection and taking the difference provides a measure of the frequency change associated with
POEGMA adsorption (Table 4). The Sauerbrey equation was used to estimate the overall mass
adsorbed, valid to use here since the dissipation change is less than 10% of the frequency change

for all samples; this implies that the films are sufficiently thin and rigid.*’
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Figure 6. Normalized frequency change (third overtone) associated with POEGMA adsorption onto spin-
coated CNC films as measured by QCM-D. PO;H3 (red), PO1g0Hz0 (blue), PO10Az (green) and PO1qA30
(purple) precursor solutions were added after a stable baseline in PBS was reached, followed by a final
PBS rinse after the frequency change began to plateau (0.1 mg mL™ polymer solutions, 100 pL min™ flow

rate).
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Table 2. Frequency change and adsorbed mass (from Sauerbrey equation) associated with POEGMA
adsorption onto CNC surfaces along with observed frequency divided by dissipation, as measured by
QCM-D. Apparent diameters of CNCs with adsorbed polymer from DLS measurements are also shown.
An estimate of surface coverage is calculated from the Flory radius (Rg) of precursor polymers as
described in Equation 3 (Supporting Information, Table S1).

Af3/3 ., Adsorbed Mass Apparent Diameter Surface
Sample ) Af/ADsX107) o (nm) Coverage (%)
CNC - - - 71+1 -
PO10H30 -38.2 16.9 684 +8 85+2 2380
PO10A30 -21.5 10.9 384 £ 11 854 1480
PO100H30 -12.3 10.1 220+ 8 81+2 330
PO190Az0 -55 13.7 98 +8 81+2 160

PO1 series precursor polymers adsorb faster and in larger amounts to CNCs than the
PO1qo series precursor polymers; furthermore, both hydrazide-functionalized precursor polymers
are adsorbed in larger amounts compared to their aldehyde counterparts, with approximately
two-fold higher frequency changes observed for hydrazide relative to aldehyde precursor
polymer adsorption (Table 4). It is also interesting to note that a PBS rinse removes some loosely
bound PO1q precursor polymers from the CNC-coated sensors, yet does not appear to remove
any significant amount of PO1qo precursor polymers. Surface coverage estimations suggest that
precursor polymers are added in sufficient amounts to fully coat the CNC surfaces in all cases.
However, mushroom conformation (Rg-based) surface coverage estimates are approximately one
order of magnitude higher for POy, precursor polymers than for PO;oo precursor polymers,
suggesting that the adsorbed polymer conformation may be different between the short and long
ethylene oxide side chain POEGMA systems. Collectively, these results suggest that all
POEGMA precursor polymers have a clear affinity for CNCs, with PO polymers adsorbing

more than PO1qo polymers.
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Dynamic light scattering (DLS) measurements were also conducted in order to further
investigate POEGMA adsorption onto the surface of CNCs. Although DLS assumes an
equivalent sphere (apparent) diameter in its size estimates, it has been successfully used in the
past to determine relative differences in the apparent diameter of CNCs in suspension.®® The
apparent diameter of unmodified CNCs was 71 nm; adding either PO; or PO1qo precursor
polymers at a 10:1 weight ratio (analogous to POx-1.65 hydrogels) results in a 10-14 nm increase
in apparent diameter, with the measured apparent diameters for all treated hydrogels lying within
error of each other (p > 0.05, Table 4). This result suggests that all POEGMA precursor

polymers adsorb to CNCs, consistent with QCM-D observations.

Isothermal titration calorimetry was performed to better understand the driving forces
responsible for POEGMA adsorption to CNCs. Figure 7 shows the net difference between the
molar heat of injection of precursor polymers into a CNC suspension (derived by integrating the
areas under the raw ITC data, shown for each polymer in Supporting Information, Figure S10)
and the heat of dilution for each precursor polymer (again by integrating the areas under the
dilution ITC peaks). Both aldehyde-functionalized precursor polymers show relatively small
exothermic heats of injection of -10.2 kJ mol™ and -7.6 kJ mol™ for PO10As, and PO190As0
respectively. In contrast, hydrazide-functionalized PO19H3p and PO109H30 display much larger

and endothermic heats of injection of 110.6 kJ mol™ and 68.6 kJ mol™, respectively.
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Figure 7. Molar heat of injection for the titration of 20 wt % POH3, (red o), PO1gH3o (blue A), PO1pAsg

(green o) and PO440A3, (purple 0) precursor polymers into a 0.9 wt % CNC suspension. The heat of
dilution of each precursor polymer has been subtracted from the displayed titration curves.

Cell interactions with hydrogels.

Relative viability of 3T3 mouse fibroblast cells exposed to both PO, and POy
hydrogels was studied using a resazurin-based assay to assess the cytotoxicity of the hydrogel (or
leachates from the hydrogel) (Figure 8A). In all cases, no significant differences in cell viability
were observed versus controls plated on tissue culture polystyrene, indicating no significant

cytotoxicity toward 3T3 cells.

The potential of these hydrogels for supporting cell growth was further assessed by
suspending 3T3 cells into PO1go polymer precursor solutions with increasing loadings of CNCs
and co-extruding them to form hydrogels. Following 24 h of incubation in DMEM, cells remain
viable inside the hydrogels independent of the CNC content and no dead cells are visible
(Figures 8B-8D), indicating that nutrient transport throughout the hydrogel is sufficient and that

the presence of CNCs does not negatively impact cell viability.
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Figure 8. Relative viability of 3T3 cells incubated with PO, (light grey) and PO, (dark grey) hydrogels
having different CNC loading (A), and stacked confocal microscopy images of PO;qy hydrogels extruded
with 3T3 cells stained with calcein AM and ethidium homodimer-1(B-D).

DISCUSSION

Combining CNCs with POEGMA precursor polymers with varying ethylene oxide side
chain lengths results in hydrogels with significantly different properties, including gelation time,
cross-link density, swelling, and mechanics. POEGMA hydrogels with primarily short ethylene
oxide side chains (n = 2) gel rapidly and have a high cross-link density that limits gel swelling
and increases the storage modulus; conversely, longer ethylene oxide side chain POEGMA
polymers (n = 8-9) act as steric inhibitors to gelation, hence reducing gelation times and
decreasing cross-link densities to create highly swellable gels with lower moduli. The
incorporation of CNCs is observed to consistently enhance mechanical properties, suppress
equilibrium swelling, and lead to faster swelling kinetics and slower degradation relative to the
corresponding POEGMA hydrogels without CNCs. Thus, CNC incorporation represents an
alternative way to tune gel properties aside from changing the concentration of POEGMA
precursor polymers and/or the degree of functionalization of POEGMA polymers (both of which
we have previously demonstrated).>?* We highlight that very low CNC weight fractions (< 5 wt

%) result in very large changes in gel properties.
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QCM-D results suggest that CNCs are physically incorporated into hydrogel networks
not just through simple entanglement but also via the strong affinity of POEGMA for cellulose,
forming an effective physical cross-link between the flexible polymers adsorbed to the rigid rod-
like CNC reinforcing phase. The short side chain POEGMA series adsorbs more to CNCs than
the long side chain polymers, consistent with the lower LCST and thus more compact nature of
the short chain polymers which is speculated to drive adsorption to the non-charged and
hydrophobic faces of CNCs (i.e., the 200 crystallographic plane which is free of hydroxyl
groups™) via hydrophobic interactions and imposes a lower entropic cost of polymer adsorption

to CNCs.

In addition to short chain POEGMA precursors adsorbing more than long chain
precursors, the (more hydrophilic) hydrazide-functionalized POEGMA precursor polymers also
presumably adsorb to the hydrophilic CNC faces in larger amounts than the (less hydrophilic)
aldehyde-functionalized POEGMA precursor polymers within each POy series tested. ITC
experiments show differences in the adsorption thermodynamics of aldehyde and hydrazide-
functionalized precursor polymers with CNCs that lend insight into this difference. The
hydrazide precursor polymers show a net endothermic heat of injection, attributed to the
effective dehydration (and thus effective reduction in LCST) upon hydrogen bond formation
between polymer-bound hydrazide groups and CNC-bound —OH groups and/or acid-base
interactions between hydrazide groups and the CNC-bound sulfate ester groups that leads to
breaking of polymer-water hydrogen bonds. This is consistent with previous observations in
which cross-linking (i.e., converting the more hydrophilic and hydrogen bonding hydrazide
group to a less hydrophilic and less hydrogen bonding hydrazone group) significantly reduces

the temperature at which a phase transition occurs relative to the linear polymers.?* Given that
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the LCST of the PO4o-hydrazide precursor polymer (63.1 °C)** is significantly closer to the test
temperature than that of the PO;qo-hydrazide precursor polymer (>80 °C), the magnitude of this
dehydration transition is significantly higher for the PO, system, consistent with the larger
endotherm observed for POy in the ITC experiments. In contrast, both PO;o and PO aldehyde
polymer precursors exhibit slightly exothermic binding isotherms, consistent with the higher
potential for intramolecular hydrogen bonding, and thus the initially less hydrated nature of both
aldehyde-functionalized polymers, which leads to a significantly lower net breaking of hydrogen

bonds upon adsorption.

CNC surface coverage estimates from QCM-D measurements suggest that CNCs are
fully coated with polymer upon mixing, with initial polymer adsorbing primarily in a mushroom
conformation as previously reported for PEG.>**® For POy precursor polymers, surface
coverage estimates based on Rg calculations suggest that most polymers are bound in a stable
mushroom conformation and are not removed during the PBS rinse. For PO precursor
polymers, our calculation suggests that in a mushroom conformation, precursor polymers could
fully saturate the CNC surface 10-fold; hence it is likely that the polymer collapses upon
adsorption due to hydrogen bonding-driven dehydration and the subsequent lowering of the
LCST of the polymer upon adsorption (as suggested by the ITC data), effectively lowering the
polymers’ Rg values. Such a dehydration event could also allow for a much higher density of
precursor polymer on the CNC surface, lower polymer mobility, and a less viscoelastic layer,
consistent with the QCM-D dissipation values being the lowest for the strongest adsorbing
PO1H3p system (Supporting Information, Figure S11). Note that, in all cases, dissipation
increases linearly with adsorbed mass, suggesting that additional polymer chains do not pack

tighter or change the overall viscoelastic properties of the adsorbed polymer layer.
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For all POEGMA series hydrogels tested, polymer adsorption onto CNC surfaces acts to
(1) decrease the gelation time by effectively increasing the cross-link density in the hydrogel, via
the formation of physical cross-links between polymers and CNCs in addition to the hydrazone
chemical cross-links between polymers, (ii) decrease hydrogel swelling due to a reduction in
polymer chain mobility close to the CNC surface (consistent with results previously reported),®
and (i) increase the degradation time due to the formation of a tighter-packed network with
non-hydrolyzable physical cross-links, a higher overall cross-link density, and less
hydrolytically-accessible hydrazone bonds. These trends are more evident in the long chain
PO1qo series hydrogels which are inherently less cross-linked, making the additional degree of
physical cross-linking provided by the POEGMA-CNC interactions more influential in

determining the overall gel properties.

Similarly, a combination of POEGMA-CNC physical interactions and nanoparticle
reinforcement effects results in an increase in modulus for all hydrogels tested when CNCs are
incorporated into the hydrogel matrix. However, the magnitude of the increase in shear storage
modulus varies significantly between the different POEGMA series investigated at the same
CNC loadings, with the (weaker and lower effective cross-link density) PO;q Series exhibiting a
significantly larger enhancement in modulus than the (stronger and higher effective cross-link
density) PO1q series hydrogels despite the higher adsorption of POy, precursor polymers to CNCs
evidenced by the QCM-D data. Of note, the ultra-high CNC loading PO10-4.95 hydrogel has a
35-fold higher G’ than the control PO140-0 hydrogel, which for tissue engineering applications
would mechanically match much stiffer tissues including cartilage or pre-calcified bone to a

degree not possible without the use of the CNC nanophase.>
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Several other research groups have shown improved mechanical performance in
injectable PEG-based hydrogels by incorporating nanoparticles. Gaharwar et al. studied the
effects of adding hydroxyapatite nanoparticles within PEG hydrogels and demonstrated a 1.7-
fold increase in compressive modulus yet negligible increase in shear modulus even at 15 wt %
hydroxyapatite nanoparticles;> incorporation of 10 wt % silica nanospheres into the same
hydrogels similarly demonstrated a low 1.5-fold increase in the compressive modulus.*
Anisotropic nanoparticles have been reported to exhibit similarly low mechanical enhancements,
with Chang et al. reporting a 1.6-fold increase in compressive modulus of PEG diacrylate
hydrogels upon adding 10 wt % Laponite nanoparticles®® and Yang et al. demonstrating a 3.5-
fold increase in Young’s modulus upon adding 1.2 vol % CNCs to photo-cross-linked PEG
hydrogels.®* As such, the dramatic increase in mechanical performance shown here (35-fold
increase in modulus with <5 wt % CNCs) is the largest improvement reported to date compared
with other injectable/minimally invasive PEG-based hydrogels and is achieved by simple mixing

of native CNCs into the gel matrix without the need for CNC surface modification.

Trends for the mixed precursor PO2s/75, POsgs0 and PO7sp5 series hydrogels are partly
related to the cross-link density and adsorption tendencies of POEGMA to cellulose (consistent
with the single component systems) but are also affected by phase separation of the precursor
polymers and thus domain formation in the subsequent hydrogels.?#* In particular, all mixed
precursor polymer hydrogels exhibited significantly lower moduli than would be predicted based
on a simple weighted average of the properties of the two constituent networks. Given the
demonstrated higher affinity of PO1o-based precursor polymers relative to PO1go-based precursor
polymers for CNC adsorption (Figure 6), we hypothesize that microphase domain separation of

PO and POy precursor polymers leads to a correspondingly more heterogeneous incorporation
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of CNCs concentrated in the PO1o-rich phase, thus reducing the capacity of CNCs to act as a
reinforcing agent for the bulk hydrogel. This hypothesis is supported by the TEM results, in
which CNCs appear more uniformly dispersed in (particularly) the PO1g0 and (to a lesser extent)
the POy single precursor hydrogels (Figures 5A and 5B) than the mixed precursor hydrogels,
especially the POys/75-1.65 hydrogel in which PO;qg (the lower affinity phase for CNC

adsorption) constitutes the continuous phase (Figure 5C).

Overall, CNC agglomeration is not observed for any of the hydrogels tested, significant
since agglomeration is a documented issue for CNCs in nanocomposites and generally requires
high energy mixing, solvent exchange steps, or surface modification of CNCs to be overcome.?
The adsorption of POEGMA onto CNCs and the compatibility of POEGMA and cellulose are
believed to assist in the uniform distribution of CNCs and decrease the agglomeration tendencies
of CNCs during gelation, even when only modest mixing is applied (using the double barrel

syringe static mixer).

Previously, both CNCs***® and POEGMA hydrogels®?* have been shown in various
studies to be non-cytotoxic. Here, we show that POEGMA-CNC nanocomposite hydrogels are
also non-cytotoxic, with CNC loading having no significant impact on cell viability. In addition,
the demonstrated capacity to incorporate cells into precursor mixtures and then extrude into
uniform hydrogels while maintaining cell viability independent of the CNC content suggests that
POEGMA-CNC nanocomposites may be of use in biomedical applications, including tissue

engineering and cell growth.

CONCLUSION
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We have presented a highly tailorable injectable POEGMA-based hydrogel which
possesses both covalent hydrazone cross-links between POEGMA precursors and physical cross-
links between CNCs and POEGMA to facilitate effective dispersion of CNCs and mechanical
reinforcement of the hydrogel matrix. The adsorption of POEGMA precursor polymers onto the
CNC surface can facilitate up to 35-fold increases in storage moduli versus POEGMA-only
controls by adding only 5 wt % CNCs. The incorporation of well-dispersed CNCs leads to
decreased POEGMA mobility giving stiffer, less swellable gels that degrade over longer time
periods. Further, by changing the side chain length of the POEGMA precursor polymers, the
adsorbed amount of POEGMA can be tuned, creating tighter packed or heterogeneous hydrogel
morphologies. In all cases, the incorporation of CNCs does not negatively affect cell viability,
indicating POEGMA-CNC nanocomposite hydrogels may offer particular utility in biomedical

applications such as high-strength biodegradable tissue engineering scaffolds.

Supporting Information Available. Full characterization of POEGMA polymers, reaction
scheme for the synthesis of aldehyde and hydrazide-functionalized POEGMA polymers, H-
NMR spectra for hydrogel precursor polymers, an AFM height image of CNCs, long-term
degradation data for hydrogels, N, cryo-sectioned TEM image of ultra-high CNC loading PO1o-
4.95 hydrogels, propane cryo-sectioned cryo-TEM image of POq,-1.65 hydrogel, raw isothermal
titration calorimetry data, and plots of QCM-D dissipation versus adsorbed mass. This material

is available free of charge via the Internet at http://pubs.acs.org.
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