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ABSTRACT: Modular tissue engineering holds great potential in
regenerating natural complex tissues by engineering three-dimensional
modular scaffolds with predefined geometry and biological characters. In
modular tissue-like construction, a scaffold with an appropriate mechanical
rigidity for assembling fabrication and high biocompatibility for cell survival
is the key to the successful bioconstruction. In this work, a series of
composite hydrogels (GH0, GH1, GH2, and GH3) based on a combination
of methacrylated gelatin (GelMA) and hydroxyapatite (HA) was exploited
to enhance hydrogel mechanical rigidity and promote cell functional
expression for osteon biofabrication. These composite hydrogels presented a
lower swelling ratio, higher mechanical moduli, and better biocompatibility
when compared to the pure GelMA hydrogel. Furthermore, on the basis of
the composite hydrogel and photolithograph technology, we successfully
constructed an osteon-like concentric double-ring structure in which the
inner ring encapsulating human umbilical vascular endothelial cells (HUVECs) was designed to imitate blood vessel tubule while
the outer ring encapsulating human osteoblast-like cells (MG63s) acts as part of bone. During the coculture period, MG63s and
HUVECs exhibited not only satisfying growth status but also the enhanced genic expression of osteogenesis-related and
angiogenesis-related differentiations. These results demonstrate this GelMA−HA composite hydrogel system is promising for
modular tissue engineering.
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1. INTRODUCTION

Modular tissue engineering has emerged as a promising field to
regenerate an intricate microenvironment and cellular-scale
precision of natural tissues by assembling microscale modules
with specific architectural and biological features into desirable
macroscale constructs over the last few decades. It possesses
great prospective potential to exceed traditional tissue
engineering which often has difficulty regenerating complex
natural tissues.1

One of the crucial challenges in modular tissue engineering is
to prepare appropriate microscale modules. Various methods
have been employed to create these modules, such as cellular
self-assembly,2 microfabrication of cell-laden hydrogels,3

creation of cell sheets,4 and three-dimensional (3D) cell
printing.5 Among these ways, microgels are popular due to
their high content of physiological fluids and biomimetic nature
emulating the native extracellular matrix (ECM).6 One
remarkable example of fabricating these microgel-based
modules comes from the usage of the photo-cross-linkable
material by bottom-up assembly.7 This approach offers us a
rapid and scalable manufacture of modular constructs with
predefined geometrical and biological characters. In the past
years, this bottom-up assembly has had reasonable progress and
it has been found that the mechanical property and

biocompatibility of the hydrogel are the most important two
factors which can influence the microarchitecture, block
assembly, and cell behaviors.8,9

However, most hydrogels applied have obstacles to meet
both requirements. Due to the inherent rigid mechanical
property and micropattern fidelity, poly(ethylene glycol)
diacrylate (PEGDA) or poly(ethylene glycol) dimethacrylate
(PEGDMA) has been mostly applicable to construct microgel
modules.3,10 In most cases these PEG hydrogels always failed
the cell trials, in which dramatically decreased cell viabilities
over time and inhibited cell−matrix responsive behaviors were
observed.11 This mainly comes from the lack of cell binding
motifs as well as poor polymer network degradation in PEG.12

Therefore, many other novel photo-cross-linkable hydrogels
derived from those used in traditional tissue engineering have
been exploited, such as collagen,13 alginate,14 and gelatin.15

Among these materials, methacrylated gelatin (GelMA)
emerges as a prominent candidate because of its outstanding
biocompatibility, anti-inflammation, and cost efficiency. None-
theless, the weakness of mechanical rigidity associated with
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GelMA hydrogel greatly limits its applications in microscale
construction and modular assembly.15 Hence, exploration of a
hydrogel material with appropriate mechanical property for
benefiting the modular assembly and high biological activities
for cell cultivation is of great significance. To achieve this goal,
preparation of a multi-ingredient hydrogel system can be a
foreseeing strategy. In particular, for specific tissue con-
struction, it is generally of help that a biomimetic matrix is
created based on a comprehensive recognition of physical
compositions and in vivo formation process of the target tissue.
Cortical bone is comprised of the repeating functional osteon

units;16 thus, it is a typical example of native tissue which can be
reconstructed by modular tissue engineering. To achieve a
structural and functional mimicking, biofabrication of osteon-
like modular scaffolds would be vital. As to the microscale
structure, osteon is a highly vascularized tissue with a unique
concentric double-ring structure which can offer us a modular
design. Besides its structural character, a look at the bone
compositions under the nanoscale level shows us an inspiring
combination system of collagen fiber and mineralized
hydroxyapatite (HA).16 This organic−inorganic composite is
the typical feature of bone matrix. With increasing under-
standing of the bone matrix formation mechanism in vivo,
plenty of attempts have been made to construct similar
biomimetic systems by precipitating HA into synthetic polymer
templates or natural ones. Significantly, these fabricated
composites have been demonstrated to facilitate cell−cell,
cell−matrix responses to stimulate osteogenesis.17,18 However,
most of these template materials are based on preshaped
scaffolds without the ability to realize in situ cell encapsulation
and modular construction. To overcome this shortcoming,
employing a photo-cross-linkable hydrogel as the substrate
could be a potent solution.
As mentioned above, although mechanically weak, GelMA

hydrogel is a superior selection since it is photo-cross-linkable
and contains gelatin as backbone while inheriting its natural
advantages. In particular, gelatin is the main product of collagen
hydrolysis and retains chemical and biological features of
collagen which provide cell-responsive characteristics, cell
adhesion sites, and proteolytic degradability, for example.15

Furthermore, as the mainly inorganic composite of natural
bone matrix, HA has been proved to be bioactive to guide and
induce bone formation;19 therefore, HA-precipitated GelMA
hydrogel might provide improved cell−matrix responses to
enhance bone-related cell functional expression. This potential
has been partially proved by previous studies about the gelatin−
HA composite scaffold for bone tissue engineering.20,21 In
addition, the precipitation of HA into GelMA network might
also strengthen the whole mechanical rigidity of GelMA
hydrogel, which would be in favor of modular assembly.
On the basis of the above descriptions, we herein attempt to

demonstrate the novel example of the preparation of GelMA−
HA composite hydrogel with enhanced mechanical rigidity and
bioactivity. The physicochemical properties of the composite as
well as cellular responses within the 3D network of the bulk
hydrogel were characterized. Subsequently, we investigated the
feasibility of this GelMA−HA material in generating modular
systems for constructing biomimetic osteon.

2. MATERIALS AND METHODS
2.1. Materials. The UV light source (OmniCure S1500) was

purchased from EXFO Photonic Solutions Inc. Gelatin (Porcine Type
A, Cat No. G2500), methacrylic anhydride, 2-hydroxy-4′-(2-

hydroxyethoxy)-2-methylpropiophenone (I2959), fluorescein diace-
tate (FDA), and propidium iodide (PI) were obtained from Sigma-
Aldrich (USA). Photomasks were designed by AutoCAD 2007 and
printed by Qingyi Precision Maskmaking Co. Ltd. Unless otherwise
stated, all other reagents were obtained from Chengdu Kelong Chem
Co.

2.2. GelMA−HA Composite Hydrogel Preparation.
2.2.1. GelMA Synthesis. GelMA was synthesized as given in the
previous report.8 In brief, gelatin (10 g) powder was dissolved in 100
mL of Dulbecco’s Phosphate Buffered Saline (DPBS) under 50 °C,
and methacrylic anhydride (10 mL) was added slowly. The mixture
was stirred for 3 h under 50 °C and then diluted with 500 mL of
DPBS. Lastly, the solution was dialyzed against distilled water, which
was changed twice a day at 37 °C for 1 week, using a 12−14 kDa
dialysis tube. The final solution was freeze dried to a constant weight,
and the gained GelMA solid was stored at room temperature.

2.2.2. Preparation of GelMA−HA Serial Prepolymer Solution.
GelMA−HA solutions were prepared from GelMA, CaCl2, and
Na2HPO4. The Ca and P precursors were dissolved separately at a
ratio of Ca/P = 1.67 in equivalent distilled water, including 0.5 w/v %
I2959. An equal amount of GelMA was added to each solution and
stirred until they were completely dissolved under 37 °C at a
concentration of 10 w/v %. Then the GelMA−P solution was added to
GelMA−Ca dropwise, and NaOH was used to adjust the pH of the
mixed solution to approximately 8. The final GelMA−HA solution was
gained by being stirred at 37 °C for 24 h and stored at room
temperature. In addition, varying the quantity of Ca and P (maintain
the same 1.67 ratio) can form different HA-containing groups: 0, 1, 2,
and 3 w/v % (GH0, GH1, GH2, and GH3); the w/v % was calculated
by WHA/VSolution × 100%.

2.2.3. Preparation of GelMA−HA Bulk Hydrogel. The GelMA-
based solution was made into a hydrogel disc by using a circular Teflon
mold measuring 8 mm in diameter and 2.4 mm in thickness (Figure
S1, Supporting Information). After injecting the solution into the
mold, gelation was induced by 10 s of ultraviolet (UV) exposure. Each
hydrogel disc was in a cylinder shape with a diameter of 8 mm and a
height of 2.4 mm.

2.2.4. Preparation of GelMA−HA Microgel and Assembly. As
shown in Figure S2, Supporting Information, 150 μL of GelMA−HA
prepolymer solution was pipetted on a glass slide, on which three
spacer slides (each with a thickness of 150 μm) were placed on two
sides to control the microgel height, and then another slide was put on
slightly to cover the solution. Subsequently, photomask 1 was placed
on the top and the inner-ring microgel was formed by 25 s of UV
exposure (360−480 nm; 7.9 mW/cm2). Afterward, the microgel-
attached glass slide was rinsed with DPBS to remove the residue and
utilized again to cover another prepolymer, on which photomask 2 was
placed. The outer-ring gelation was induced by a second 25 s UV
exposure. Last, the double-ring microgel unit was manually stripped
from the glass and assembled one by one into a hollow tube which was
stabilized by 5 s of UV lighting.

2.3. Characterization of the GelMA−HA Hydrogel. 2.3.1. X-
ray Diffraction and Fourier Transform Infrared Spectroscopy
Detection. The phase composition and chemical bonding structure
of GelMA−HA composite was analyzed by X-ray diffraction (XRD;
Dandong Fangyuan DX-1000 diffractometer) and Fourier transform
infrared spectroscopy (FTIR; PerkinElmer Spectrum one (B)
spectrometer). The hydrogel disc samples for XRD and FTIR (Φ 8
mm × 2.4 mm) were freeze dried under vacuum and then tested at
room temperature.

2.3.2. Transmission Electron Microscopy (TEM). The TEM image
to show HA morphology and distribution was acquired using a
transmission electron microscope (TecnaiG2F20S-TWIN, USA) at an
accelerating voltage of 120 kV. Samples for TEM observation were
prepared by dropping 10 μL of diluted GelMA−HA solution onto
400-mesh carbon-coated copper grids. High-resolution TEM
(HRTEM) measurement was performed to show the internal structure
of HA by using a TEM system operated at an acceleration voltage of
200 kV. The crystal pattern of HA was analyzed by selected area
electron diffraction (SEAD).
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2.3.3. Scanning Electron Microscopy (SEM). For morphology
observation of hydrogel internal network, the hydrogel discs (Φ 8 mm
× 2.4 mm) were lyophilized after being initially frozen by liquid
nitrogen and then placed in the E-1010 ION SPUTTER for gold
coating. The final gold-coated samples were imaged by field emission
scanning electron microscopy (FE-SEM, Hitachi S-4800) at 5 kV. The
energy-dispersive spectroscopy (EDS) system was used for recording
the element distribution maps and calculating the Ca/P ratio.
2.3.4. Swelling Experiment. To test the swelling behavior of the

hydrogels, each hydrogel disc (Φ 8 mm × 2.4 mm) was immersed in 1
mL of DPBS with a constant temperature of 37 °C. At each time point
of 1, 2, 4, 8, 12, and 24 h, the discs were removed for wet weight (W1)
recording, before which the surface water of the hydrogel was quickly
removed using filter paper. The weight of each hydrogel before
immersion was recorded as W0. Calculation of the swelling ratio was
based on the following formula: (W1 − W0)/W0. Three parallel
samples per group were measured.
2.3.5. Mechanical Tests and Assembly Performance of the

GelMA-Based Hydrogel. The electromechanical universal testing
machine (CMT 4104, Shenzhen SANA Testing Machine Co. LTD)
was used to detect the compressive moduli of the hydrogel disc (Φ 8
mm × 2.4 mm). The compressive stress−strain was obtained at a
strain rate of 1 mm/min under room temperature. According to the
stress−strain curve, the compressive moduli were defined as the slope
of the linear region from 0 to 10% strain. Three replicates were tested
for each group.
The assembly performance of GH0, GH1, GH2, and GH3 was

tested by sequentially assembling their microgels. The procedure was
described in section 2.2.4. The final structure was imaged by a digital
camera. The numbers of the unit in the assembly were used to evaluate
the assembly performance.
2.4. Cell Culture and 3D Encapsulation. Human umbilical

vascular endothelial cells (HUVECs) and human osteoblast-like cells
(MG63s) were obtained from CCTCC (China Center for Type
Culture Collection).
HUVECs (or MG63s) culture was maintained in a physiological

condition at 37 °C in a humidified 5% CO2−95% air atmosphere and
cultured in high glucose DMEM (Gibco, USA) containing 10% fetal
bovine serum and 1% penicillin/streptomycin. The culture medium
was refreshed every 2−3 days, and cells were passaged twice a week.
To prepare cell-laden hydrogel, cells were trypsinized, counted,
centrifuged, and gently mixed in the prepolymer solution with a final
concentration of 5 × 106 cells/mL (GH0, GH1, GH2, and GH3), and
then the cell-containing prepolymers were gelled as in sections 2.2.3 or
2.2.4.
2.5. Cell Proliferation and Morphology in 3D GelMA-Based

Bulk Hydrogel. Cell proliferation and morphologies in GH0, GH1,
GH2, and GH3 bulk hydrogels were detected by MTT assay and
FDA/PI staining. The predetermined time point for detection was 1,
4, and 7 days. In MTT test, cell-laden hydrogels were first immersed in
DPBS containing 0.5 mg mL−1 MTT at 37 °C. After 4 h incubation,
DPBS was removed and dimethyl sulfoxide (DMSO) was
subsequently added to dissolve the purple formazan salts. Lastly, the
multidetection microplate reader (Bio-Rad 550) was used to measure
the absorbance of the solution at 490 nm. Three replicates per group
were tested. For cell morphology observation, the samples were
immersed in FDA/PI-containing DPBS for 1 min and then retrieved
and imaged using the confocal laser scanning microscope (CLSM,
Leica-TCS-SP5).
2.6. Characterization of Cell-Laden Osteon-Like Modules in

Use of GelMA−HA Composite and Perfusion Test. The cell-
laden microgel and assembly were prepared as described in section
2.2.4, in which the MG63s and HUVECs were encapsulated in the
outer ring and inner ring of the osteon-like module, respectively, at a
density of 5 × 106 cells mL−1. The cell-laden unit and assembly was
stained with FDA/PI and imaged by CLSM to observe cell growth and
distribution. To test the connectivity of the assembled tube,
Rhodamine B solution was pumped into the assembly at a rate of 5
μL min−1, and the process was visualized under fluorescent microscopy
(Leicactr 4000).

2.7. Cell Gene Expression. Osteogenesis-related and angio-
genesis-related gene expression in osteon-like assembly was examined
by quantitative real-time reverse transcriptase−polymerase chain
reaction (qRT−PCR). Total RNA was extracted from each sample
after 4 and 7 days using Trizol reagent (Invitrogen, USA) and then
converted into complementary DNA (cDNA) via a ReverTra Ace
qPCR RT Kit (Toyobo, Japan). The sequences of primers for collagen
I (COL-I), osteocalcin (OCN), alkaline phosphatase (ALP), vascular
endothelial growth factor (VEGF), and GAPDH genes are given in
Table 1. The CFX96TM real-time PCR detection system (Bio-Rad,

CFX960) with SsoFastTM EvaGreen Supermix (Bio-Rad) was used to
perform the quantitative real-time PCR reaction. GAPDH as the
housekeeping gene was utilized to normalize results. The relative
expression values were calculated by the ΔΔCt value method. Each
sample was averaged from three parallels.

2.8. Statistical Analysis. Mean ± standard deviation (SD) was
used to express all results. Statistical significance was examined by one-
and two-way of variance (ANOVAs) and set at p < 0.05.

3. RESULTS

3.1. Characterization of GelMA−HA Composites.
3.1.1. XRD, FTIR, and TEM Analyses. The characteristic XRD
and FTIR spectra of the GelMA−HA hydrogel are shown in
Figure 1A and 1B. Data from GH2 was chosen as a
representative sample. As can be seen from Figure 1A,
comparing with GH0, the peaks (002, 211, 310, 222, and
213) observed in GH2 were typical from HA apatite. Also, the
typical diffraction peaks of 002 and 211 appeared broadened.
The FTIR spectra in Figure 1B showed the chemical bands

related to phosphate groups, particularly PO4 (970, 605, and
567 cm−1), which could be only attributed by apatite.
Additionally, the typical bands in GH0, such as amide bands,
were also observed in GH2 sample.
The TEM photo in Figure 1C showed that HA had a flake

shape with a submicro/nanosize and dispersed well in GelMA
solution. Both the HRTEM image and the SEAD pattern
(Figure 1D) confirmed that HA was crystalline; the 0.028 and
0.034 nm spacings agreed well with the (211) and (002) lattice
spacings of hexagonal HA.

3.1.2. SEM. A similar internal porous network was observed
in all GelMA-based hydrogels as indicated in Figure 2. For
GH0, the wall of GelMA was smooth, while in the HA-
precipitated GelMA network, all three groups (GH1, GH2, and
GH3) exhibited a rough wall.
Additionally, with increasing ratio of HA, there were little

differences among the wall of all GelMA−HA samples. As
shown in Figure S3, Supporting Information, for GH1, -2, and
-3 samples, the elemental map of Ca and P showed a

Table 1. Primer Sequences Used for qPCR

symbol primers

GAPDH 5′-GGCATGGACTGTGGTCATGAG-3′
5′-TGCACCACCAACTGCTTAGC-3′

alkaline phosphatase 5′-GCTGGCAGTGGTCAGATGTT-3′
5′-CTATCCTGGCTCCGTGCTC-3′

collagen type i 5′-CACACGTCTCGGTCATGGTA-3′
5′-AAGAGGAAGGCCAAGTCGAG-3′

osteocalcin 5′-TTGGACACAAAGGCTGCAC-3′
5′-CTCACACTCCTCGCCCTATT-3′

vascular endothelial growth factor 5′-TTGCCTTGCTGCTCTACCTCCA-
3′

5′-GATGGCAGTAGCTGCGCTGATA-
3′
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homogeneous distribution along the network and the Ca/P
ratio was 1.71, 1.61 and 1.78, respectively.
3.1.3. Swelling Experiment. Figure 3 depicts the swelling

properties of the GelMA−HA hydrogels. A dramatic swelling
was observed from 0 to 2.5 h in GH0, and the swelling tended
to decrease after 5 h and reached saturation with an equilibrium
swelling ratio of approximately 280% after 12.5 h. As for the
other three tested groups (GH1, GH2, and GH3) with different
precipitation ratios of HA, the swelling ratio was reduced
significantly, maintaining the saturation level of 100% after 12.5
h. In addition, there was no obvious difference among the three
groups.
3.1.4. Mechanical Tests and Assembly Performance. The

mechanical properties of the hydrogels are shown in Figure 4A.
The compressive modulus of GH0 hydrogel was ∼13 kPa. With
incorporation of 1w/v % HA, GH1 gained a little higher
modulus of approximately 15 kPa. When the incorporation
ratio of HA was increased to 2 and 3 w/v %, significantly higher
moduli were exhibited by GH2 (∼23 kPa) and GH3 (∼24 kPa)
with no significant difference between each other.

Figure 4B showed the sequentially assembled structures by
use of the GH0, GH1, GH2, and GH3 microgel units, of which
the number in the assembly increased from 5 to 13. In addition,
during the assembling process, the GH0 was difficult to be
assembled and its final structure was irregular while the others
could be maintained well.

3.2. Cell Viability and Morphology in GelMA-Based
Bulk Composite Hydrogel. The live/dead status, prolifer-
ation, and spreading of MG63s and HUVECs in GelMA-based
bulk hydrogels are presented in Figures 5−7.
As can be seen from the CLSM images, both MG63s and

HUVECs in GelMA−HA bulk hydrogels exhibited a high
viability. As for MG63s, GH2 showed a significantly higher
proliferation rate than the others on day 7 while GH3 showed a
slower increase and a lower cell density (Figures 5A and 7A).

Figure 1. Characterization of GelMA-based composite: (A) XRD
graph, (B) FTIR spectrum (phosphate-related bonds of PO4 were
noted by the star symbol), (C) TEM image for GH2, and (D)
HRTEM of an individual HA in GH2; (inset) corresponding SEAD
pattern.

Figure 2. SEM images of cross-section of the composite hydrogels:
GH0, GH1, GH2, and GH3. Scale bars: 100 μm.

Figure 3. Swelling kinetics of the GelMA-based hydrogels in PBS
under 37 °C.

Figure 4. (A) Compressive moduli of the GelMA-based composite
hydrogels (asterisk (*) indicates p < 0.05). (B) Phase contrast images
of the sequentially assembled constructs by using the GH0, GH1,
GH2, and GH3 microgels.
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The magnified images (Figure 5B) exhibited that cells in all
four groups began to form extensions, although a portion of the
cells still remained round after 1 day encapsulation. The
number of spread cells and their spreading extension increased
with the incubation time. Finally, cells in the composite
hydrogels developed into a typical spindle shape, in which
pseudopods were clearly visible. However, most cells in GH3
hydrogel remained in a round or restrained shape.
For HUVECs, an enhanced proliferation in GelMA−HA

groups than the one in GelMA was observed, particularly in
GH2, which showed a notably higher rate than the other two
composite ones (Figures 6B and 7B). According to Figure 6B,
HUVECs formed individual cell aggregations at day 4 and
eventually developed into connected networks at day 7
(represented by GH2 and GH3).
Also, it should be noted that GH2 showed higher aggregation

with a larger connected area. Nonetheless, few connected
networks were found in GH0 and GH1. In addition, HUVECs
in all groups exhibited its natural cobblestone shape as the
culture time extended.
3.3. Construction and Characterization of Cell-Laden

Osteon-Like System Based on the Composite Hydrogel.
According to the above characterizations of the serial GelMA−
HA composites, group GH2 was the optimal selection to be
utilized in the following modular construction due to its stable
swelling behavior, relatively high mechanical rigidity, good
assembly performance, and superior biocompatibility. As shown
in Figure 8A, the osteon-like unit had a concentric double-ring
structure with an inner diameter of 500 μm, a middle diameter
of 1.2 mm, and an outer diameter of 2 mm and could be further

manually assembled into a regular and tightly coupled assembly
(Figure 8B). The perfusion test (Figure 8C) indicated the
connective lumen embedded within the assembly.
Figure 8D−F displays cell distributions, proliferation, and

morphologies of the coculture system in which HUEVCs was
encapsulated in the inner ring while MG63s is in the outer ring.
Both cells exhibited high viability and rapid growth, and the
shapes of the microgel unit and assembly were preserved well.
Cell morphologies were observed in Figure 8G−I. As the
culture time was extended, both MG63s and HUVECs
gradually spread into their spindle shape and cobblestone
shape in the system, respectively. Nevertheless, cell density
reached an extremely high level in hydrogel after 7 day
encapsulation, making it indistinct to observe their morphol-
ogies.
Gene expressions of cell-related differentiation in the osteon-

like assembly were detected and quantified by qRT-PCR
(Figure 9). Cell (MG63s or HUVECs)-laden GelMA bulk
hydrogel was used as the control group. In gene selection,
OCN, COL-I, and ALP were chosen as markers for
osteogenesis differentiation of MG63s while VEGF for
angiogenesis differentiation of HUVECs. In all groups, all
gene expressions dramatically increased with prolonged culture
time (from day 4 to day 7). For bone-related genes, there was
no significant difference between the GelMA−HA assembly
and the bulk GelMA hydrogel for ALP and OCN expressions,
while the COL-I expression was obviously enhanced in the
assembly at the same time point. Interestingly, as to vascular-
related gene VEGF, a significantly higher expression in the

Figure 5. Confocal images of MG63s-laden bulk GelMA-based
hydrogel after being cultured for 1, 4, and 7 days: (A) lower
magnification and (B) higher magnification. Cell seeding density: 5 ×
106 cells mL−1. Scale bars: 500 (A) and 100 μm (B).

Figure 6. Confocal images of HUVECs-laden bulk GelMA-based
hydrogel after being cultured for 1, 4, and 7 days: (A) lower
magnification and (B) higher magnification. Cell seeding density: 5 ×
106 cells mL−1. Scale bars: 500 (A) and 100 μm (B).
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assembly than the one in the bulk hydrogel was observed on
both time points.

4. DISCUSSION
Modular tissue engineering shows huge prospect in the
regeneration of complex tissues. Selection of the scaffold
material is the substantive factor to successful construction of
the modular tissue. Given the requirements of the modular
construction on molding, assembly, and biological function of
the microscale unit, a desirable scaffold is supposed to possess
the following features: arbitrary molding, high mechanical
property, and biocompatibility.
In this article, we explored a photo-cross-linkable GelMA-

templated HA composite hydrogel with advantages of both
improved mechanical rigidity and cell bioactivity for modular
construction of biomimetic osteon. Preparation of this multi-
ingredient hydrogel was initiated by a collagen−HA combina-
tion system in natural bone matrix and to get the patternable
property for modular biofabrication. To introduce HA into the
GelMA template, we chose chemical synthesis of HA in the
presence of Ca and P in GelMA solution (Figure 10).
As illustrated in Figure 10, there should be two HA

formation mechanisms in GelMA network. One comes from
the reactions between calcium ions and phosphate radicals free
in GelMA network, which would result in homogeneous

Figure 7. MTT analysis of the MG63s (A) and HUVECs (B) in the
GelMA-based hydrogels after incubation for 1, 4, and 7 days (asterisk
(*) indicates p < 0.05).

Figure 8. Characterization of osteon-like double-ring modules. (A, B)
Phase-contrast images of a single unit and an assembly. (C)
Fluorescent images under the Rhodamine (red) perfusion. (D−F)
Confocal images of the cell-laden micropatterned unit for 1, 4, and 7
days, (insert) related assembly. (G−I) Higher magnification of
confocal images. M stands for MG63s, and H stands for HUVECs.
Cell seeding density: 5 × 106 cells mL−1. Scale bars: 500 (A−F) and
100 μm (G−I).

Figure 9. Quantitative genic expressions of MG63s and HUVECs in
osteon-like assembly after 4 and 7 days’ incubation by qRT-PCR
(asterisk (*) indicates p < 0.05). P stands for MG63s and HUVECs in
micropatterned GelMA−HA assembly. MC stands for MG63s in
unpatterned GelMA hydrogel (MG63s only), and HC stands for
HUVECs in unpatterned GelMA hydrogel (HUVECs only).

Figure 10. Schematic description of the mechanism of HA formation
in GelMA network.
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formation of HA filling with spatial structure of the hydrogel
network, and this should be a fundamental way of HA
formation in GelMA network. The other one relies on the
chemical combination of GelMA molecule and HA. According
to the HA mineralization mechanism in natural bone matrix,
molecular blocks of collagen play an important role to induce
chemical bonding between calcium and phosphate, guiding HA
in situ formation.22,23 As a hydrolysis product of collagen,
gelatin is believed to retain these molecular characteristics and
possess potential abilities to guide HA precipitation in a calcium
and phosphate coexisting system, and this has been
demonstrated by previous reports about the fabrication of
gelatin−HA nanofibers or nanocomposites.20,21 On the basis of
this fact, it could be inferred that this inducement also occurred
in our GelMA−HA system. First, specific groups in GelMA
molecules, such as the carboxyl group, would conjugate with
the surrounding free calcium ions. Subsequently, phosphate
radical would react with the calcium and finally induce the
formation of HA, forming HA-integrated GelMA molecules.
Similar inducement of HA precipitation by specific polymer
chain template has been reported in previous studies.24,25

According to XRD, FTIR, HRTEM, and SEAD analysis,
formation of HA was demonstrated. Due to the in situ
precipitation and organic molecules inducing growth of HA, the
as-received HA crystal was in submicro/nanoscale size with
slight distortions of the crystal lattice in the progress of
crystallization; thus, the crystallinity was relatively low, and the
typical diffraction peaks of HA appeared broadened in XRD.26

This is consistent with previous reports that this kind of apatite
crystallization in organic media is a common phenomenon.27

Moreover, thanks to the above-mentioned formation mecha-
nism, both precipitation patterns of HA would result in its
homogeneous distribution in GelMA network as confirmed by
EDS analysis, SEM, and TEM images. Significantly, this
homogeneity not only guaranteed the uniform physiochemical
properties of the composite hydrogel but also improved its
swelling, mechanical properties, as well as bioactivities.
Hydrogel swelling results from the molecular water

absorption.28 GelMA molecule is flexible, and it will cause an
obvious network expansion when absorbing water, which
means a high swelling ratio, while HA particles are rigid24 and
water absorption will only give rise to an ignorable volume
change, presenting a low swelling ratio. Therefore, HA filling in
GelMA network limited GelMA molecular expansion, leading
to a decreased swelling ratio.
Furthermore, benefiting from the stiffness of HA and its

homogeneous distribution, the composite hydrogel gained an
enhanced mechanical strength with the ability to resist external
compression force. Another reason for this enhancement
should be attributed to the molecular precipitation of HA
which rendered GelMA molecule strengthened rigidity. Never-
theless, when HA content increased from 2 to 3 w/v %, the
hydrogel compression moduli showed no evidence of a
corresponding strengthening. This might be due to excess
formation of HA, which would lead to a heterogeneous
compounding and incomplete gelation, failing to have a further
promotional effect on hydrogel mechanics.
Both improved swelling and mechanical properties endowed

the composite hydrogel better modular assembly performance
as demonstrated by the sequential assembly since a low swelling
level represents a small shape deformation which is conducive
to stabilizing microgel assembly, and the enhanced stiffness

offers the microgel an intact architecture, which is in favor of
the assembling process.
More important, introducing HA into GelMA network

stimulated cellular bioactivities of MG63s and HUVECs. To
engineer biomimetic bone by modular assembly, the functional
establishment of osteon would be a primary requirement.
Focusing on this aim, MG63s and HUVECs were chosen to
test the biocompatibility of the composite hydrogel for MG63s
belongs to the human osteoblast cell line with a high potential
of differentiation into bone,29 and HUVECs belongs to the
human endothelial cell line with great abilities to differentiate
toward vascular tube.30 Due to the cell-affinitive domains Arg-
Gly-Asp (RGD) in GelMA molecules31 and high bioactivity for
osteo-related cell of HA,32 MG63s showed satisfying growth
status in composite hydrogel. In particular, a higher
proliferation rate in GH2 than other groups was observed,
indicating that the combination of GelMA and HA in GH2
provided the hydrogel with an optimal microenvironment
mimicking natural bone matrices, better stimulating cell growth.
This kind of positive response by HA-containing scaffold to
enhance bone-related cell biological activities as compared to
those by individual scaffold has been reported in other similar
systems.20,33 Unexpectedly, a decreased cell proliferation and
restrained cell morphologies were observed in GH3, and this
might result from an excess HA formation which might limit
cell spreading in GelMA network.6

As to HUVECs, all composite hydrogels exhibited advantages
in enhancing cellular activities than GelMA alone. Previous
reports have demonstrated that microscale HA crystals possess
high biocompatibility for vascular endothelium-related cell
culture.34 Therefore, the significant proliferation of HUVECs
within the composite hydrogel can be attributed to a stimulative
effect by HA. Interestingly, notable cell aggregations were
observed in HA-containing groups, especially remarkable in
GH2, indicating that addition of HA could promote cellular
self-assembly. The cell aggregation is regarded to be in favor of
cell−cell communication, stimulating cell activity, such as
immigration and proliferation.35 As a consequence, the
abundant formation of cell aggregations in GH2 means a
better cell functional establishment.
The above-mentioned results suggested that the novel

GelMA−HA composite hydrogel was successfully prepared
with both enhanced mechanical rigidity and improved cell
biocompatibility and could be a potent alternative scaffold for
modular tissue engineering. Further feasibility of constructing
modular tissues was proved by biomimetic osteon fabrication
and assembly.
Owing to the photo-cross-linking ability of GelMA, the

composite could be lightly patternable into different geometries
with controlled dimension.3 On the basis of this property,
concentric double-ring microgels construct was successfully
fabricated with a lumen-contained osteon-like structure in
which MG63s spatially distributed in the outer ring and
HUVECs in the inner ring to mimic natural bone ECM and
blood vessel-like microtubule relatively. This modular system
architecturally and biologically embodied a simplified model of
natural osteon. The successful construction and perfusion test
again proved the perfect assembling performance and structure
preserving of the microgels by use of GelMA−HA composite.
During the incubation period, both MG63s and HUVECs

populating in this modular system exhibited a satisfing growth
status as expected. On one hand, this is undoubtedly related to
the high bioactivity of GelMA−HA composite; on the other
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hand, the connective channel embedded within the assembly
also contributed a promotion effect to cellular behaviors for
such connective channels within the scaffold can enhance cell
survival by guaranteeing adequate oxygenation, nutrient
delivery, and removal of waste products.36

Finally, osteogenic differentiation of MG63s by expression of
OCN, COL-I, and ALP and angiogenic differentiation of
HUVECs by expression of VEGF further confirmed the
functional establishment of bone and vascular in the assembly.
These genes are considered as important markers for bone/
vascular forming cell and have been popularly selected to
evaluate the performance of the scaffold in related-tissue
forming process.37,38 Therefore, the results revealed an
inducement of cellular differentiation by the composite
hydrogel. Of special note was the observation that COL-I
expression as well as VEGF in the modular system was
significantly higher than the one in bulk GelMA hydrogel. This
up-regulation is partially attributed to GelMA and HA, which
are well known to stimulate bone/vascular-derived cell
bioactivities.31,39,40 Furthermore, the homogeneous combina-
tion of GelMA and HA provided the hydrogel with an efficient
composite structure mimicing the inorganic−organic natural
system in bone; thus, it could enhance cell−cell and cell−
matrix responses, resulting in increased cellular secretions.
Another considerable reason comes from our modular design
which enables coculture of MG63s and HUVECs. Numerous
studies on multitype cell cocultivation have been demonstrated
to achieve enhanced cellular differentiation-related expression
which deeply relies on the interactive biological stimulation
between cells.31,41 For example, during the bone formation
process, bone forming cell differentiation can be stimulated by
introducing a vascular forming cell system which in the
meanwhile can be stimulated by surrounding bone cell−ECM
environment to develop into blood vessel formation.42,43

Therefore, this interaction also existed between MG63s and
HUVECs in our modular system and promoted cell-specific
differentiation.
In summary, the above results demonstrated that the

modular fabrication of biomimetic osteon was successfully
conducted by utilizing the novel GelMA−HA composite. This
construction was dependent on the composite hydrogel with
advantages of both high mechanical stiffness for modular
assembly performance and prominent biocompatibility for cell
growth and functional expressions. Significantly, these results
also indicate that the photo-cross-linkable character of the
composite allows for spatial control over the polymerization
reaction and makes the hydrogel system particularly attractive
for the fabrication of other complex 3D natural tissues which
are comprised of repeating functional units, such as lobule in
the liver.12 Therefore, this multi-ingredient hydrogel holds
prodigious potential to be developed as a competitive candidate
in modular tissue engineering. However, compared with
traditional bone-repairing scaffolds used in clinics, the
mechanical moduli of the composite GH series are low,
limiting its application presently. This disadvantage is expected
to be overcome by rapid tissue regeneration through optimized
material bioactivity and biomimetic tissue construction. Thus,
this composite material needs to be further optimized, and
relevant research is progressing in our laboratory.

5. CONCLUSION
Herein, we demonstrated the successful fabrication of a novel
3D GelMA−HA composite hydrogel. This composite hydrogel

was proved to possess a stronger mechanical property, a more
stable swelling behavior, and better biocompatibility than the
GelMA individual equivalent. Utilization of the composite in
constructing biomimetic osteon for bone regeneration on the
basis of photolithography exhibited its great capabilities in
promoting cell growth and specific cellular differentiation.
These results endow this composite system a prospective
application in modular tissue engineering for bone reconstruc-
tion.
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