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Objective. Currently, infections due to foreign-body reactions caused by bacteria or implant

materials at the wound site are one of the major reasons for the failure of guided tis-

sue regeneration (GTR) and guided bone regeneration (GBR) in clinical applications. The

purpose of this study was to develop regeneration membranes with localized cobalt ion

release to reduce infection and inflammation by polycaprolactone (PCL)/cobalt-substituted

hydroxyapatite (CoHA).

Methods. The PCL composite membrane containing 20 wt% CoHA powders was prepared

by  solvent casting. The surface morphology, crystal structure, chemical composition and

thermal properties of PCL composite membranes were characterized. The biocompatibil-

ity, osteogenic differentiation and antibacterial properties of composite membrane were

also  investigated. Then, in biodegradability was assessed by immersing phosphate buffer

solution (PBS) for 6 months.

Results. Physicochemical analyses revealed that CoHA is evenly mixed in the membranes and

assistance reduce the crystallinity of PCL for getting more degradation amounts than PCL

membrane. Osteoblast cells culture on the membrane showed that the CoHA significantly
increases cell proliferation and found the calcium deposition production increased over 90%

compared with PCL after 7 days of culture. A good antibacterial effect was achieved by the
addition of CoHA powder. The results were confirmed by 2.4 times reduction of proliferation

of  Escherichia coli (E. coli) seeded on the composite membrane after 24 h. Immersing in PBS

for  6 months indicated that PCL–CoHA composite membrane has improved biodegradation

and can continuously remove free radicals to reduce the inflammatory response.
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Significance. The PCL–CoHA composite membrane with suitable releasing of cobalt ion can

be  considered as a potential choice for bone tissue regeneration.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
1.  Introduction

In clinical dentistry, it is common to encounter patients with
defects in hard bone tissues, such as defects in alveolar
bone caused by trauma or tooth extraction. Clinical practices
have introduced the concepts of guided tissue regeneration
(GTR) and guided bone regeneration (GBR) to stomatological
treatment, which is used to inhibit the growth of fibroblasts
towards the bone defect site and facilitate bone regenera-
tion by supporting the adhesion and proliferation of bone
cells [1]. GTR or GBR membranes should have good biocom-
patibility and suitable degradation characteristics. Therefore,
biodegradable polymer membranes that do not require sec-
ondary surgical removal or impose an additional burden on
the patients themselves are majorly used for bone regen-
eration applications [2,3]. The degradation rate should also
match the rate of the formation of new tissues to achieve
the desirable goal of restoration [4]. Thus, using biodegrad-
able membranes is mainstream in GTR (or GBR) treatment [5].
Currently, polycaprolactone (PCL) is an important biodegrad-
able polymer material with a hydrophobic property, which
can contribute to cell adhesion, proliferation, and interaction
with biological fluids [6]. High-molecular weight PCL under-
goes hydrolysis to form low-molecular weight PCL, which is
engulfed by macrophages and further decomposed. PCL is
widely used in drug carrier [7], cosmetic surgery [8], tissue
engineering and body implant materials [9].

In addition, hydroxyapatite (HA) can be added to increase
the osteoinductivity of the membrane and enhance its bio-
logical activity [10], for inducing bone tissue growth at the
bone defect site [11,12]. However, infections due to foreign-
body reactions caused by bacteria or implant materials at the
wound site are one of the major reasons for the failure of GTR
and GBR in clinical applications [13]. It is expected that the
addition of HA can reduce inflammatory responses and have
an anti-bacterial function, apart from enhancing the biologi-
cal activity of PCL. Therefore, there are numerous literatures
reporting the modification of hydroxyapatite [14,15]. The cal-
cium ions in the structure can be displaced by divalent metal
ions to change the original properties of the hydroxyapatite
[16]. For example, silver dropped hydroxyapatite has an anti-
bacterial effect to reduce the risk of postoperative infections
[17], while strontium hydroxyapatite has been reported to help
improve the healing of bone tissue in a sheep model of osteo-
porosis [18]. Among others, cobalt is a necessary trace element
for the human body. Cobalt mainly enters the human body via
the digestive and the respiratory tract, and is mostly stored
in the liver, followed by the kidney and bones. The average
human daily intake of cobalt from food and drinks is around

300 �g [19]. Besides, cobalt ion is an inhibitor of prolyl hydroxy-
lase enzymes and is often used as a hypoxia-mimicking agent,
which increases the protein expression of hypoxia-inducible
factor (HIF-1�)  effectively in a short period of time. This in turn
induces the secretion of vascular endothelial growth factor
(VEGF) from cells; better growth performance can be achieved
by the production of VEGF [20]. Other literatures suggest that
cobalt ions can increase the regeneration of blood vessels and
endothelial cells in tissues [21], which is an important part of
bone formation, and has a good anti-bacterial effect [22].

According to the above, this study involves the preparation
of a PCL composite membrane that contains cobalt-
substituted hydroxyapatite. The main objectives are: (1) to
analyze the effect of cobalt-substituted hydroxyapatite on
the properties of PCL and on improving the biocompatibil-
ity, anti-bacterial ability, and anti-inflammatory response of
the membrane, and (2) to perform in vitro biodegradation
tests by immersing the membrane in a phosphate buffer
solution for a long time-period to investigate the degree of
membrane degradation at different times and the release
behaviors of cobalt ions. We  hypothesized that the addition
of CoHA is significantly effective for the antibacterial and
anti-inflammatory properties of the membranes. This study is
expected to provide useful information for the development
of anti-inflammatory and anti-infective regeneration mem-
branes.

2.  Materials  and  methods

2.1.  Preparation  of  Co-HA  powder

The CoHA was prepared by electrochemical deposition
method. The electrolyte was prepared by dissolving of 25 mM
ammonium dihydrogen phosphate (Showa chemical industry,
Tokyo, Japan) and 42 mM calcium nitrate (Shimada chemi-
cal works, Tokyo, Japan) and 7 mM cobalt chloride (Shimada
chemical works, Tokyo, Japan) in distilled water. The Ti and 304
stainless steel were used as a cathode and an anode, respec-
tively. The electrodeposition of the CoHA was controlled at 5 V,
55 ◦ for 20 min  [23]. After the reaction was completed, rinsed
with deionized water and dried, the powder was removed from
the surface and collected.

2.2.  Preparation  of  PCL/CoHA  membrane

The polycaprolactone (PCL) (Sigma-Aldrich, Missouri, USA)
(molecular weight: 80 kDa) was dissolved in 1,4-dioxane (Avan-
tor, New Jersey, USA) at 15 wt% and stirred uniformly for 24 h
at room temperature as a PCL solution. The composite poly-
mer  solution was formulated with hydroxyapatite (HA) (Acros
Organics, Belgium) or CoHA in solution in an amount of 20 wt

% based on the weight of the PCL. They called the PCL–HA and
PCL–CoHA solution. The three solutions were each poured into
a polytetrafluorethylene disc mold (90 mm in diameter), and
placed in a fume hood until the solvent evaporated.

https://doi.org/10.1016/j.dental.2019.02.023
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.3.  Characterization

he microstructures of the membranes surface were observed
y field emission scanning electron microscope (FESEM)
JSM-6700F, JEOL, Tokyo, Japan) and the surface elements
omposition of the membrane were detected by energy dis-
ersive spectrometer (EDS). The phase composition of the
embranes was determined by X-ray diffractometer (XRD)

Miniflex II, Rigaku, Japan). The XRD spectra were conducted
t radiation (� = 1.54 Å) in the range of 10–60◦ at a scan
ate of 4◦/min. The specific functional group analysis of
he membrane was used a Fourier transform infrared spec-
rometer (FTIR) (FTIR-8000, Shimadzu, Tokyo, JAPAN). FTIR
pectra were obtained in the spectral range of 4000–600
m−1 and a resolution of 0.5 cm−1, using the ATR technique.
hermal behavior of PCL and PCL/CoHA membranes was
bserved with each other using a thermo gravimetric anal-
sis (TGA) (TGA-7, Perkin Elemer, Massachusetts, USA) and
ifferential scanning calorimetry (DSC) (2-HT, Mettler-Toledo,
reifensee, Switzerland). The measurements were carried
ut at cooling and heating rate of 10 ◦C/min from 110 ◦C to
00 ◦C.

.4.  Biocompatibility

uman osteosarcoma cell line (MG63) were used as a com-
atibility assessment according to the relevant specification.
oreover, using cobalt ion standard solution (AccuStandard,
ew Haven, USA) as a positive control. A total of 40 �L PCL,
CL–HA and PCL–CoHA solution is coated on a circular glass
15 mm in diameter) by spin coating method. Before cell seed-
ng, all sample was sterilized with UV radiation for 1 h. The
terilized composites membranes was placed into 24-well cul-
ure plates and seeded with a cell suspension with a cell
ensity of 5 × 104 cells/mL, followed by culturing for 24, 48 and
2 h at 37 ◦C in a 5% CO2 incubator. After incubation, samples
ere washed using phosphate buffered saline (PBS), added
TT  solution (Sigma-Aldrich, Missouri, USA) and incubated

or 4 h. After removal of the medium, 0.5 mL  of DMSO was
dded to the wells. Then 0.1 mL  of supernatants was trans-
erred into a 96-well plate for optical density (O.D.) measuring
t 570 nm.

.5.  Staining  for  osteogenesis

he expression of calcium deposition by MG63 cells was
onfirmed using alizarin red staining (ARS) (Sigma-Aldrich,
issouri, USA). MG63 cells (1 × 104 cells/well) were cultured

n the composites membranes for 3 and 7 days. Fixed cell
ith 4% paraformaldehyde for 10 min  and wash with PBS for

–3 twice. After stained with 2% ARS solution for 15 min  at
oom temperature, the pH of ARS solution was adjusted o
.1–4.3. Ultimate we  used deionized water to clean the sur-
ace of the membranes for 2–3 times. The results of staining

ere observed by optical microscope. In the quantitative anal-
sis, the ARS on the specimen after washing was dissolved in
.2 M NaOH/methanol (1:1) to measure the optical density at
20 nm [24].
( 2 0 1 9 ) 751–762 753

2.6.  Antibacterial  properties

The PCL, PCL–HA and PCL–CoHA composite membranes were
investigated against Escherichia coli as a model Gram-negative
bacteria by the colony plate count method in order to quantify
the bacterial effect of our system. The E. coli were prepared
from fresh brain heart infusion (BHI, Becton Drive, Franklin
Lakes, USA) and incubated at 37 ◦C for 24 h. The BHI containing
E. coli was diluted to 10–3 CFU/ml of its original concentra-
tion, and 1 mL  of bacteria liquid was extracted and deposited
onto composite membrane cut into fixed area (1 cm2), placed
into a centrifuge tube and cultivate for 18 h. After the sam-
ples were removed, 100 �L bacterial solution was extracted
and applied on the BHI agar dish (Becton, Dickinson and Com-
pany, USA) before being cultured for 24 h at 37 ◦C [22]. Finally,
the colonies were counted, and the results were expressed as
percentage reduction rates bacteria number = [  ̨ × 105], where
� is the number of bacterial colonies.

2.7.  Free  radical  scavenging  ability

The free radical scavenging activity of PCL composite mem-
branes was evaluated using 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) (Sigma-Aldrich, Missouri, USA) [25,26]. The configura-
tion of the free radical solution using 0.02 g of DPPH was added
to 100 mL of methanol and stirred for 45 min  in the dark. 1 mL
distilled water (control) or 1 mL  deionized water containing
0.6 cm2 of PCL composite membrane or 1 mL  composite mem-
brane extraction solution (after immersion in the PBS) was
added to 3 mL  of free radical solution and allowed to react
for 90 min  at room temperature. The absorbance of the reac-
tion mixture was then measured at 517 nm using UV–vis. The
free radical scavenging effect was determined by the follow-
ing formula [26]: scavenging ratio (%) = [1 − (absorbance of test
sample/absorbance of control)] × 100%.

2.8.  Statistics  analysis

In this study, all data from the average of the 3 repeat sam-
ples ± standard deviation. Data were calculated using JMP11
software (North Carolina State, USA). One-way ANOVA was
used to examine the differences, accompanying using the
Tukey HSD multiple comparison. p < 0.05 is considered to have
significant difference.

3.  Results

3.1.  Characterization  of  CoHA  powder

The surface morphology of CoHA was observed using FESEM
(Fig. 1A). The CoHA powders were spherical and densely
packed together. The size of the powders is about 300–400 nm.
The composition of CoHA powders is analyzed by ICP-OES
(Fig. 1B). The Ca + Co/P ratio was calculated to be 1.62, similar
to the Ca/P ratio of human bone (1.67). The cobalt ion contents

of the CoHA powder were 13.43%. The chemical composition
of CoHA by FTIR spectra is shown in (Fig. 1C). The absorption
peaks at wave  numbers of 564.1 cm−1, and 1043 cm−1 repre-
sent PO3−

4 , while those at 3484 cm−1 represent representing

https://doi.org/10.1016/j.dental.2019.02.023
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Fig. 1 – Surface topography, calcium–phosphorus ratio, chemical composition and crystal structure of the cobalt-substituted
hydroxyapatite: (A) FE-SEM micrographs, (B) ICP-OES analysis, (C) FTIR spectra and (D) XRD patterns.
OH− [27]. The peaks at 1423.3 cm−1 represent type B carbon-
ate bands (CO2−

3 ) [28]. In the previous study, CO2−
3 can promote

the degradation of HA, provides calcium and phosphorus ions
to be adsorbed during bone remodeling and assist bone growth
[29]. The X-ray diffraction analysis results of the powder crys-
tal structure are shown in Fig. 1D. It was found that there were
hydroxyapatite diffraction peaks (JCPDS.No-09-0432) at 26.01◦,
32.04◦, 39.68◦, 46.81◦, and 49.74◦ [28], and cobalt oxide diffrac-
tion peaks (JCPDS. No-42-1467) at 18.8◦ [22]. Based on the above
results, the existence of the CoHA structure was confirmed.

3.2.  Characterization  of  PCL  composite

The SEM image  shows that the surface of PCL and PCL compos-
ite membranes is very flat (Fig. 2). The presence of HA or CoHA
powders was observed on the membranes of PCL–HA and
PCL–CoHA. The surface element compositions of PCL compos-
ite membranes were analyzed by EDS (Table 1). The presence
of calcium and phosphorus elements was observed on the
surfaces of PCL–HA and PCL–CoHA. Especially in PCL–CoHA,
a small amount of cobalt was also found. The results of
XRD patterns of PCL, PCL–HA and PCL–CoHA are shown in
Fig. 3A. The two diffraction peaks located at 21.2◦ (110) and
23.5◦ (200) are assigned to crystalline of PCL [30–33]. The
diffraction curve for HA is characterized two peaks located
at26◦ (002) and 32◦ (211) [28,34]. According to the ATR-FTIR
spectra of the PCL (Fig. 3B), the characteristic peaks of PCL
appear at approximately 2949 cm−1 (CH2 stretch), 2863 cm−1
(CH2 stretch), 1289 cm−1 (C O and C C stretching), 1241 cm−1

(asymmetric C O stretching) and 1171 cm−1 (asymmet-
ric C O stretching) [30,35]. The characteristic peaks of
HA appear at approximately 1026 cm−1 (PO3−

4 stretch) [36,37].
These stretching also simultaneously appear on ATR-FTIR
spectra which represent PCL–HA and PCL–CoHA composite
membranes. Thermal stability of the PCL and PCL–CoHA com-
posites membrane was assessed by the TGA and DSC  curves.
The TGA curves of the composite membranes are shown in
Fig. 3C. The initial weight loss at 100–180 ◦C is associated with
evaporation of water. In the PCL and PCL–CoHA composite
membrane, the main weight loss happens in the temperature
range 250–450 ◦C. At the finish of 600 ◦C while it was observed
82% of weight loss for the PCL–HA and PCL–CoHA composite
membrane (Table 1). The content of HA and CoHA powders
in the composite membrane is shown to be similar to the
initial addition of 20%. The DSC thermograms are presented
in Fig. 3D. The main data are summarized in Table 1. The
endothermic melting enthalpies (�Hm)  of a standard PCL crys-
tal is 139 J/g [33], and the endothermic melting enthalpies of
PCL in PCL–HA and PCL–CoHA are 48.5 J/g and 52.0 J/g, respec-
tively (Table 1). From these data, the degrees of crystallinity of
PCL in PCL–HA and PCL–CoHA are calculated to be 34.8% and
37.3%, respectively (Table 1). The crystallinity of PCL decreases
with the incorporation of HA and CoHA.

3.3.  Biocompatibility,  differentiation  and  staining  of
osteoblast

Previous studies have shown that the cobalt ion concentra-
tion has an impact on cell growth [38]. Therefore, we  used
different concentrations of the cobalt ions standard solution

to evaluate cytotoxicity. The results showed that the con-
centration of cobalt ion below 15 ppm was not significantly
toxic to the cells. However, cell growth was adversely affected
when the concentration of cobalt ions in the medium reached

https://doi.org/10.1016/j.dental.2019.02.023
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Fig. 2 – FE-SEM micrographs of PCL, PCL–HA and PCL–CoHA composites membranes and after degradation for 3 and 6
months in PBS.

Table 1 – Surface element analysis of PCL, PCL–HA and PCL–CoHA composites membranes by EDX.

Original membranes Immerse in PBS

3 month 6 month

Atomic % Ca P Co Ca P Co Ca P Co
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PCL – – – – 

PCL–HA 0.83 0.96 – 0.77
PCL–CoHA 1.2 1.47 0.22 0.76

0 ppm (Fig. 4A). MTT  assay showed that the membrane addi-
ion CoHA obviously increased the proliferation rate of Mg63
ell after 24 h compared to TCP (Fig. 4B). At 72 h the PCL–CoHA
omposite membrane had the highest cell numbers (p < 0.05).
he cell numbers were up-regulated (11%) in the presence
f PCL–CoHA composite membrane compared with the TCP.
he osteogenic activity of Mg63 cells was then evaluation
y determination calcium deposition production. The alizarin
ed staining of membranes that had been cultured for 7 days
evealed enhanced calcium deposition within the PCL–HA and
CL–CoHA composite membrane compared with the pure PCL
Fig. 4C). The quantitative results of calcium deposition after 7
ays of cell culture are shown in Fig. 5D. The calcium deposi-
ion production was up-regulated (2 multiples) in the presence

f PCL–CoHA composite membrane compared with the TCP.
herefore, the results show that the addition of CoHA powder
ontributes to calcium deposition (p < 0.05).
– – – – –
0.83 – 1.58 1.45 –
0.86 0.22 6.18 7.15 0.5

3.4.  Antibacterial  activity

The E. coli cultured with 1 cm2/mL  of PCL, PCL–HA and
PCL–CoHA composite membranes for 18 h, then alive bacteria
were observed by culturing in agar plates for 24 h (Fig. 5A–D).
Significant reduction in bacterial colonies is observed in the
agar plates of the PCL–CoHA group. The quantitative result of
CFU is displayed in Fig. 5E. The highest antibacterial effect was
observed of PCL–CoHA (p < 0.05). That PCL–CoHA group emi-
nently reduced the bacteria viability almost by 66% compared
to the control group.

3.5.  In  vitro  biodegradation
The surface topography of PCL, PCL–HA and PCL–CoHA com-
posite membranes after 3 and 6 months degradation by
FE-SEM (Fig. 2). In the PCL–HA group, there are some irregular

https://doi.org/10.1016/j.dental.2019.02.023
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Fig. 3 – The crystal structure, chemical composition and thermal properties of PCL, PCL–HA and PCL–CoHA composites
membranes: (A) XRD patterns, (B) ATR-FTIR spectra, (C) TGA curves and (D) DSC thermograms.

Table 2 – Thermal properties of PCL, PCL–HA and PCL–CoHA composites membranes by TGA and DSC.

Sample Tonset (◦C) Tp (◦C) Ash (%) Tc (◦C) Tm (◦C) �Hm (J/g) Xc (%)

PCL 246.6 351.2 0.2 37.1 56.3 55.0 39.4
PCL–HA 272.3 402.3 18.1 38.2 55.2 48.5 34.8
PCL–CoHA 224.2 363.1 18.2 38.8 56.2 52.0 37.3

Tonset: onset temperature of pyrolysis, obtained from TGA curves at 95% weight.
Tp: peak pyrolytic temperature, obtained from TGA curves at 50% weight.

, crys
Ash content (%) = PCL–HA and PCL–CoHA deduction PCL in 600 ◦ (%)
of crystallization of PCL (�Hm), obtained from DSC.

crystals on the surface apart from similar pores. Interestingly,
the PCL–CoHA group did not observe holes on the surface after
3 months’ soaking, instead more  irregular crystals appeared.
Simultaneously the PCL–CoHA composite membranes surface
is covered by needle crystals after six months’ soaking PBS.
EDS analysis shows that these crystals are calcium phosphate
crystals (Table 1). The pH value of PCL composite membrane
soaked in PBS at different times is shown in Fig.6A. The results
display that the pH value of PBS decreases with time. How-
ever, PCL–HA and PCL–CoHA have higher pH value than pure
PCL due to degradation of HA. After 6 months of soaking, the
weight loss of all groups is less than 10% (Fig. 6B), but PCL–HA
and PCL–CoHA composite membranes showed more  weight
loss (p < 0.05). This result is consistent with the change in
pH, an addition of HA and CoHA increases the weight loss
of the membranes and slows down the decrease in pH value.
There was no difference in the chemical composition on the
surface of pure PCL and PCL–HA composite membranes after

degradation at different times. However, PCL–CoHA composite
membranes only observed phosphate groups on the surface
after 6 months of degradation (Fig. 7A–B). The result of the
tallization temperature (Tc), melting temperature (Tm) and enthalpy

crystal structure analysis is shown in Fig. 7C–E. The intensity
of the diffraction peak of the PCL membranes was observed
as an evaluation of the crystal structure. The PCL and PCL–HA
composite membranes showed a significant decrease in the
intensity of the diffraction peaks in the first month, but there
was no difference for the PCL–CoHA composite membranes.
After immersion for one month, the intensity of the diffraction
peaks of all samples decreased. The intensity of the diffraction
peak [110] representing PCL is compared (Fig. 7F). Pure PCL has
the highest crystallinity followed by PCL–CoHA and PCL–HA
composite membranes, which is consistent with the DSC cal-
culations (Table 2). The results also show that the diffraction
peak intensity of PCL decreases with the increase of immer-
sion time. This means that the crystal structure of PCL is
destroyed.

3.6.  In  vitro  release  of  cobalt  ions  and

anti-inflammatory  evaluation

The cobalt ion standard solution was added to the PBS and
measured by UV–vis when a significant absorption band was

https://doi.org/10.1016/j.dental.2019.02.023
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Fig. 4 – Comparison of MG63 cells proliferation on the (A) cobalt standard solution; (B) control sample (TCP), pure PCL,
PCL–HA and PCL–CoHA composites membrane as determined by an MTT  assay (p < 0.05, mean ± SD, n = 3). (C) Images of the
ARS results for: (i) control (TCP), (ii) PCL, (iii) PCL–HA and (iv) PCL–CoHA composites membranes. Scale bars, 100 �m. The red
districts present calcium mineralized on the composite membrane surfaces. (D) Quantitative analysis of matrix deposition
mineralization was performed at 7 days. (p < 0.05, mean ± SD, n = 4) *: significantly higher than the control group (TCP) **:
significantly higher than other groups. #: significantly lower than the control group &: significantly lower than other groups.
( gend

o
P
c
t
c

F
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For interpretation of the references to colour in this figure le

bserved at the position of 302 nm (Fig. 8A). Subsequently, the
BS solution after degradation of PCL, PCL–HA and PCL–CoHA

omposite membranes was determined. The results show that
he release of cobalt ions is proportional to the time (Fig. 8B),
onfirming the release of cobalt ions. The cobalt ion standard

ig. 5 – Images of the antibacterial results for relatively bacterial 

nd (D) PCL–CoHA composites membranes. (E) Antibacterials act
ignificantly lower than the control group. #: significantly lower t
, the reader is referred to the web version of this article).

solution was used to evaluate the free radical capture ability
of cobalt ions. The free radical scavenging rate increases as

the concentration of cobalt ions increases (Fig. 8C). With the
increase of time, the scavenging rate of free radical in all sam-
ples continued to increase (Fig. 8D). The release of cobalt ions

colonies on agar plates: (A) control (BHI), (B) PCL, (C) PCL–HA
ivity of the analyzed composites membrane on E. coli. *:
han other groups. (p < 0.05, mean ± SD, n = 4).
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Fig. 6 – Biodegradation analysis of PCL, PCL–HA and PCL–CoHA composites membranes ; (A) change of pH value in PBS
extraction solution, (B) weight loss of composite membrane. *: significantly higher than the PCL group. (p < 0.05, mean ± SD,

n = 4). **: significantly higher than other groups.

caused PCL–CoHA composite membranes to be significantly
higher than the other two groups at different times (p < 0.05).
After 6 months, the free radical scavenging rate of PCL–CoHA
was higher than PCL by about 18%.

4.  Discussion

The purpose of the present study was to fabricate PCL com-
posite membranes with cobalt ion as versatility regeneration
membranes and to assess their effects on biocompatibility,
antibacterial activity, biodegradability and anti-inflammatory
evaluation. We surmised that composite membranes con-
tained with cobalt-substituted hydroxyapatite would increase
biological activity and reduce bacterial grow. For this aim,
CoHA were loaded in PCL composite membranes and use the
commodities HA as a control.

The powders of HA or CoHA added to the PCL membranes
are exposed on the surface. These HAs are similar to the
composition of human bones, release calcium and phospho-
rus ions after degradation, which can improve the biological
activity of the material and promote the regeneration of bone
tissue. PCL–HA and PCL–CoHA composite membrane showed
a broad single peak at 1026 cm−1 using ATR-FTIR spectrum
under the influence of PCL, indicating uniform mixing of
powders with PCL. Observation of the crystal structure, the
addition of powders disrupted the alignment of the PCL result-
ing in a decrease in crystallization. Moreover, since the powder
of CoHA is not calcined, the crystallinity of CoHA is low. There
is no obvious diffraction peak of CoHA in the XRD pattern of
PCL–CoHA. However, low-crystalline CoHA is more  suscepti-
ble to degradation, and release of ions is involved in tissue
repair. The result of DSC displayed that the addition of HA and
CoHA led to more  sprocket entanglements, which restricted

the chain mobility and crystallization of PCL. The lower crys-
tallinity of PCL showed better mixedness of PCL and HA (or
CoHA). This result was consistent with XRD patterns. Pure
PCL had a higher crystallization but means that it is not eas-
ily degraded. The literature points out that pure PCL mass
loss of about 24–36 months [39], so degradation of PCL can
be accelerated by reducing crystallinity.

However, the use of cobalt ion concentration has safety
concerns for the human body. The MTT test showed that
the concentration of cobalt ions in the range of 15 ppm do
not have a negative effect on the cells. Calculate the orig-
inal added CoHA content, the cobalt ion concentration of
the PCL–CoHA composite membrane was 0.4 ppm/cm3 (much
lower than 15 ppm), which is within a security concentration
range. Adhesion and diffusion happen in the initial phase of
biomaterial interaction and would affect the cell capability
to proliferate on the material [31]. The viability of the cells
proliferated on the membranes represented the biocompati-
bility of the composite membranes. The MG63 cells cultured
on the membrane surface showed that the PCL–CoHA com-
posite membrane significantly increased the number of cells
by the release of cobalt ions, regardless of whether the cells
were initial attachment or late hyperplasia. The calcium depo-
sition performance of the observed cells for 7 day culture also
had the same results. Previous studies have shown that cobalt
ions can effectively activate the hypoxia-inducible factor 1-
alpha (HIF-1�)  protein expression, and induce the secretion
of vascular endothelial growth factor (VEGF) to promote the
growth of bone cells [40–42]. Nenad Ignjatovic et al. reported
that hydrothermal synthesis of CoHA was implanted in the
mandible of a rat model of osteoporosis, indicating that the
mineral deposition rate of cobalt ion-filled sites is higher than
that of pure Hap and accelerates the rate of bone formation
[21,43]. The release of cobalt ions contributes to the growth
and differentiation of bone cells on the PCL–CoHA composite
membrane.

In addition to good biocompatibility, decreased postoper-
ative infection is also a challenge for implantable biomedical

materials. There is inevitably a presence of bacteria around the
wound, causing infection of the wound. A common antibac-
terial method at present is the use of drugs [31] or metal ions
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Fig. 7 – Calcium–phosphorus ratio and crystal structure of PCL, PCL-HA and PCL-CoHA composite membranes after
d ttern
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egraded at different times; (A–B) FTIR spectra, (C–E) XRD pa

44]. Previous studies of cobalt oxide nan powders were found
o be extremely efficient in inhibit E. coli by producing ROS
22]. The antibacterial results showed that PCL and PCL–HA
id not have significant bactericidal effects, while PCL–CoHA
ignificantly inhibited bacterial growth. This confirms that the
ntibacterial effect comes from the addition of cobalt ions.
urthermore, the PCL–CoHA composite membrane was con-
rmed to be non-toxic by the MTT  test. Therefore, there is no
roduce a negative impact on the body.

Moreover, an appropriate function of many  implantable
egeneration membranes would be simultaneous of polymer
egradation with the substitute by autologous tissue produced
rom cells [39]. To evaluate the degradation situation of the
CL–CoHA composite membranes and the release behavior of
obalt ions by long-term immersion in PBS. PCL–CoHA com-

osite membrane induces recrystallization of ions in PBS by
eleasing cobalt ions and calcium ions after soaking for 6

onths. A new calcium phosphate crystal was formed on
he surface. It showed that PCL can enhance biological activ-
s and (F) strength comparison of the PCL [110] peak.

ity by adding CoHA. The environmental impact of membrane
degradation was assessed by pH value in PBS solution. The
release of oleic acid in PCL would cause the solution to become
acidic. The HA and CoHA contain alkaline phosphorus ions,
and the release of phosphorus ions alleviates the decrease
in the pH value of PBS in PCL–HA and PCL–CoHA composite
membranes. The literature indicated that in vivo, acid degra-
dation may lead to the occurrence of ammatory reactions
[39]. Added HA and CoHA can help to prevent the formation
of unfavorable surroundings for the cells due to a decreased
pH.

Previous studies have shown that the weight loss of PCL is
not much in a neutral environment (pH 7) [35]. Therefore, the
introduction of HA and CoHA in this experiment increased
the loss of PCL. The change in the structure of the membrane

was evaluated by XRD. The intensity of the diffraction peak
of PCL decreased after soaking, indicating that the membrane
was degraded. Literature pointed out the structure of the GTR
membrane must be maintained for at least 4–6 weeks to allow
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Fig. 8 – The cobalt ion absorption intensity by UV–vis; (A) cobalt standard solution, (B) PBS solutions of PCL–CoHA composite
membranes after degraded. Free scavenging ratios of (C) cobalt standard solution; (D) original composite membranes and
PBS solutions of different composite membranes degradation. *: significantly higher than the PCL group. **: significantly

higher than other groups. (p < 0.05, mean ± SD, n = 4).

successful regeneration of periodontal tissue [45]. It shows
that the maintenance of the structure of PCL–CoHA compos-
ite membranes is in the range of 4–6 weeks, which accord the
GTR requirement. As time increases, the two peaks of PCL
move slightly to a low angle to indicate that they belong to
PCL with high crystallinity [30]. This result showed that the
low crystalline PCL on the membrane surface is decomposed
after degradation. The changes of diffraction peak intensity
of PCL, PCL–CoHA and PCL–CoHA composite membranes were
observed with time. Pure PCL is still the highest among PCL–HA
and PCL–CoHA in crystallization strength after 6 months of
degradation. This means that the degradation of pure PCL is
limited. In addition, to confirm the release of cobalt ions in
PCL–CoHA composite membrane, we measured the degraded
PBS using UV–vis. The results confirmed that cobalt ions were
continuously released over time.

Recently, the anti-inflammatory effect of implantable
biomedical materials has attracted more  attention. Free
radicals are produced during biological differentiation and
defense; however, too many  free radicals may cause excessive
oxidation. Antioxidants can be used to maintain the nor-
mal  growth of organisms by capturing harmful free radicals;
thus, they play an important role in this balance. The cobalt
ion standard solution confirmed that cobalt ions effectively
capture free radicals. The initial clearance rate of PCL–CoHA
composite membrane was 1.6 times higher than that of PCL.
That is to say, the PCL–CoHA composite membrane can reduce

the presence of free radicals at the beginning and indirectly
reduce the occurrence of inflammation. Subsequent testing
with PBS after degradation showed that PCL–CoHA was signif-
icantly higher than the other groups and increased clearance
over time.

In summary, we developed a new biodegradable membrane
containing CoHA and explored the physicochemical proper-
ties of the membrane and its long-term degradation change.
The above results indicate that the PCL–CoHA composite
membrane contributes to cell attachment, differentiation and
inhibition of antibacterial growth by the release of cobalt ions.
The long-term degradation of the PCL composite membranes
shows that the PCL–CoHA composite membrane surface can
induce calcium phosphate deposition, combined with the acid
neutralization, accelerated degradation and continuous scav-
enging free radicals to reduce the chance of inflammation.
Meanwhile, these results support our hypothesis that the
addition of CoHA is significantly effective against the antibac-
terial and anti-inflammatory properties of the membranes.

5.  Conclusions

In this study, we developed a PCL–CoHA composite mem-
branes. Reduce the crystallinity and increase the degradability
of the PCL membrane by introducing a tiny amount of CoHA.
We  also confirmed that cobalt ions in the PCL–CoHA composite
membrane contribute to the differentiation of bone cells and
inhibit the growth of E. coli. At the same time, the PCL–CoHA
composite membranes reduce the incidence of inflammatory

reactions by continuously releasing cobalt ions and effectively
reducing the production of free radicals. Based on the fact that
the PCL–CoHA composite membrane possessing exceptional
biocompatibility, antibacterial effect and anti-inflammatory

https://doi.org/10.1016/j.dental.2019.02.023


3 5 

p
d
f
b

r

d e n t a l m a t e r i a l s 

roperties. Therefore, the PCL–CoHA composite membrane
escribed in this study can be considered as an ideal choice
or GBR regeneration membranes. It is expected that there will
e very promising to be used in the clinical in the future.
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