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Bioactive poly(e-caprolactone)
microspheres with tunable open pores as
microcarriers for tissue regeneration
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Abstract

Microparticles with porous structure can be applied as microcarriers for both cell culture and tissue regeneration. While

well-controlled pore structure represents a critical challenge to be achieved. In the present study, in order to develop

microcarriers for cell culture, a series of poly(e-caprolactone) microspheres were fabricated with varied macroporous

structures. Poly(e-caprolactone) microspheres were prepared via the integration of the emulsion/solvent evaporation

and particle leaching mechanisms. Particularly, by adjusting poly(e-caprolactone) concentration and the ratio between

the porogen paraffin and poly(e-caprolactone), the microspheres with the pore size of 25.6–84.0 lm and the porosity of

57.4–75.5% were obtained. Further, the microspheres were subjected to alkaline hydrolysis, followed by surface coating

with hydroxyapatite. These porous poly(e-caprolactone) microspheres with surface modification well supported the

adhesion and growth of human fibroblasts. Together, bioactive poly(e-caprolactone) microspheres with controlled pore

structure are potential to be applied in cell culture and tissue regeneration.
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Introduction

Regenerative medicine, including tissue engineering

and cell therapy, holds great promise to meet unmet

clinical needs.1 Cells can either be seeded onto bioma-

terials scaffolds to generate an artificial tissue/organ

replacement in tissue engineering or expanded to

obtain a large quantity for cell therapy. While three-

dimensional porous scaffolds, flat fibrous membranes,

and hydrogels have been extensively employed for

tissue engineering.2 Cell expansion is traditionally car-

ried out on two-dimensional flat substrates.
Recently, microcarriers have been proposed for the

above applications and demonstrated tremendous

advantages over conventional biomaterials.3 Cells can

be seeded onto microcarriers, cultured in scalable bio-

reactors, and applied as injectable materials for tissue

repair or building blocks that can be further assembled

into macroscopic tissue constructs. Liu et al. fabricated

nanofibrous hollow microspheres using star-shaped poly

(L-lactic glycolic acid) (PLGA), which were successfully

applied for culture of chondrocytes and further injected

for regeneration of osteochondral defects.4 Previously,

we had developed a novel process for engineering large

bone tissue substitutes by culturing cells (mesenchymal

stem cells, MSCs) on microcarriers (CultiSpher S) in scal-
able spinner flasks and then assembling these cell-laden
microcarriers in a perfusion culture system.5–8

Microcarriers for cell culture are generally made of
biodegradable polymers, such as synthetic polyesters
including polycaprolactone (PCL), polylactic acid
(PLA), polyglycolic acid (PGA), PLGA, as well as natu-
rally derivedmolecules including collagen, chitosan, and
alginate.9 In addition, decellularized tissues, such as bone,
can also be processed into microcarriers, which contain
native bioactivemolecules and can potentially provide a
more favorable microenvironment for cells.10,11
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Since cells are seeded on microcarriers, the surface
properties such as surface topography, stiffness, and
chemistry of microcarriers are very important.
For example, to achieve osteoconductivity,mineraliza-
tion of microcarriers with hydroxyapatite (HAp) could
confer a rougher and hydrophilic surface, leading to
enhanced cell growth and osteogenic differentia-
tion.12–14 Researchers have also explored to improve
the hydrophilicity of microspheres via surface hydroly-
sis15 and graft of hydrophilicmolecules.16,17

One of the most important characteristics of micro-
carriers is the porous structure, which can be very perti-
nent in dictating cellular behavior and tissue
regeneration. The pores can facilitate the accommoda-
tion of cells, mass transfer of nutrients and metabolites,
and the vascularization once implanted in vivo. Chung
and Park found that 3T3 L1 mouse preadipocyte cells
seeded on porous microspheres (PM) led to a higher
number of viable cells and far better extent of differen-
tiation into adipocytes than non-PM.18 In another study,
a direct comparison between nanofibrous hollow micro-
spheres with open pore structure and those with solid
interior structure showed that the former supported
better cartilage regeneration.4 But, how the characteris-
tics of pore features in microspheres can be related to the
performance of microspheres in cell culture and tissue
regeneration has not been well established.3

Nonetheless, well interconnected open pore structures
with an optimal pore size in scaffolds are considered
favorable for cell growth and differentiation.

To fabricate microcarriers endowed with well-
controlled pore structures represents an unmet goal.
Several approaches have been investigated to produce
PM. The emulsion/solvent evaporation is the most
extensively applied method, wherein the pore structure
is generated via the introduction of porogens, such as
ethanol,19 camphene,20 and ammonium bicarbonate.21

Zhang et al. used the self-synthesized PCL to prepare
PM. But the obtained microspheres had narrow and
irregular pore channels, thin wall and poor mechanical
properties.22 The control over the microstructural fea-
tures has not been achieved yet, which leads to subopti-
mal performances in cell culture and tissue regeneration.

The objective of the present study was to develop
controlled porous PCL microspheres with HAp-coated
surface and to evaluate the potential application of
these microspheres in regeneration medicine.

Materials and methods

Materials

PCL (Mn 70,000–90,000, CAS 24980–41-4, Biotech
grade) and 3–(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) were purchased

from Sigma-Aldrich (St. Louis, MO); paraffin (Tm:

52–54�C), poly(vinyl alcohol) (PVA, alcoholysis

degree 87.0–89.0%, polymerization degree 1700), gela-

tin, HAp nanoparticles (particle diameter <100 nm)

were purchased from Aladdin (Shanghai,

China); Dulbecco’s Modified Eagle Medium

(DMEM) and 0.25% trypsin/ethylenediaminetetraace-

tic acid (EDTA) were purchased from Gibco

(Gaithersburg, MD); 100 U/mL penicillin and

100U/mL streptomycin were purchased from

Beyotime Biotechnology Inc. (Shanghai, China); fetal

bovine serum (FBS) was from Hyclone (Logan, USA);

Calcein-AM (CAM) was purchased from Sigma-

Aldrich (St. Louis, MO). Red fluorescent protein–

labeled human fibroblasts (RFP-HF) were obtained

as a gift from a lab of Institute of Biochemistry and

Cell Biology (SIBS, Shanghai, China) of Chinese

Academy of Sciences and cells were maintained in

DMEM supplemented with 10% FBS.

Fabrication of PCL PM

PCL microspheres were prepared as previously

described by Zhang et al.22 Briefly, as schematically

illustrated in Figure 1, PCL (e.g., 0.6 g) and paraffin

(e.g., 0.6 g) at designated ratios, were dissolved into a

certain volume of chloroform (e.g., 9mL) in a sealed

bottle, which was staged in an oven at 60�C. When the

mixture turned into the clear solution, it was added

dropwise into 300mL PVA solution (1 wt%) at 40�C
for 4 h with stirring at 340–360 r/min. After chloroform

was evaporated, the solidified microspheres were fil-

tered through an 88-mm sieve and washed with absolute

ethanol three times. The microspheres were collected,

air dried, and then immersed in n-hexane at 37�C for

two days with oscillation followed by n-hexane refresh-

ment for six times. After that, the microspheres were

washed with absolute ethanol three times to remove

residual n-hexane and air dried. Microspheres of 200–

300 lm were collected after sieving with 300-mm and

200-mm sieves sequentially.

Scanning electron microscopy (SEM)

The microstructural features of the microspheres were

examined by SEM. Briefly, the microspheres were

treated with collodion, snap-frozen in liquid nitrogen

and then fractured with a sharp blade to expose the

cross sections. Samples were fixed on a metal post

with conductive adhesive, sputtered with gold, and

observed using JSM-6360LV SEM (Joel USA,

Peabody, MA). Quantitative measurements were car-

ried out by using Image J software and the parameters

of the structural features were calculated as follows
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with more than 200 microspheres and at least 50
pores counted.

‹ Porosity: W¼ S1� 100%/S2

S1: the pore area of cross section, S2: the area of
cross section.

› Pore density: x¼N/S3

N: the number of pores on microsphere surface,
S3: the surface area of semi-microsphere.

fi Average pore diameter: U¼ (d1þ d2þ � � � þdN)/N

dN: the pore diameter of surface or internal, lm.

fl Average diameter: D¼ (D1þD2þ � � � þDN)/N

DN: the microsphere diameter, lm.

Hydrolytic treatment

Hydrolysis of the microspheres was carried out by
treatment with NaOH. The microspheres (1.0 g) were
suspended in absolute ethanol and incubated for
30 min under gentle stirring. After removal of ethanol,
10mL NaOH solution at different concentrations (i.e.,
1 M, 2 M, 3 M, and 4 M) was added to the micro-
spheres and incubated at room temperature. After dif-
ferent time intervals (i.e., 3 h, 6 h, 9 h, and 12 h), the
microspheres were sampled and rinsed with deionized
water until pH of the wash solution turned 7.0.

The degree of hydrolysis was analyzed by quantify-
ing the content of carboxyl group with Toluidine O
(TBO, Sinopharm Chemical Reagent Inc., Shanghai,
China) chromatometry method.23 Briefly, the hydro-
lyzed microspheres (20 mg) were suspended in 4mL
0.5 mM TBO solution (pH 10.0) for 12 h at room tem-
perature. Then, the microspheres were rinsed with 0.01
M NaOH solution for three times. The adsorbed TBO

on the microspheres was extracted with 4mL 50%

acetic acid solution with gentle agitation. The absor-

bance at 630 nm of the solution was recorded on a

microplate reader (ELx800, BioTek, USA). A standard

curve was prepared with TBO standard and the content

of carboxyl group was calculated based on the principle

of 1mol TBO being equivalent to 1mol carbox-

yl group.

HAp coating of microspheres

The microspheres (1.0 g) were hydrolyzed with 4 M

NaOH for 3 h as described above. Hydrolyzed micro-

spheres were then suspended in 10mL 1.0 wt% HAp

in ethanol solution with stirring for 1 h at room tem-

perature. After that, the microspheres were sieved

(200 lm), washed with distilled water and absolute eth-

anol, and air dried for use.
To detect the content of HAp on the surface of the

microspheres, 1.0 g HAp coated microspheres were put

in the furnace wall of WRT-1 TGA (thermogravimetric

analyzer). In a nitrogen atmosphere under non-

isothermal conditions at heating rates of 10�C/min

until the furnace wall temperature reached 500�C.
The weight was dropping with the temperature increas-

ing. Finally, the remainder was the HAp. For element

analysis, microspheres were fixed on a metal post

with conductive adhesive and sputtered with gold.

Calcium and phosphorous elements in samples were

analyzed using energy dispersive spectrometer (EDS,

EDAX Falion 60S, USA). Surface roughness of the

microspheres was characterized with atomic force

microscope (AFM, Veeco/DI, USA).

Assessment of cytotoxicity

The microspheres (16 mg) were treated with 75% eth-

anol for 0.5 h for sterilization.24 After that, the micro-

spheres were suspended in 1mL of growth medium

(DMEM supplemented with 10% FBS) and incubated

for 48 h in 37�C incubator with a humidified

PCL/paraffin
suspension

water
O/W

emulsion
Microspheres
with porogens

Porogen

Porous
microspheres

leaching

40°C

Solidify

H2O
H2O

H2O

H2OH2O

H2O

Figure 1. Schematic illustration of microsphere fabrication process.

1244 Journal of Biomaterials Applications 33(9)



atmosphere of 5% CO2. Then, the leaching medium
was collected for subsequent cell culture. RFP-HF
cells were seeded in 48-well plates at 1.5� 105 cells/
well in growth medium and incubated in 37�C incuba-
tor with 5% CO2. After 12 h, the medium was changed
to the leaching medium (1mL/well) and cells were incu-
bated for 24 h. Cell viability was determined by MTT
assay. After removal of the medium, 500 lL MTT dil-
uent (MTT: medium¼ 1: 10, v/v) was added to each
well and incubated for 4 h at 37�C in a humidified
atmosphere of 5% CO2. Then, the cells were rinsed
twice with phosphate-buffered saline (PBS) and 1mL
dimethyl sulfoxide (DMSO) was added to each well to
dissolve the formazan crystals. The absorbance at 490
nm was measured on the microplate reader (ELx800,
BioTek, USA).

Cell culture on microspheres

Prior to cell seeding, the microspheres (16 mg) were
rinsed with 75% ethanol and sterile PBS, submerged
in 1.0mL gelatin solution (2 wt%), and then centri-
fuged at 3000 r/min for 7min. The suspension was
transferred into 48-well plates and further incubated
for 12 h. After removal of the gelatin solution, RFP-
HF cells were seeded at 1.5� 105 cells/well and cultured
in 37�C, 5% CO2 incubator for seven days. Medium
was refreshed every three days. Cell-laden microspheres
were taken on days 1, 3, 5, and 7 and subjected to MTT
assay, SEM observation, and fluorescence staining.

For SEM observation, samples were pretreated with
0.25% glutaraldehyde overnight at 4�C, rinsed
with PBS (pH 7.4) for three times and dehydrated
with graded ethanol solutions (25%, 50%, 75%,
95%, and 100%). For fluorescence staining, cell-laden
microspheres were washed in sterile PBS and then
incubated for 30min at 37�C with 2mM CAM
(Sigma-Aldrich, St. Louis, MO) in PBS. CAM is a non-
fluorescent, cell-permeable fluorescein derivative,
which can pass through live cytomembrane and be con-
verted by intracellular enzymes into cell-impermeable
and highly green fluorescent calcein. After incubation,
microspheres were rinsed with PBS and observed
under confocal laser-scanning microscope (A1R,
Nikon, Japan), wherein red fluorescence was from red
fluorescent protein and green fluorescence indicated
live cells.

Results and discussion

Fabrication of PCL PM

Several methods have been reported to prepare micro-
spheres, such as emulsion solvent evaporation,20,21,25,26

spray drying,27 and hot melting.28 To fabricate PCL

PM, the methodology of oil in water (O/W) emulsion
solvent evaporation was applied. Emulsion solvent
evaporation is applied widely due to its simplicity.
This approach involves mechanisms of phase separa-
tion and particle leaching to confer the porous struc-
ture in microcarriers. The porous microcarriers formed
by phase separation lack of interconnected porous
structure and remain residual solvent. In contrast,
porogens as the key part of particle leaching are neces-
sary for the formation of controlled porous structure in
microspheres. Paraffin had been extensively applied as
porogens in preparing porous scaffolds.29,30

In the present study, PCL porous microcarriers were
fabricated by emulsion solvent evaporation with paraf-
fin as porogen. The process was illustrated in Figure 1.
The solution of paraffin and PCL was dropped in PVA
solution to form the O/W emulsion and the microcar-
riers became solid along with the solvent evaporating.
After dissolution of paraffin with n-hexane, PCL
porous microcarriers were obtained. In the process of
emulsion solvent evaporation, the content of porogen
can significantly affect pore size, porosity, and even the
size of microspheres.20,21,25,26 In the present study, both
paraffin/PCL ratio and PCL concentration were varied
to prepare porous PCL microspheres. SEM was
applied to observe PCL microspheres and the structur-
al characteristics were analyzed by using Image J soft-
ware based on SEM images. The average diameter was
obtained by measuring the PCL-PM screened by 88-lm
sieve, while the other parameters were measured from
200–300 lm microspheres.

First, when PCL concentration was set at
0.067 g/mL, the ratio of paraffin/PCL was varied
among 1.0, 1.3, 1.5, 1.7, and 2.0 g/g and the prepared
microspheres were designated as PM-1, PM-2, PM-3,
PM-6, and PM-7, respectively. As shown in Figure 2,
when the ratio of paraffin/PCL increased, the pore size
of the microspheres became bigger and the number
of pores declined. As the ratio increased from 1.0 to
2.0 g/g, the surface pore size in microspheres increased
from 25.6 lm to 84.0 lm and the porosity of micro-
spheres increased from 57.4% to 75.5%. At the ratio
of 2.0 g/g, only one or few open pores could be noticed
and the microspheres were hollow inside. In the mean-
time, there wasminimal effect of the ratio on the diam-
eter of microspheres.

Subsequently, when the ratio of paraffin/PCL was
set at 1.5 g/g, the effects of PCL concentration (0.067,
0.100, and 0.133 g/mL) were studied and the prepared
microspheres were designated as PM-3, PM-4, and
PM-5), respectively. It was found that the diameter of
PCL PM could be modulated by altering PCL concen-
tration. As shown in Figure 2, the size distribution
of microspheres became wider and the diameter
was bigger for some microspheres, although the
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average diameters of the microspheres prepared with

0.100 g/mL and 0.133 g/mL PCL were not significantly

changed as listed in Table 1.
On one hand, the higher PCL content led to a higher

viscosity of paraffin/PCL suspension, which was attrib-

uted to the increased diameter of microspheres from

228 mm to 360 mm, while no significant effects on sur-

face pore size and porosity were observed. On the other

hand, the gradient-distributed liquid shear force in the

mechanical agitation system tended to induce the gen-

eration of microspheres with various diameters.31 In

addition, when the PCL concentration was 0.133 g/

Table 1. Characterization of microspheres prepared under different experimental conditions.a

Code

WR

(g/g)

PC

(g/mL)

D

(mm)

Surface morphology Internal morphology

U
(mm)

x
(numbers/cm2)

U
(mm)

W
(%)

PM-1 1.0 0.067 224.5� 5.7 25.6� 1.6 311.3� 26.0 47.6�3.3 57.4� 3.2

PM-2 1.3 0.067 224.8� 10.2 34.4� 5.9 246.3� 37.2 52.7�7.3 61.5� 4.6

PM-3 1.5 0.067 228.1� 1.9 57.1� 14.4 135.8� 17.8 79.9�6.7 72.3� 2.1

PM-4 1.5 0.100 366.3� 51.9 52.4� 7.3 134.3� 15.3 135.4�15.0 72.9� 1.2

PM-5 1.5 0.133 360.8� 36.7 67.2� 25.3 77.5� 29.7 183.5�26.7 68.0� 1.7

PM-6 1.7 0.067 224.6� 1.1 57.0� 12.6 85.5� 18.5 111.5�7.3 75.5� 3.4

PM-7 2.0 0.067 228.4� 20.0 84.0� 35.3 13.4� 11.1 249.1�23.9 74.0� 4.6

aPM stands for PCL porous microspheres. WR and PC represent ratio of paraffin to PCL (g/g) and ratio of polymer to chloroform (g/mL), respectively.

Paraffin/PCL
= 1.0

PCL/chloroform
= 0.067

PCL/chloroform
= 0.100

PCL/chloroform
= 0.133
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Figure 2. SEM images of different PCL porous microspheres. The bar scale of 50� is 500 lm and that of others are 100 lm.
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mL, the pore density was nearly half of those at 0.067

and 0.100 g/mL. It was assumed that paraffin might

easily migrate from the suspension to assemble com-

pared with long-chain PCL in aqueous phase, which

made the inner pore size larger. Moreover, PVA was

able to reduce the surface tension between O/W inter-

face, resulting in the microspheres with less pores.

Therefore, PCL concentration had a great impact on

the microstructure of microspheres.
Collectively, both paraffin/PCL ratio and PCL con-

centration were critical parameters to the formation of

PCL-PM, including pore size, porosity, and micro-

spheres diameter.

Surface modification of PCL-PM

As a nonpolar polymer, PCL is hydrophobic and lacks

sufficient biological activity when compared with natu-

ral materials, which limits cell adhesion and growth.

HAp is a naturally occurringmineral form of calcium

apatite and a major component found in bone tissues.

Due to its good biocompatibility and bone-conducted

function, HAp has been widely used in dental and

orthopedic bone-filling materials.32,33 Considering its

difficulty of shaping and poor mechanical strength,

HAp had often been used to prepare composite scaffolds

or microspheres with polymers, showing good cell affin-

ity and osteogenic potential.13,34 Therefore, in the pre-

sent study, HAp was selected to modify the surface of

PCL-PM. It is believed that the immobilization of HAp

on PCL substrates can be mediated via the ionic inter-

actions between carboxyl of PCL and Ca2þ of Hap.35

Here, the microspheres prepared at 1.5 g/g paraffin/PCL

and 0.067 g/mL PCL were used as an example.
First, the microspheres were treated with NaOH to

induce surface hydrolysis. Under alkaline conditions,

the ester bond of PCL can be broken down to generate

the carboxyl groups, which were quantified by TBO

chromatometry method. As shown in Figure 3, with

the same treatment duration, the higher NaOH concen-
tration, the higher the surface carboxyl content. Upon
the treatment with 4 M NaOH, the carboxyl content
was almost 2.5 folds of that with 3 M NaOH. While the
extent of hydrolysis should be well controlled since
hydrolysis is accompanied by changes in both mechan-
ical properties and structural features.36 In addition, an
appropriate hydrolysis can promote the surface rough-
ness, which might confer favorable microstructural
cues to cell adhesion and growth. As shown in
Figure 4(a), SEM analysis showed that small cracks
appeared after hydrolysis treatment. But treatment
for a too long time (6 h, 9 h, and 12 h) could disinte-
grate the microspheres (data not shown). AFM was
applied to characterize the surface roughness of the
hydrolyzed microspheres, confirming that hydrolysis
indeed enhanced the surface roughness after prolonged
treatment time (Figure 4(b)). Taken into consideration
of both the mechanical strength and carboxyl group
content of the microspheres, hydrolysis treatment
with 4 M NaOH for 3 h (i.e., 4M-3h) was chosen for
subsequent surface coating.

Nanometer-sized HAp was adsorbed on the surface
of microspheres for coating. As shown in Figure 4,
under SEM, nanoparticles could be observed clearly
on the outer surface and pore inner surface. The rough-
ness increased with surface coating, consistent with the
results in Table 2. EDS and TGA were applied to con-
firm the immobilization of HAp on PCL microspheres.
EDS analysis confirmed that P and Ca were present in
HAp-PCL PM (Figure 4(c)). Based on TGA analysis,
after heating treatment, it was found that HAp weight
was almost unchanged, PCL weight dropped down to
6% of the original weight, while the HAp-PCL PM
dropped to 8.5% (Figure 4(d)). The higher 2.5% was
the content of HAp. Together, it was demonstrated
that HAp had been adsorbed on PCL substrate in
microspheres.

Cell culture on PCL-PM

It is well known that the interactions between cell and
material mainly depend on the specific recognition of
cell surface receptors and ligands on material substrate.
Therefore, the protein layer on material surface is
important for cell attachment and proliferation, in
which the main factor to impact the protein adsorption
is the surface hydrophilicity/hydrophobicity.37 It has
been reported that hydrophilic surface can stimulate
cell growth and differentiation.38,39 In contrast,
Zhang et al. found that hydrophobic
Polydimethylsiloxane (PDMS)-grafted Poly(vinyl chlo-
ride) (PVC) showed more effective on cell attachment
and proliferation than that of hydrophilic Poly(ethyl-
ene glycol) (PEG)-grafted PVC.40 In the present study,
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Figure 3. Effect of NaOH concentration and hydrolysis time on
carboxyl content of PCL porous microsphere surface.
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Figure 4. SEM (a) and AFM (b) images of microspheres prepared with different process parameters. The bar scale of SEM is 20 lm.
The scan sizes of AFM are labeled in the bottom of pictures. (c) EDS spectra of HAp-PCL porous microsphere (A:0:1, B:1:1). (d) TGA
graph of HAp-PCL porous microsphere.

Table 2. Surface roughness of microspheres treated by 4 M NaOH in various conditions.

Microspheres PM-3-4M-0h PM-3-4M-3h PM-3-4M-6h PM-3-4M-9h PM-3-4M-12h PM-3-4M-3h-HAp

Rq (nm) roughness 12.284 47.454 62.384 79.413 92.136 62.384

Ra (nm) roughness 8.989 36.818 45.943 59.095 55.959 45.943

Table 3. Effect of microsphere leachate on survival rate of Red
fluorescent protein–labeled human fibroblasts (RFP-HF).

Microspheres Survival rate (%)

Blank 100.0� 0.6

PM-3-4M-0h 101.8� 3.68

PM-3-4M-3h 103.0� 4.3

PM-3-4M-3h-HAp 105.7� 6.0

PM-3-4M-6h 98.0� 9.1

PM-3-4M-9h 97.5� 11.1

PM-3-4M-12h 104.8� 6.2
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Figure 5. Growth profiles of RFP-HF on microspheres.

1248 Journal of Biomaterials Applications 33(9)



the effects of NaOH hydrolysis and HAp-coating on
the adhesion and growth of RFP-HF cells were evalu-
ated. For cell culture experiments, the microspheres
designated as PM-3-4M-3h, PM-3-4M-3h-Hap, and
PM-3-4M-9h were applied, Besides, the PCL-PM with-
out any treatment (PM-3-4M-0h) was used as control.

First, cytotoxicity of the microspheres was investigat-
ed by applying the leaching medium of the microspheres
to cells in culture. Table 3 summarized the survival rates
of cells cultured in different leaching media derived from
different microspheres as described. Only growth
medium with no leachate was used as blank control. It
was demonstrated that all the survival rates cultured
with leaching media were above 97%. It could prove
that these treatments had no toxicity on cells.

Then, cells were seeded on different microspheres
and cultured for seven days to evaluate cell adhesion
and growth. As shown in Figure 5, cell density
increased with culture time, and the cells on HAp-
PCL PM (PM-3-4M-3h-HAp) showed the highest
growth rate. Besides, as PCL-PM were subjected to
NaOH treatment for prolonged time, the cells prolifer-
ated less. Notably, under the same NaOH treatment,
HAp coating significantly promoted cell growth. After
seven days, cell density on HAp-PCL PM reached
1.22� 106 cells/mL, which was nearly 2.7 times of
that on the microspheres treated by 4 M NaOH for 3
h only. Observation under fluorescence microscope
also confirmed these results as shown in Figure 6.
With the increase in culture time, the fluorescence
intensity increased and cell-laden microspheres tended
to form aggregates. Furthermore, the green (indicating
viable cells) and red (indicating RFP-HF cells) fluores-
cence overlapped well and appeared yellow, indicating
good cell viability.

On the surface of PCL-PM, hydrolysis could release
the carboxyl and hydroxyl groups, rendering hydro-
philic substrate. While cell culture indicated that the

hydrolyzed microspheres were less efficient in support-

ing cell growth. On the contrary, HAp coating had

obvious stimulatory effect on cell growth. The adsorp-

tion of HAp on extracellular matrix protein may pro-

mote cell adhesion and proliferation.41,42 Additionally,

the introduction of HAp nanoparticles on PCL micro-

spheres could confer favorable microstructural feature

for cell adhesion and growth.

Conclusions

PCL-PM with different structures was fabricated by

adjusting the paraffin ratio and PCL concentration.

Due to the high hydrophobicity of PCL, NaOH hydro-

lysis and HAp adsorption were used to improve the

surface physicochemical property. Based on the evalu-

ation with cell culture, it was demonstrated that the

increase of surface hydrophilicity would not absolutely

promote cell adhesion and growth; however, further

surface coating with HAp nanoparticles induced favor-

able properties for cells.
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