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a b s t r a c t

Cell adhesion and spreading are two essential factors for anchorage-dependent cells such as osteocytes.
An adhesive macroporous hydrogel system, in which cell-affinitive domains and sufficient cytoskeleton
reorganization space were simultaneously constructed, was proposed in this report to support cell
adhesion and spreading, respectively, and facilitate cell differentiation and function establishment
eventually. The adhesive macroporous alginate hydrogel was developed by RGD peptide graft and gelatin
microspheres hybridization to generate cellular adhesion sites and highly interconnected macropores.
The successful stretched morphology and enhanced osteogenic differentiation of MG-63 cells in this
modified alginate hydrogel showed clearly the feasibility that cell function may be effectively facilitated.
Besides, this hydrogel model can be further applied to construct complex micropatterned structure, such
as individual microgels in shapes of circle, square, cross and ring, and osteon-like structure containing
both osteogenic and vascularized area generated by a double-ring assembly. These results should provide
this adhesive macroporous photocrosslinkable hydrogel system as potential three-dimensional scaffolds
for guiding tissue formation, especially for the bioengineering of tissues that have multiple cell types and
require precisely defined cellecell and cellesubstrate interactions.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The three-dimensional (3D) interaction between cells and
extracellular matrix (ECM) constitutes a dynamic regulatory system
for directing tissue formation and regeneration [1e3]. As such,
significant progress has been made in engineering 3D hydrogels
capable of promoting cell function and many of these important
ECM interactions [4e6]. However, the inability to precisely control
cell behavior has often resulted in poor cell and ECM organization
within engineered constructs that had limited ability to recreate
complex tissues [7,8]. Another important challenge is to control the
spatial organization of cells in their synthetic microenvironments
which is especially vital in the bioengineering of tissues that
have multiple cell types and require precisely defined cellecell and
cellesubstrate interactions [9,10]. Therefore, the spatial patterning
of hydrogels in structure or chemical component, motivated by
the microscale heterogeneity of native tissue architectures, has
recently been the focus and nodus of advanced tissue engineering
: þ86 28 85410246.
constructs to provide better control of cellular behavior [7].
Microgels fabricated by photomask-based stereolithography have
been successfully integrated into the generation of complex struc-
tures with well-defined microarchitecture and enhanced control of
cell behavior and function [11e13]. While a major challenge in the
use of micro/macro-scaled hydrogel scaffolds is the settlement of
cell spreading, migration and differentiation in 3D gel matrices [14].

Cell adhesion and spreading are two essential factors for
anchorage-dependent cells such as osteocytes. The survival of these
cells first requires attachment to a substrate, which relies on the
interactions between receptors on cell surface and substrates, and
determines the proliferation, differentiation and many other
important cell behaviors [15]. As such cells require a stretched
morphology to maintain their normal phenotype and function, the
spreading is another indispensable factor for their subsequent
settlement and commitment in 3D microenvironments [16,17]. Cell
spreading is based on the accomplishment cell adhesion, successful
cytoskeleton reorganization and, more importantly, it cannot do
without the availability of space in 3D scaffolds [18]. Evidently, cell
function cannot be performed without the successful cell adhesion
and spreading. Unfortunately, both these cell behaviors could
scarcely be achieved in common gel matrices due to the low cell
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affinity and high cell constraint [14]. Hence, much work has been
focused on functionalizing 3D hydrogels to spatially and temporally
control their internal cell adhesion and spreading.

One of the most common strategies is chemical modification
with cell-affinitive domains such as Arg-Gly-Asp (RGD) or hybrid-
ization with cell-adhesive materials to provide integrin-binding
sites to cells in the inert bulk of the hydrogel [6,19,20]. Another
strategy, of which the central idea still focuses on the provision of
cell-affinitive interfaces, is to physically hybridize functionalized
microspheres or nanoaggregates into hydrogel bulk to support cell
adhesion and stretching on their spherical surfaces [21e23]. Cells
could survive and spread well within the composite, yet should be
pre-seeded and cultured on the surface of the microspheres for
several days tomake a sufficient cell adhesion and spreading before
encapsulating into the hydrogels. This increased the cumbersome
nature of the process inevitably but, more important, the cell-laden
microspheres can not be uniformly encapsulated into the hydrogel
since vigorous mixing may cause cell shedding from the surface of
the microspheres. Some other studies have mainly focused on the
creation of space for cell proliferation and migration by relying on
specific enzymatic digestion or hybridization of micro-porogens
produced by the self-degradation of the microspheres as well as
the photodegradable hydrogel which is another ingenious strategy
[24e27]. But few can reach balance between enhanced cellematrix
interaction and the creation of spatial freedom for cell spreading,
which accordingly resulted in the unfavorable functional expres-
sion and tissue ingrowth although cells encapsulated in the 3D
hydrogels can spread to some extent. A typical example is the living
hyaline cartilage graft developed by Dong-An Wang group via the
strategy of phase transfer cell culture [28,29]. The chondrocytes
encapsulated in alginate constructs were indicated to grow into the
cavities created by the degrading gelatin microspheres, proliferate
into colonies, and ultimately fill up the cavities. However, because
of the intrinsic non-cell-adhesive property, this hybrid hydrogel
system could not support anchorage-dependent cells stretching
into their favorable morphology but only suit such spherical cells
like chondrocytes, and accordingly cannot be successfully applied
on bone tissue construct.

In this work, the simultaneous construction of both cell-
affinitive domains and sufficient spreading space is emphasized
in the design and modification of 3D hydrogel materials for the
regeneration of tissues such as bone. We investigate the hypothesis
that the incorporation of RGD peptide and macropores into inert
hydrogel substrate, namely adhesive macroporous hydrogel sys-
tem, which provide cellular adhesion sites and cytoskeleton reor-
ganization space, will support cell adhesion and spreading,
respectively, and facilitate cell differentiation and function estab-
lishment eventually. Here, the inert alginate, inherently non-
adhesive, exhibited as the model hydrogel material; MG-63 was
represented to investigate the proliferation, spreading and func-
tional expression of such anchorage-dependent cells encapsulated
in 3D hydrogel matrix. To produce the desirable adhesive macro-
porous alginate hydrogel, cellular adhesion peptide RGD was first
grafted onto the alginate molecule chain to provide integrin-
binding sites to MG-63 cells. Simultaneously, the macropores
were created by the rapid degradation of the incorporated gelatin
microspheres at 37 �C to generate space for cell spreading. Based on
the adhesion ability and spreading space construct, we expected
that anchorage-dependent cells such as MG-63 cells around
spheres could spread and migrate gradually to the space left by the
degraded microspheres on the premise of RGD involvement, and
thus the prolonged cell survival and tissue growth in the artificial
microenvironment were further facilitated. A schematic demon-
stration of cell spreading and proliferation in the construction of
adhesive macroporous hydrogel is shown in Fig. 1A.
On the basis of the photocrosslinkable ability, microgels with
different shapes, such as circle, square, cross and ring, were fabri-
cated by this adhesive macroporous hydrogel model respectively.
Moreover, by a two-step photolithography method, double-ring
microgels with human umbilical cord vein endothelial cells
(HUVECs) laded in the inner layer and MG-63 cells laded in the
outer layer were assembled to generate osteon-like structure
imitating Haversian system for bone-restructuring tissue engi-
neering. Predictably, this adhesive macroporous hydrogel system,
possessing spatial patterned ability and simultaneously enabling
prolonged cell survival and differentiation, would have great po-
tential applications for tissue engineering, especially for bottom-up
macroscopic tissue engineering, realizing functional and spatially
structured, complex, large-scale tissues.

2. Materials and methods

2.1. Materials

Sodium alginate was supplied by Fluka (item no. 71238) with a G/M ratio of 70/
30. The cell adhesive oligopeptide GCGYGRGDSPG (MW: 1025.1Da) with >95% pu-
rity (per manufacturer HPLC analysis) were obtained from ChinaPeptides Co., Ltd.
The UV light source (Omnicure S1500) was purchased from EXFO Photonic Solutions
Inc. Gelatin, methacrylic anhydride, Irgacure 2959, Alexa Fluor-594 phalloidin, DAPI
(40 ,6-diamidino-2-phenylindole), FDA (fluorescein diacetate) and PI (propidium io-
dide) were obtained from SigmaeAldrich. MTT (methyl thiazolyl tetrazolium) was
obtained from Amreso (USA). All other chemicals were acquired from Chengdu
Kelong Chem Co. unless otherwise specified.

2.2. Gelatin microspheres fabrication

Gelatin microspheres were prepared by an oil in water in oil (o/w/o) double
emulsion method [21]. An aqueous solution (20 ml) of 10 wt% gelatin preheated at
70 �C was added to 10 ml of ethyl acetate. After vigorous stirring for 2 min with
mechanical stirrer at 700 rpm, the mixture was quickly poured into 60 mL edible oil
under agitation at the rate of 300 rpm for 1.5 min. The mixture was then transferred
to a cool water bath and maintained at the same stirring rate for 15 min before
pouring into ice-cold ethanol for 10 min. Gelatin microspheres were collected by
washing with acetone to remove the residual edible oil. The washed gelatin spheres
were air-dried and separated by standard sieve. Gelatin spheres with diameters of
100e150 mm were separated and utilized for preparation of microspheres hybrid
alginate hydrogel.

2.3. Hydrogel preparation

The adhesive alginate hydrogels encapsulating gelatin microspheres were
formed based on a previously described methacrylated alginate (MAA) hydrogel
system with modifications. Briefly, MAA was synthesized through esterification of
sodium alginate andmethacrylic anhydride based on previously described protocols
[30]. The methacrylation percentage of the MAA used in these experiments was
roughly 50%. MAAwas dissolved in a triethanolamine-buffered saline (TEOA buffer:
0.2 M TEOA, 0.3 M total osmolarity, pH 8.0) containing Irgacure 2959 photoinitiator
(final concentration of 0.5 wt %). The cell adhesive peptide RGD dissolved in TEOA
buffer was added to the MAA solution at a concentration consuming 10% acrylate
groups on MAA based on the Michael-type addition chemistry, and allowed to react
for 1 h at 37 �C before the hydrated gelatin microspheres (100e150 mm)were mixed.
Following re-suspension of cells in this hybrid solution, the resultant homogenous
blend was subsequently poured into molds and then exposed to 7.9 mW/cm2 UV
light (360e480 nm) for 20 s to allow free radical polymerization of MAA chains by
photocrosslinking. Four microspheres containing hydrogels (AG0.5, AG0.75, AG1
and AG1.25) were prepared with an initial MAA concentration of 30 mg/ml and final
volume ratio of gelatin microspheres/MAA ¼ 0.5, 0.75, 1 and 1.25. The pure MAA
hydrogel without gelatin microspheres (AG0) was prepared as control.

2.4. Hydrogel characterization

The mechanical properties of the hydrogels were characterized by compressive
stressestrain measurements using an electromechanical universal testing machine
(Model: CMT 4104) with a 200 N load cell (Shenzhen SANS Testing Machine co.,
LTD.). The cylindrical gel sample, 8 mm in diameter and 2 mm in thickness, was
tested at a strain rate of 0.3 mm/min. The elastic modulus was determined by the
average slope of the stressestrain curve over the strain range 0e25%. Three parallel
samples per measurement were performed, and the obtained values were averaged.

The effect of gelatin microsphere incorporation on hydrogel swelling and rate of
dissolution was investigated through swelling studies. Hydrogels without gelatin
(AG0) and encapsulating gelatin microspheres (AG0.5w1.25) were formed as
described above and the initial wet weight (Wo) was obtained after 24 h gelation.
Hydrogels were then incubated in PBS at 4 �C for 24 h, and then half of the hydrogels



Fig. 1. Preparation of RGD grafted macroporous alginate hydrogels. (A) Schematic demonstration of cell spreading and proliferation in the construction of adhesive macroporous
alginate hydrogel. (B) Composition of hydrogels and their nomenclature.
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were transferred to 37 �C to facilitate gelatin dissolution and the remaining
hydrogels were stored at 4 �C to prevent gelatin dissolution. Wet weight (W) during
immersion experiment was recorded at designated times. The swelling ratio was
defined as (W � Wo)/Wo. Samples were tested in groups of three. Averages and
standard deviations are reported. To evaluate the degradation of gelatin micro-
spheres encapsulated within hydrogels, AG1 was taken as an example. The
rhodamine-labeled gelatin (red) was employed to trace the dissolution of spheres
and the residual gelatin in the construct after incubation in PBS at 37 �C was
quantified from fluorescence images. At least six images for each sample were used
for quantification of microspheres degradation.

2.5. Cell culture

The human MG-63 osteoblasts (ATCC, USA) and human umbilical cord vein
endothelial cells (HUVECs) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Hyclone) supplemented with 10% fetal bovine serum (FBS, Hyclone), 1%
penicillin/streptomycin (Hyclone) at 37 �C in an atmosphere with 100% humidity
and 5% CO2. The complete mediumwas replaced every 2e3 days and the cells were
passaged twice a week when confluence was reached.

2.5.1. Cell encapsulation
For encapsulation studies, MG-63 cells were trypsinized, counted and resus-

pended in each hydrogel prepolymer at a density of 1 � 107 cells per mL. Cell con-
taining blends were injected into molds and then exposed to 7.9 mW/cm2 UV light
(360e480 nm) for 20 s to gelate with certain shape and size. Composition of
hydrogels used for cell encapsulation and their nomenclature was detected in
Fig. 1B.
2.5.2. Cell proliferation
The MTT assay was used to count MG-63 cells after being cultured in the

hydrogels. Cells encapsulated in samples gelating with 50 mL prepolymer solutions
were incubated with 0.5 mg/ml MTT for 4 h at 37 �C. The solutionwas then removed
and purple formazan salts dissolved with dimethyl sulphoxide, and the absorbance
of the resulting solutionwas measured at 490 nm using a multidetection microplate
reader (Bio-Rad 550).

2.5.3. Cell morphology in the hydrogels
Cell-laden hydrogels were stained with FDA/PI and visualized with a confocal

laser scanning microscope (CLSM, Leica-TCS-SP5) to investigate the proliferation,
distribution, and morphology of MG-63 cells. For actin cytoskeleton staining, the
cell-laden gels were washed three times in DPBS and fixed in 4% paraformaldehyde
solution in PBS for 5 min. After rinsed in PBS, 50 mg/mL Alexa Fluor-594 phalloidin
was added to the samples to stain the actin cytoskeleton following 45 min incu-
bation at room temperature. The samples were then rinsed in PBS and incubated in
0.1% (v/v) DAPI solution for 10 min to stain the nuclei, after which the samples were
washed three times in PBS for confocal imaging.

2.5.4. Alkaline phosphatase activity
The activity of intracellular alkaline phosphatase (ALP) was measured with a

SensoLyte pNPPAlkaline Phosphatase Assay Kit (AnaSpec, Inc.). Aliquots of 500 mL of
cell lysate were obtained according to the procedure described for proliferation
measurements and mixed with an equal amount of pNPP working solution in 96-
well microplate. Mixtures were then incubated for 30 min at 37 �C. The reaction
was stopped by the addition of 50 mL of stop solution to each well and the resulting



Fig. 2. The compressive modulus of the hydrogels. The compressive modulus of
hydrogels increased significantly with the microspheres amount but somewhat
decrease was detected in AG1.25 (*p < 0.05).
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optical densities were measured at 405 nm with a mQuant spectrophotometer (Bio-
Tek Instru-ments Inc., USA). Measurements were compared to alkaline phosphatase
standard and normalized using the total protein amounts which were measured
with a BCA protein assay kit (Pierce, USA).

2.5.5. Gene expression
At predetermined time points, total RNA was isolated from MG-63 cells using

Trizol reagent (Invitrogen). RNA extracts were converted into complementary DNA
(cDNA) using a reverse transcriptase polymerase chain reaction (RT-PCR) kit
(ToYoBo, Japan). Quantitative real-time RT-PCR was performed by FTC-2000 Real-
Time Fluorescence Quantitative Thermocycler (FungLyn Biotech Corp. Ltd, Shanghai,
China). The sequences of primers for core-binding factor a1 (Cbfa1), bone
morphogenetic protein-2 (BMP-2), collagen I (COL-I), osteocalcin (OCN) and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) genes are given in Table 1.
Amplification reactions were performed with a SYBR PrimeScript RT-PCR kit
(Takara). The mRNA expression level of Cbfa1, BMP-2, Col-I, OCN and GAPDH was
expressed as threshold cycle (CT) values, and the expression of the housekeeping
gene GAPDH was used as internal control to normalize results. The comparative Ct-
value method was used to calculate the relative expression. All samples were
analyzed in triplicate.

2.6. Micropatterned hydrogels fabrication and osteon-like structure construct

To prepare cell-laden micropatterned hydrogel constructs, one droplet of the
prepolymer cell suspension was pipetted between a PDMS (SYLGARD� 184, Dow
Corning) coated glass slide and a TMSPMA treated glass slide separated by 300 mm
high spacers. Subsequently, a photomask was placed on the top slide and microgels
formation was induced by exposing the prepolymer to 7.9 mW/cm2 UV light (360e
480 nm) for 20 s. Immediately after polymerization, the top slide was removed and
the remaining unpolymerized prepolymer cell suspension was gently washed away
with PBS. Micropatterned cell-laden hydrogels were cultured for up to one week in
6-well-plates (Fisher Scientific) under standard culture conditions with the media
exchanged every 3 days.

For osteon-like structure construct, the inner circular microgels with HUVECs
encapsulation were first formed as mentioned above. The glass slide with the
microgels was then placed on another prepolymer solution containing MG-63 cells,
and a relevant photomask covering the inner-circle part was placed on the slide.
Then, the solution was exposed to UV light for 20 s to generate the outer layered
circle microgels. The double-layered circular microgel arrays with both HUVECs and
MG-63 cells containing were then separated from the glass slide and manually
assembled into a hollow tubular structure stabilized by 5 s of UV lighting. To test the
connectivity of the channel within osteon-like microgel assemblies, Nile Red dye
solution was perfused into the channel and the distribution image of the dye was
observed under fluorescent microscopy (Leicactr 4000).

2.7. Statistical analysis

All results were expressed as mean � standard deviation, and a paired Student’s
t-test was used to test for statistical significance between two types of samples.
P < 0.05 was considered to be statistical significance.

3. Results

3.1. Mechanical testing

The mechanical properties of the hydrogels are presented in
Fig. 2. With the incorporation of gelatin microspheres, the
compressive modulus of the hydrogel wasmuch higher than that of
the pure photocrosslinked alginate hydrogel (AG0,w68 kPa) except
a comparable level between AG0.5 and AG0. The compressive
modulus of the microspheres containing hydrogels increased
Table 1
Primers sequences for target genes.

Symbol Primers

GAPDH 50-GCCAAGGCTGTGGGCAAGGT-30

50-AGGTGGAGGAGTGGGTGTCG-30

Core binding factor a1 50-CTCTACTATGGCACTTCGTCAG-30

50-GCTTCCATCAGCGTCAACAC-30

Bone morphogenetic protein-2 50-TTACTGCCACGGAGAATGCC-30

50-CCCACAACCCTCCACAACCA-30

Collagen type I 50-CACACGTCTCGGTCATGGTA-30

50-AAGAGGAAGGCCAAGTCGAG-30

Osteocalcin 50-GAGGGCAGCGAGGTAGTGAA-30

50-CCTCCTGAAAGCCGATGTGGT-30
significantly with the microspheres amount when the volume ratio
of added microspheres was less than 1:1. However, with the
continue increase of microspheres, the compressive modulus of
AG1.25 decreased.

3.2. Swelling experiments

The swelling kinetics of the hydrogels in PBS at 4 �C and 37 �C is
depicted in Fig. 3. When incubated in PBS at 4 �C, the swelling ratio
of all the samples showed no apparent variation with incubation
time and decreased with the incorporation of microspheres in a
dose dependent manner. While for the hydrogels incubated in PBS
at 37 �C, the swelling ratio also exhibited a decreased tendency
with the increasing amount of microspheres, but the value changed
with time because gelatinwould degrade gradually at 37 �C. A rapid
swelling occurred during the early incubation of 2 days, and then
the swelling tendency slowed and dropped down after 4 days. For
AG0 control, without gelatin encapsulation, the swelling ratio
maintained a relatively higher level compared to other groups and
changed very little with incubation time just as incubated at 4 �C.

3.3. Gelatin degradation

As shown in Fig. 4, the decreased number of rhodamine-labeled
gelatin microspheres indicated that microspheres encapsulated in
hydrogel AG1 dissolved gradually with incubation, and the degra-
dation percentage after 3 days as shown in the statistical result was
90 � 2%, indicating the majority of gelatin was degraded. The
gradually blurred outline of the microspheres in the inserted light
micrographs also illustrated the continuous dissolution of gelatin.

3.4. Cell proliferation

The MTT assay was implemented to quantitatively investigate
the viability of MG-63 cells encapsulated in photocrosslinked
alginate based hydrogels with and without gelatin microgels. As
shown in Fig. 5, cells cultured in the hydrogels presented succes-
sively increasing viability in the order of AG0, RGD-AG0, AG1 and
RGD-AG1 on the same day, except for the almost equal or slightly
higher level in RGD-AG0 than cells in AG1 after 5 days in culture.
For RGD-AG1, cells proliferated dramatically on day 3, after which
cell viability maintained stable in the later culture time but still the



Fig. 3. The swelling properties of the hydrogels in pH 7.4 PBS at 4 �C and 37 �C. The swelling ratios of the hybrid hydrogels decreased significantly with the amount of gelatin
microspheres and were much lower than control A1G0 (*p < 0.05).
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highest among all the materials. In contrast, cells cultured in AG0
showed relatively lower viability as compared with those in other
samples and there was no significant difference in cell proliferation
until 10 days later. Encapsulated in RGD-AG0, cell maintained a
steady proliferation and showed an equal level of cell viability with
AG1 after 3 days culture, even outstripped the value of AG1 on the
tenth day.

3.5. Cell morphology

FDA/PI staining and DAPI/F-actin staining were used to inves-
tigate the proliferation, distribution, and morphology of MG-63
cells encapsulated in hydrogels. As shown in Fig. 6A, cells in AG0
control sample remained a rounded morphology with a slow pro-
liferation rate during the entire test period, only several cell clusters
formed after 7 days. In contrast, some of the cells encapsulated in
sample RGD-AG1 had started to form extensions around the mi-
crospheres after 1-day encapsulation, indicating that the cells were
starting to spread. Subsequently, with the microspheres gradually
degraded, the surrounding cells gradually grew into and eventually
filled up the space left by microspheres degradation. Typical spin-
dle shapes with tapering ends which indicated completely spread
cell morphology had been developed for cells in RGD-AG1. Besides,
the number of spreading cells in the RGD-AG1 hydrogel had visu-
ally increased, and direct cellecell contact between spreading cells
Fig. 4. Fluorescent photographs of rhodamine-labeled gelatin microspheres in sample AG1
microspheres was quantified (lower right). Inset: light micrographs of gelatin microsphere
could be seen clearly by 5 days culture. For AG1, embedded with
gelatin microspheres but without RGD containing, cells proliferated
slowly around microspheres and the spreading was limited
although cell aggregations were formed after 7 days. Similarly, cells
in RGD-AG0 containing cell adhesion sites only, can spread and
appeared protruding pseudopods, but the proliferation and the
stretched morphology was still very restricted due to the lack of
adequate space required for cell spreading. Cytoskeleton was
observed more clearly by DAPI/F-actin staining (Fig. 6B), results
revealed that cells in RGD-AG1 presented obvious cell spreading
phenomenon even on the third day and the completely spreading
was achieved after 5 days. While in the samples containing only
microspheres or RGD peptide, cells could just exhibit a limited
degree of spreading; either the spread cell number or the spreading
degree was far beneath RGD-AG1 although certain improvement
was gained along with culturing.

3.6. Alkaline phosphatase activity

Cell differentiation in the various hydrogels was characterized
using ALP as an early osteogenic marker (Fig. 7). The ALP expression
of cells in both RGD-AG1 and AG1 displayed a gradual rise with a
peak at around day 14 and then decreased on day 21. Cells in RGD-
AG1 remained the highest lever among all the four samples
throughout the culture, whereas the ALP expression in AG0 was
after incubation in PBS at 37 �C over 3 days, from which the degradation kinetics of
s in AG1 hydrogel.



Fig. 5. MTT analysis of the MG-63 cells encapsulated in the hydrogels. Cells in RGD-
AG1 showed statistically higher viability compared to other samples while cell
viability in AG0 maintained a relatively lower value throughout the entire culturing
(*p < 0.05).
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lowest and remained at the original lever over the entire test
period. Regardless of day 4, ALP activity was somewhat higher at
the same time point in AG1 as compared to RGD-AG0, inwhich ALP
activity was decreased with the culture.

3.7. Osteogenic gene expression

Osteogenic differentiation of the MG-63 cells cultured in
hydrogelswas evaluated by the real time analysis of gene expression
of Cbfa1, BMP-2, COL-I and OCN (Fig. 8). There was no significant
difference in the levels of cbfa1 expression among all the samples at
week 1. After that, the Cbfa1 mRNA expression increased dramati-
cally in RGD-AG1 and AG1, especially a much higher expression was
found in RGD-AG1. While in AG0 and RGD-AG0, a low cbfa1
expression was observed over the entire culture and no statistical
difference was found between each other. The COL-I expression of
MG-63 cells in RGD-AG1 showed a similar increasing trend to Cbfa1,
Fig. 6. Confocal microscopy images of MG-63 cells encapsulated in vario
while in the other samples, its increased expression did not occurred
until 3 weeks later in a much lower level than RGD-AG1. For BMP-2
expression, the highest expression in RGD-AG1was found atweek 2,
and then the expression dropped to a level even lower than that of
AG1 at week 3. The OCN expression in RGD-AG1 showed a statis-
tically much higher level than that in RGD-AG0 at the same time
point and exhibited a significantly increase after culturing for 3
weeks, while the expression in AG0 and RGD-AG0maintained a very
low level throughout the culturing and no significant difference was
found between each other.

3.8. Micropatterned hydrogels fabrication and osteon-like structure
construct

Microgels with different shapes, such as circle, square, cross and
ring, were fabricated respectively (Fig. 9A). MG-63 cells in these
micropatterned hydrogels maintained a high activity and achieved
a successful spreading after 7 days culture. By a two-step photoli-
thography method, double-ring microgels with HUVECs laded in
the inner layer and MG-63 cells laded in the outer layer were
fabricated and assembled to generate osteon-like structure
imitating Haversian system for bone-restructuring tissue engi-
neering (Fig. 9B). The obtained double-ringmicrogel was showed to
be tightly coupled and coaxial symmetric between inner and outer
ring (Fig. 9C, D). A double-layered hollow tubular osteon-like
structure was successfully constructed by the microgels assembly
(Fig. 9E). After 4 days culturing, both HUVECs and MG-63 cells in
the construct kept a high cell viability (Fig. 9F), and the micro-
channels were still connective as shown by the perfusion result
(Fig. 9G).

4. Discussion

Engineered tissues designed to mimic native tissues must
recreate the complex 3D cellular distribution and organization
found in vivo, while maintaining the cell viability and function of
the emulated tissues. Photopolymerized microgels with multitype
cells patterning fabricated by photomask-based stereolithography
us hydrogels with (A) FDA/PI staining and (B) DAPI/F-actin staining.



Fig. 8. Quantitative gene expressions of MG-63 cells cultured in various hydrogels after 1
expression of GAPDH as an internal control. The gene expressions of Cbfa1, COL-I and OCN in
higher level to other samples at the same time point, whereas the expression of BMP-2 wa

Fig. 7. Alkaline phosphatase expression of MG-63 cells during the 3 weeks of culture,
normalized by DNA. The ALP expression of cells in RGD-AG1 increased remarkably
with culture time on the first 14 days and then decreased significantly on day 21
(*p < 0.05). However, the expression of the A1G0 control remained at a low level over
the entire culture period.
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meet this requirement successfully, while a major challenge of
using micro/macro-scaled hydrogel scaffolds is the settlement of
cell spreading, migration and differentiation in 3D gel matrices.
Since the stretched morphology is extremely important to the
survival and function of anchorage-dependent cells, the adhesive
macroporous hydrogel system, inwhich cell-affinitive domains and
sufficient spreading space were simultaneously constructed, was
proposed in this report. Alginate hydrogels with RGD modified
using a gentle Michael-type addition chemistry were made mac-
roporous by the degradation of encapsulated gelatin microspheres
at 37 �C. As shown in Fig. 1A, the integrin-binding site is first pro-
vided by the RGD peptide grafted on the MAA molecule chain to
enhance the adhesion of MG-63 cells, so as to further facilitate cell
survival and growth in the artificial microenvironment by the
spreading space creation attributed to the degradation of gelatin
microspheres incorporated in the hydrogel.

With the incorporation of gelatin microspheres, the hybrid
alginate hydrogels exhibited significantly enhanced mechanical
properties (Fig. 2) and decreased swelling ratios (Fig. 3). However,
some decrease of the compressive modulus occurred when the
volume ratio of added microspheres was very high (i.e., AG1.25),
and the hydrogel collapsed after 6 days incubation (date was not
shown) resulted in a sharp decline in gel weight. This is probably
due to that an excessive amount of gelatin microspheres added
, 2 and 3 weeks by real-time RT-PCR. The expression levels were normalized to the
RGD-AG1 increased dramatically with the culture time and showed a statistically much
s highest at week 2 and then down at week 3 (*p < 0.05).



Fig. 9. (A) Confocal microscopy images of MG-63 cells encapsulated in microgels with shapes of ring, square, circle and cross respectively after 1 and 7 days by FDA/PI staining. The
pictures a1 and a7 are the enlarged views of cellular morphology on day 1 and day 7, respectively. (B) Scheme for the construction of osteon-like structure. (C) Light image and (D)
fluorescent image of double-layered circular microgel unit with HUVECs and MG-63 cells pre-labeled with green CMFDA and red CM-DiI cell trackers (Molecular Probes Inc., Eugene,
OR), respectively. (E) Phase image and (F) confocal microscopy image of the hollow tubular osteon-like structure assembled by the double-ring microgels after culturing for 4 days
by FDA/PI staining. (G) Fluorescent image of the osteon-like structure after perfusion test, and the white arrow represents the perfusion direction of Nile Red dye solution. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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affected the structural integrity of the hydrogel. Since a desirable
mechanical property is vital to bone scaffolds, moreover, the
integrity and stable appearance of micro-patterned scaffolds,
relatively lower swelling ratio of hydrogels here, should be main-
tained when cultured in vitro, the amount of encapsulated gelatin
was determined to be 1 mL gelatin per mL alginate. The next
degradation experiment clearly showed that gelatin microspheres
encapsulated in hydrogel gradually dissolute off at 37 �C to create
cavities (Fig. 4), and the nearly complete degradation (90 � 2%)
after 3 days incubation also indicated the interconnected macro-
porosity in the material would be successfully achieved. Then, we
chose human MG-63 osteoblasts to act as a model to evaluate the
capacity of this adhesive macroporous hydrogel for cell adhesion,
spreading as well as osteogenic differentiation. The MG-63 cell line
derives from osteosarcoma represents an immature osteoblast
phenotype and undergoes temporal development in long term
culture, is commonly used as a model for osteoblast phenotype
development and matrix mineralization [31]. In addition, it’s a kind
of anchorage-dependent cell, naturally in a spindle shape, so the
stretched/spreading morphology is extremely important to its
survival and function especially in osteogenic differentiation.
The high viability of encapsulated cells in all hydrogels as shown
in Figs. 5 and 6A indicated the cytocompatible and non-toxic nature
of these photocrosslinked alginate based hydrogels. As expected,
the both incorporation of RGD and gelatin microspheres signifi-
cantly promoted cell proliferation and spreading in the hydrogels
(Fig. 6A, B). Cells around the microspheres began to spread first,
then gradually grew into and eventually filled up the dissolution
space as the microspheres gradually degraded. From day 1 to day 5,
cells formed multiangular shape with protruding pseudopods
gradually, and eventually developed a typical spindle shape. After
that, the number of spread cells showed a continually increasing
and direct cellecell contact between spreading cells could be seen
clearly. For an anchorage-dependent cell, the stretchedmorphology
has a significant impact on cellematerial interaction and de-
termines the survival, adhesion, migration, differentiation and
many other important behaviors of therapeutic cells. The success-
fully induced cell spreading in the adhesive macroporous hydrogels
would provide fundamental support for the later osteogenic dif-
ferentiation. While in hydrogels containing only RGD peptide or
microspheres, cells proliferated slowly and the spreading was quite
restricted even only several cell aggregations were formed. This
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finding suggests that the successful cell spreading in the hydrogels
requires not only cell-affinitive domains such as RGD, but also the
creation of space to provide adequate room for cell migration/
growth, and no one can be absent.

Alkaline phosphatase (ALP) activity, an early marker of osteo-
genesis [32], was firstly analyzed to evaluate the osteogenic differ-
entiation of MG-63 cells in hydrogels (Fig. 7). ALP expression of cells
in the RGD-AG1 and AG1 underwent the process of first increase at
the early 2 weeks and then decrease at week 3, while that in the
AG0 control remained at the original low level over the entire test
period. For RGD-AG0, the ALP activity was highest on day 4 and then
decreased with the culture. As it has been generally considered that
the secretion of ALP increases before mineralization and decreases
after the initiation of mineralization [32], the later decreased ALP
expression indicated the initiation of mineralization of cells in these
hydrogels whereas no mineralization occurred in the control
because the ALP secretion remained low. Additionally, the signifi-
cantly higher ALP expression level in RGD-AG1 also indicated a
stronger mineralization compared with the other samples.

As markers of cell differentiation along the osteogenic linage,
osteogenesis-related gene expressions were then assessed by qRT-
PCR (Fig. 8). Gene expression in osteogenic differentiation can be
divided into two stages. Genes involved in cell proliferation,
migration and ECM synthesis are present at the early stages,
whereas genes playing a role in maturation and mineralization are
expressed at later stages of bone matrix formation [33]. Cbfa1 is an
osteoblastic specific transcriptional factor which regulates osteo-
genesis marker gene differentiation and promotes bone formation
[34]. Since it is the earliest osteogenic marker that activates the
gene expression of ALP, OCN, and some other bone-specific proteins
or enzymes, the significantly higher expression of cbfa1 in the RGD-
AG1 indicated that a hydrogel containing both microspheres and
RGD peptides was capable of up-regulating cbfa1 expression thus
supporting adherent cell differentiation along the osteogenic line-
age. The significantly higher expression of BMP-2 in RGD-AG1 at
week 2 also proved this, since it is one of the genes encoding for a
protein needed at early stages which can also activate osteogenic
gene expression [32]. As BMP-2 was down-regulated during the
following weeks, genes involved in mineralization and maturation,
such as OCN, increased their expression at week 3 demonstrating
phenotype maturation into osteoblast lineage. Besides, the
dramatically high expression of COL-I, which is the major constit-
uent of the native bone matrix and would provide the basic
structural integrity of connective tissues for further mineralization,
also reflected the enhancement of the progression of osteogenic
differentiation after 2 weeks culturing in RGD-AG1 especially. As a
later marker for osteogenesis, OCN plays a regulatory role in
balancing the maintenance or resorption of bone mineralization
[35]. Its generally low expression in all samples may be related to
the short culturing period since OCN is a late marker of osteogenic
differentiation only expressed by mature osteoblasts [36]. But the
relatively higher expression in RGD-AG1 to some extent indicated
the mineralization and maturing of cells in this hydrogel whereas
less mineralization and differentiation occurred in other samples.
In summary, the strongest presence of all these osteogenesis-
related genes suggests enhanced ossification of MG-63 cells
encapsulated in adhesive macroporous hydrogel RGD-AG1, with
gene expression of markers relevant to multiple stages of osteo-
genesis. And the much higher expression of all genes in it also in-
dicates much sharper promotion effect of osteogenic differentiation
attributed to both the RGD peptide and gelatin microspheres.

As hypothesized in the beginning of this study, the successful
spreading andenhancedosteogenic differentiation ofMG-63 cells in
RGD-AG1 hydrogel showed clearly the feasibility that cell function
may be effectively enhanced by the simultaneous construction of
cell-affinitivedomains and sufficient spreading space in3Dhydrogel
matrix.While in the pure alginate hydrogel AG0 and hydrogels only
capable of cell affinity (RGD-AG0) or cell spreading space (AG1), cells
could just exhibit either a rounded shape or a spreadingmorphology
withavery limiteddegree, and theosteogenicdifferentiationwas far
beneathRGD-AG1. Besides, this photocrosslinkable hydrogel system
which allows for spatial control over the polymerization reaction is
particularly attractive for micro-tissue engineering enabling facile
fabrication of complex 3D architectures. Microgels with different
shapes, such as ring, square, circle and cross, were successfully
fabricated. MG-63 cells in these micropatterned hydrogels, the
original shapes of which were well kept, maintained a high activity
and achieved a successful spreading after 7 days culture (Fig. 9A).
Furthermore, complex structures can also be fabricated by the co-
culturing multi types of cells with specific biorelevant functions in
various shaped microgels to generate multiple microenvironments
in scaffolds. Cortical bone, for example, is made up of cylindrical
functional units called osteons which are composed of a Haversian
canal that contain vasculature surrounded by several concentric
lamellae of osteocytes [37]. Osteon can be constructedwith spatially
distributed osteocytes and HUVECs to mimic bone-like ECM and
blood vessel-like micro tube in a scaffold respectively, and the as-
sembly of these repeating osteonunitswould be seen as a simplified
model of bone tissue [38e40]. A simple “double-ring” model
designed here can simulate the osteon structure, and a hollow
tubular structure with HUVECs laded in the inner layer and MG-63
cells laded in the outer layer was successfully assembled. As
shown in Fig. 9BeG, the constructed osteon-like structure, consti-
tuted of two basic parts that played similarly essential roles in nat-
ural osteon (lamellae and Haversian canals), provided good living
circumstances for cells.Wehope to use this system to regenerate the
basic structure of compact bone and investigate the HUVEC and
osteocytes interaction to regulate the osteogenic function and
vascularization of constructed bone grafts, thus promote the
implant integration and vascularization.

5. Conclusions

The adhesive macroporous hydrogel model was developed to
simultaneously construct cell-affinitive domains and sufficient
spreading space for anchorage-dependent cells, so as to facilitate cell
spreading and promote prolonged cell ingrowth, survival and dif-
ferentiation. With the incorporation of gelatin microspheres, the
hybrid alginate hydrogels exhibited significantly enhanced me-
chanical properties and decreased swelling ratios. The RGD peptide
grafted on the alginate and the macropores generated by the dis-
solved gelatin microspheres influenced the MG63 cells shape and
significantly enhanced their differentiation, as represented by the
higher mRNA expression of Cbfa1, BMP-2, and COL-I as well as more
ALP secretion. MG-63 cells in the adhesive macroporous alginate
hydrogel showed the ability to overcome hydrogel enlacement and
spread out into their native morphology, and the proliferation as
well as osteogenic differentiationwere greatly facilitated.Moreover,
microgels with different shapes were fabricated, and micro-
engineered complex structures constructedwith spatially organized
cell distribution and specific functions, such as osteon-like structure
containing both osteogenic and vascularized area was successfully
generated by a double-ring assembly. This is especially attractive in
the bioengineering of tissues that have multiple cell types and
require precisely defined cellecell and cellesubstrate interactions.
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