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Natural and biodegradable chitosan with unique amino groups has found widespread applications in tis-
sue engineering and drug delivery. However, its applications have been limited by the poor solubility of
native chitosan in neutral pH solution, which subsequently fails to achieve cell-laden hydrogel at phys-
iological pH. To address this, we incorporated UV crosslinking ability in chitosan, allowing fabrication of
patterned cell-laden and rapid transdermal curing hydrogel in vivo. The hydrosoluble, UV crosslinkable
and injectable N-methacryloyl chitosan (N-MAC) was synthesized via single-step chemoselective N-acy-
lation reaction, which simultaneously endowed chitosan with well solubility in neutral pH solution, UV
crosslinkable ability and injectability. The solubility of N-MAC in neutral pH solution increased 2.21-fold
with substitution degree increasing from 10.9% to 28.4%. The N-MAC allowed fabrication of cell-laden
microgels with on-demand patterns via photolithography, and the cell viability in N-MAC hydrogel main-
tained 96.3 ± 1.3% N-MAC allowed rapid transdermal curing hydrogel in vivo within 60 s through mini-
mally invasive clinical surgery. Histological analysis revealed that low-dose UV irradiation hardly
induced skin injury and acute inflammatory response disappeared after 7 days. N-MAC would allow
rapid, robust and cost-effective fabrication of patterned cell-laden polysaccharide microgels with unique
amino groups serving as building blocks for tissue engineering and rapid transdermal curing hydrogel
in vivo for localized and sustained protein delivery.
Crown Copyright � 2015 Published by Elsevier Ltd. on behalf of Acta Materialia Inc. All rights reserved.
1. Introduction

Tissue engineering based on microfabrication, assembly, and
in vitro culturing of cell-laden three dimensional (3D) extracellular
matrix (ECM) analogs has been developed for several decades [1–
6]. Serving as cell-laden 3D ECM analogs, patterned cell-laden
microscale hydrogels (microgels) could accurately replicate the
heterogeneous nature of native cellular environments. For regener-
ating complex tissues and organs in vitro, one reliable strategy is
fabrication of cell-laden microgels serving as building blocks,
which are then assembled to form complex artificial micro-tissues
with specific physiological function via bottom-up tissue engineer-
ing [7,8]. Various microfabrication 3D patterned cell-laden build-
ing blocks with natural and/or synthetic polymer have been
widely adopted, such as photolithography [9–11], micromolding
[12] and bioprinting [13,14]. So far, the versatile and efficient
cell-friendly photolithography allows fabrication of patterned
building blocks with advantages of high precision, short time and
low costs especially in fabrication of 3D patterned building blocks
[15–17]. Various cells were seeded on patterned azido-chitosan
hydrogel fabricated by UV lithography, such as cell spheroid
microarrays of Hep G2 and NIH/3T3 [18], patterned cardiac fibrob-
last, cardiomyocyte and osteoblast microarrays on chitosan sur-
faces [19]. UV irradiation time for chitosan gelation is usually 5–
15 min [20,21], thus these patterned chitosan hydrogels are not
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suitable to encapsulate cells during UV irradiation, which fail to
mimic in vivo cell niche microenvironment for biomedical
applications.

Injectable hydrogels with biodegradability have in situ forma-
bility, which allow an effective and homogeneous encapsulation
of drugs/cells in a minimally invasive way. Biocompatible,
biodegradable and injectable hydrogels via chemical, temperature,
pH and UV irradiation triggered gelation have been developed for
localized drug delivery with advantages of minimal invasion and
tunable release behavior of therapeutic drugs [22,23]. Chitosan is
a biodegradable and natural biomaterial with amino groups, which
has been widely used in tissue engineering [24], localized drug
delivery [25] and injectable hydrogels for cancer therapy [26]
owing to its biological properties such as biodegradability by lyso-
zyme, biocompatibility, antibacterial activity and hemostatic abil-
ity. Injectable chitosan could undergo thermal or pH triggered
gelation and could be enzymatically degraded in vivo by lysozyme
and chitosanase enzymes. However it usually takes a long gelation
time for previously reported injectable chitosan hydrogel, for
example, 5–60 min for thermo-sensitive chitosan/b-glycerophos-
phate hydrogel [27,28] and 60 min for pH-sensitive chitosan/poly-
acrylamide hydrogel [29]. In addition, the main component in
chitosan hydrogel is glycerol phosphate or non-biodegradable
polyacrylamide component rather than chitosan, which increases
the risk of biological toxicity to surrounding tissues. UV crosslink-
able hydrogels allow injection of hydrogel precursor and following
rapid curing at desired position in target tissue under mild physi-
ological conditions in a spatiotemporal controlled manner [30,31],
avoiding obvious pH or temperature shock in biological tissues
while maintaining intrinsic structure and bioactivity of drugs or
biomolecules.

There are some challenges associated with chitosan for its
applications in tissue engineering and regenerative medicine, such
as poor solubility in neutral pH solution and spatiotemporal des-
ignability, which subsequently fail to achieve cell-laden hydrogels
with controlled architecture and rapid transdermal curing hydro-
gel in vivo. Chitosan is only dissolved in dilute acid aqueous solu-
tion, but hardly in water or cell culture medium, which
subsequently limits its cell-related applications. To endow chi-
tosan with hydrosoluble ability, various derivatives have been syn-
thesized by chemically grafting with ferulic acid,
phosphorylcholine, 4-imidazolecarboxaldehyde and succinic anhy-
dride [32–35]. Furthermore, hydrosoluble chitosan derivatives
have been subsequently endowed with UV-crosslinkable ability
through covalent linkage with photosensitive components, such
as 4-azidobenzoic acid [36], 2-amino ethyl methacrylate [37], or
ethylene glycol acrylate methacrylate [38–40]. A water-soluble
and UV-crosslinkable chitosan derivative was synthesized by
two-step grafting azide and lactose moieties serving as a biological
adhesive [36]. Another water-soluble and UV-crosslinkable chi-
tosan derivative was synthesized for supporting neuronal differen-
tiation of encapsulated neural stem cells using two-step chemical
modification: synthesis of carboxylmethyl chitosan and subse-
quent grafting 2-amino ethyl methacrylate on carboxylmethyl chi-
tosan [37]. A UV crosslinkable chitosan was obtained through
amidation reaction with EDC/NHS activation between amino
groups of chitosan and carboxyl groups of N-methacryloyl glycine
[41]. However this chitosan derivative could be dissolved in acetic
acid solution instead of water/cell culture medium. Besides, these
synthesis protocols normally involve multistep chemical modifica-
tion, long UV irradiation time for gelation (usually 3–15 min) and
coupling agent (EDC/NHS activation) [20,21].

To achieve hydrosoluble, UV crosslinkable and injectable chi-
tosan for patterned cell-laden microgels and rapid transdermal
curing hydrogels, we facilely synthesized a hydrosoluble, UV
crosslinkable and injectable N-MAC by single-step chemoselective
N-acylation between amino group and methacrylic anhydride
without using any coupling agents or catalysts. The methacryloyl
groups in N-MAC not only allow well solubility in neutral pH solu-
tion but also endow it with UV-crosslinkable ability. Patterned cell-
laden N-MAC microgels with on-demand regular geometric shapes
and complex logos were fabricated via UV lithography for tissue
engineering. Finally, injectable and rapid transdermal curing N-
MAC hydrogels in vivo were developed via skin-penetrable UV
crosslinking strategy within mice subcutaneous space for localized
protein delivery.

2. Materials and methods

2.1. Materials

Chitosan (CS, viscosity average molecular weight
Mg = 3.4 � 105, degree of deacetylation = 91.4%) was purchased
from Qingdao Hecreat Bio-tech company Ltd. Methacrylic anhy-
dride (MA, 94%), photoinitiator Irgacure 2959 (I2959) and fluores-
cein isothiocyanate (FITC) labeled dextran were purchased from
Sigma–Aldrich. Sodium bicarbonate was supplied by Sinopharm
Chemical Reagent Co. Dialysis tubing with molecular weight cut
off range 8000–14,000 was supplied by Solarbio (USA).

2.2. Synthesis of N-MAC

N-MAC was synthesized by single-step chemoselective N-acyla-
tion between CS and MA. Typically, MA was added dropwise to 1%
(w/v) CS acetic acid solution in which the ratio of anhydride to
amino groups was 0.5, 1, 2 and 4, respectively. The reaction was
carried out at 60 �C for 6 h. The resulting solution was neutralized
and diluted 10-fold with 10% (w/v) sodium bicarbonate solution.
The N-MAC was dialyzed against deionized water for 4 days to
remove the unreacted reagent. The snow sponge was obtained by
lyophilization.

2.3. Characterization of N-MAC

1H NMR was recorded on a Bruker NMR (ADVANCE III,
400 MHz) with D2O as solvent. The degree of substitution (DS) of
N-MAC was calculated by ratio of integrated area of the Hc � Hf

peaks at 2.52–4.18 ppm to that of the methylene (Hg) peaks at
5.46 and 5.68 ppm according to the Eq. (1).

DS ¼ AHð5:5&5:7Þ=2
AHð2:5�4:1Þ=5

� 91:4% ð1Þ

where AH(5.5 & 5.7), AH(2.5–4.1) were the area of methylene protons
peak (Hg) at 5.46 and 5.68 ppm, the ring protons (Hc � Hf) peak of
GlcN residues at 2.52–4.18 ppm respectively. FTIR spectra were
recorded on a Perkin-Elmer Spectrum One by the KBr pellets
method. The measurement was carried out at 298 K ranging from
500 to 4000 cm�1. X-ray diffraction (D/max-2550, Rigaku) was used
to investigate the crystalline of CS and N-MAC. The water solubility
of N-MAC was evaluated from turbidity. N-MAC (400 mg) was dis-
solved in deionized water (10 mL). Following stepwise addition of
deionized water, the transmittance of solution was recorded on
UV–vis spectrometer using a 1 cm quartz cuvette at 600 nm.
Images of N-MAC solution and hydrogels were taken by Canon
IXUS 210. ESEM image of N-MAC hydrogel was carried out on a
Helios NanoLab 600i with operating voltage of 10.0 kV. The com-
press testing was carried out with Texture Analyzer TA.XT plus
(Stable Micro System, UK) in MARMALADE mode. All tested samples
were prepared in cylindrical with height of 10 mm and diameter of
20 mm. The probe (P/0.5) with 5 kg load cell was compressed into
the sample to a depth of 2.5 mm at the test-speed of 1 mm/s.
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2.4. Rapid gelation and swelling behavior of N-MAC hydrogel

The 15 mg/mL N-MAC solution containing 0.1% (w/w) I2959
was injected into cube PDMS mold with 3 � 3 � 3 mm and irradi-
ated under Omni Cure

�
S2000 spot curing system (EXFO Inc,

Canada) with an intensity of 10 mW/cm2 for 15 s. The cube shaped
N-MAC hydrogel was weighed (S0) and incubated in 10 mL of PBS
solution at 37 �C. At certain interval, the hydrogel was gently taken
out and weighed (S1). The swelling ratio (SR) was determined
according to the Eq. (2):

SR ¼ S1=S0 � 100% ð2Þ
2.5. N-MAC microgel with spatiotemporal designability

To achieve spatiotemporal microgels, the N-MAC solution with
a concentration of 15 mg/mL containing I2959 was added to a con-
tainer followed by placing photomasks parallel to the container.
The photomasks were designed by software (AutoCAD, v2012,
Autodesk Inc., CA) including regular geometric pattern (square, cir-
cle, concentric ring) and complex microscale logos. Then the result-
ing solution was irradiated by Omni Cure� S2000 for 15 s. The
images of patterned N-MAC microgels were carried out on fluores-
cence microscope (Nikon Eclipse Ti S). FITC labeled dextran was
incorporated for visualization and the matching degree was ana-
lyzed by Image Pro 6.

2.6. In vitro cytotoxicity of N-MAC

NIH/3T3 fibroblasts were used to evaluate cell viability. NIH/
3T3 cells were cultivated in Dulbecco’s Modified Eagles’ medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum and
1% penicillin–streptomycin and incubated at 37 �C, humidified
atmosphere with 5% CO2. The cytotoxicity of N-MAC solution
against NIH/3T3 cells was assessed with cell counting kit-8 (CCK-
8, Dojindo Molecular Technologies, US). To prepare the DMEM
solution containing N-MAC with concentration of 167.5 g/mL to
670 g/mL, different weights of N-MAC were dissolved in 20 ml
DMEM and filtrated by 0.22 lm pore filter for sterilization.
Typically, NIH/3T3 cells were seeded in 96-well plates at a cell den-
sity of 5 � 103 cell per well with 100 lL of medium and cultured
for 4 h. The medium was gently refreshed with 100 lL of fresh
DMEM medium containing different concentrations of N-MAC.
The cells were incubated for another 24 h, 36 and 48 h. Then,
20 lL of CCK-8 assay solution was added into each well. The cells
were incubated for another 4 h. The percentages of living cells
were calculated by absorbance of Multiskan FC microplate reader
(Thermo) with a wavelength of 450 nm. Cells were cultured on tis-
sue culture plastic in the absence of N-MAC solution as the control
group. The experiments were conducted in triplicate; and the
results presented were the average data with standard deviation.

2.7. Patterned cell-laden N-MAC microgel

The 10 mg/mL DMEM solution of N-MAC containing NIH/3T3
cells was pipetted into the container. The photomask was placed
directly on top of container and exposed to UV light (10 mW/
cm2, 15 s). Subsequently, the uncrosslinked prepolymer solution
was gently washed away with preheated DMEM. Patterned cell-
laden microgels were cultured for 4 h and 2 days in tissue culture
plates under standard culture conditions. Cell viability in N-MAC
microgel was conducted by LIVE/DEAD Viability/Cytotoxicity Kit
(Invitrogen, Life science). The images were taken by a fluorescent
microscope (Nikon Eclipse Ti S) and analyzed by Image Pro 6 to cal-
culate the cell viability.
2.8. Rapid transdermal curing N-MAC in vivo

All animal experimental protocols were approved by the local
animal care and use regulations (Ethics Committee of Harbin
Medical University), and the experiments were carried out under
the control of the University’s Guidelines for Animal
Experimentation. The optical transmission of mice skin was mea-
sured using a UV/vis spectrophotometer over the range of 200–
370 nm. Skin slices were carefully removed (1.5 � 1.5 cm2 area)
from the backs of 4-week-old mice, attached to a quartz slide,
and the transmission spectrum was measured. N-MAC was directly
dissolved in PBS to form a homogeneous solution (sterilized by fil-
tration; 0.22 lm pore). All Kunming mice were 5 weeks of age and
weighed 25–27 g. The transdermal curing N-MAC hydrogels in vivo
were carried out via subcutaneous injection of mice. After anes-
thetization, 500 lL of 15 mg/mL N-MAC solution containing
I2959 (0.1% w/w) was injected into subcutaneous space of mice
back through syringe with 25G needle and then sequentially
applied low-dose UV irradiation for 60 s. The in vivo inflammatory
response of injectable N-MAC hydrogel was determined by
histopathological analysis. Tissue samples were removed from
euthanized mice at 2, 5, 7 and 10 days and subjected to H&E stain-
ing. Hydroxyapatite powders with content of 20% (w/w) were
encapsulated in N-MAC hydrogels to visualize hydrogels in vivo
by noninvasive and feasible Faxitron Specimen Radiography
System (Model MX-20, exposure-time of 8 s). For protein localized
delivery, 4 mg bovine serum albumin (BSA) was encapsulated in N-
MAC hydrogels upon 15 s UV irradiation. The in vitro release profile
of BSA was monitored by UV–vis spectrophotometry at 595 nm
(kmax) in PBS at 37 �C using coomassie protein assay kit.
2.9. Statistical analysis

All the data were expressed as means ± standard deviation of at
least triplicate samples. The statistically significant difference was
evaluated by Student’s T-test, and statistical significance was con-
sidered for p value (⁄) < 0.05: ⁄p < 0.05; ⁄⁄p < 0.025; ⁄⁄⁄p < 0.001
(n = 3).
3. Results and discussion

3.1. Synthesis and characterization of N-MAC

Chitosan is versatile biomedical polymer containing plenty of
amino groups and hydroxyl groups. However it is not dissolved
in neutral pH solution because of plenty of hydrogen bonds inter-
action (Fig. 1(A)) and rigid crystalline structure, which limits its
application for in situ cell encapsulation [42]. To endow chitosan
with hydrosoluble ability in neutral pH solution and UV crosslink-
ing ability simultaneously via grafting acrylate units on chitosan
chains (Fig. 1(A)), we proposed that a single-step chemoselective
N-acylation for hydrosoluble, UV-crosslinkable and injectable chi-
tosan since the amino group at C2 site has much higher activity
than the primary hydroxyl group at C6 site during acylation mod-
ification in aqueous media; more than 95% acylation occurred with
highly chemoselective N-acylation [43]. Fig. 1(A) shows the
schematics of facile synthesis of hydrosoluble, UV-crosslinkable
and injectable chitosan between CS and MA without using any cou-
pling agents or catalysts; the incorporated methacryloyl groups act
dual roles in allowing hydrosoluble ability and UV crosslinkable
ability. N-MAC was synthesized by specifically conjugating
methacryloyl groups to amino groups of CS. The chemical structure
of N-MAC was confirmed by 1H NMR spectrum (Fig. 1(B)), which
clearly shows the signals of vinyl protons at 5.46 and 5.68 ppm
(g, 2H, CH2), methine protons of the GlcN ring at 4.44 ppm



Fig. 1. Synthesis and structure characterization of hydrosoluble, UV-crosslinkable and injectable N-MAC via highly chemoselective N-acylation. (A) Highly chemoselective N-
acylation scheme between CS and MA. The methacryloyl groups in N-MAC not only allowed CS to be dissolved in cell culture medium facilely due to reduced intra/
intermolecular interaction (hydrogen bonds), but also endow CS with UV crosslinkable ability due to the introduced double bond; (B) 1H NMR spectra (400 MHz, D2O) of N-
MAC with DS of 25.8%. The signals of vinyl protons around 5.46 & 5.68 ppm (g, 2H, CH2), in which the peaks were labeled by red dash ring, confirmed the covalent conjugation
of methacryloyl groups to CS and unique chemical structure of N-MAC; (C) FTIR spectra of CS and N-MAC. Newly formed amide absorbance was observed at 1654 cm�1,
1536 cm�1 and 1315 cm�1; and no characteristic absorbance of ester groups at 1730–1740 cm�1, which was highlighted by green ring; (D) XRD patterns of CS and N-MAC.
The disappeared crystalline peak at 2h = 11.5� and broad peak at 2h = 21.1� suggested that large numbers of hydrogen bonds were destroyed and the formation of low
crystalline and/or amorphous phase, which improves the solubility of N-MAC in cell culture medium.
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(a, 1H, CH), the GlcN ring protons at 3.42–3.95 ppm (c-d-e-f, 5H,
CHACHACHACH2), methine protons at 2.66 ppm (b, 1H, CH),
methyl protons of N-acetylglucosamine (GlcNAc) at 1.98 ppm (i,
3H, CH3), methyl protons of methacrylic anhydride residues
at 1.88 ppm (h, 3H, CH3). No chemical shift appeared at
5.5–6.0 ppm in native chitosan NMR spectrum, which was con-
firmed by other literatures [41,44]; and only vinyl proton would
show the chemical shift signals at 5.5–6.0 ppm. 1H NMR spectra
result coincided with the schematic structure of N-MAC
(Fig. 1(A)), which was attributed to the chemoselective N-acylation
between amino groups and MA. FTIR spectra of the CS and N-MAC
samples are presented in Fig. 1(C). The peaks for CS at 3355 cm�1,
3294 cm�1, 2867 cm�1, 1590 cm�1 and 1151 cm�1 indicated OAH
stretching, NAH stretching of �NH2, CAH stretching, �NH2 defor-
mation in plan (usually called NH2 band), and CAOAC bridge sym-
metric stretching, respectively. Furthermore, several new peaks
contributed by the newly formed amide were observed at
1654 cm�1, 1536 cm�1 and 1315 cm�1, corresponding to amide I
band (C@O stretching), amide II band (NAH deformation and
CAN stretching) and amide III band in the spectrum of N-MAC. In
addition, there were no characteristic absorptions of ester groups
at 1730–1740 cm�1 (theoretical ester carbonyl groups, which were
highlighted by green ring) in the spectra of N-MAC, which indi-
cated that the esterification reaction between hydroxyl groups
(�OH) of CS and anhydride groups of MA was avoided. All the
above results further confirmed the formation of amide linkage
between the methacrylate group and the amino groups. Fig. 1(D)
presents XRD patterns of CS and N-MAC. The CS exhibited sharp
diffraction peaks at 2h = 11.5� and 21.1�, which were typical finger-
prints of semi-crystalline chitosan [45]. However, the peak at
2h = 11.5� disappeared and the low intensity peak at 2h = 21.1�
became a relative obtuse and broad. It suggested that large
amounts of hydrogen bond between hydroxyl groups (�OH) and
amino groups (�NH2) in CS intra/intermolecular were destroyed
through chemoselective N-acylation, thus forming low crystalline
and/or amorphous phase.

DS was a key parameter to determine the solubility of N-MAC
and crosslinking density of N-MAC hydrogel, which strongly
depended on molar ratio of MA to CS. N-MAC with different DS
were synthesized by varying molar ratios of anhydride to amino
groups. The DS of N-MAC was 10.9%, 19.9%, 25.8% and 28.4% corre-
sponding to the anhydride to amino groups’ molar feed ratios of
0.5, 1, 2 and 4, respectively (Fig. 2(A)). The DS was positively cor-
related to the ratio of MA used in acylation reaction, which could
be accurately controlled by adjusting the ratio of anhydride to
amino groups. The solubility of N-MAC in neutral pH solution
was critical to encapsulate pH-sensitive proteins, bioactive ligand
and cells in hydrogel via UV crosslinking and to maintain their
bioactivity. Fig. 2(B) shows that the solubility of N-MAC in neutral
pH solution increased from 8.6 to 27.6 mg/mL (2.21-fold) with DS



Fig. 2. Solubility, rapid UV gelation and swelling behavior of N-MAC. (A) DS of N-MAC varying with molar ratios of anhydride to amino groups. DS was positively correlated to
the ratio of MA used in N-acylation reaction, which demonstrates tailor-made DS by modulating the feed ratios; (B) Solubility of N-MAC as a function of DS. Solubility of N-
MAC with 28.4% DS is as high as 27.6 mg/mL in PBS; (C) Swelling ratios of N-MAC hydrogel with different DS; (D) Photos of N-MAC solution in oblique vial (upper left) and in
inverted vial (upper right); N-MAC solution could form hydrogel that exhibited fixed shape respectively in oblique vial (lower left) and in inverted vial (lower right) after UV
irradiation (10 mW/cm2, 30 s). The height of as-prepared N-MAC hydrogel reached around 1.8 cm, as shown in the lower right photo; (E) ESEM photograph of N-MAC
hydrogel. The sponge-like and porous structure was ascribed to high water contents; (F) Schematic presentation of the N-MAC hydrogel. Polymer networks composed of
chitosan linear chains (green) were crosslinked by double bond (red), where red solid ball and blue solid ball indicated newly formed amide bond and amino group
respectively; (G) The injectable N-MAC solution loaded Rhodamine B (for clear visualization) converted into hydrogel via syringe under 15 s UV irradiation (inset).
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increasing from 10.9% to 28.4% in the ambient condition. Most
importantly, the introduction of methacryloyl groups into chitosan
by chemoselective N-acylation reduced the intra/intermolecular
interaction and disorganized the crystalline structure of chitosan,
which resulted in high solubility at neutral pH environment, such
as water, PBS, glucose, SBF and DMEM.

3.2. Rapid gelation and swelling behavior of N-MAC hydrogel

Rapid gelation under the low-dose (10 mW/cm2, 15 s) UV irra-
diation would be crucial to encapsulate bioactive molecules and
cells with low bioactive damage, especially in the case of rapid
transdermal curing hydrogel via injection. Here, N-MAC hydrogel
was obtained via photopolymerization of methacryloyl carbon–
carbon double bonds under low-dose UV irradiation (15 s). The
rapid gelation properties of N-MAC should be largely ascribed to
the content of carbon–carbon double bonds in N-MAC (a similar
parameter to DS), so higher DS would result in shorter gelation
time. The N-MAC showed rapid gelation behavior, which was
useful for high efficient encapsulation of cells and bioactive mole-
cules with low damage, compared with PEGDA-chitosan hydrogel
[46] (15 min UV irradiation, 30 mW/cm2), photocrosslinkable chi-
tosan hydrogel [37] (UV radiation for 3–5 min, 160 W, 365 nm),
and pluronic/chitosan hydrogels [47] (5–8 min, 120 W, 365 nm).

Fig. 2(C) shows the swelling behavior of N-MAC hydrogel with
different DS. When DS increased from 10.9% to 28.4%, the hydro-
gels exhibited a shorter equilibrium swelling time and lower swel-
ling ratios (from 530% to 150%) due to higher crosslinking density
with higher DS. The hydrogels with DS from 10.9% to 28.4% reached
equilibrium swelling in 45–90 min and maintained stable swelling
ratio in 700 min, indicating that N-MAC hydrogel had outstanding
dimensional stability. Thus N-MAC hydrogel holds great potential
for encapsulation and culture of cells in stable hydrogel microenvi-
ronment in vivo, also for serving as injectable hydrogels with little
dimensional deformation. Fig. 2(D) shows photos of N-MAC solu-
tion in slanted vial before (upper) and after (lower) UV irradiation.
The N-MAC hydrogel with height about 1.8 cm maintained steady
shape in slanted vial (lower left) and inverted vial (lower right),
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which was obtained under UV irradiation (10 mW/cm2) for 30 s.
The cross-sectional ESEM image of N-MAC hydrogel is presented
in Fig. 2(E). The pores of the hydrogels were irregular in shapes
and the pore size was in range of 10–60 lm. The crosslinking net-
work structure of N-MAC hydrogel is shown in Fig. 2(F). The N-
MAC polymer networks were formed via photopolymerization of
carbon–carbon double bonds (red line) between chitosan linear
chains (green). The injectable N-MAC solution (15 mg/mL, fluid vis-
cosity g = 12.8 ± 1.6 Pa s) was converted into hydrogel with a syr-
inge after 15 s UV irradiation in Fig. 2(G), and Rhodamine B was
incorporated into hydrogel for clear visualization. Rapid gelation
and injectability of N-MAC provided a promising chitosan hydrogel
for rapid transdermal curing hydrogel in vivo. The force constantly
increased before 2 mm displacement, and it was broken at the dis-
placement of 2.5 mm. We use the maximum force and contact area
to calculate the compressive strength and elastic modulus.
Moreover, the compressive strength and elastic modulus of N-
MAC hydrogel were 2.4 ± 0.7 kPa and 11.5 ± 3.2 kPa, respectively,
which is 1.9 times stronger than that of porcine skin gelatin with
5 w/v% concentration [48].

3.3. Patterned N-MAC microgel with defined size and dimension

The procedure for patterning NIH/3T3 cell-laden N-MAC micro-
gel via UV lithography is illustrated in Fig. 3(A). The spatiotemporal
designability approach was composed of mixing NIH/3T3 cells,
prepolymer solution and I2959, sequentially applying low-dose
UV irradiation with photomask prior to removing uncrosslinked
solution and harvesting from substrates. Patterned N-MAC
Fig. 3. Patterned N-MAC microgels with spatiotemporal designability. (A) Photolithogr
Patterned cell-laden N-MAC microgels were fabricated by mixing NIH/3T3 cells, N-MAC s
by AutoCAD 2007, such as regular geometric shapes (top) and complex logos (bottom
geometric shapes (top) and complex logos (down) devotedly replicated the photomas
microgels including regular geometric shapes and complex logos were ranging from 90
microgel with defined size and dimension (regular geometric pat-
tern and complex microscale logos) was fabricated via UV lithogra-
phy with help of tailor-made photomask library (Fig. 3(B)). The
fluorescence images of patterned microgel, such as regular geo-
metric pattern (top) and complex microscale logos (bottom),
highly tallied with photomask library (Fig. 3(C)). The matching
degree of patterned N-MAC microgel was as high as 96.3%. N-
MAC microgels can be fabricated via UV lithography, providing
advantages of rapid, robust, cost-effective and good spatialtempo-
ral control N-MAC microgel would be fabricated via UV lithogra-
phy, which had the advantages of rapid, robust, cost-effective
and good spatialtemporal control [49]. Potentially, these chitosan
microgels would be optimal building blocks for construction of
regenerative tissues and/or organ units.

3.4. In vitro cytotoxicity of N-MAC

Since the cytocompatibility is a crucial factor in maintaining
normal cells survival, proliferation and differentiation, the cyto-
compatibility of N-MAC solution was evaluated by the CCK-8 assay
using NIH/3T3 cell line. We assessed the cytocompatibility of N-
MAC in two cases. One is high concentration N-MAC in mixture
of N-MAC/cell with short contact time (usually less than 30 min)
before UV irradiation; and another is low concentration of remain-
ing uncrosslinked N-MAC in N-MAC hydrogel after UV irradiation.
The cell viability with concentration of 670 lg/mL and 167.5 lg/
mL was 80.2 ± 2.0% at 12 h and 93.7 ± 3.8% at 48 h (Fig. 4(A)),
respectively. In addition, no statistically significant differences
were observed in NIH/3T3 cell viability containing N-MAC solution
aphy for in situ cells-laden N-MAC microgel pattern with UV exposure of 30–90 s.
olution and I2959 followed via exposure to UV light; (B) Photomask library designed
); (C) Fluorescence images of N-MAC microgels using photomask library. Regular
k library; (D) The matching degrees between photomasks and patterned N-MAC
to 96%.



Fig. 4. Cell viability of N-MAC solution and patterned N-MAC microgels for 3D cells culture. (A) NIH/3T3 cell viability of N-MAC solution with different concentrations for
culture 12, 24, 36 and 48 h, respectively, and culture medium was used as control group. Each point is presented as mean ± SD (n = 5, ⁄p < 0.01); (B) Proliferation of NIH/3T3
cells in the presence of N-MAC solution for culture 12, 24 and 36 h. Each point is presented as mean ± SD (n = 5); (C) Fluorescence images of live/dead (green/red) assay for
NIH/3T3 cells in the patterned N-MAC microgels with concentric rings (30 s low-dose UV irradiation, after 2 days in culture). The UV photolithography showed no negative
effect over the viability of the NIH/3T3 cells in patterned N-MAC microgels; (D) Fluorescence images of patterned N-MAC microgels before (left side) and after (right side)
harvesting.
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compared with the control group, although the average cell viabil-
ity was lower than that of the control groups. Cell proliferation
maintained 118.4 ± 2.5% with concentration of 670 lg/mL at 24 h
and 133.0 ± 2.4% and with concentration of 167.5 lg/mL at 36 h
(Fig. 4B). Notably, cell proliferation revealed that the N-MAC solu-
tion had no significantly negative effect on cell growth and prolif-
eration, and no cytotoxic compounds were released from N-MAC
solution. In addition, statistically significant differences of cell pro-
liferation were not observed between N-MAC solution and the con-
trol group (marked by ‘‘NS’’), although the average cell
proliferation was lower than that of the control groups
(Fig. 4(B)). More than 80% cell viability and approximate 120% cell
proliferation in the N-MAC solution indicated that N-MAC was an
emerging candidate for mimicking native extracellular matrix
(ECM).

3.5. Patterned cell-laden N-MAC microgels

Patterned cell-laden N-MAC microgels had hold great potential
for applications in tissue engineering and regenerative medicine.
To investigate the cytocompatibility of the patterned N-MAC
hydrogel, the viability of encapsulated NIH/3T3 cells within micro-
gel was evaluated by live/dead staining. Fig. 4(C) shows fluores-
cence micrographs of patterned cells in patterned N-MAC
microgels after 4 h incubation, and the cells were stained by the
live/dead kit to distinguish live cells (green fluorescence) from
dead ones (red fluorescence). Three green patterned concentric
rings consisted of living NIH/3T3 cells that appeared under fluores-
cent microscope and few red fluorescence cells are observed in
Fig. 4(C) with different magnifications. The patterned cells in
hydrogel perfectly replicated the concentric rings pattern of pho-
tomask. The cells in N-MAC microgel exhibited cell viability as high
as 96.3 ± 1.3%, which indicated good cytocompatibility of N-MAC
hydrogel toward the 3T3 cell line (Fig. 4(C)). In situ encapsulation
of NIH/3T3 cells in N-MAC microgel was patterned into concentric
rings via UV lithography. In addition, the UV irradiation intensity
(10 mW/cm2) and time (15 s) involving in UV lithography hardly
had effect on the viability of the encapsulated NIH/3T3 cells in
N-MAC. The patterned cell-laden N-MAC microgel was easily har-
vested from substrates by cell scraper, and provided building
blocks with defined size and dimension for framing 3D cell
microenvironment in vivo and mimicking ECM (Fig. 4(D)). The
microgels remained clear concavity framework for incubation
2 days both before harvesting (left) and after harvesting (right).
The 3T3 fibroblasts had round morphology at day 1, and then most
3T3 fibroblasts had elongated cell morphology at day 4 and 7 [50].
The 3T3 fibroblasts had cell survival rates of approximately 90%
from day 1 to day 7 without significant differences. The 3T3 fibrob-
lasts encapsulated inside N-MAC hydrogel exhibited a spindle
shape at day 2. The interconnected porous structure of microgels
could provide a pathway for nutrients and oxygen. Nutrients and
oxygen from the medium diffused into the hydrogel, supporting
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growth and proliferation of the cells encapsulated in the hydrogels.
The spatial distribution of cells in patterned N-MAC microgel was
investigated by observing cell morphology in Fig. 4(D). NIH/3T3
cells were a heterogeneous distribution in the patterned microgel.
Slightly more cells were located on the exterior surface of the
microgel (Fig. 4(D)), which was largely due to heterogeneous nutri-
ents and oxygen concentration distribution between the exterior
surface and interior of hydrogel. For regeneration of specific tissue
and/or organ in vitro, the harvestable patterned cell-laden micro-
gels are deemed to be a promising strategy to encapsulate multi-
ple-types of cells in microgels as building blocks with defined
size and dimension, which can be further assembled for construc-
tion co-culture cell arrays, even the regenerative tissue units with
specific physiological function. It is envisioned that the harvestable
patterned cell-laden microgel with different types of cells would
enable the building of heterogeneous tissues and/or organs. In
addition, cell-laden polysaccharide microgels with amino groups
and cohering microgels using glues (such as short DNA strand
[51]) would be used to build basic architectures of native tissues.

3.6. Rapid transdermal curing N-MAC hydrogel in vivo

The UV light with wavelength of 320–400 nm has a deeper pen-
etration into the skin and allows transdermal curing hydrogel via
low-dose UV irradiation. Although the UV light has poor penetra-
tion to tissue, the UV light still penetrates the mice skin with
45�52 % transmission (Fig. 5(A)). The N-MAC solution was injected
into subcutaneous space of mice back through minimally invasive
clinical syringe with 25G needles (left column in Fig. 5B), and
sequentially applied low-dose UV irradiation with low UV intensity
(10 mW/cm2) and short UV irradiation time (60 s). Low-dose UV
irradiation (10�30 J/cm2) means that UV exposure is applied at
100 mW/cm2 for 100s or 300 mW/cm2 for 100 s [52]. Curing of
N-MAC hydrogel was observed by bulges on the back (Fig. 5(B)).
Compared with the long gelation time (5–60 min) of previously
reported injectable chitosan hydrogel including thermally-induced
gelation (chitosan/b-glycerophosphate) [27,28] and pH-induced
gelation [29] (chitosan/polyacrylamide), our N-MAC hydrogels
required much shorter transdermal cuing time in vivo (60 s). For
general observation transdermal curing N-MAC hydrogel in vivo,
the injection sites were surgically dissected to expose the N-MAC
hydrogel with adjacent skin (Fig. 5(C)). The N-MAC depots were
tightly adhered to the injection regional skin, which indicated that
the injectable N-MAC solution could rapidly convert into hydrogel
with well affinity to skin via skin-penetrable UV crosslinking. The
interface between tissue and foreign material occurs in a series
of alterations in terms of changes in the microvasculature includ-
ing inflammation and bleeding [53], however serious inflammatory
response was hardly observed near the N-MAC hydrogel injection
site in Fig. 5(C).

Low-dose UV irradiation was crucial for applying in the clinical
cases [54]. Because long term UV radiation resulted in acute and
chronic skin damage due to the degenerative changes in cells of
skin and fibrous tissue [55,56]. For transdermal curing the N-
MAC hydrogel in vivo and voiding skin damage, we choose low
UV intensity (10 mW/cm2) and short UV irradiation time (60 s)
because cell viability still maintained high vitality at 10 mW/cm2

with 60s UV irradiation [48]. To identify the potential skin injury
induced by UV irradiation, we analyzed histological section images
of the skin with and without UV irradiation in Fig. 5(D). As the
cornified layer was clearly visible (no exfoliating), the epidermal
cells arranged regularly, and the underlying fibroblasts maintained
their random arrangement in Fig. 5D–1. Except for the occasional
infiltrate of lymphocytes, no degenerative or inflammatory
changes occurred and then the hair follicles did not dilate abnor-
mally in dermis layer (Figs. 5(D)–2). No striking changes occurred
in the subcutaneous tissue: elastosis (deposition of abnormal elas-
tic fibers), collagen degeneration, dilated microvasculature in
Figs. 5(D)–3. Low-dose UV irradiation hardly induced significant
tissue differences in irradiated region.

To investigate the biocompatibility of N-MAC hydrogel, the
in vivo inflammatory response to hydrogel was evaluated by H&E
staining of the surrounding skin tissues at different time
(Fig. 5(E)). Transdermal curing N-MAC hydrogel was indicated by
eosin-staining within the subcutaneous space of mice. Usually in
the organism an interface is immediately created between the
implanted material and the blood, which causes a series of physi-
ological disturbance such as evoking of inflammatory reactions
including several phases: blood-material interactions, acute
inflammation, chronic inflammation, foreign body reaction (FBR),
and fibrous encapsulation [57]. A new interface consisting of
inflammatory cells (e.g., neutrophile granulocyte) was rapidly gen-
erated between the N-MAC hydrogel and skin after injection. At
2 days, the N-MAC hydrogel resulted in abundant inflammatory
cells infiltrating into the hydrogel-tissue interface (marked by yel-
low dotted lines in Fig. 5(E)), and inflammatory cells density and
width of inflammatory region were 5641 ± 645 mm�2 and
338.3 ± 46 lm respectively. The inflammatory response to the N-
MAC hydrogel significantly decreased at 5 days, suggesting a rela-
tively mild acute inflammatory response. For example, inflamma-
tory cell density and width of inflammatory region were
3635 ± 664 mm�2 (decreased by 35.6%) and 145.8 ± 24 lm
(decreased by 56.9%), respectively. Statistically significant differ-
ences are observed in the two factors that signify inflammation:
inflammatory cells density and width of inflammatory region were
reduced although inflammatory cellular infiltration at the hydro-
gel-tissue interface is still present at this stage. As expected, acute
inflammatory response after 7 days at the hydrogel-tissue inter-
face was significantly reduced again and inflammatory cell density
and width of inflammatory region were 1302 ± 203 mm�2 and
78.1 ± 27 lm respectively with slight hydrogel degradation
marked by yellow arrow in Fig. 5(E) (e). The N-MAC hydrogel par-
tially degraded (marked by two yellow arrows in Fig. 5(E) (g))
within the subcutaneous space after 10 days; and no chronic
inflammation, such as foreign body giant cells, macrophages,
fibrous capsules or granulation tissue, were observed in the inflam-
matory region. Additionally, no gaps appeared on the hydrogel-tis-
sue interface, also suggesting evidence of regional integration
between hydrogel and tissue (Fig. 5(E)). After N-MAC hydrogel
injections, there were more inflammatory cells (neutrophils were
abundant) than there were at later times with statistically signifi-
cant difference. The N-MAC hydrogel induced only a relatively mild
acute inflammatory response, giving rise to a few neutrophils and
other inflammatory cells (leukocyte). Nevertheless, the amount of
inflammatory cells associated with later times point was smaller,
and even almost disappear, suggesting that N-MAC hydrogel stim-
ulated a relatively slight acute inflammatory response but it cannot
transform into chronic inflammation. N-MAC hydrogel could afford
good biocompatibility, making them potentially promising for sub-
cutaneous prosthesis fillers and tissue cavity fillers. Overall, the N-
MAC hydrogel possesses well histocompatibility and could serve as
transdermal curing depot for localized drug delivery due to no
adverse inflammatory response with tissues/organs.

The representative X-ray images of mice and AOI (area of inter-
est) are displayed in Fig. 5(G). The hydroxyapatite particles in N-
MAC hydrogel could be detected clearly under X-ray photography
(Fig. 5(G), labeled by yellow triangles) and were dispersed in N-
MAC hydrogel uniformly in vivo. Hydroxyapatite plays an impor-
tant role in procedure of bone formation. So it is expected that
ectopic bone formation would be achieved through incorporation
hydroxyapatite into N-MAC hydrogel by means of transdermal
curing in vivo. The in vitro cumulative release profile of BSA from



Fig. 5. Injectable and transdermal curing N-MAC in vivo. (A) UV transmission spectrum of mice skin. The purple bar corresponds to the wavelength region of UV irradiation
lamp (320–360 nm); (B) Schematic diagram of transdermal curing of injectable N-MAC before (left) and after (right) skin-penetrable UV crosslinking; Photos of mice (bottom,
after shaving back feather) with injection N-MAC solution before (left) and after (right) UV irradiation for 60 s; (C) Typical photos of N-MAC hydrogel adjacent with regional
skin (up) and harvested hydrogel (down) after 6 days; (D) H&E stained histological images of subcutaneous tissue without UV irradiation (upside) and with UV irradiation
(10 mW/cm2) (underside); The number 1, 2, 3 represented different regions of skin tissue; 1: epidermis, 2: dermis, 3: subcutaneous tissue; (E) H&E stained histological images
of subcutaneous tissue at 2 days (a,b), 5 days (c,d), 7 days (e, f) and 10 days (g,h); The inflammatory regions were shown with inflammatory cells (neutrophils) around
injection site labeled by yellow dotted lines; (F) The inflammatory response evaluated by neutrophils density and width of inflammatory regions at different time; (G) X-ray
images of mice with HA powder in N-MAC hydrogel; (H) In vitro accumulative release profiles of BSA from N-MAC hydrogel. The inset shows the mathematical equation
according to the fitting curve.

B. Li et al. / Acta Biomaterialia 22 (2015) 59–69 67



68 B. Li et al. / Acta Biomaterialia 22 (2015) 59–69
N-MAC hydrogel in PBS solution within 16 days is shown in
Fig. 5(H). The macromolecular drug model BSA release profile
was characterized by a burst release (about 20%) within 12 h and
a sustained release with a positive correlation in the following
16 days. Compared with the burst release profile of conventional
thermosensitive PEG-grafted chitosan hydrogel [58], a burst
release (about 52–67%) of BSA in the first 5 h, BSA release was com-
pleted in the period of 60–70 h. Injectable and UV-crosslinkable N-
MAC hydrogel can localize and prolong the BSA release profile.

UV crosslinkable and injectable chitosan was in situ formed
hydrogel in vivo at desired site with a spatiotemporally controlled
manner under physiological condition, which can maintain the
intrinsic structure and bioactivity of drugs or biomolecules during
the drug uploading process, and avoid obvious pH/temperature
shock in tissue milieu. The localized protein release based on UV-
crosslinking N-MAC hydrogel could provide a potential strategy
for in vivo sustained and localized release of bioactive macro-
molecule (e.g., polypeptide or protein, DNA, growth factor and
macromolecular drug) encapsulated in hydrogel. Rapid transder-
mal curing chitosan hydrogel in vivo will reveal promising pro-
spects for avoiding large-scale invasive implantation especially in
clinical application.
4. Conclusions

Hydrosoluble, UV-crosslinkable and injectable N-MAC was syn-
thesized by single-step highly chemoselective N-acylation reaction
between amino groups and the methacrylate groups. The introduc-
tion of methacryloyl groups into chitosan led to significant increas-
ing of solubility in neutral pH environment. The cell viability in N-
MAC hydrogel maintained 96.3 ± 1.3%. Serving as chitosan based
building blocks for bottom-up tissue engineering, patterned cell-
laden and highly matching degree N-MAC microgels were fabri-
cated with low-dose UV irradiation (10 mW/cm2, 15 s). The
in vivo inflammatory analysis indicated that low-dose UV irradia-
tion hardly induced skin injury and acute inflammatory response
disappeared after 7 days. Rapid transdermal curing N-MAC hydro-
gels in vivo are potentially applied in localized drug delivery with
minimally invasive clinical surgery and can prolong release behav-
ior of therapeutic drugs. This hydrosoluble, UV-crosslinkable and
injectable chitosan would allow rapid, robust and cost-effective
fabrication of patterned cell-laden polysaccharide microgels with
unique amino groups serving as building blocks for tissue engi-
neering, rapid transdermal curing hydrogel in vivo for localized
and sustained drug delivery.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–5, are difficult
to interpret in black and white. The full color images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2015.
04.026
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