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Abstract: Here we report the development and characteriza-

tion of novel photo-crosslinkable chitosan-lactide (Ch-LA)

hydrogels for bone tissue engineering. We synthesized the

hydrogels based on Ch, LA, and methacrylic anhydride (MA),

and examined their chemical structures, degradation rates,

compressive moduli, and protein release kinetics. We also

evaluated the cytotoxicity of the hydrogels and delivery effi-

cacy of bone morphogenetic protein-2 (BMP-2) on osteoblast

differentiation and mineralization using W-20-17 preosteo-

blast mouse bone marrow stromal cells and C2C12 mouse

myoblast cells. NMR and FTIR revealed that the hydrogels

were formed via amidation and esterification between Ch

and LA, and methacrylation for photo-crosslinkable networks.

Addition of a hydrophobic LA moiety to a hydrophilic Ch

chain increased swellability, softness, and degradation rate of

the photo-crosslinkable Ch-LA hydrogels. Changes in Ch/LA

ratio and UV exposure time significantly affected compres-

sive modulus and protein release kinetics. The photo-

crosslinkable Ch-LA hydrogels were not cytotoxic regardless

of the composition and UV crosslinking time. Higher alkaline

phosphatase activities of both W-20-17 and C2C12 cells were

observed in the less-crosslinked hydrogels at day 5. Minerali-

zation was enhanced by sustained BMP-2 release from the

hydrogels, but was cell type dependent. This photo-

crosslinkable Ch-LA hydrogel is a promising carrier for

growth factors. VC 2014 Wiley Periodicals, Inc. J Biomed Mater Res

Part B: Appl Biomater, 102B: 1393–1406, 2014.
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INTRODUCTION

In tissue engineering and regenerative medicine, hydrogels
have been extensively studied as a means of delivery of
growth factors to regulate cell functions as well as enhancing
tissue regeneration.1,2 The ideal hydrogel based delivery sys-
tem for bone regeneration should have the following charac-
teristics: (1) being able to fill and remain in the cavity of the
defect with suitable swelling behavior and mechanical prop-
erties, (2) spatial-temporal presentation of bioagents to facili-
tate and guide migration, proliferation, and differentiation of
cells, and (3) gradual degradation corresponding to the rate
of tissue regeneration for seamless tissue integration and
potential function restoration.2,3 It is well known that chemis-
try, network structure, and reaction mechanisms of hydrogels
determine hydrogel properties and its delivery kinetics.

Recently, photo-crosslinkable hydrogels have been inten-
sively studied in many biomedical applications such as drug

delivery,3–5 cell therapy,6 and tissue engineering scaffolds.7

The agents delivered including drugs, growth factors, and
cells are loaded into an injectable formula, that can be
directly applied to the targets in a minimally invasive man-
ner. The crosslinking of the hydrogel occurs covalently and
irreversibly in situ via UV light irradiation. The photo-
crosslinking method can avoid uncontrollable and inconsis-
tent gel formation due to the reactions that occur immedi-
ately by mixing with crosslinkers.4,7 The precise structure of
the crosslinked hydrogel networks can be also achieved by
photolithography or rapid prototyping (RP) techniques.6

In addition, hydrogels and polymers resembling extracel-
lular matrix (ECM) are of great interest for growth factor
delivery because they possess ECM-like chemistry, structure,
physicochemical, and mechanical properties that potentially
benefit storage and controlled release of growth factors.2,8

For example, among polysaccharides, chitosan (Ch) has been
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studied for drug delivery, wound healing, and tissue regen-
eration due to the presence of amino groups, providing a
great opportunity for chemical modification and beneficial
biological properties such as biocompatibility and biode-
gradability.9–13 In addition, polylactide (PLA) has been also
widely used for sustained drug delivery systems and ortho-
pedic devices.11–14 However, the high crystallinity and
hydrophobicity of PLA cause slow degradation rate and low
cell adhesion, limiting its application for tissue regeneration.
Methacrylic anhydride (MA) has been commonly used in the
preparation of crosslinkable polymer networks such as Ch-
MA due to the high reactivity of methacrylic double
bonds.14,15 Though Ch-PLA copolymers have been studied
for tissue engineering or drug delivery in the form of film,
scaffolds, or nanoparticles,11–13 as well as Ch-MA based bio-
materials,15–17 to our best knowledge, Ch-lactide (LA) based
photo-crosslinkable hydrogels have not been reported.

Herein, we report the development and characterization
of novel photo-crosslinkable Ch-LA hydrogels with tunable
swelling behaviors, degradation rates, mechanical proper-
ties, and protein release kinetics. We hypothesized that the
Ch-LA hydrogel would combine excellent biocompatibility,
protein affinity, and degradability from Ch, and tunable
physical and mechanical properties from LA.1 We also
hypothesized that crosslinking density by methacrylation
would further regulate the physicochemical properties of
hydrogels. We rationalized that hydrophilic Ch backbone
molecules and hydrophobic PLA side chains can form the
hydrophobic–hydrophilic copolymer network, providing the
flexibility of the hydrogel, while MA incorporation can form
different crosslinking density via photo-initiation of its
highly reactive double bonds.14 The former is determined
by the Ch-LA ratio or the amount of LA, and the distribution
of the hydrophobic molecules along the backbone [14]. The
latter is determined by the concentration of MA, UV radia-
tion intensity, and crosslinking time.15,16 As a result, the
manipulation of these parameters regulates the network
structure, protein affinity, and physicochemical properties of
hydrogels, which affect swelling behavior, degradation rate
as well as protein release kinetics of the hydrogels.

To test our hypotheses, in the present study, we first
synthesized the photo-crosslinkable Ch-LA copolymer using
Ch, LA, and MA. Then, we examined degradation rates, com-
pressive modulus, and protein release kinetics of the photo-
crosslinkable Ch-LA hydrogels. In addition, we investigated
the cytotoxicity and efficacy of the delivery system by meas-
uring in vitro bioactivity of BMP-2 using W-20-17 preosteo-
blast mouse bone marrow stromal cells and C2C12 mouse
myoblast cells. Our results have showed that a novel photo-
crosslinkable, biodegradable Ch-LA hydrogel was success-
fully synthesized and used to effectively deliver growth fac-
tor to regulate cell response in vitro.

MATERIALS AND METHODS

Materials
Ch (� 310 kDa, 75% or greater degree of deacetylation)
and MA were purchased from Sigma-Aldrich (St Louis, MO).
D,L-Lactide was purchased from Ortec (Piedmont, SC).

Human bone morphogenetic protein-2 (BMP-2) was
obtained from Medtronic (Minneapolis, MN). All other chem-
icals were reagent grade and were used as received. An UV
light source (Omnicure S2000) was purchased from Lumen
Dynamics Group Inc (Ontario, Canada).

Synthesis of photo-crosslinkable hydrogels
A 1% (wt/vol) Ch solution was prepared by stirring pow-
dered Ch in 0.75% (vol/vol) aqueous acetic acid at room
temperature overnight. The insoluble particles in the Ch
solution were removed by filtration. An aqueous solution
of lactic acid was prepared by dissolving powdered D,L-lac-
tide in DMSO (dimethyl sulfoxide) at 80�C. Different mass
ratios of Ch to LA were prepared (8:1, 4:1, or 1:1). The
mixture of Ch and LA was stirred using a magnet stirrer
for 1 h at 80�C. Tin (II) 2-ethylhexanoate and triethyl-
amine (TEA) were added dropwise. The mixture was
reacted at 80�C with magnetic stirring for 20 h in nitrogen
atmosphere. The mixture was dialyzed in distilled water
using dialysis tubing (molecular weight cut off: 14,000) for
1 day. 2.5% (wt/vol) MA was added into the dialyzed mix-
ture dropwise, and the reaction continued for 8 h at 60�C.
Similarly, for Ch hydrogels (Ch), 2.5% (wt/vol) MA was
added into the Ch solution dropwise, and the reaction con-
tinued for 8 h at 60�C. After the reaction, the mixture was
dialyzed in distilled water using dialysis tubing (molecular
weight cut off: 14,000) for 7 days. The obtained solution
was then freeze-dried for 2–3 days and stored at 220�C
until use. For the photo-crosslinkable hydrogel formulation,
the freeze-dried samples were reconstituted as a 2% (wt/
vol) in distilled water. The photoinitiator (Irgacure 2959,
CIBA Chemicals) was completely dissolved into distilled
water at 70�C. The photoinitiator solution was sterile-
filtered through a 0.22-lm filter and then added to the
prepolymer solutions to make a final concentration of
0.5% (wt/vol). The prepolymer solutions were then
exposed to 6.9 mW/cm2 UV light to allow for free radical
polymerization by photo-crosslinking. As shown in Scheme
1, the Ch/LA hydrogels were prepared by reacting D,L-lac-
tide with Ch at different mass ratios and varying UV expo-
sure times.

Characterization of hydrogels
Proton nuclear magnetic resonance spectroscopy. The
structural characterization of Ch, Ch/LA, and Ch/LA/MA, was
performed by NMR spectroscopy. Samples were dissolved
and prepared in CD3COOD for nuclear magnetic resonance
(NMR) measurements, and the proton nuclear magnetic reso-
nance (1H-NMR) spectra were obtained on a Varian Inova-
300 spectrometer. All the chemical shifts for resonance sig-
nals were reported in parts per millions (ppm).

Fourier transform infrared spectroscopy spectra. In order
to investigate the chemical structure of prepolymer solu-
tions including Ch, Ch/LA, and Ch/LA/MA, Fourier trans-
form infrared spectroscopy (FTIR) spectra were obtained
using a Bruker Vertex 70 FTIR spectrometer coupled to a
PC with analysis software. Samples were placed in the
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holder directly in the IR laser beam. All spectra were
recorded in transmittance mode (40 times scanning, 800–
4000 cm21).

Scanning electron microscopy. The internal microstruc-
tures of the hydrogels were investigated by comparing Ch
with Ch/LA (1:1) hydrogels. The effect of UV crosslinking
times (30 s and 300 s) on the morphological change of the
hydrogels was also observed. The hydrogel samples were
incubated into phosphate buffered saline (PBS) (pH 7.4) at
37�C for 1 day and lyophilized overnight (Freezone, LAB-
CONCO). The samples were sputter-coated with gold and
examined under a scanning electron microscope (Hitachi S-
3400N VP SEM) operated at a 10 kV voltage. Porosity was
calculated from scanning electron microscopy (SEM) images
by utilizing NIH ImageJ software to determine pore size in a
viewing field.

Mechanical testing
Unconfined compression tests were performed to determine
the effect of introduction of LA to Ch and UV crosslinking
times on the mechanical properties of the hydrogels using
an Instron 5944 materials testing system (Instron Corpora-
tion, Norwood, MA) fitted with a 10 N load cell (Interface
Inc., Scottsdale, AZ). The prepolymer solution was pipetted
into a cylindrical Teflon mold and exposed to 6.9 mW/cm2

UV light. The diameter (�6 mm) and thickness (�3 mm) of
the samples were measured using digital calipers and the
material testing system’s position read-out, respectively.
Before each test, a preload of approximately 2 mN was
applied. The upper platen was then lowered at a rate of 1%
strain/s to a maximum strain of 30%. Load and displace-
ment data were recorded at 100 Hz. The compressive mod-
ulus was determined for strain ranges of 10–20% from
linear curve fits of the stress–strain curve in each strain

range. All tests were conducted in PBS solution at room
temperature.

In vitro degradation characteristics
In vitro degradation of the hydrogels was investigated
according to different ratios of Ch to LA and UV exposure
times. The swelling behavior or degradation profile of the
hydrogels was determined by measuring the wet weight
remaining ratio of the hydrogels in both PBS (pH 7.4) and
lysozyme containing PBS.18 In order to accelerate the degra-
dation process in vitro, we used a higher concentration of
lysozyme than the physiological concentration found in
serum (1.5 mg/mL).19 The hydrogels were surface dried and
weighed (W0). Then the hydrogels were placed into PBS
(pH 7.4) or 100 mg/mL lysozyme/PBS solution at 37�C. At
designated time points over a period of 15 days, the sam-
ples were taken out and weighed again (W1) every other
day. The wet weight remaining ratio was calculated as fol-
lows: Wet weight remaining ratio (%)5W1/W0 3 100%.

In vitro release study
To study the release kinetics of the protein from the hydro-
gels, bovine serum albumin (BSA) was used as a model pro-
tein. This study evaluated the release kinetics of BSA from
the hydrogel according to different ratios of Ch to LA and
UV crosslinking times. BSA was mixed with prepolymer
solution to form a homogenous solution, and then was pre-
served at 4�C overnight prior to the experiment. Approxi-
mately 80 mg/mL of BSA was loaded. The mixture was then
pipetted into a cylindrical Teflon mold and exposed to 6.9
mW/cm2 UV light. The hydrogels with diameter of 6 mm
and thickness of 3 mm were prepared. Each sample was
placed in a container containing 3 mL of PBS (pH 7.4) and
incubated at 37�C for 15 days. At designated time points,
500 lL aliquots of the release medium were sampled and
the same amount of fresh PBS (pH 7.4) was added into
each container. In the collected fractions, the cumulative
release amounts of BSA from the hydrogels were deter-
mined as a function of time by bicinchoninic acid (BCA)
assay (Pierce, Rockford, IL). The optical density of each sam-
ple was determined using a microplate reader at 560 nm
(TECAN Infinite F50).

In vitro bioactivities
Cell culture. Two different cell lines, the W-20-17 preosteo-
blast mouse bone marrow stromal cells and C2C12 mouse
myoblast cells, were purchased from ATCC (Manassas, VA).
They were grown and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) media with 10% FBS, 1% antibi-
otic/antimycotic mixture, 5 mL of L-glutamine (200 mM),
and sodium pyruvate. The cells were cultured in an incuba-
tor supplied with 5% CO2 at 37�C. The culture medium was
changed every 3 days.

Cytotoxicity of hydrogels,. The cytotoxicity of the hydrogels
was examined via an indirect cell culture. The cells were
seeded in the bottom of 12-well plates at a density of
60,000 cells/well and the hydrogels were placed into the

SCHEME 1. Synthesis scheme of Ch and LA copolymer and methacry-

lation of the copolymer.
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cell culture inserts (BD BioCoatTM Control Cell Culture
inserts). After incubation for 1 and 3 days, the number of
viable cells was determined quantitatively using a CellTiter
96VR AQueous One Solution (MTS) assay according to the
manufacturer’s instructions. The light absorbance at 490 nm
was recorded using a micro plate reader (TECAN Infinite
F50). Before the assay, the cellular morphology was
observed using a Zeiss Axiovert 200 microscope (Carl Zeiss
Microimaging, Thornwood, NY). Photomicrographs of cells
were processed using imaging software (Zeiss, AxioVision).

Alkaline phosphatase activity of cells in response to
BMP-2. We investigated the effect of BMP-2 released from
the hydrogels on alkaline phosphatase (ALP) activity of
cells. In this study, two different cell lines were used. The
W-20-17 cell line has been used under the ASTM F2131
standard to evaluate activity of BMP-2 in vitro. The C2C12
cell line was also selected because they shift in the differen-
tiation pathway from myoblastic to osteoblastic after treat-
ment with BMP-2. Cells were seeded in 24-well plates at a
density of 60,000 cells/well and incubated for 5 days. Two
control groups did not contain the hydrogels. In the nega-
tive control group, cells were incubated in DMEM without
BMP-2. In the positive control group, 100 ng/mL of BMP-2
was added into the culture medium on day 1, but it was not
replenished after changing medium at day 3. In the experi-
mental group, cells were cultured in the DMEM media con-
taining the Ch/LA (8:1) hydrogels made by different UV
exposure times (30 s and 300 s). The Ch/LA (8:1) hydrogels
loaded with BMP-2 (100 ng/mL) were placed into the plates
on day 1. The positive control group was designed for a burst
release effect of BMP-2. The experimental gel group was
designed for a sustained release effect of BMP-2. After incu-
bating for 5 days, the medium was removed from cell culture
and the cell layers were washed in PBS (pH 7.4) once. ALP
activity was detected using Sigma-Aldrich Alkaline Phospha-
tase kits according to the manufacturer’s instructions (Sigma-
Aldrich, St. Louis, MO). Histochemical semi-quantitative imag-
ing of ALP was obtained using a Zeiss Axiovert 200 micro-
scope (Carl Zeiss Microimaging, Thornwood, NY).
Quantification of the staining was performed using Adobe
Photoshop 7.0 (Adobe Systems, San Jose, CA). The image his-
togram tool was used to measure average pixel intensity.

Alizarin Red S staining for calcium mineralization. Calcium
mineral content within the cell layers was determined quali-
tatively and quantitatively by Alizarin Red S staining (AR-S).
Cells were seeded in 24-well plates at a density of 30,000
cells/well and incubated in DMEM for 1 day, and then the
culture medium was changed to osteogenic media contain-
ing 10% FBS, 10 mM b-glycerophosphate, 10 nM dexameth-
asone, and 50 mg/mL ascorbic acid. Two control groups did
not contain the hydrogels as described in section “Alkaline
phosphatase activity of cells in response to BMP-2.” In the
negative control group, cells were incubated in osteogenic
medium without BMP-2. In the positive control group, 100
ng/mL of BMP-2 was added into the osteogenic medium on
day 1, but was not replenished after changing medium at

day 3. In the experimental group, the Ch/LA (8:1) hydrogels,
that were made by different UV exposure times (30 s and
300 s), were loaded with BMP-2 (100 ng/mL) and placed
into the plates on day 1. The positive control group was
designed for a burst release effect of BMP-2. The experimen-
tal gel group was designated for a sustained release effect
of BMP-2. At each time point (10 and 21days of incubation),
the cell layers were washed with PBS (pH 7.4) twice and
fixed in ice-cold 50% ethanol at 4�C for 30 min. After wash-
ing with distilled water, they were dried at room tempera-
ture and stained by adding 1 mL of 1% Alizarin Red S (10
mg/mL) at room temperature for 45 min. The cell layers
were then washed with distilled water five times and dried.
Stained cell layers were photographed using a Zeiss Axio-
vert 200 microscope (Carl Zeiss Microimaging, Thornwood,
NY). Quantitative calcium mineral contents were measured
by a destaining procedure using an extraction solvent con-
taining a mixture of 10% acetic acid and methanol at room
temperature for 30 min. About 200 lL aliquots of Alizarin
Red S extracts were then added in a 96-well assay plate.
The Alizarin Red S concentrations of the samples and stand-
ard were determined at an absorbance of 405 nm and
expressed as lg/mL.

Statistical analysis
All data are presented as mean6 standard deviation. Signifi-
cant differences were analyzed by one-way ANOVA test. The
differences in groups and experimental time points at any
time were considered significant if p< 0.05.

RESULTS

Characterization of Ch/LA hydrogels
Proton nuclear magnetic resonance spectroscopy.
Figure 1 shows 1H-NMR spectra of Ch, Ch/LA, and Ch/LA/MA.
The characteristic peaks from the samples associated with Ch,
lactic acid, and MA segments were assigned according to the
data reported in the literature.11–15,20 Ch showed multiplets at
d 3.26–3.89 due to H-3, H-4, H-5, and 2H-6 in the ring of the
glucosamine and the signals at d 1.80, 2.00, and 2.21 assigned
to H-2 of N-acetylglucosamine units of chitin.18 Compared
with Ch, the 1H-NMR spectra of Ch/LA not only showed the
signals of Ch, but also had new peaks at d 4.30–4.53 and d
5.23 assigned to the terminal methine protons of the PLA
branches and their repeat units in the chain, respectively.11–13

The signals at d 1.48–1.59 and d 1.31 were attributed to the
methyl protons of the PLA located at the terminal groups.11–13

The results revealed that Ch/LA contained PLA side chains.
The spectrum for Ch/LA/MA showed, in addition to the sig-
nals assigned in the Ch/LA, the presence of new signals at d
6.23 and d 5.74 attributable to the vinyl protons (C@CH2) of
the methacrylic groups and a singlet at d 1.97 due to the
methyl protons (CH3) of the methacrylic group.14,15 The peaks
from d 1.87 to 2.31 corresponded to the methylene carbons of
acetyl groups on unmodified regions of Ch and methacryla-
mide pendents of methacrylated Ch.14,15 These new spectra
indicated the results of esterification and amidation when
comparing the 1H-NMR spectrum of the Ch with those of the
Ch after modification with LA (Ch/LA) and MA (Ch/LA/MA).
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Fourier transform infrared spectroscopy
spectra. Structure changes of the prepolymer solutions were
also confirmed by FTIR spectra (Figure 2). The spectrum of
the Ch exhibited several characteristic peaks which were
attributed to the C@O stretching vibrations of amide I at
1622 cm21, the NAH bending vibrations of amide II at 1540,
1556, and 1568 cm21, and the CAN bending of the amine
groups at 1261 cm21. The peaks at 1072 cm21 and 1022
cm21, representative of the CAOAC bending, were observed.
The peaks at 1373 and 1405 cm21 were the characteristic
bands of CH3 symmetrical deformation. The absorption at
1733, 1744, and 1818 cm21 was probably attributed to C@O
stretching vibrations of N-acetyl groups in the Ch backbone,
indicating the Ch was not completely deacetylated.

Compared to the IR spectrum of Ch, the intensity of
amide I at 1622 cm21 was enhanced after LA modification
(Ch/LA). The peaks ascribed to the NAH bending vibrations
of amide II changed and shifted to 1537 and 1577 cm21,
indicating that the amount of amide group increased in the
copolymer (Ch/LA) after the reaction. The peaks at 1733,
1774, and 1818 cm21 assigned to C@O stretching vibrations
were enhanced owing to the overlapping of the peaks from
N-acetyl groups in the Ch and the ester that coupled the Ch
and LA. This evidence indicates that the carbonyl groups of
the LA also interact with hydroxyl groups of the Ch.

When the Ch/LA reacted with MA to form Ch/LA/MA,
the increased intensity of the amide I peak (1616 cm21)
and amide II (1539, 1571, and 1579 cm21) indicated an

increase in amidation. In addition, the absorption peaks in
the range from 1600 to 1647 cm21, that were attributed to
the C@C stretching vibrations, were overlapped with the
peaks from the amide I. The enhanced peaks at 1735, 1776,
and 1818 cm21 were assigned to the C@O stretching vibra-
tions due to N-acetyl groups in the Ch and the ester that
coupled the Ch and MA. This evidenced the reactions
between MA with Ch-LA.

SEM observations. Figure 3 shows SEM micrographs of
cross-sectional area of freeze-dried hydrogels after incuba-
tion in PBS (pH 7.4) at 37�C for 1 day. All hydrogels were
highly porous, but displayed distinct morphology between
samples throughout the cross-section. Ch alone [Figure 3(a–
d)] exhibited a porous structure with smaller pore sizes
(94.56 8.31 at 30 s and 82.86 2.43 lm at 300 s of UV
exposure time) compared to the combination of Ch with LA
[Figure 3(e–h)]. The Ch/LA (1:1) made by UV 30 s exposure
exhibited the largest pore size (576.696 24.52 lm) among
the four groups of hydrogels, indicating higher swelling
behavior after incubation in PBS for 1 day. Similarly, with
increasing UV exposure time, the pore size (280.686 30.15
lm) of Ch/LA (1:1) became smaller than that of Ch/LA
(1:1) at 30 s of irradiation. It is likely that longer UV expo-
sure on the prepolymer solution produces more crosslinked
networks. SEM images demonstrated that these structural
properties varied with the composition of the hydrogel and
crosslinking density via exposure time.

Mechanical testing
Mechanical properties of the hydrogels were investigated
according to different ratios of Ch to LA and UV crosslinking

FIGURE 1. The 1H-NMR spectra of Ch, Ch/LA, and Ch/LA/MA. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 2. FTIR spectra of Ch, Ch/LA, and Ch/LA/MA. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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times (Figure 4). The results showed that the compressive
modulus of the hydrogels increased with increasing ratio of
Ch to LA. At 30 s of UV light irradiation, Ch alone showed
significantly higher compressive modulus than the combina-
tions of Ch and LA (p< 0.05). There was also significant dif-
ference in the compressive modulus between Ch/LA (8:1)
and Ch/LA (1:1) (p50.039). The compressive modulus of
the hydrogels significantly increased with increasing UV
crosslinking time in all the groups. Ch possessed 56 0.68,
21.662.04, and 35.26 5.1 kPa of compressive modulus at
30 s, 120 s, and 300 s of UV exposure time, respectively.
Ch/LA (8:1) showed 46 0.38, 22.46 4.1, and 33.26 2.61
kPa of compressive modulus at 30 s, 120 s, and 300 s,
respectively. Ch/LA (4:1) had 1.96 1.11, 146 3.23, and
16.963.15 kPa of compressive modulus at 30 s, 120 s, and
300 s, respectively. Ch/LA (1:1) also significantly increased
compressive modulus from 1.36 0.48 kPa at 30 s to
15.260.86 kPa at 300 s. This indicated that a longer UV
crosslinking time increased cross-linking degree, resulting in
reinforced microstructure of the hydrogels. However, the
compressive modulus of the hydrogels was inversely pro-
portional to the amount of LA in the hydrogel network. The
higher ratio of LA displayed lower compressive modulus of
the hydrogels compared to the others. This result indicated

that mechanical strength was dependent on the ratio of Ch
to LA and crosslinking density via UV irradiation. A higher
ratio of Ch to LA and a longer exposure time increased stiff-
ness of the hydrogels.

In vitro degradation characteristics of hydrogels
To understand the influence of the different ratios and UV
exposure times on the degradation behavior of hydrogels,
the wet weight remaining ratio of the hydrogels in PBS (pH
7.4) was examined as shown in Figure 5. The gels were also
tested in PBS (pH 7.4) containing lysozyme (100 mg/mL). In
PBS, the wet weight remaining ratio of Ch/LA (1:1) at 30 s
of UV exposure time significantly increased compared with
the other groups at the same UV exposure time (p< 0.05).
The other groups showed less than 20% decrease in wet
weight remaining ratio at all UV exposure times and the
shape of the hydrogels was well maintained in PBS during
15 days of the incubation. However, the wet weight remain-
ing ratio of Ch/LA (1:1) showed a similar tendency com-
pared with the others by increasing UV exposure time. This
result showed that the hydrogel with greater portion of LA
and shorter UV exposure time induces the absorption of a
greater amount of water, resulting in a larger degree of
swelling.

In 100 mg/mL lysozyme containing PBS solution, the
wet weight remaining ratio of the hydrogels in all the
groups significantly decreased with time at 30 s UV expo-
sure time, resulting in complete degradation within 3 days.
The wet weight loss of the hydrogels was reduced with
increasing UV exposure time. At 120 s of UV exposure time,
the wet weight remaining ratio of Ch/LA (1:1) remained
unchanged during 3 days of the incubation. Ch/LA (1:1)
completely degraded by 9 days. The other groups also
showed significant decrease in the wet weight (p< 0.05),
but they remained approximately 14% for Ch/LA (8:1) and
Ch/LA (4:1) and 23% for the Ch alone during 15 days. At
300 s of UV exposure time, all the groups showed significant
weight loss with time, but they remained approximately
between 38% for Ch/LA (1:1) and 53% for the Ch alone
during 15 days. Higher ratio of Ch to LA, and longer UV
exposure time pronouncedly decreased wet weight remain-
ing ratios and decelerated degradation rates.

In vitro release study
We investigated whether different ratio of Ch to LA and UV
crosslinking time affects the release rate of the entrapped
proteins in vitro. The percent cumulative release rate of BSA
was measured as a function of time (Figure 6). The result
showed initial burst releases of proteins from all the hydro-
gels followed by sustained releases at both 30 s and 300 s
of UV irradiation. For 30 s of UV exposure, all the groups
showed initial burst of 53–58% of the total amount within
1 day followed by slow releases of 81–91% of the total
amount over 15 days of incubation. In contrast, for 300 s of
UV exposure, the BSA release profile from the hydrogels
yielded initial burst of 31–33% within 1 day. Subsequently,
there were moderate and sustained releases of 65–74%
over 15 days. Increasing UV exposure time resulted in

FIGURE 3. Representative SEM micrographs on the cross-section of

the freeze-dried Ch hydrogels made by (a,b) 30 s and (c,d) 300 s of

UV irradiation; Ch/LA (1:1) hydrogels made by (e, f) 30 s and (g,h) 300

s of UV irradiation. Samples were incubated at 37�C for 1 day and

lyophilized overnight before the examination under a scanning elec-

tron microscope (Hitachi S-3400N VP SEM) operated at 10 kV vol-

tages. (Bar 5 100 or 200 mm).
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reduced initial burst releases and extended the release peri-
ods of BSA. This study demonstrated that the release
kinetics of BSA from the hydrogels was more significantly
affected by UV crosslinking time than the ratios of Ch to LA
over 15 days of incubation.

Cytotoxicity of hydrogels
The cytotoxicity of the hydrogels on W-20-17 and C2C12
cells was examined by a MTS assay, and the cell morphology
was observed (Figure 7) for 3 days of incubation. There
were significant increases in metabolic activities of W-20-17

FIGURE 4. Compressive modulus of hydrogels with different ratios of Ch to LA. The prepolymer solution was exposed to 6.9 mW/cm2 UV light

for (a) 30 s; (b) 120 s; (c) 300 s. Unconfined compression tests were performed using an Instron 5944 materials testing system fitted with a 10 N

load cell. The compressive modulus was determined for strain ranges of 10–20% from linear curve fits of the stress–strain curve. Each value rep-

resents the mean 6 SD (n 5 3). *Denotes significant difference between groups at same UV exposure time (p< 0.05).

FIGURE 5. In vitro degradation of hydrogels in (a) PBS (pH 7.4); (b) PBS (pH 7.4) containing lysozyme (100 mg/mL) at 37�C for 15 days. The degra-

dation profile of the hydrogels was determined by measuring the wet weight remaining ratio of the hydrogels at each time point. Each value

represents the mean 6 SD (n 5 4). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and C2C12 cells after 3 days of culture (p< 0.05), indicating
that the cells were viable and proliferating in the presence
of the hydrogels. Consistent with the MTS assay, microscopic
imaging showed that cells in all the groups significantly pro-
liferated for 3 days of culture. Results demonstrated that
the hydrogels were not cytotoxic regardless of the composi-
tion of the polymers and UV crosslinking time.

ALP activity in response to BMP-2
ALP activity of cells was measured to examine the bioactiv-
ity of BMP-2 released from the Ch/LA (8:1) hydrogels. W-
20-17 and C2C12 cells were treated with BMP-2 at day 1,
and their ALP activities were determined at day 5. Figure
8(a) show ALP activity of W-20-17 at different conditions.
Within 5 days of cell culture, ALP activity was considerably
increased with BMP-2 treatment in all the groups compared
to negative control (p< 0.05). W-20-17 treated with BMP-2
via the hydrogel (UV 30s) expressed significantly higher
ALP activity compared with the positive control (p< 0.05).
However, there was no significant difference between hydro-
gels (UV 30 s and 300 s).

As shown in Figure 8(b), C2C12 also exhibited signifi-
cantly lower ALP expression in negative control compared
with the other groups (p< 0.05). C2C12 treated with BMP-2
via the hydrogel (UV 30 s) expressed the highest ALP activity
during 5 days of cell culture, which was significantly greater
than those of positive control and the hydrogel (UV 300 s).
However, there was no significant difference between positive
control and the hydrogel (UV 300 s). The results indicated
that the continuous supply of BMP-2 via the photo-
crosslinkable hydrogels significantly affected osteoblastic dif-
ferentiation of W-20-17 and C2C12.

Mineralization stained by Alizarin red S
The effects of BMP-2 treatment on mineralization and nod-
ule formation in W-20-17 and C2C12 cells were evaluated
by Alizarin Red S staining. Figure 9(a,b) shows the staining
images of calcium mineral deposition of W-20-17 and

C2C12 at days 10 and 21, and Figure 9(c,d) shows the anal-
ysis results. In the culture of W-20-17 [Figure 9(a)], the
negative control showed no positive Alizarin Red staining at
day 10 and very little staining with a small number of min-
eralized bone nodules at day 21. However, in the presence
of BMP-2, Alizarin Red staining was pronounced in both
positive control and the cultures treated with the hydrogels.
The treatment of W-20-17 with BMP-2, in combination of
osteogenic media, resulted in stimulation of calcium miner-
alization and nodule formation. The analysis results in Fig-
ure 9(c) were consistent with the visual observation in
Figure 9(a). Alizarin Red S staining was significantly
increased in cultures with BMP-2 at day 21 compared to
day 10 (p< 0.05). The highest calcium accumulation
occurred in both positive control and the cultures treated
with the hydrogels (UV 30 s) at 21 days.

In C2C12 cultures [Figure 9(b,d)], calcium mineral for-
mation in all groups significantly increased at day 21 com-
pared with day 10 (p< 0.05). In the control groups, calcium
deposition increased in a time-dependent manner, but there
was no significant difference between negative and positive
control groups. A significant increase in calcium mineral
content was observed in the hydrogel groups compared
with the control groups at day 21 (p<0.05). The highest
calcium accumulation was observed in cultures treated with
the hydrogels (UV 300 s) at 21 days. The quantitative mea-
surement of cell mineralization demonstrated that continu-
ous supplemental BMP-2 to C2C12 cells via the hydrogels
significantly enhanced the level of calcium deposition.

DISCUSSION

BMP-2 has been used in clinics, but the controversy on effi-
cacy and effectiveness of high dosage BMP-2 increasingly
demands the development of an ideal carrier of BMP-2.21–23

Hydrogels have shown great promise for delivery of growth
factors such as BMP-2 to guide cell functions and promote
tissue integration and regeneration.1–3 In the present study,

FIGURE 6. In vitro cumulative release profiles of bovine serum albumin (BSA) from the Ch-LA hydrogels over 15 days of incubation. BSA was

directly loaded into prepolymer solution to form a homogenous solution, and then exposed to 6.9 mW/cm2 UV light for (a) 30 s and (b) 300 s.

The cumulative amounts of released BSA from the hydrogels were determined as a function of time by BCA assay at 560 nm. Each value repre-

sents the mean 6 SD (n 5 3). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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we synthesized and characterized a novel photo-
crosslinkable, biodegradable Ch-LA hydrogel, and used this
hydrogel to deliver BMP-2 to promote osteoblastic differen-
tiation and mineralization in vitro.

First, the Ch-LA hydrogels were synthesized by adding
D,L-lactide onto Ch, followed by methacrylation to form

photo-crosslinkable copolymer networks. The chemical and
structural changes of Ch, Ch/LA, and Ch/LA/MA were char-
acterized by 1H-NMR and FTIR spectra. We found that car-
bonyl groups of the LA interacted with hydroxyl and amine
groups of the Ch. MA also reacted with the Ch-LA via the
esterification and amidation. Compared to Ch/MA, Ch/LA/

FIGURE 7. Cytotoxicity of the hydrogels via an MTS assay. Viability of W-20-17 using (a) 30 s UV; (b) 300 s UV and Viability of C2C12 using (c)

30 s UV; (d) 300 s UV. The cells were seeded at a density of 60,000 cells/well in the bottom of well plates and the hydrogels were placed into

the upper chamber with culture medium. After incubation for 1 and 3 days, the number of viable cells was determined qualitatively and quanti-

tatively (MAG 5 103). Each value represents the mean 6 SD (n 5 3). *Denotes significant difference compared with 1 day of culture (p<0.05).
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MA exhibited significantly greater degree of substitution of
Ch (Supporting Information Table S1). Wu et al. reported
that the amount of branched polymer increased with an
increase in LA content in the feeding ratio.11–13 Liu et al.,
however, demonstrated that the original integrity of Ch was
disrupted when the Ch was grafted with PLA.11 As sug-
gested in the degree of substitution data, this is likely due
to disruption of the hydrogen bonds in the Ch to a certain
extent when hydroxyl and amino groups of Ch are substi-
tuted with alkyl groups of LA, resulting in a decrease in
intermolecular interaction. In contrast, amide or ester link-
ages used for the PLA chain branches can function as plasti-
cizers internally in the rigid main chain of Ch.11,12

Therefore, introduction of hydrophobic LA side chains to a
hydrophilic Ch backbone as well as incorporation of methac-
rylate will regulate the copolymer networks and interaction
mechanisms, allowing for manipulation of the physicochemi-
cal properties of the copolymer.13

Second, the structural changes of hydrogels observed by
SEM were due to the different composition of the hydrogels

and crosslinking density induced by UV irradiation. Mean
pore size of Ch alone was 94.56 8.31 and 82.86 2.43 lm at
30 s and 300 s of UV exposure time, respectively. Ch/LA
(1:1) showed 576.6964.52 and 280.68630.15 lm at 30 s
and 300 s, respectively. The lesser LA component, and the
longer UV radiation time led to a relatively more compact
network, denser surface texture, and smaller pore sizes in
the Ch-LA hydrogels. The ability to control the structural
changes of hydrogels can have a beneficial effect on cell sig-
naling and communication as well as diffusion of nutrients
and oxygen for bone tissue engineering applications.2 The
mechanical property of the hydrogels was consistent with the
features of porous network structures. Regardless of UV radi-
ation time, the increased amount of LA decreased the com-
pressive modulus of the hydrogels. This is probably because
PLA chain branches between crosslinks disrupted the crystal-
line structure of Ch evidenced by the increasing degrees of
substitution. Regardless of the Ch to LA ratios, a longer UV
radiation led to greater moduli of hydrogels. This is likely
due to a greater degree of crosslinking via UV radiation.

FIGURE 8. Effect of BMP-2 released from the Ch/LA (8:1) hydrogels on ALP activity of (a) W-20-17 and (b) C2C12 cells. The cells were seeded in

24-well plates at a density of 60,000 cells/well and cultured for 5 days. ALP activity was detected using Sigma-Aldrich Alkaline Phosphatase kits.

Histochemical semi-quantitative imaging of ALP was obtained using a microscope. Quantification of the staining was performed using Adobe

Photoshop 7.0. The image histogram tool was used to measure average pixel intensity. (MAG 5 103). Each value represents the mean 6 SD

(n 5 3). *Denotes significant difference between groups (p< 0.05). [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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We also characterized the swelling behavior and degra-
dation profile of the hydrogels by examining the wet weight
remaining ratios that allows us to examine the change of
the same sample over time.4,24–27 In our study, different
ratios of Ch to LA significantly affected swelling, shrinking,
and enzymatic degradation of the hydrogels. The hydrogel
network is connected and maintained by alkyl chains via
C@C polymerization. When the hydrogel contains more PLA
chain branches along the Ch main chains such as Ch/LA
(1:1), the mobility and spacing of the hydrogel chains is

increased.11,12 Consequently, this will allow the hydrogel to
enlarge its lattice size for absorbing and holding greater
amount of water. This explains distinct swelling behavior of
Ch/LA (1:1) at UV 30 s in PBS compared to other groups.
As a result, the greater amount of water may increase the
hydrolytic susceptibility of the hydrogel network,10,11,17,18

and breaking the amide and ester bonds of grafted PLA.10,18

In addition to aqueous hydrolysis, Ch, a cationic natural bio-
polymer, can be enzymatically degraded via Ch or lyso-
zyme.19,28,29 Chitosanase is absent in mammals, but

FIGURE 9. The effect of BMP-2 on calcium mineral deposition in (a) W-20-17 and (b) C2C12 cells. The presence of mineral within the cell layers

was stained with Alizarin Red S staining solution at day 10 and 21. The red areas and nodules demonstrate AR-S positive staining for calcium

mineral in the cell layers (MAG 103). The calcium mineral contents quantitatively determined from Alizarin Red S staining extracts from the cell

layers of (c) W-20-17 and (d) C2C12 cells at day 10 and 21. Destained Alizarin Red S concentrations were determined at the absorbance of 405

nm and expressed as lg/mL. Each value represents the mean 6 SD (n 5 3). *Denotes significant difference between groups at the same time

point (p<0.05). **Denotes significant difference compared with those at 10 day of culture (p<0.05). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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lysozyme is present and responsible for the degradation of
Ch in human body. The fraction of N-acetylglucosamine
(NAG) units in Ch contributes to its enzymatic hydrolysis.25

The lysozyme/PBS solution significantly accelerated degra-
dation rates of the hydrogels compared with those in
absence of lysozyme. However, we have demonstrated that
the enzymatic degradation rate of the hydrogels was tunable
by the amount of LA in the hydrogels and the degree of
crosslinking. This is likely that the higher crosslinking
degree inhibited the access of lysozyme to the NAG units on
the Ch chains as well as the amide and ester bonds of the
hydrogel networks.9,26 Interestingly, the fact that no change
in weight ratio of the hydrogel (Ch/LA (1:1) at UV 120 s)
within the first 3 days in PBS solution was probably
because longer side chains of Ch/LA (1:1) could absorb
greater amount of water to compensate the degradation
weight loss before the hydrogel network integrity was
disrupted.

These characteristics of the hydrogels are of importance
in drug release kinetics via diffusion, swelling, and degrada-
tion.21 For example, swelling of hydrogels can accelerate the
diffusion of drugs by opening pores of the polymer net-
work.4,22,23 Surface erosion and bulk degradation of the
polymers will break the polymer chains and networks, and
also can accelerate the release of drugs.21,24 In our in vitro
release study, a model protein, BSA, was incorporated into
the polymer solution and directly entrapped into the hydro-
gel networks after UV irradiation. The incorporation of BSA
into both hydrogels via UV 30 s and UV 300 s induced a
biphasic profile, including an initial burst release followed
by a sustained release of BSA. The former is due to the
combination effect of rapid release of proteins absorbed on
the hydrogel surface and hydrogel swelling that accelerated
dissolved protein diffusion.4,22,23 The latter is regulated by
the combination effect of hydrogel degradation rates and
intermolecular interactions between the protein and hydro-
gels, including hydrogen bonding, electrostatic interactions,
dipole–dipole interactions, and hydrophobic interactions.13

We found that a higher degree of crosslinking via a longer
UV irradiation significantly reduced the initial burst release
and retained higher percentages of BSA loaded within the
hydrogels regardless of the Ch-LA ratios.

The result of cell viability demonstrated the non-
cytotoxicity of the hydrogels regardless of the composition
of the polymers and UV crosslinking because all formula of
the hydrogels well supported cell growth and proliferation.
Therefore, we continued to investigate the effect of the
hydrogels (Ch/LA (8:1)) on BMP-2 induced osteoblast dif-
ferentiation and mineralization. We used two cell lines as
models: W-20-17 cells and C2C12 cells. Several studies
demonstrated that BMP-2 induced the expression of several
markers associated with the osteoblast phenotype in W-20-
17 cells in a dose-dependent manner.30–33 We also selected
C2C12 cell line, which arises from the soft tissues adjacent
to bone and can be reprogrammed to an osteogenic lineage
via osteogenic transdifferentiation.34–38 C2C12 myoblasts
readily adopt a bone gene program in response to treatment
of BMP-2.37–39 In this study, the greater ALP activities of

both W-20-17 and C2C12 cells were observed in the pres-
ence of the less crosslinked hydrogels (UV 30 s) at day 5
compared to the more crosslinked hydrogels (UV 300 s). It
is most likely that the hydrogels (UV 30 s) released more
BMP-2 within the time period. This result was indicated by
in vitro model protein release profiles. In a similar study,
Bhakta et al. demonstrated that BMP-2 released from
hyaluronan-based hydrogels enhanced ALP activity of C2C12
in a BMP-2 dose- and time-dependent manner.40 They found
that hydrogels without heparin released more BMP-2 ini-
tially, thereby inducing a greater ALP activity of C2C12 at
day 7. Findings from the studies suggest that the initial
burst release of BMP-2 over the first few days significantly
enhances early osteoblast differentiation. On the other hand,
Kempen et al. demonstrated that the bioactivity of the BMP-
2 added directly to the W-20-17 cultures was lower than
that of BMP-2 delivered by composite materials, suggesting
that BMP-2 is susceptible to degradation in the culture
medium over a 7-day culture period.31 Similarly, we also
found that both W-20-17 and C2C12 cells expressed signifi-
cantly higher ALP activities in response to a sustained BMP-
2 treatment via the hydrogels (UV 30 s) compared with the
positive control (p<0.05).

In our mineralization study, the BMP-2 containing medium
(positive control) and the hydrogels (UV 30 s) resulted in sig-
nificantly higher Alizarin Red S staining and nodule formation
in W-20-17 cells. The hydrogels (UV 300 s) did not enhance
mineralization of W-20-17 at the early time period, but did at
the later time period compared with negative control
(medium without BMP-2). The results indicated that the burst
release of BMP-2 significantly enhanced calcium mineraliza-
tion of W-20-17. Notably, C2C12 cells produced significantly
higher calcium accumulation in cultures treated with the
hydrogels (UV 300 s) compared with the other groups
(p<0.05), including the hydrogels (UV 30 s). This is because
the hydrogels (UV 300 s) probably had a slower and more
release of BMP-2 at the later time period than the hydrogels
(UV 30 s). Similarly, previous studies also demonstrated a
continuous supplementation of BMP-2 from the delivery sys-
tems could enhance calcium mineral deposition on the layer
of C2C12.34–36,38,39 In addition, no significant difference in
mineralization between negative and positive control groups
indicated that initial BMP-2 treatment had no significant effect
on mature bone differentiation of C2C12 cells in vitro, which
is probably a result of no or very low expression of BMP-2
receptors on the C2C12 cells at early periods of cell incuba-
tions. This study has demonstrated that cell responses to
BMP-2 are highly variable, depending on cell types, species,
and different phases of phenotype maturation.32,41,42

Though hydrogel systems are promising in delivery of
growth factors and small bioactive molecules,1–3,8 new strat-
egies are needed for improving local retention and sus-
tained release of bioagents. This study was to develop and
characterize Ch-LA hydrogels and test its delivery efficacy in
vitro. Our future research would incorporate growth factor
binding proteins into the hydrogels for optimization of the
release kinetics of the growth factors in vitro and validate
their delivery efficacy in vivo.
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CONCLUSIONS

We have shown in the present study that a novel photo-
crosslinkable Ch-LA hydrogels can be formed via the amida-
tion and esterification between Ch and LA, and methacryla-
tion for further crosslinked networks. Introduction of the
hydrophobic moiety of LA to Ch, and crosslinking via UV
irradiation significantly affected structural and mechanical
properties as well as degradation profiles of the hydrogels.
The Ch-LA hydrogels effectively delivered BMP-2 to induce
osteoblastic differentiation and mineralization. The advan-
tages of this novel Ch based hydrogel are the injectable for-
mula that can be easily applied to the target site, and
tunable protein release kinetics and properties via composi-
tion and UV radiation.
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