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ABSTRACT: Microsphere systems have been used to deliver drugs, proteins, and cells. However, dispersed microspheres can induce
harmful effects after they are introduced into the body. To agglomerate these dispersed microspheres, an in situ forming system was
developed to fabricate microsphere/hydrogel composites. Polycaprolactone microspheres with a porous surface and hollow core were
physically incorporated into a genipin-crosslinked gelatin hydrogel. The incorporation of microspheres reduced the swelling capacities
and weakened the unexpected volume expansion, which is not favorable for in vivo implants. Additionally, the reacted genipin ratio
increased with increasing gelatin concentration. The degradation of the composite was also determined, and it was proposed that the
degradation mechanism of the composite was bulk collapse, whereas that for the pure hydrogel was surface erosion. The obtained
microsphere/hydrogel composite might have a great potential application as an injectable system for tissue regeneration. © 2012 Wiley
Periodicals, Inc. J. Appl. Polym. Sci. 129: 689—698, 2013
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INTRODUCTION

In recent years, the application of microspheres to the delivery
of drugs and proteins has attracted great attention."? Hydro-
phobic drugs and hydrophilic proteins can be encapsulated in
microspheres to obtain long-term sustained delivery.>™ In addi-
tion, the microspheres used as cell carriers show better cell
attachment and growth.*”

However, dispersed microspheres can readily induce chronic
inflammation, foreign-body reaction, and fibrosis or thrombus
after introduction to the human body.*® Multiple approaches
have been used to agglomerate dispersed microspheres; these
include sintering by heating close to the melting temperature'®
and solvent-activated fusion.'"'? However, these methods have
poor repeatability, and the physical properties of the obtained
composites cannot be well controlled. Moreover, the sintering
treatment with a toxic solvent at high temperature tends to
cause protein denaturation and cell death and might not be
suitable for biomedical applications.'?

Recently, a formulation method that overcomes these issues has
been developed.””™ This method combines hydrogels with
microspheres. The dispersed drug- or cell-loaded microspheres
are introduced into a pregel solution first and then agglomer-
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ated into a specific shape with gelation. This shape can be easily
controlled to match the three-dimensional geometry of the
damage sites for tissue generation.'® More importantly, the
incorporated microspheres can provide sufficient cell-affinitive
interfaces to sustain long-term cell attachment and viability
with common hydrogels.'”'® In addition, researchers have
found that hydrogel-system-based formulations can ameliorate
undesirable drug-release behaviors (e.g., the inhibition of the
initial burst).'>"

Gelatin, a partial derivative of collagen, has been recognized as
an excellent biomaterial in tissue engineering.'”' A gelatin
hydrogel can be crosslinked through various methods, including
chemical reaction, UV irradiation, and physical entanglement,
to enhance its mechanical properties and stability under aque-
ous conditions.”>”** Previously, various kinds of microspheres,
such as poly(lactide-co-glycolide) (PLGA) and dextran, have
been incorporated into gelatin hydrogels for release.”>” How-
ever, the crosslinker that was used, glutaraldehyde, is toxic to
biomolecules and cells; this limits the applications of these
hydrogels in the biomedical field. Recently, a low-toxic and nat-
urally occurring crosslinker, genipin, has been used to form gel-
atin hydrogels via the reaction of amino groups and the dihy-
dropyran ring under neutral conditions.”®> Many researches have
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indicated that genipin is more suitable for cell culturing
compared to glutaraldyhyde.”®>' Genipin-crosslinked gelatin
microspheres induce little inflammation when implanted in
vivo’>> and can deliver growth factors while retaining their
bioactivity.**

In this study, dispersed polycaprolactone (PCL) microspheres
were introduced into a pregel gelatin solution. The solution was
further crosslinked by genipin to obtain the microsphere/hydro-
gel composites. The effects of the microsphere size and gelatin
concentration on the physical properties of the composites were
thoroughly investigated. Their internal morphologies, reacted
genipin contents, swelling abilities, and compressive moduli
were determined. Furthermore, the degradation mechanism of
the composites was studied. It was expected that the micro-
sphere/hydrogel composite would have great potential applica-
tion as an injectable system for tissue regeneration.

EXPERIMENTAL

Materials

¢-Caprolactone was provided by Sigma-Aldrich and was distilled
over CaH, before use. Stannous octoate [Sn(Oct),] and cyclotri-
phosphazene were supplied by Sigma-Aldrich Shanghai Trading
Co., Ltd(Shanghai, China). Six-arm PCL (number-average mo-
lecular weight = 80,000 Da and polydispersity index = 1.66, as
determined by gel permeation chromatography) was synthesized
according to our previous study,” with cyclotriphosphazene as
an initiator and Sn(Oct), as a catalyst. Gelatin (BP, bloom >
240) and poly(vinyl alcohol) (87-89% hydrolyzed, weight-aver-
age molecular weight = ~ 74,800 Da) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Genipin (purity
= 98%) was obtained from Shanghai Hotmed Sciences Co.,
Ltd. (Shanghai, China). All other reagents were analytical grade
and were purchased from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China).

Fabrication of the PCL Microspheres

PCL microspheres with two sizes (small size = 331 £ 66 um
and large size = 625 £ 98 um) were fabricated according to a
procedure in the literature with a slight modification.”® Initially,
a certain amount of PCL was dissolved in 7 mL of methylene
chloride (10% w/v for the large microspheres and 6.67% w/v
for the small microspheres). Then, a volume of 2.8 mL of an
ammonium bicarbonate aqueous solution (15% w/v) was added
to the PCL solution. The mixture was emulsified under mag-
netic stirring at room temperature for 30 min to obtain the first
emulsion. Afterward, the first emulsion was poured into 300
mL of a poly(vinyl alcohol) aqueous solution (0.1% w/v). The
mixture was stirred at room temperature at 400-500 rpm. After
emulsification for 8 h, the solidified microspheres were collected
via a screening mesh, washed with distilled water five times,
and then lyophilized overnight.

Fabrication of the Pure Gelatin Hydrogel

The respective gelatin solutions (10, 20, and 30 w/v) and geni-
pin aqueous solution (1% w/v) were fully mixed with a volume
ratio of 2 : 1. Then, the mixture was poured into a specific
mold (10 mm in diameter and 15 mm in height) and incubated
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Table I. Composition of the Composites
Microspheres Gelatin

Code?® used® concentration (%)
SH-10 Small 10
SH-20 Small 20
SH-30 Small 30
BH-10 Large 10
BH-20 Large 20
BH-30 Large 30
PH-10 N/A 10
PH-20 N/A 20
PH-30 N/A 30

N/A, not applicable.

2SH, BH, and PH represent gelatin hydrogels with small, large, and no
microspheres, respectively. The number represents the gelatin concentra-
tion used, PSmall microspheres: 331 + 66 um; large microspheres: 625
+ 98 um.

at 37°C for 8 h. The pure hydrogel without microspheres was
finally obtained.

Fabrication of the Microsphere/Hydrogel Composite

First, the PCL microspheres were prewetted over ethanol and
double-distilled water. The microspheres
absorbed water and sank to the bottom of the vial and were
then taken out for further use. Subsequently, each gelatin solu-
tions (10, 20, and 30% w/v) was mixed with the genipin solu-
tion (1% w/v). The volume ratio of the gelatin to genipin solu-
tion was fixed at 2 : 1. The water-absorbing microspheres were
added to the gelatin/genipin solution to obtain a microsphere
concentration of 1 g/mL. The mixture was allowed to gel in a
specific mold at 37°C for 8 h. The obtained composite was
demolded and then freeze-dried for several days. All of the
related data of the composites are listed in Table I. The samples
were named and SH, BH, and PH represented gelatin hydrogels
with small, large, and no microspheres, respectively.

incubated into

Characterization

The surfaces of the dried microspheres were observed with scan-
ning electron microscopy (SEM; JSM-6360LV, JEOL, Tokyo, Ja-
pan). The microspheres were spread on an aluminum stub and
coated with gold at 0.1 Torr. The SEM images were analyzed
with Image J software (National Institutes of Health, Maryland,
United State). The average microsphere diameters were calcu-
lated from the images with a sample size of at least 100
particles.

The cross-sectional microsphere was prepared by celloidin sec-
tion technology. Briefly, a celloidin ethanol solution (18% w/v)
was mixed with ethyl ether at a volume ratio of 1 : 1. Then, the
microspheres were immersed into the solution and air-dried for
1-2 weeks to obtain a slab. The slab was freeze-sectioned and
observed by SEM. The internal morphology of the composites
was also determined by SEM. The dried microsphere/hydrogel
composite was frozen and sectioned with a blade for SEM
observation.
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The reacted genipin ratio was determined with an ultraviolet—
visible spectrophotometer (SP-725, Shanghai Spectrum Instru-
ment Co., Ltd, Shanghai, China). Briefly, the dried composite
was incubated in 20 mL of phosphate-buffered solution (PBS;
pH 7.4) at 37°C with agitation (80 rpm). At selected time inter-
vals, a volume of 5 mL of PBS was withdrawn from the me-
dium and replaced with another 5 mL of fresh PBS. The test
was conducted until no free genipin was detected in the me-
dium. The genipin concentration was obtained on the basis of a
comparison of the absorbance intensity at 230 nm with a stand-
ard calibration curve. The total free genipin content was calcu-
lated from the cumulative release of genipin. All of the experi-
ments were performed in triplicate. The reacted genipin ratio
was calculated as follows:

Reacted genipin ratio (%) = (1 — Free genipin content/
Total genipin content) x 100%) (1)

The swelling behavior was primarily induced by the gelatin
hydrogel and was determined by a gravimetric method. The
composite was immersed into a 25-mL beaker containing 10
mL of PBS at 37°C. At predetermined intervals, the composite
was taken out, superficially wiped dry, and weighed. The swel-
ling ratio was calculated as follows:

ES(%) = (VVS — ‘/V,{)/(Wd — Wm) X 100% (2)

where E; is the swelling ratio of the composites, W; and W; are
the weight of the dried and the swollen composites at time ¢,
respectively, and W,,, is the weight of the microspheres. The exper-
imental data were obtained from four different measurement.

The volume expansion of composite was determined by the vol-
ume ratio between the dried composite and the swollen one. A
density bottle filled with ethanol was first weighed, and then, the
dried composite was put into the density bottle. This caused a
volume of ethanol to overflow. After the composite was removed,
the density bottle was weighed again. This process was repeated
for the composite swelled in water at 37°C for 24 h. The swollen
composite was put into a density bottle filled with water. The
density bottle was again weighed before and after it held the
composite. The volume increment was calculated as follows:

Volume ratio = [(W5s — W4)/p,1/[(W1 — Wa)/p.] (3)

where W is the weight of the density bottle filled with ethanol,
W, is the weight of the density bottle with ethanol after holding
the dried composite, W; is the weight of the density bottle filled
with water, W, is the weight of the density bottle with water after
holding the swollen composite, and p,, and p, are the densities
of water (1 g/mL) and ethanol (0.78 g/mL), respectively. The ex-
perimental data were obtained from four different measurement.

The compressive modulus analysis of the composite was con-
ducted with an Instron machine (CMT5000, SANS, MTS Sys-
tems Corp., Shanghai, China) at ambient temperature and hu-
midity. The crosshead speed and entrance force were set at 1
mm/min and 0.1 kN, respectively. The compressive modulus
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value was determined by the initial linear slope (strain at 2-7%)
of the stress—strain graph. The resulting data were evaluated
with a paired ¢ test. The experimental data were obtained from
four different measurement.

Degradation Assay

The composite was incubated in 20 mL of PBS (pH 7.4) at
37°C for 10 days. At each time point, three independent sam-
ples were removed, freeze-dried, and weighed. The residual
mass was calculated as follows:

Residual mass(%) = W /W{ x 100% (4)

where W, is the weight of the composites at the initial stage
and W, is the weight of the composites at time . The removed
samples were not used further to eliminate the error during the
freeze-drying and reswelling process. The experimental data
were obtained from four different measurement.

The gross morphology of the composite at time ¢ was recorded
by a digital camera (D80, Nikkon).

RESULTS AND DISCUSSION

Size and Morphology of the Porous PCL Microspheres

In this study, the porous PCL microspheres were fabricated via
a water-in-oil-in-water emulsion method with NH,HCO3; as a
porogen. We obtained the microspheres with two diameters by
altering the PCL concentration; these were referred to as the
large microspheres and small microspheres, respectively (Fig-
ure S1). Figure 1(A) illustrates the morphology of the small
microspheres with a diameter of about 331 = 66 um. Many
small pores with sizes of less than 10 um were observed on the
surface [Figure 1(B)]. However, additional surface pores might
be covered with a thin film. This could be attributed to the
fact that the content of the oil phase (CH,Cl,) for the small
microspheres was higher than that for large microspheres.
Because of the slower evaporation and longer time residence
of the oil phase, a thin film might be formed on the surface of
the microspheres. The cross section of the small microspheres,
shown in Figure 1(C), indicated that a porous surface and hol-
low internality existed. The thickness of the porous wall was
approximately 50 um, and the hollow core accounted for two-
thirds of the microsphere volume. In addition, the outer sur-
face was connected to the core through the open pore struc-
ture. The diameter of the microspheres increased when the
polymer concentration was increased. The large microspheres
had a diameter of 625 * 98 um, and the surface pores (20-30
um) were larger than those of the microspheres [Figure
1(D,E)]. A hollow core was also observed in the large micro-
spheres, similar to the small microspheres, but the pore wall
became thinner (~ 15 pum).

The PLGA-based microspheres were fabricated with a similar
method.”® However, the pore structure was significantly differ-
ent from that of the PCL microspheres prepared here. An inter-
connective pore structure could be found on the PLGA micro-
spheres, whereas the PCL microspheres exhibited a porous
surface and hollow internality. We concluded that PCL was
more hydrophobic than PLGA and exhibited less compatibility
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Figure 1. SEM images. (A,B) Small microspheres (331 * 66 um), (C) cross section of the small microspheres, (D,E) large microspheres (625 = 98 um),

and (F) cross section of the large microspheres. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

with water; thus, phase separation easily occurred in the first
water/oil emulsion. After the addition of the first emulsion into
the PVA solution, the water phase in the first emulsion quickly
aggregated; this resulted in the formation of microspheres with
a porous surface surrounding a hollow core.

It should be noted that this porous structure might be a prereq-
uisite for cell culture. The porous surface could allow the swift
exchange of the nutrition and waste as well as the ingrowth of
cells (for the large microspheres). On the other hand, the hol-
low core could provide enough space for the cells to aggregate
and communicate with other cells. The interaction among cells
is considered to be very important in inducing the extracellular
matrix secretion and the tissue formation.””*®

Evaluation of the Reacted Genipin Ratio

To gain a uniform distribution of PCL microspheres in the gela-
tin/genipin solution, the microspheres were initially prewetted.
Afterward, the water-binding microspheres were mixed with the
gelatin/genipin solution for gelling, and subsequently, a dark
blue and white microsphere/hydrogel composite was obtained.
Fourier transform infrared (FTIR) spectral analysis (Supporting
Information, Figure S2) showed that the composite had a typi-
cal absorption band from PCL (O=C, 1705 cm™ ') and absorp-
tion bands corresponding to amide A, I, II, and IIT from gela-
tin.”® The thermal analysis of differential scanning calorimetry
(DSC, Q2000, TA Instrument, Delaware, United States) exhib-
ited almost the same T,’s as SH-10, BH-10, BH-30, and PCL
(Figure S3); this indicated that the gelatin hydrogel, gelatin con-
centration, and microsphere diameter had little effect on the
thermal properties of the composites.

A crosslinking reaction occurred between the amino groups of
gelatin and the dihydropyran ring of genipin. The unreacted
genipin could be detected by an ultraviolet—visible spectropho-
tometer and was used to evaluate the extent of the crosslinking
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reaction.”®*! As illustrated in Figure 2, for the PH, the reacted
genipin ratio increased when the gelatin concentration increased
(PH-10 < PH-20 < PH-30). A similar trend was also observed
for the composites (SH-10 < SH-20 < SH-30; BH-10 < BH-20
< BH-30). The results
the crosslinking reaction improved with increasing gelatin
concentration. In addition, the introduction of the porous
microspheres had little effect on the gelatin—genipin crosslinking
reaction. It was also indicated that the mobility of the genipin
molecule was free and not inhibited by the microsphere
suspension.

demonstrated that the extent of

It has been reported that a safe dose of genipin is lower than
0.5 mM,* and the highest genipin concentration among the
samples (PH-10) reached only 0.36 mM. Thus, all of samples
were in the range of a safe dose. Moreover, all of the samples
could eliminate the free genipin from the bulk within 6 h after
immersion in ethanol.

PH30pH30 |

o
<
1

804

70

604

Reacted genipin ratio (%)

50-

Figure 2. Reacted genipin ratio of the composites.
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Figure 3. SEM images of the PH, SH, and BH composites: Morphologies of (A) PH-10, (B) PH-20, (C) PH-30, (D) SH-10, (E) SH-20, (F) SH-30, (G)
BH-10, (H) BH-20, and (I) BH-30 (the arrow represented the gelation inside the microspheres).

Internal Morphology of the PH, SH, and BH Composites
Figure 3 illustrates the internal morphologies of various gelatin
hydrogels with and without PCL microspheres. PH-10 showed a
loose internal structure with blurry and unfledged pore walls,
whereas PH-20 and PH-30 exhibited regular and connective
pore structures [Figure 3(A—C)]. The internal pore sizes of PH-
10, PH-20, and PH-30 were measured to be 421 *+ 74, 143 =
67, and 121 * 27 um, respectively. It was found that the pore
size decreased when the gelatin concentration increased.

The morphologies of the composites containing small PCL
microspheres (SH-10, SH-20, and SH-30) are illustrated in Fig-
ure 3(D-F). The internal pore sizes of the SH types were about
100-200 pm [Figure 3(D-F)]. The gelatin concentration had no
effect on the internal pore structure, unlike in the PH types.
Meanwhile, the gelatin solution could penetrate the micro-
spheres and gel inside the microspheres. Gelation inside the
microspheres was observed for SH-10 and SH-20 but not for
SH-30, as the 30% gelatin solution was too viscous to penetrate
into the microspheres.

The internal pore sizes in the BH types (>600 pum) were larger
than those in the SH types [100-200 pm; Figure 3(G-I)]. It was
believed the larger microsphere significantly inhibited the gelling
process. Internal gelation was more readily observed in the BH-
type large microspheres than in the SH-type small microspheres,
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as shown in Figure 1, because of the more porous surfaces of
the large microspheres.

Swelling Ratio of the Composites

The incorporated microspheres and gelatin concentration greatly
influenced the swelling ratio of the composites. As shown in
Figure 4, all of the PH types were rapidly swollen; for example,
the swelling ratio of PH-20 was about 20 times the weight in
the dried state after 48 h of immersion. By comparison with
PH-10, PH-20, and PH-30, it was found that a higher gelatin
content resulted in a higher swelling ratio. The swelling abilities
of PH-20 and PH-30 were 1.6 and 1.4 times higher than that of
PH-10. However, no distinct difference was found among the
BH types. In addition, the swelling ratios of the SH types
decreased with increasing gelatin concentration.

The swelling ability of the gelatin hydrogel was inhibited after
the incorporation of microspheres. For a given gelatin concen-
tration, such as 20%, the swelling ratios of SH-20 and BH-20
were 2.8 and 1.5 times lower than that of PH-20. The decrease
was greater on SH-20 than that on BH-20. This could be attrib-
uted to the fact that the quantity of the small microspheres
(331 = 66 pum) was greater than that of the large microspheres
(625 = 98 um) for the same weight; this led to a stronger
restriction on the swelling of gelatin chain. In addition, the SH
types exhibited the opposite trend in comparison with the PH
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Swelling ragi,

Figure 4. Swelling ratios of the PH, SH, and BH types as a function of time. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

types with regard to the effect of the gelatin concentration. This
suggested that the incorporated microspheres occupied the
space inside the composites and squeezed the free room for
chain swelling. Thus, the higher gelatin concentration had less
free space and induced a greater inhibition of the swelling
ability.

Volume Expansion of the Composite

The inhibition on the swelling ratio resulted in a decrease in
the volume expansion. After it was incubated in water for 24 h,
the volume of the pure hydrogel expanded to some extent [Fig-
ure 5(A,B)]. For PH-30, the volume of the swollen hydrogel was
nearly six times larger than that of the dried hydrogel, whereas

Volume ratio

PH-30

B Swelling

Scale bar: 1 cm

Swelling

Swelling

Figure 5. (A) Volume ratio between the swollen samples and the dried samples and (B) digital images of the volume expansion of the PH, SH, and BH

types. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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after the incorporation of the microspheres, the volume change
in the composite was slight [Figure 5(A,B)].

Unexpected volume expansion might be not favorable for in
vivo application, and a stable dimension of the implant should
be required for high success in tissue regeneration.*> Here, it
was important that the incorporation of the microspheres in the
composite hydrogel restricted unexpected volume expansion
and maintained stable dimensions.

Mechanical Properties of PH, SH, and BH

The compressive moduli of all of the samples exhibited a de-
pendence on gelatin concentration (Figure 6). For the PH types,
PH with a higher gelatin concentration had a denser network
[Figure 3(A-C)], and this led to a stronger compressive
resistance.

After the introduction of the microspheres, the compressive
moduli decreased. This might have been due to the disruption
of the gelatin network. The incorporated microspheres
destroyed the longitudinal continuity of the connective structure
and induced a decrease in the mechanical integrity. The small
microspheres had larger quantities than the large ones under
the same weight, and thereby, the decrease was greater in SH
than in BH.

Degradation Properties of the PH, SH, and BH Types

The degradation assay was conducted in PBS (pH 7.4) at 37°C
for 10 days. The changes in mass and gross morphology were
determined as a function of time during the degradation pro-
cess (Figures 7 and 8). For the PH types, the mass losses of PH-
30, PH-20, and PH-10 were 30.3, 45.2, and 56.8%, respectively,
after 10 days [Figure 7(A)]. This was attributed to the gradual
disintegration of the crosslinking point and the dissolution of
the unzipped free gelatin. Relatively slow erosion could be
obtained with a high gelatin concentration because of the dense
network.

After the incorporation of PCL microspheres, the effect of the
gelatin concentration on SH and BH was opposite to that on
the PH types. Figure 7(B) shows that SH-10 experienced slight
degradation, whereas SH-30 totally collapsed (Figure 8). Similar
trends were also observed for the BH types [Figure 7(C)]. This

| ) —

1.5

1.04

0.5 essle

Compressive modulus (MPa)

0.0-

Figure 6. Compressive moduli of the PH, SH, and BH types. The asterisk
represents a p value of less than 0.05 between two groups.
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Figure 7. Degradation assay of the PH, SH, and BH types as a function
of time: mass loss of (A) PH, (B) SH, and (C) BH. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

was ascribed to the different degradation mechanisms for the
PH, SH, and BH types.

The degradation mechanism is described in Figure 9. The
dimensions of PH reduced in a stepwise manner, with surface
erosion occurring in bulk. A higher gelatin concentration
resulted in bulks that took more time to dissolve because of
their denser internal structure. Thus samples with less dense
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Figure 8. Digital images of the PH, SH, and BH types during degradation (scale bar = 20 mm). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

structures, PH-10, disintegrated more quickly than the more
dense samples, PH-20 and PH-30.

The degradation mechanisms of the SH and BH types were con-
sidered to be bulk collapse. The repulsions between the hydrogel
and the microspheres were responsible for the dimensional
reduction of the SH and BH types. As shown in Figure 4, the
incorporated microspheres restrained the swelling ability of the
gelatin hydrogel. In the case of low gelatin concentrations
(SH-10 and BH-10), the relatively loose structure provided
enough space for the hydrated chains to extend. The additional
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free space diminished the interaction between the hydrogel and
the microspheres. However, at a high gelatin concentration
(SH-30 and BH-30), the internal structure was more compact.
When the gelatin was swollen, the network became dense and
squeezed the nearby microspheres. As the interaction enhanced,
the composite disintegrated into small chunks of microspheres
and hydrogel in a stepwise manner. Therefore, the erosion of
the hydrogel resulted in rapid mass and volume reductions, and
both SH-30 and BH-30 were completely disintegrated in 10
days (Figure 8).
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Figure 9. Degradation mechanism of the pure hydrogel and the microsphere/hydrogel composites. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

This composite had good biocompatibility (cells could proliferate
in a sustained way in the composite, as shown in the Supporting
Information, Figures S4 and S5) and has great potential applica-
tion as injectable implants for tissue regeneration. When the cell-
loaded microspheres are applied, the composite could be injected
and formed in situ at the defect site. The degradation study indi-
cated that the composite could not be cultured in vitro for a long
time because of the rapid bulk collapse. However, the unique
degradation behavior might be helpful for in vivo application.
Supposedly, after the composite was implanted in vivo, amounts
of space would be induced from the bulk collapse inside the
damaged site. Then, the cells had sufficient space to proliferate
and freely migrate. The space would also permit the settlement of
the extracellular matrix and accelerate tissue formation.

CONCLUSIONS

We successfully agglomerated porous PCL microspheres into a
gelatin/genipin hydrogel. The physicochemical properties of the
composites were influence by the incorporation of the PCL
microspheres. The geometrical shape of the composites could
easily be maintained after water swelling compared to PH. The
composites also exhibited bulk collapse, which might improve

the quality of tissue formation. The PCL microsphere/gelatin
hydrogel composite could have great potential application as an
injectable implant for tissue regeneration.
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