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ABSTRACT Ultraviolet (UV) photo-cross-linkable hydrogels have been commonly used for three-dimensional (3D) encapsulation of
cells. Previous UV cross-linkable hydrogels have employed one-shot hardening of mixtures of hydrogels and cells. Here we propose
an alternative method of making hydrogel-encapsulated cell constructs through layer by layer (LBL) buildup of alternating layers of
cells and hydrogel. The LBL method potentially permits better spatial control of different cell types and control of cell orientation.
Each hydrogel layer must be hardened before deposition of the next layer of cells. A UV-curable gel precursor that can also be gelled
at physiological temperature is desirable to avoid repeated UV exposure of cells after deposition of each successive hydrogel layer.
We designed, synthesized, and applied such a precursor, dual-curable—both thermoresponsive and UV-curable—chitosan-graft-
polyethylene glycol-graft-methacrylate (CEGx-MA) copolymer (x is the PEG molecular weight in Daltons). We found that CEG350-MA
copolymer solutions (5 wt % polymer) formed physical gels at ~37 °C and could be further photopolymerized to form thermally
stable dual-cured hydrogels. This material was applied to the creation of a two-layer LBL smooth muscle cell (SMC)/hydrogel construct
using temperature elevation to ~37 °C to gel each hydrogel layer. The physically gelled two-layered hydrogel/cell construct was finally
exposed to a single UV shot to improve its mechanical properties and render it thermally stable. CEG350-MA solution and gel are
nontoxic to SMCs. Cells remained mostly viable when they were encapsulated inside both physically gelled and dual-cured CEG350-
MA and suffered little damage from the single brief UV exposure. The combination of LBL tissue engineering with a dual curable
hydrogel precursor such as CEG350-MA permits the buildup of viable thick and complex tissues in a stable, biocompatible, and

biodegradable matrix.
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1. INTRODUCTION
ydrogels are three-dimensional (3D) networks of
I—I hydrophilic polymers which can preserve large
amount of water in their structures. Their composi-
tions can be tuned to achieve physical characteristics re-
sembling those of biological tissues for applications in cell
delivery and encapsulation (1-4). Hydrogels have been used
as synthetic extracellular matrices (ECMs) for encapsulating
cells in tissue engineering (1, 5, 6). We (7, 8) and others
(9, 10) have shown that cells can be encapsulated inside
ultraviolet (UV) photo-cross-linked hydrogels with high vi-
ability and proliferation rate. Previous reports (1, 5-10)
involving UV cross-linked hydrogels for 3D cell encapsulation
have applied one-shot UV hardening of mixtures of hydro-
gels and cells. Limitations of one-shot UV photo-cross-linking
include low cell density, poor control of cell alignment and
phenotype, etc. (11).
Here, we propose an alternative approach to the con-
struction of thick multilayered tissue through a LBL hydrogel
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encapsulation of cells. The LBL technique has been used to
construct biomimetic native-like three-dimensional tissue.
Mjahed et al. and Grossin et al. prepared LBL scaffold
consisting of alternating layers of cell-containing alginate and
multilayered film which comprises polyanion and poly(L-
lysine) (12, 13). The cells embedded within the alginate gels
were viable and the polyelectrolyte multilayer can encapsu-
late bioactive molecules like growth factors within them (13).

In our approach, a first layer of cells is grown on a surface
to confluence and then a hydrogel precursor solution is
deposited over the confluent cells and then hardened
(Scheme 1). A second layer of cells is grown on top of the
first layer of hardened hydrogel followed by hardening of a
second hydrogel layer on the second layer of cells; the
alternate deposition of cells and hydrogel is repeated several
times to build a thick tissue. The LBL cell/hydrogel buildup
can potentially allow higher density, better alignment of cells
or construction of multicell type tissues. However, repeated
exposure of cells to UV light is known to be harmful so that
application of multiple UV exposures to harden each suc-
cessive layer in turn for buildup of thick tissues with LBL is
infeasible. Other methods of gel hardening are needed for
the LBL encapsulation of cells (14, 15). One such alternative
hardening method involves thermally responsive gels. Com-
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Scheme 1. Schematic for LBL Cell Culture
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mon thermoresponsive gels include those based on N-
isopropylacrylamide (16, 17) and Pluronic (18, 19). How-
ever, thermoresponsive hydrogels are typically thermorevers-
ible so that they revert to sol when the temperature is
lowered. Hydrogels suitable for tissue engineering applica-
tions should also be stable against temperature variations
for ease of handling. We propose a dual-curable hydrogel
that is thermoresponsive as well as UV photo-cross-linkable.
Each hydrogel layer can be separately hardened after ap-
plication by raising the temperature so as to build up multiple
alternating layers of hydrogel and cells. The entire hydrogel/
cell construct can then be UV photopolymerized to make it
more thermally stable. In this way, the cell layers are built
up by LBL but are subjected to UV only once.

Chitosan, a cationic polysaccharide of D-glucosamine and
N-acetyl-D-glucosamine, is known to be biocompatible,
nontoxic, antibacterial, and biodegradable (20-22). Ther-
moresponsive copolymers of chitosan and N-isopropylacry-
lamide, poly(vinyl alcohol), poly(ethylene glycol) (PEG), etc.,
have been reported (23-30). Most of these systems can
undergo a sol—gel transition at temperatures close to the
physiological temperature of 37 °C. Bhattarai et al. (31, 32)
have reported that solutions of PEG-grafted chitosan were
able to gel at 37 °C and the gel has been used for in vitro
drug release (31). However, there are few reports on ther-
moresponsive copolymers of chitosan and PEG, which is also
biocompatible (31, 32). A nonthermoresponsive chitosan-
PEG hydrogel network based on blending chitosan acrylate
and thiol-terminated PEG star polymer has been prepared
and applied in cell encapsulation (33). As far as we know,
there is no reported work on application of thermorespon-
sive chitosan-graft-PEG as cell carrier or encapsulant. There
is also no reported work on dual-cure hydrogel systems
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based on chitosan-graft-PEG-graft-methacrylate, which is
both thermoresponsive and photopolymerizable.

In this study, we prepared two chitosan-graft-PEG-graft-
methacrylate copolymers with different PEG molecular
weights (M) of 350 and 2000 Da; hereafter, we shall refer
to these graft copolymers as CEGx, where x denotes the M,
of the PEG. Scheme 2 shows the synthetic strategy. Meth-
acrylate groups were introduced (Scheme 2b) to produce a
novel photo-cross-linkable copolymer, chitosan-graft-PEG-
graft-methacrylate (CEGx-MA). These chitosan derivatives
were characterized using Fourier transform infrared (FTIR)
spectroscopy, 'H nuclear magnetic resonance (NMR) spec-
troscopy, and elemental analysis to confirm successful
substitution. Ninhydrin assay was used to analyze the graft-
ing position. CEGx-MA solutions formed physical gels (here-
after denoted CEGX-MA-P) upon increasing the incubation
temperature from 10 to 60 °C. The physical gels were further
cross-linked by UV irradiation to produce dual-cured hydro-
gels (CEGx-MA-D). The rheological and mechanical proper-
ties of both the physical and dual-cured gels were investi-
gated. Smooth muscle cells (SMCs) were cultured on both
the physical and dual-cured hydrogels (CEGx-MA-P and
CEGx-MA-D) for 7 days and the MTT assay was performed.
Layer-by-layer cell encapsulation was also performed with
CEG350-MA(-P and -D) (Scheme 1).

2. EXPERIMENTAL METHODS

2.1. Materials. Chitosan with number-average molecular
weight (M,) of 1.05 x 10° Dalton was purchased from Dalian
Xindie (Chitin) Pte Ltd. Tetrabutyl ammonium bromide, a-meth-
oxy-terminated polyethylene glycol (PEG) of number-averaged
molecular weight (M) 350 and 2000 Da, D-glucosamine, nin-
hydrin, hydrindanthin, dimethylsulfoxide (DMSO), glycidyl meth-
acrylate, and thiazolyl blue tetrazolium bromide were purchased
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Scheme 2. (a) Synthesis of Chlorofunctionalised
PEG, Reflux/24 h; (b) Reaction Scheme for Synthesis
of CEGx: (i) Grafting of PEG onto Chitosan to form
CEGx, NaOH/CICH,CO(OCH,CH,),,-OCH5/r.t./24—48 h;
and (ii) Formation of CEGx-MA, Glycidyl
Methacrylate/Et;N/BusNH, " Br /r.t./2 Days
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Chitosan-graft-PEG-graft-methacrylate (CEGx-MA)

from Aldrich and used as received. Potassium carbonate (an-
hydrous) and triethylamine were purchased from Fluka and
used as received. Sodium hydroxide (NaOH) solution in deion-
ized (DI) water was prepared using sodium hydroxide pellets
purchased from Merck. Chloroacetyl chloride was obtained
from Merck and reagent grade toluene and analytical grade
isopropanol and hydrochloric acid were purchased from Fisher
Scientific. Technical grade acetone and ethanol were purchased
from VWR (Singapore) and used directly. The photoinitiator,
4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl) ketone (Irga-
cure 2959), was purchased from Ciba (Singapore).

2.2. Synthesis. Scheme 2 shows our strategy to synthesize
(@) chlorofunctionalized PEG (CI-PEG) intermediate and (b)
CEGx-MA using low and high molecular weight PEG (My: 350
or 2000 Da).

2.2.1. Synthesis of Chlorofunctionalized PEG. Chlorofunc-
tionalized PEG was synthesized using a method similar to that
reported by Reining et al. (34). 7.06 mmol of a-methoxy-
terminated PEG dissolved in 100 mL of toluene was added with
28.24 mmol of chloroacetyl chloride. The solution was then
heated under reflux for 24 h. After the reaction, the solvents
were evaporated under high vacuum and the residue dissolved
in 150 mL of dry dichloromethane. Potassium carbonate was
added and the mixture was stirred and filtered. Chlorofunc-
tionalised PEG (M, 2000) is a solid and was purified via
precipitation. The solvent in the filtrate was first evaporated and
the residue was dissolved in 100 mL of toluene. The solid was
then reprecipitated in 750 mL of hexane. The product was
obtained after filtration and dried under a vacuum at room
temperature. The lower molecular weight chlorofunctionalised
PEG (M, 350) is a liquid and was purified by evaporating the
solvent under high vacuum until a thick viscous fluid was
obtained.

2.2.2. Synthesis of Chitosan-graft-PEG (CEG). 2.0 g of
chitosan was added to 25.0 mL NaOH (50 wt %) solution and
stirred for 24 h. The resulting slurry was filtered to obtain
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alkalized chitosan. Chlorofunctionalized PEG (molar ratio of
chitosan monomer unit to PEG added was 1.8:1.0) was dis-
solved in 25.0 mL of isopropanol and the solution was added
dropwise to the alkalized chitosan. The mixture was reacted at
room temperature overnight to synthesize CEG350 but for 2
days to synthesize CEG2000. After the reaction, the mixture was
filtered and the residue dissolved in 100 mL of water. 2.5 M
hydrochloric acid was then added to neutralize the pH of the
solution. After centrifugation, the product was precipitated from
the supernatant liquid by adding 150 mL of acetone, followed
by 150 mL of a 2:1 (v/v) mixture of acetone and ethanol. The
product was filtered and left to air-dry at room temperature until
constant weight. The chitosan-g-PEGs with molecular weight x
(CEGx, x = 350 and 2000) obtained were white solids. A molar
ratio of chitosan monomer:PEG of 1.8:1.0 was necessary to
achieve good water solubility for both, whereas a molar ratio
of chitosan monomer to PEG of 2.3:1.0 (lower limit) gave
products that were only sparingly soluble in water.

2.2.3. Methacrylation of CEGx. One gram of CEGx was first
dissolved in 100 mL of distilled water before addition of 230
uL of triethylamine, 150 uL of glycidyl methacrylate, and 0.27 g
of tetrabutyl ammonium bromide. The mixture was stirred for
2 days at room temperature. To purify the product, the reacted
mixture was dialyzed for at least 3 days to remove toxic
unreacted triethylamine and glycidyl methacrylate. Dialysis also
removes impurities or unreacted reactants from the previous
synthesis steps. The membrane tubing (Spectrum Laboratories)
used in the dialysis has a molecular weight cutoff of 3500 Da.
The methacrylated CEGx (CEGx-MA) solution was then lyophi-
lized.

2.3. Physical Hydrogel Preparation and Gelation Study.
Five weight percent CEGx-MA solutions in phosphate buffered
saline (PBS) were prepared in 10-mL glass bottles. The mixtures
were stirred and vortexed several times for complete dissolu-
tion. The resulting solutions were left overnight at 4 °C before
increasing the temperature to physically gel the polymer solu-
tion. The glass bottles were placed in a water bath at 37 °C for
various time durations (15 min, 25 min, 60 min, and 24 h). The
tube-inversion method was used to determine the sol—gel
transition (31, 32). Briefly, the tube was first placed in the water
bath at 37 °C for 25 min and then removed from the bath and
immediately inverted to determine if the solution could flow; if
the solution did not flow, a gel had formed.

2.4. Photopolymerization of Physical Gels (Dual-Cured
Hydrogels). 0.05 wt % Irgacure 2959 photoinitiator was added
to the CEGx-MA (5 wt %) solution. Unless otherwise stated, the
solution (150 uL) was then placed into a well of a 24-well cell
culture dish, which served as the mold, at 37 °C for 25 min in
an incubator; in some cases, the physical gelation was con-
ducted at 37 °C for 24 h. After the physical gel was formed, the
gel was exposed to UV light (4 min exposure) using a Honle UV
Technology machine equipped with an in-built UV mercury
lamp with wavelength of 365 nm and intensity of 10 mW/cm?.

2.5. RGD Grafting onto CEGx-MA Hydrogels. RGD was
immobilized on hydrogels according to a method reported by
Zhu et al. (35). Briefly, hydrogels were formed in 96-well cell
culture dishes by physical gelation (37 °C for 25 min); some
were further immediately photopolymerized (for 4 min). Im-
mediately after preparation, the hydrogels were soaked in 1 wt
% of glutaraldehyde solution for 10 h at 4 °C and then rinsed
with distilled water to removed unbound glutaraldehyde. The
hydrogels were then soaked in 1.0 mg/mL of RGD/PBS solution
for 24 h at 4 °C. The RGD-grafted hydrogels were then rinsed
twice with PBS to remove ungrafted RGD.

2.6. Characterization. The water solubility test was con-
ducted by mixing 0.010 g of CEGx and CEGx-MA in 1.0 mL PBS.
The ninhydrin assay was carried out to determine the -NH,
content (36, 37). Ninhydrin reagent was first prepared by adding
4 M lithium acetate buffer (10 mL) to ninhydrin (0.8 g) and
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hydrindanthin (0.12 g) in DMSO (30 mL). The ninhydrin reagent
(0.5 mL) and the sample (0.5 mL) were added together in a test
tube. The mixture was then heated in boiling water for 30 min
and cooled to room temperature. Ethanol and water (5 mL, 50:
50 (v/v)) were added to the cooled tubes and then vortexed. The
absorbance of the solution was measured with a UV spectro-
photometer (Nicolet Evolution 500) at a wavelength of 570 nm.
The calibration curve was obtained using different concentra-
tions of D-glucosamine standards.

The degrees of PEG substitution and methacrylation of chi-
tosan and its derivatives were calculated from the mole per-
centages of carbon and nitrogen in the sample that were
determined through elemental analysis (38)

DS of PEG group =

%mol % (CEG) — %mol % (chitosan)

c X 100%
ﬁmol % (chitosan)

DS of methacrylate group =

%mol % (CEG-MA) — %mol % (CEQG)

c x 100 %
Nmol % (CEG)

'"H NMR studies were carried out using a Bruker Avance 300
MHz instrument. 'H NMR samples were prepared by dissolving
the product in deuterium oxide (D,0O) and were recorded at 40
°C. FTIR spectra of vacuum-dried samples were performed at
room temperature using a Digilab FTS 3100 instrument. The
FTIR pellets were each made from approximately 2 mg sample
and 100 mg KBr.

The kinetic conversion from CEGx-MA to hydrogels during
the UV curing process was analyzed by FTIR coupled with a
single reflection diamond attenuated reflection (ATR) device.
The UV source from a mercury lamp was directed to the sample
using a fiber optic cable with an inner diameter of 1 cm. The
intensity of the UV light, directed to the sample on the diamond
crystal, was adjusted to 10 mW/cm? with a wavelength of 365
nm. The spectra were collected from hydrogels cross-linked at
conversion time (t) up to 5 min. The conversion was calculated
from integration of the decreasing peak area at 810 cm™' (due
to —CH=CH, vibration band of the methacrylic group) followed
by normalization with the stretch vibration of —CH; at 2870
cm™!, which remained unchanged during the course of the
experiment. The conversion was calculated from the following
equation

conversion (%) = |1 — X 100%

omlo'}'lrpjlm:b

where A, and A, are the areas under the peak at 810 cm™! at

time t and time O, respectively, whereas B, and By are the areas
under the peak at 2870 cm ™" at time ¢ and time O, respectively.

Rheological behavior of CEGx-MA was performed with a
Thermo Haake Rheostress 600 rheometer with a plate—plate
geometry. One-hundred-fifty microliters of precursor solution
was placed on the lower plate and the 2 cm diameter upper
plate was lowered with a gap of 0.5 mm in between. The storage
modulus (G) and the loss modulus (G”), as a function of
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temperature or time, were determined at an oscillation fre-
quency of 1 Hz. Typically, the temperature was varied at the
rate of 1 °C/min from 10 to 60 °C. For some samples, the
cooling behavior was studied by cycling the temperature back
from 60 to 10 °C at 1 °C/min.

The mechanical properties of both the physical and dual-
cured hydrogels were characterized by compressive stress—strain
measurements using an Instron 5543 Single Column Testing
System with a 10 N-load cell. The physical gels were prepared
according to the procedure as stated in sections 2.3 and 2.4 at
37 °C at various time durations (15 min, 25 min, 60 min and
24 h) and were immediately used for compression measure-
ments. The dual-cured gels were prepared by 4-min UV irradia-
tion of the physical gels formed at 25 min and 24 h and
immediately used for the compression measurements. A cylin-
drical gel sample, 10 mm in diameter and 2 mm thick, was
placed on the lower plate and compressed at a strain rate of
0.5 mm/min. The Young’s modulus was calculated from the
average slope of the stress—strain curve over the 0 to 20 % strain
range. The fracture stress and fracture strain were also reported.
Three samples were tested for each gel preparation.

2.7. Cytocompatibility Tests. The primary SMCs used were
from human aortic smooth muscle (Cambrex Bio Science
Walkersville Inc.). SMCs were routinely maintained in tissue
culture polystyrene flasks (TCPS) with growth medium (Dulbec-
co’s modified Eagle’s medium (DMEM) with 4 mM L-glutamine
supplemented with 10% fetal bovine serum, 50 IU/mL of
penicillin, and 50 mg/mL of streptomycin) (Gibco). Cells were
passaged by trypsinization with 0.25 % (w/v) trypsin and 0.03 %
(wlv) ethylenediaminetetraacetic acid (EDTA) solution (Sigma)
before reaching confluence, usually every 4 days. Immediately
after curing, the physical and dual-cured hydrogels were surface-
grafted with RGD in 96-well cell culture dishes and then steril-
ized in 70% ethanol (30% DI H,O) at room temperature for
24 h. Before cell seeding, the hydrogels CEG350-MA(-P and -D)
and CEG2000-MA(-P and -D) were soaked with PBS for 1 h.
SMCs and the culture medium were then added to the plate
wells. The medium was changed every 2 days. At certain time
points, phase contrast images were taken using a Zeiss inverted
microscope. The seeding density was 1.0 x 10° cells/mL.

The primary human aortic endothelial cells (ECs) were ob-
tained from Lonza Company (Lonza, Walkersville, MD). ECs
were maintained in TCPS with Clonetics EGM—2 BulletKit (CC-
3162) containing one 500 mL bottle of Endothelial Cell Basal
Medium-2 and the following growth supplements: hydrocorti-
sone, 0.2 mL; hFGF-B, 2 mL; VEGF, 0.5 mL; R3-IGF-1, 0.5 mL,;
ascorbic acid, 0.5 mL; heparin, 0.5 mL; FBS, 10 mL; hEGF, 0.5
mL; GA-1000, 0.5 mL (Lonza, Walkersville, MD). Cells were
passaged by trypsinization with 0.25% (w/v) trypsin-0.03 % (w/
v) EDTA solution before reaching confluence, usually every 3
days. ECs were seeded on 96-well culture plate at the seeding
density of 1.0 x 10° cells/cm?.

Methyl tetrazolium (MTT) assay was used to examine mito-
chondrial function and cell proliferation. MTT solution with 5
mg/mL concentration was prepared by dissolving thiazolyl blue
tetrazolium bromide in PBS. After cells were cultured for
specified time periods, 100 uL. MTT solution was added to the
culture medium in each well of the 96-well plate containing
hydrogels. The hydrogels were incubated on a shaker at 37 °C
for 4 h for color development. The medium was removed after
4 h and DMSO was added to dissolve the formazan formed. The
plate was incubated for another 2 h. After that, the DMSO with
solubilized formazan was transferred to a 24-well assay plate
and absorbance was measured using a microplate reader
(Biorad) at a wavelength of 490 nm. Three parallels were
averaged for each sample. The statistical significance between
measurements on the two sets of data (CEG350-MA-P versus
CEG350-MA-D, CEG350-MA-P versus CEG2000-MA-P, CEG350-
MA-Dversus CEG2000-MA-D and CEG2000-MA-P versus CEG2000-
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FIGURE 1. 'H NMR spectra of (a) CEG350, and (b) CEG350-MA in D,O (300 MHz).

MA-D comparisons) was calculated using Student’s ¢ test.
Differences were taken to be significant when a p-value of 0.05
or less was obtained (showing a 95% or higher confidence
limit).

2.8. Layer-by-Layer (LBL) Cell Culture. Cells at the density
of 1.0 x 10° (cells/mL) were deposited on TCPS and grown for
2.5 days to confluence, after which the medium was pipetted
from the wells. Gel solution (5 wt % CEG350-MA and 95%
autoclaved PBS) was then added to the wells (50 uL/well). The
CEG350-MA solutions were then incubated in an incubator for
25 min to physically gel. Two-hundred microliters of culture
medium was then added for 2 h. A second layer of cells was
then seeded. When they had adhered (about 4 h), the experi-
ments were separated into 3 groups (Scheme 1): (a) Control,
the precursor gel solution was applied to the second cell layer
and the assembly incubated at 37 °C for 25 min for physical
gelation. The cells were then cultured for 2 days. (b) UV before
confluence: the precursor gel solution was applied to the second
cell layer and the assembly incubated at 37 °C for 25 min to
allow physical gelation and then UV irradiated for 4 min. The
cells were then cultured for 2 days before observation. (c)
Delayed UV, the cells were cultured for 2 days before the
precursor gel solution was added. The solution was incubated
at 37 °C for 25 min and UV-irradiated for 4 min. After an
additional 2 days of culture, the cells were observed. The second
layer of cells was cultured for 2 days unless otherwise specified.
For all three experimental conditions, live/dead analyses were
performed to observe the viability of the cells.

Live/dead assay for cell viability was applied to determine the
cell viability for the LBL cell culture. One-hundred-fifty micro-
liters of combined LIVE/DEAD assay reagents (4 uL of 2 Mm
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EthD-1 stock solution and 1 uL of 4 Mm calcein AM stock
solution in 2 mL PBS) were added to each well of the cell culture
dish. The cells were incubated for 30 min. After incubation, 100
uL of PBS was added to each well and then the labeled cells were
observed with fluorescence microscopy.

3. RESULTS

3.1. Synthesis and Characterization of CEGx
and CEGx-MA. Scheme 2b shows the reaction procedure
to obtain CEGx and CEGx-MA. Chitosan was first deproto-
nated, before adding chlorofunctionalized-PEG, by reaction
with NaOH. Because NaOH is a strong base, both the amine
(at C2 position) and the primary alcohol (at C6 position)
present in chitosan could be deprotonated, and the PEG was
subsequently grafted at both the amine and the primary
alcohol, to produce CEGx. CEGx was then methacrylated in
a tranesterification reaction to form CEGx-MA using glycidy!
methacrylate and triethylamine as base. Similarly, both the
amine and the alcohol of chitosan could be methacrylated.
Reactivity at the secondary alcohol at C3 position is probably
poor for both reactions since the C3-OH might be engaged
in hydrogen bonding (39), rendering it less reactive than the
primary alcohol at the C6 position (40).

"H NMR was carried out to characterize CEGx and CEGx-
MA. Representative 'H NMR spectra of CEG350 and CEG350-
MA are shown in Figure 1. The resonance signal at 3.5 ppm
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FIGURE 2. FTIR spectra of (a) chitosan, (b) CEG350, (c) CEG2000,
(d) CEG350-MA, and (e) CEG2000-MA.

(h) in the spectrum of CEG350 is attributed to the methylene
protons in PEG while the 3.2 ppm (i) signal is due to the
protons of the terminal —CHs group of PEG (41). These
resonance signals of PEG methylene protons overlapped
with some of the signals present in the chitosan backbone
(labeled as ¢, d, e, fin Figure 1). The signal at 2.1 ppm (g) is
attributed to -NHCOCHj; on chitosan. After methacrylation
to produce CEG350-MA, resonance signals attributed to
protons and methyl group attached to the double bond were
observed at 5.6 and 6.1 ppm (&, k) and 1.9 ppm (j, j),
respectively (Figure 1b).

FTIR spectra of vacuum-dried chitosan, CEG350, CEG2000,
CEG350-MA, and CEG2000-MA are shown in Figure 2. Figure
2a shows the characteristic absorbance features of the native
chitosan molecule: 3437 cm™' (O—H stretch), 2920 cm™!
(sp® C—H vibration), 1653 cm™!' (amide I band, C—O stretch
of acetyl group), 1590 cm™" (N—H bend), 1157 cm™" (bridge-
O-stretch), 1077 cen™! (C—O stretch), and 1035 cm™' (C—O
stretch). In the FTIR spectra of CEG350 and CEG2000 (Figure
2b,c), the 1077 cmm™! C—0 stretch of chitosan overlapped
with the C—O stretching band of PEG (~1070 cm™") (41) so
that the peak at 1077 cm™" is relatively broad. The absor-
bance bands at 3400 cm™' and 1157 cm™" (Figure 2b,c)
which are characteristic of OH group and 6-OH of chitosan
have reduced in intensity for CEG350 and CEG2000, infer-
ring that PEG substitution has occurred at the OH position
(38, 42, 43). For the FTIR spectra of CEG350-MA and
CEG2000-MA (Figure 2d,e), the formation of a new peak at
around 810 cm™! is attributed to the vinyl bond of the
terminal methacrylate group (44); the slight reduction in
intensity of absorbance at 3400 cm™' (OH stretching) relative
to CEGx inferred that methacrylation has also occurred at
the OH group (42, 43). FTIR suggested that both the PEGy-
lation and methacrylation can occur at the 2-N and 6-OH
positions.

3.2. Physical Properties of CEGx and CEGx-MA.
Some physical characteristics of CEG350 and CEG2000
are summarized in Table 1. The degree of PEG substitution
in CEG350 and CEG2000 are 16.0 £ 0.1 mol % and 29.0 £
0.1 mol % respectively. The higher amount of grafted PEG
present in CEG2000 is due to the longer reaction time
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Table 1. Chemical Analysis and Solubility of
Chitosan, CEGx, and CEGx-MA

after PEGylation
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chitosan CEG350 CEG2000
yield (%) 61.9 30.3
DS by PEG (mol %) 16.0£0.1 29.0£0.1
NH; (mol %) 484+ 43 355+ 1.3 21.2£27
after methacrylation

chitosan CEG350-MA CEG2000-MA
water solubility insoluble soluble soluble
NH; (mol %) 484+ 45 11.6 £0.1 83+1.8
DS by methacrylate 21.6£0.7 20.2 £0.4

group (mol %)

needed to increase the reaction yield. The lower reaction
yield of CEG2000 was caused by steric hindrance of the
longer PEG chain. At the ambient reaction temperature, 1
day was required to achieve 62 % yield for CEG350, whereas
CEG2000 had to be reacted for 2 days to achieve a yield of
30 % . From the ninhydrin analysis (36, 37), the NH, (mole %)
content of CEG350 and CEG2000 were measured to be 35.5
£+ 1.3% and 21.2 & 2.7%, whereas that of native chitosan
is 48.4 = 4.3% (Table 1). Some of the amine functionality
in chitosan was replaced with PEG.

After methacrylation, the NH, content decreased to
11.6 £0.1 % and8.3 £ 1.8 % for CEG350-MA and CEG2000-
MA, respectively, indicating that amino groups were
further substituted by the methacrylate group. Through
elemental analyses, CEG350-MA and CEG-2000-MA were
found to have degrees of methacrylation of 21.6 £ 0.7
and 20.2 £ 0.4 mol %, respectively (Table 1). Unlike
pristine chitosan, both CEG350-MA and CEG2000-MA are
soluble in water at physiological pH.

Figure 3a shows the FTIR spectrum of CEG350-MA at
different photo-cross-linking times up to 5 min. The peak at
around 810 cm™' has almost disappeared at 4 min and a
hydrogel film that could be handled with ease was produced
at this point. Figure 3b shows the methacrylate conversion
versus UV exposure time for CEGx-MA. After 4 min of UV
exposure, CEG350-MA and CEG2000-MA were 86 and 88 %
converted, respectively. CEG2000-MA has a faster conver-
sion compared to CEG350-MA, probably because of the
methacrylate being on a longer chain of PEG, which allows
for greater mobility of unsaturated bond during the photo-
polymerization reaction.

3.3. Hydrogel Physical Properties. Dynamic rheo-
logical experiments were performed as a function of
temperature (Figure 4a—c,e) and time (Figure 4d) for 5 wt
% solutions of CEG350-MA and CEG2000-MA. Figure 4e
shows the hysteresis study of CEG350-MA. Panels a and b
in Figure 4 show that both G” and G” are low in the solution
state, but G” is larger than G” below the crossover point,
which is typical of liquids (27, 30). Both G" and G” increase
gradually until about 37 °C, when crossover occurs. The
crossover temperature is the gelation temperature at which
sol/gel transition occurs. After gelation, G’ is larger than G”
for both gels, indicative of elastic solids (27, 30), and both
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FIGURE 3. (a) FTIR spectra of CEG350-MA cured at different photo-
cross-linking time and (b) photocuring conversion of CEGx-MA.

G" and G” increase dramatically. For CEG350-MA-P, G” and
G” increase dramatically from 1.2 x 10' Pato 1.3 x 10° Pa
and 3.1 x 10' Pato 7.1 x 10* Pa, respectively, at about 50
°C, whereas for CEG2000-MA-P, G" and G” increase from
1.8 x'Pato3.3 x 10*Paand 2.4 x 10' Pato 5.1 x 10° Pa,
respectively. Warming CEG350-MA and CEG2000-MA solu-
tions causes gelation at about 37 °C and increases G” and
G” by 4—5 and 3—4 orders of magnitude, respectively.
CEG350-MA-P is the stiffer of the two gels.

Figure 4c shows that starting at around 37 °C and ending
in the mid 50 °C, there is a rapid increase in viscosity from
6.0 to 4.0 x 10° Pa s and from 3.6 to 1.2 x ® Pa s for
CEG350-MA and CEG2000-MA, respectively. Figure 4d shows
the time dependence of G’ for the gels at 37 °C: it indicates
that G’ for CEG350-MA and CEG2000-MA increase with time
and eventually reach a plateau of about 2 x 10° Pa after
20—25 min, at which point gelation is complete (33).

Figure 4e shows the rheological behavior of a CEG350-
MA solution during a heating—cooling cycle from 10 to 60
°C and back to 10 °C. The sharp increase in G" upon heating
indicates that the liquid solution could turn into a solid-like
gel at around 37 °C and the decrease in G” during cooling
shows that the gel tended to revert back to a liquid at a lower
temperature of about 25 °C, though G’ does not return to
the initial value. By visual observation, the physical gel
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became a viscous liquid with some sol forming upon cooling,
though some gel still remained after cooling.

Compression tests were carried out at room temperature
(Figure 5). The physical gels at the onset of formation were
very soft but the elastic modulus and ultimate stress in-
creased significantly with 24 h incubation at 37 °C; for
incubation from 15 to 60 min, the Young’s modulus and
fracture stress were not significantly different. It seems that
substantially longer than 60 min (e.g., 24 h) of physical
gelation is necessary for significant increase of the compres-
sive properties. For CEG350-MA-P, the elastic modulus and
ultimate stress increased from 1.5 &+ 1.2 kPaand 2.1 £ 1.8
kPaat 15minto 19.5 £ 4.0kPaand 7.2 £ 2.7 kPa after 24 h
respectively (Table S1 in the Supporting Information). For
CEG2000-MA-P, the elastic modulus and ultimate stress
increased from 0.8 £ 0.6 and 0.7 4 0.8 kPa after 15 min
t024.7 £ 8.7and 9.1 £ 2.5 kPa after 24 h, respectively. The
24 h fracture moduli of CEG350-MA-P and CEG2000-MA-P
were not significantly different.

UV irradiation further increased the moduli of dual-cured
hydrogels (with 25 min and 24 h physical gelation) modestly
to 2—3 times that of the corresponding physically cured
hydrogels.

3.4. Biological Properties of CEGx-MA Hydro-
gels. SMCs were cultured on physically gelled and dual-
cured CEG350-MA and CEG2000-MA (Figure 6). Comparing
the four hydrogels, it appears that the CEG350-MA series
(both physically gelled and dual-cured, i.e., CEG350-MA-P
and CEG350-MA-D) supports cell spread and proliferation
better than the CEG2000-MA series (i.e., CEG2000-MA-P and
CEG2000-MA-D). For the CEG350-MA series, cells were well
spread out and spindle-shaped, whereas cells on the CEG-
2000-MA series remained round. The MTT results (Figure 7)
also confirmed that compared to the CEG2000-MA series,
the CEG350-MA series had significantly more viable cells
though fewer than TCPS. The viable cell numbers for the
CEG350-MA series increased with culture time, indicating
the biocompatibility of this series (Figure 7). Further, the
dual-cured CEG350-MA-D hydrogel appeared to support
better cell proliferation and growth than the CEG350-MA-P
hydrogel. This may be due to the higher stiffness of the dual-
cured hydrogel.

CEG350-MA was used for LBL cell culture using SMCs
(Scheme 1). The first layer of cells was grown on TCPS to
confluence and then CEG350-MA solution was deposited on
the confluent layer and allowed to physically gel. The thick-
ness of each gel layer was approximately 200 um (see Figure
S1 in Supporting Information) as observed by optical mi-
croscopy. Then a second layer of SMCs was seeded on the
first layer of CEG350-MA-P gel and the samples were divided
into three groups. In culture condition “a” (Scheme 1, setup
5a), more CEG350-MA solution was dispensed and the
second layer of cells was encapsulated in the second layer
of CEG350-MA-P hydrogel. The cells were then cultured for
2 days and then stained for the live/dead assay. Virtually no
dead cells were detected in setup 5a (Scheme 1), in which
the cells were not exposed to UV irradiation (Figure 8a). This
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indicates that the CEG350-MA-P hydrogel is biocompatible.
In condition “b” (setup 5b), CEG350-MA solution was dis-
pensed onto the second layer of cells, physically gelled for
25 min and then UV-irradiated for 4 min. The cells, encap-
sulated inside the dual-cured CEG350-MA-D gel, were cul-
tured for 2 days before the live/dead analysis. A few more
dead cells were observed via optical microscopy in setup 5b
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than in setup 5a (Figure 8b). The dead cells were possibly
due to UV exposure or the higher gel stiffness. In condition
“c” (setup 5¢), we cultured the second layer of cells to
confluence for 2 days before adding CEG350-MA solution,
which was then hardened by physical gelation for 25 min
and UV irradiation for 4 min. More dead cells were observed
in setup 5c¢ than in setups 5a or 5b (Figure 8c). Figure 8
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shows that SMCs can generally grow well in the gels in all
three setups, although more dead cells were found in setup
5c.

The effects of gel thickness and different cell types
cultured in the LBL setup were also investigated. Gel thick-
nesses of about 150—280 um were produced by varying the
volumes of gel solution added (25—75 uL); addition of 25,
50, and 75 uL of gel solutions resulted in gel thicknesses of
about 150, 200, and 280 um, respectively. Figure 9 shows
that the number of dead cells increases with increasing gel
thickness. To investigate the culture of different types of
cells, ECs and SMCs were cultured in one setup, with ECs as
the first cellular layer and a hydrogel layer between this layer
and the next cellular layer of SMCs. Figure 10 shows that
cells in the ECs/CEG350-MA/SMCs/CEG350-MA layered con-
structs are mostly alive even in the presence of UV.

4. DISCUSSION
Pristine chitosan is soluble only at acidic pH due to the

presence of -NH, and —OH leading to strong hydrogen
bonding. Grafting of PEG chains decreases the hydrogen
bonding leading to the collapse of the crystalline structure
of chitosan so that chitosan-graft-PEG is soluble in neutral
pH (42). PEG is a highly hydrated molecule with a high
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exclusion volume due to the attraction of many water
molecules, which reduces its interaction with other mol-
ecules. Though methacrylation increases the hydrophobicity,
CEGx-MA copolymers were found to still be water-soluble
at physiological pH so that cell encapsulation with these
hydrogels was feasible.

Bhattarai et al. (31, 32) have shown that chitosan-graft-
PEG is a thermoresponsive hydrogel and found that it gels
at37 °C. At low temperature, there is strong intermolecular
hydrogen bonding between water and PEG. As the temper-
ature is raised, interaction of PEG with water is decreased
so that hydrogen bonding is reduced. Hydrophobic interac-
tions between chitosan backbone and/or methylene groups
in PEG become stronger, compared to hydrogen bonding,
so that gel formation occurs (31, 32). Both CEG350-MA and
CEG2000-MA can form physical hydrogels at around 37 °C
and their G” increase impressively by 4—5 orders of magni-
tude to become elastic solids at 37 °C and higher temper-
atures. We observed that higher polymer concentration and
slower temperature ramping rate would increase the final
G’ of the solidified gel. Rheology experiments also show that
the physical gels are somewhat thermoreversible (Figure 4e).

The rheology measurements (Figure 4a and b) indicate
that CEG2000-MA-P gel has lower dynamic elastic modulus
than CEG350-MA-P. This could be attributed to the longer
characteristic time for PEG2000 folding and rearrangement,
leading to a weaker physical gel before equilibrium. How-
ever, both eventually attain almost the same G’ when held
at 37 °C (Figure 4d), which corroborates with the compres-
sive modulus results which show insignificant difference
between CEG350-MA-P and CEG2000-MA-P gelled under the
same conditions (Figure 5).

The stiffness increase with further UV irradiation depends
somewhat on the physical gelation period applied. For
example, after 25 min of physical gelation, UV cross-linking
of CEG350-MA-P to form CEG350-MA-D increased stiffness
by 130%, whereas after 24 h of gelation, the UV-induced
stiffness increase was 180% . However, the compressive
strength and modulus increase caused by the 4 min of UV
irradiation is small compared to the increase with longer
physical gelation time (6—10 times increase with 24 h
standing). This could be attributed to the steric hindrance
experienced by the methacrylate group during UV irradia-
tion. The short UV irradiation time (4 min) was chosen to
minimize UV damage to encapsulated cells while somewhat
improving the gel mechanical properties and, most impor-
tantly, making them thermally stable. Both polymers were
also more than 80% converted at this point (Figure 3). A
longer physical gelation time (e.g., 24 h) is necessary for
significant increase of the compressive properties (Figure 5).
After UV cross-linking, the gel is not reversible back to the
sol, unlike the physical gel shown in Figure 4e. A more
thermally stable gel is preferable for tissue culture, handling
and implantation.

Cell processes can be influenced by both mechanical and
chemical properties of the substrate. It has been shown that
gel stiffness plays an important role in cell processes.
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FIGURE 6. Cell morphology on RGD-grafted physical gels (CEG350-MA-P and CEG2000-MA-P) and RGD-grafted dual-cured hydrogels (CEG350-
MA-D and CEG2000-MA-D) at different periods of cell culture (scale bar = 50 um). Physical gels were made by 25 min incubation at 37 °C.
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FIGURE 7. MTT activities (absorbance at 490 nm) of cells cultured
on RGD-grafted CEGx-MA hydrogels for up to 7 days. Error bars
represent mean =+ standard deviation for n = 3. The seeding density
was 1 x 10° cells/mL (at the level of P < 0.001, ** significantly
different from that of CEG350-MA-P hydrogel at the same day of
culture, ## significantly different from that of CEG350-MA-P hydro-
gel at the same day of culture, && significantly different from that
of CEG350-MA-D hydrogel at the same day of culture; at the level of
P < 0.05, * significantly different from that of CEG2000-MA-P
hydrogel at the same day of culture).

Variation in matrix stiffness is known to cause different focal
adhesion structure, cytoskeleton organization, cell morphol-
ogy, and protein expression (45-47). To study the influence
of gel stiffness and chemical structure on biocompatibility
of these hydrogels, 2D cell culture was carried out with
CEGx-MA-P and CEGx-MA-D. The physical gels were made
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by incubating 5 wt % polymer solution at 37 °C for 25 min;
some of the physical gels formed were further UV irradiated
for 4 min to form dual-cured gels. All the gels were surface-
grafted with RGD prior to cell seeding. RGD grafting was
done after the gel formations step(s) to avoid modulation of
the thermoresponsive behavior of the gel precursor. Al-
though cells do not grow well on CEGx-MA-P and CEGxX-MA-D
without RGD, grafting with RGD significantly improves the
cytocompatibility of these hydrogels. On the basis of the cell
morphology and MTT results, the CEG350-MA series (both
-P and -D) supports cell spreading and proliferation better
than the CEG2000-MA series. Although the two series have
similar mechanical properties, the CEG350-MA series is
more hydrophobic because the PEG chain is shorter and the
PEG content is lower than in the CEG2000-MA series, which
may account for its better biocompatibility (48-50). Also,
comparing CEG350-MA-P and CEG350-MA-D, the dual-cured
gel has significantly higher cell spread and proliferation,
which may be due to its higher modulus (Figure 7, P <
0.001).

Figure 8 shows that our hydrogel can be used to build up
two cell layers by the LBL technique. The left column shows
the results with 2-day culture for the second layer of cells.
Cells encapsulated inside the first layer of CEG350-MA-P
hydrogel are mostly alive. The first layer of cells would
secrete some multiadhesive proteins such as collagen so that
the second layer of cells generally grows well in the three
setups. There were more dead cells in setup 5c¢ (Figure 8ci),
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FIGURE 8. Inverted fluorescence microscopy of live/dead test for different LBL conditions of SMC culture with CEG350-MA gels as shown in
Scheme 1. 2nd layer of cell is cultured for (i) 2 days or (ii) 14 days. (a) Control group with two layers of gel and no UV (setup 5a). (b) UV group
setup with gels exposed to UV immediately after deposition of second layer of cells (setup 5b). (c) Delayed UV group- setup with gels exposed

to UV after two days of proliferation of the second cell layer (setup 5c).

which has more cells because the second layer of cells was
allowed to be confluent. (However, there were also more live
cells in setup 5¢). It is not obvious that the ratio of dead cells
to total cell number in setup 5c¢ has substantially increased
over that of setup 5b (Figure 8bi). In setup 5ai with physical
gelation only, the number and fraction of dead cells is small.
The increase in dead cells in 5bi and ci over ai is plausibly
attributed to the UV irradiation of bi and ci, whereas the
increase in ci over bi may simply be due to the larger total
number of cells in ¢, with two confluent layers.

In addition, the second layer of cells was allowed to grow
for 14 days in setup 5a and 5b; Figure 8aii and bii shows
that cell viability was not affected with longer culture.
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Nutrients were replenished with fresh culture medium every
2 days and these were absorbed by the hydrogels; the
absorbed nutrients together with collagen secreted by cells
enable the SMCs to survive for prolonged times. Dissolution
of the scaffold over this period was not determined in the
cell culture condition, but it is believed that some part of the
gels might be replaced by ECM (though the gel is still visible
after 14 days), which in a way also supports the survival of
the cells.

Figure 9 shows that a thicker gel layer would result in
more dead cells (though there are still a majority of live cells),
this is probably attributed to an increased barrier to the
diffusion process of nutrients secreted by the first layer of
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FIGURE 9. Inverted fluorescence microscopy of live/dead test for SMCs culture for different thickness of CEG350-MA gels in the LBL setup.
2nd layer of cells was cultured for 2 days. (i) Control group with two layers of gel and no UV (setup 5a, scheme 1). (ii) UV group setup with gels
exposed to UV immediately after deposition of second layer of cells (setup 5b, Scheme 1). Scale bar = 50 um.

cells and nutrients from the culture medium to reach the
other layer of cells (51). However, a thin gel would usually
break during rinsing and changing of medium, hence, a gel
thickness of 200 um was selected here to achieve good cell
viability and eliminate the rinsing problem.

The LBL process can be extended to more than two layers
by successive implementation of steps 3 and 4 of Scheme
1, with a culture period to allow the new cell layer to become
confluent before the next gel layer is added. Figure 8
suggests that the ratio of dead to live cells in each layer of a
multilayer construct would be low, so that a thick tissue with
predominantly live cells could be constructed with multiple
LBL steps. The construct would finally be UV irradiated as
in setup 5b (Scheme 1) to make it thermally stable. This
approach minimizes UV damage to the cells in the construct.
A multilayer construct made with a conventional UV-only
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curing gel precursor would require repeated UV irradiation
of the construct to gel each successive layer, which would
limit the achievable tissue thickness or destroy many of the
cells in the construct. With a thermoresponsive and also UV
curable gel precursor, such as CEG350-MA, a thick tissue
may be built up with the LBL technique in which each layer
is non-cell-destructively gelled thermally and the final thick
construct is rendered thermally stable for handling and use
with a single UV exposure.

Successive buildup of alternate layers of SMCs and gels
would produce stratified structures that more closely mimic
the layered architecture of biological tissues and organs, such
as blood vessels. CEG350-MA gel provides a controllable and
versatile synthetic matrix alternative to collagen gel that has
been used to build layered cellular construct (52); CEG350-
MA is also water-soluble and nontoxic and exhibits unique
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FIGURE 10. Inverted fluorescence microscopy of live/dead test for EC and SMC culture with CEG350-MA gels and ECs as the first layer of cells
in the LBL setup. (a) Control group with two layers of gel and no UV (setup 5a, Scheme 1). (b) UV group setup with gels exposed to UV
immediately after deposition of second layer of cells (setup 5b, Scheme 1). Scale bar = 50 um.

thermogelling properties. We have shown that SMCs/CEG350-
MA/SMCs/CEG350-MA constructs could be built up with
controlled thickness. In order to better mimic vascular tissue
where SMCs layer is lined with ECs, these two cell types were
cultured in one setup. Figure 10 shows that the ECs and
SMCs in the ECs/CEG350-MA/SMCs/CEG350-MA layered
constructs could grow well whether in the absence or
presence of UV. The current setup can thus be potentially
applied as a scaffold to study different cellular responses to
a variety of biological cues.

5. CONCLUSIONS

We have synthesized two chitosan-graft-PEG-graft-meth-
acrylate (CEGx-MA) copolymers with PEG molecular weights
(My) of 350 and 2000 Da. CEG350-MA and CEG2000-MA are
both water-soluble and their solutions (5 wt %) undergo
gelation to form hydrogels when the temperature is raised
to about 37 °C. The mechanical properties significantly
improve as the gels are maintained at the gelation temper-
ature (37 °C) for 24 h. UV irradiation further increases the
modulus of dual-cured hydrogels 2- to 3-fold and forms
thermally stable dual-cured networks. The modulus of
CEG350-MA-P and CEG350-MA-D after 24 h/37 °C incuba-
tion were 19.5 £ 4.0 and 54.2 £ 0.7 kPa, respectively; the
corresponding ultimate strength of CEG350-MA-P and
CEG350-MA-Dafterincubationwere 7.2 £ 2.7and22.5 + 5.9
kPa, respectively.

The CEG350-MA series is more biocompatible than the
CEGZ2000-MA series; within the CEG350-MA series, the dual-
cured CEG350-MA-D exhibits better biocompatibility with
SMCs than the physically gelled CEG350-MA-P. LBL cell
culture with CEG350-MA was successfully performed to build
up two layers of cell/hydrogel construct. The CEG350-MA
solution and gel were both nontoxic to the cells. Cells
remained mostly viable when encapsulated inside CEG350-
MA-P and CEG350-MA-D hydrogels, though some dead cells
were seen with the latter. Layer-by-layer culture is an attrac-
tive approach to the rapid formation of thick tissues. Our
thermoresponsive hydrogels illustrate the possibility of build-
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ing thick tissues by the LBL technique. The ability of these
materials to gel without UV irradiation of each layer should
improve the health of thick synthetic tissues while the
material can be made thermally stable and somewhat
stronger by a single UV exposure after thick tissue buildup
is complete. These materials, or materials with their proper-
ties, should be highly useful in tissue engineering.
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