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� Stable silver-nanoparticles coating
layer using electrochemical method.

� Dopamine self-polymerized on the
surface of electrospun fibers.

� Steady and slow release of Ag for
long-term antibacterial property.

� Calcium phosphate surface for
bioactivity and osteoinductivity.
g r a p h i c a l a b s t r a c t

Osteoinductive and persistent antibacterial PLLA/HA/PDA/PPy/Ag composite fiber was successfully syn-
thesized through the self-polymerization of Dopamine on the surface of PLLA/HA and electrochemical
deposition of PPy-controlled Ag-NPs.
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Bone implant materials cause the most common complication of bone infections in orthopedic surgery,
resulting in implant failure. Antibiotic treatment of bone infections leads to problems such as bacterial
resistance and reduced osteogenic capacity. In this study, dopamine (DA) was self-polymerized on the
surface of Polylactic acid (PLLA)/Hydroxyapatite (HA) nanowire composite fibers to form an adhesive
polydopamine (PDA) membrane, and a stable silver-nanoparticles (Ag-NPs) coating layer was con-
structed on it by electrochemically driven Ag+ coordination and chelation through Polypyrrole (PPy)
mediation, achieving steady and slow release of Ag-NPs. With optimized DA soaking time of 24 h and
soaking concentration of 0.5 g�L�1, nanoparticles were uniformly distributed on PLLA/HA/PDA/PPy/Ag
composite fibers and the hydrophilicity of the composite fibers was well-behaved. Besides, the composite
fibers possessed good physiological stability and 100% antibacterial rate against Escherichia coli (E. coli) as
well as Staphylococcus aureus (S. aureus). In addition, the composite fibers had promoted apatite
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nucleation and growth on surface and good cytocompatibility with osteoblasts, indicating ability of
inducing osteogenic differentiation. In summary, a multi-functional PLLA/HA/PDA/PPy/Ag composite
fiber with long-term antibacterial property, bioactivity and osteoinductivity was successfully constructed
by electrospinning and electrochemical deposition.
� 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Bone tissue infection is the most common complication in
orthopedic surgery [1,2], which can damage the self-healing ability
of bone tissue, leading to severe bone loss, implant failure and even
amputation [3]. In addition, when the self-healing ability of bone
tissue is destroyed in the infected region, an artificial matrix that
repairs bone could achieve the purpose of bone regeneration.
Therefore, the development of biomaterials with dual functions
of bone regeneration and infection inhibition has important practi-
cal significance for the treatment of bone infection. Polylactic acid
(PLLA) is a bioresorbable material with good biocompatibility. It is
a clinically recognized biomedical material [4] and plays an impor-
tant role in guiding bone regeneration [5]. However, PLLA lacks
bioactivity, antibacterial ability, and osteoinductivity, which
restricts its application in clinical bone repair [6,7]. Nano-
hydroxyapatite (n-HA) is a kind of biomaterial that can induce apa-
tite deposition on surface, adhesion and proliferation of cells, and
differentiation of bone marrow-derived mesenchymal stem cells
(BMSCs). The doping of n-HA can effectively improve the bioactiv-
ity and osteoinductivity of PLLA, extending its applications in
biomedical field [8,9]. Zhang H et al. prepared PLLA/HA composite
as a matrix for bone regeneration, and the results showed that the
composite promoted osteogenesis and improved bone regenera-
tive ability [10]. Nevertheless, bone infection problems are often
overlooked, leading to implant failure. Bone infections are mainly
caused by bacteria [11], and currently, the most common methods
of treating bone infections are debridement and systemic antibiotic
therapy [12]. Studies have shown that PLLA composite micro-
spheres [13], membranes [14], and porous scaffolds [15], etc., can
be used as antibiotic carriers to continuously release antibiotics
to treat bone infections. However, long-term and excessive antibi-
otic treatment may increase the risk of bacterial resistance [16],
besides burst problems after antibiotic implantation [17,18].
Therefore, improving the anti-infection ability and reducing the
bacterial resistance of PLLA/HA composite fiber has become an
urgent need.

From the material science point of view, the nanostructured
antibacterial coating on the implant has unique properties such
as high specific surface area and surface energy that can mimic
the microstructures of natural tissue while possess antibacterial
property at the same time [19]. Nano-silver (n-Ag) has a broad
spectrum of antibacterial property [20] and minimal bacterial
resistance [21], therefore, the introduction of positive n-Ag coat-
ing on the surface of PLLA/n-HA composite is an effective way
of inhibiting bone infection at early stages. Currently, the meth-
ods for constructing n-Ag coating are mainly magnetron sputter-
ing [22] and wet chemical deposition [23]. Magnetron
sputtering is a linear technique that cannot be applied to med-
ical materials with complex structures, besides, silver ions (Ag+)
are directly coated on the surface of the material by this
method that can cause burst release of Ag+ at early stages,
unable to achieve a long-lasting antibacterial effect. The study
of Mishra SK et al. [24] has shown that slow release of Ag+ is
the key to imparting antibacterial effects to coatings in the early
stages of tissue implant that usually has high bacterial infection
rates. While for the wet chemical deposition method, a discon-
tinuous n-Ag coating can be formed on the surface of PLLA fiber
if the deposition time is short. Therefore, it is urgent to con-
struct a uniformly distributed and strongly-bond nano-coating
that possesses anti-infection property on the surface of PLLA/
HA composite.

Another method, electrochemical deposition, is a non-linear
technique that can enhance the adhesion between the substrate
and the coating [25]. In addition, it has the functionality to prepare
uniform coatings on complex surfaces and control the morphology
of the coating precisely by adjusting the electrochemical parame-
ters. However, n-Ag exhibits a high electrodeposition rate, leading
to strong tendency of n-Ag agglomeration [26] and affect cell via-
bility. The generally used electrochemical method for regulating
particle uniformity is adding regulator to the electrolyte. Polypyr-
role (PPy) is a conductive and biocompatible polymer that can be
prepared by electrochemical method to assist in the deposition
and slow release of n-Ag. Polypyrrole-nanoparticles (PPy-NPs)
can be obtained by addition polymerization of a and b positions
of pyrrole monomer (Py) under electrochemical oxidation [27].
There are amine groups present in PPy molecules so PPy is widely
used in adsorbing metal ions such as Cr4+ [28], Co3+ [29] and Ag+

[30], indicating the capability of PPy acting as a stabilizer for n-
Ag to prevent its agglomeration. Hnida K E et al. [31] prepared
PPy-Ag nanowires on alumina stencil by electrodeposition, and
Ag was uniformly dispersed in the polymer matrix under the
action of PPy. Xie C et al. [32] prepared a HA/Ag composite coating
with good antibacterial property and cell viability by electrodepo-
sition using PPy as a regulator. The above researches have demon-
strated that PPy has the unique function of regulating uniform
distribution of molecules. However, current researches are all
based on the chelation of PPy amine groups with metal ions, which
has the problem of poor adhesion between the coating and the
substrate [33]. Marine mussels are able to adhere to any material
surface through its secreted mucin, while polydopamine (PDA) is
a small molecule that mimics the adhesion composition of marine
mussels. PDA contains the chemical structure of catechol [34] and
exhibits strong adhesion property that makes it be widely used for
surface modification of substrates to improve the adhesion of the
coatings.

Therefore, in this study, dopamine (DA) was self-polymerized
on the surface of PLLA/HA nanowire composite fibers to form an
adhesive PDA membrane, and then electrochemical deposition
was performed with PPy-regulated Ag+ coordination and chelation
to construct a stable slow release n-Ag coating for anti-infection
and osteoinduction. Briefly, PDA was formed on the surface of
PLLA/HA through self-polymerization of DA. PDA could interact
with PPy through hydrogen bond and p-p bond interaction [35],
enhancing the surface adhesiveness of PPy composite fiber, pre-
venting the coating from falling off. Then PPy was electrochemi-
cally deposited through the coordination and chelation with Ag+

to form a chelate, allowing Ag+ movement to the working electrode
at a moderate speed. Besides, the strong electrostatic repulsion
between PPy molecules has prevented the agglomeration of
silver- nanoparticles (Ag-NPs), achieving stable and slow release
of Ag-NPs for long-lasting antibacterial purposes. Finally, a versa-
tile fiber with bioactivity, osteoinductivity and antibacterial prop-
erties was constructed (Scheme 1).
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Scheme 1. Synthesis mechanism of osteoinductive PLLA/HA/PDA/PPy/Ag composite fibers for bone infection inhibition.
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Materials and methods

Materials and instruments

Polylactic acid (PLLA) was purchased from Jinan Daigang Bio-
material Co., Ltd., China, Mw(PLLA) = 100 kDa. Hydroxyapatite
(HA) nanowire was from Suruiyunduan New Material Co., Ltd.,
China, the average length was 209 nm and the average diameter
was 64 nm (Figs. S1 and S3). Trifluoroethanol (TFE) was from
Sigma-Aldrich, US. Gelatin (Gel) was from Beijing Chemical Plant,
China, Mw (gel) = 50–100 kDa. TL01 Electrospinning Machine was
from Shenzhen Tongli Micro-Nano Technology Co., Ltd., China.
Scanning electron microscope (SEM, LEO-1430VP) was from Carl
Zeiss, Germany. Transmission electron microscope (TEM, JEM-
2100F) was from JEOL, Japan. Universal mechanical test instrument
(UTM6104) was from Shenzhen Suns Technology Co., Ltd., China.
Water contact angle analysis instrument (SDC-200) was from
Dongguan Sindin Precision Instrument Co., Ltd., China. Thermo-
gravimetric analysis instrument (STA 449F3) was from NETZSCH,
Germany. Confocal microscope (ECLIPSE Ti) was from Nikon, Japan
and microplate reader was from Thermo Fisher Scientific, US.
Atomic absorption spectrophotometer (AAS, Z-2000, Japan).

Preparation of PLLA/HA composite fiber

To prepare the electrospinning solution for PLLA/HA nanowire
composite fiber (PLLA/HA), 0.16 g of gelatin (Gel) was dissolved
in 9 mL of Trifluoroethanol (TFE) solution, and HA nanowires was
added, followed by sonication for 20 to 30 min. Then 1.44 g of PLLA
was added to the solution and stirred for 1 h, configured into an HA
nanowire-containing electrospinning solution with PLLA/Gel
weight ratio of 90/10. The electrospinning solution was placed into
a 20 mL plastic syringe equipped with a medical-grade 6# stainless
steel needle. The precursor suspension was adjusted using a syr-
inge pump, and a high voltage of 18 kV�cm�1 was supplied through
a high-voltage DC power source at a sampling rate of 3 mL�h�1.
Electrospinning fibers were collected on an aluminum foil-coated
rotating mandrel (20 cm � 13 cm � 0.02 mm) placed 15 cm away
from the needle.

Preparation of PLLA/HA/PDA/PPy/Ag composite fiber

The prepared PLLA/HA was cut into squares of 2 cm � 2 cm, and
PDA was dip coated on the surface of PLLA/HA. To achieve this,
50 mL of 10 mM Tris (hydroxymethyl) aminomethane (Tris) solu-
tion was prepared and the pH was adjusted to 8.5. DA weighing
0.025 g was dissolved in Tris solution to make DA concentration
of 0.5 g�L�1, and PLLA/HA was soaked in DA solution for 24 h at
room temperature, rinsed with deionized water, and prepared into
PLLA/HA nanowire/PDA composite fiber (PLLA/HA/PDA). An elec-
trolyte solution was prepared for electrochemical deposition.
Briefly, 0.05 g of AgNO3 and 2 mL of Py were dissolved in 1 L of dis-
tilled water to make an electrolyte solution with Ag+ concentration
of 0.05 g�L�1 and Py concentration of 2 mL�L�1, and the pH was
adjusted to 5.0 with acetic acid. To perform the electrochemical
deposition, the 2 cm � 2 cm PLLA/HA/PDA was used as cathode,
platinum was anode, and saturated calomel electrode was used
as the reference electrode. Samples were placed in a three-
electrode electrolytic cell with a conduction time of 2 h and a pulse
width of 100 s at room temperature to prepare PLLA/HA/PDA/PPy/
Ag composite fiber.

Contact angle and surface energy test

The water contact angle was obtained by differential ellipse fit-
ting. The surface free energy was calculated using the Fowkes
equation, also known as the ‘‘one-liquid method”, which is one of
the most commonly used surface energy calculation methods in
industry. The reported contact angle was the average of 12
measurements.
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Bioactivity test

The samples were cut into squares of 20 mm � 20 mm, weighed
and placed in 37 �C, 40 mL, twice the simulated body fluid (SBF) for
mineralization (n = 3 for each experimental group). The ingredient
of SBF is shown in Table S1, and SBF was replaced every 24 h. Sam-
ples were taken out at different mineralization time points (1, 3, 5,
7, 10 days) and soaked in 400 mL of deionized water overnight to
remove soluble inorganic ions. After drying at room temperature
for 72 h, samples were weighed again and spray coated with gold
to increase surface conductivity, and the morphology of the com-
posite fiber after mineralization was observed with a SEM. The
mineralization quantity of apatite on the fiber surface was repre-
sented by the increase of fiber mass after mineralization.
Ion release test

The composite fibers were soaked in 40 mL of phosphate buf-
fered saline (PBS, pH = 7.4) for 10 days at 37 �C to investigate the
release profile of Ag+. The absorbance of the leachate (Table S2)
was measured by AAS and the concentration of Ag+ in the leachate
was calculated from its standard curve. The physiological stability
of the composite fibers was determined accordingly.
Antibacterial property test

The strains used for antibacterial test were Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus). Both strains were
tested in four experimental groups, including PLLA/HA, PLLA/HA/
Ag, PLLA/HA/PPy/Ag, and PLLA/HA/PDA/PPy/Ag (n = 3 for each
experimental group).

For the qualitative analysis, stains of E. coli and S. aureus were
inoculated on MH medium separately for activation culture. Then
appropriate amount of each strain was acquired and placed in
physiological saline to prepare 10 mL bacterial suspensions with
a concentration of 0.5 McFarland unit (0.5 MCF, 1.5 � 108

cell�mL�1). Suspensions of each strain with volume of 50 lL were
taken out, seeded on a plate and cultured at 37 �C in an incubator
for 24 h.

For the quantitative analysis, the antibacterial rate of the sam-
ple was calculated to indicate the antibacterial properties of the
material. Briefly, the strains were inoculated on MH medium and
the process was repeated three times to obtain purified colonies.
The samples to be tested were placed under ultraviolet light for
1 h to kill bacteria on the sample surfaces before transferred to a
glass slide in a Petri dish. In order to prevent the evaporation of
the bacterial suspension, sterile water was added to cover the
bottom of the Petri dish. Single colony bacteria were scraped
off with the inoculating loop, and the bacterial suspension of
0.5 MCF was prepared using physiological saline. 50 lL of the
bacterial suspension was dropped onto the surface of the sample,
and cultured in a 37 �C incubator for 24 h. Then 20 lL of the
remaining bacterial suspension on the surface of the sample
was taken out and seeded on a plate, and the number of colonies
was counted after 24 h of culture. The antibacterial rate of the
sample was calculated to indicate the antibacterial properties
of the material. Three parallel experiments were performed to
calculate the average antibacterial rate. The calculation method
is shown in Eq. (1),

Antibacterial rate ¼ CCCG� CCEG
CCCG

� 100% ð1Þ

where CCCG is the colony count of the control group and CCEG is
the colony count of the experimental group.
In vitro evaluation of osteoblasts

Osteoblasts were harvested from the calvarial bone of newborn
(2 ~ 3 days old) Sprague–Dawley rats. All animal experiments were
approved by the Institutional Animal Care and Use Committee
(IACUC) of the First Affiliated Hospital of Xinjiang Medical Univer-
sity, and all procedures were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals.

Animals were divided into 4 experimental groups, including
PLLA/HA, PLLA/HA/Ag, PLLA/HA/PPy/Ag, and PLLA/HA/PDA/PPy/Ag
(n = 7 for each experimental group). The samples were placed in
a culture plate, and osteoblasts were seeded on the surface of the
samples at a seeding density of 3.75 � 104 cell�mL�1 with 3.0 mL
of a-MEM medium added to each well, and cultured at 37 �C in a
CO2 incubator. After 1, 3, 5, and 7 days of culture, the samples were
washed with PBS for three times, fixed and dehydrated, dried and
coated with gold to observe the morphology of the cells. In addi-
tion, at the time point of 1, 3, 5, and 7 days, CCK-8 was used to
examine cell proliferation. Briefly, 100 lL of cell suspension was
obtained per well (n = 3 per sample), inoculated in a 96-well plate
with 10 lL of CCK-8 added to each well, and incubated at 37 �C for
3 h in a CO2 incubator. The absorbance of each well was obtained
by a microplate reader at a wavelength of 450 nm.
Statistical analysis

A One Sample T test (assuming unequal variance) was used for
statistical analysis and all data are presented as mean ± standard
deviation. The difference between two sets of data is considered
statistically significant when p < 0.05.
Results and discussions

This paper has investigated the effect of HA nanowire concen-
tration on the morphology of PLLA fibers. When HA nanowire con-
centration was low (�20 wt%), the viscosity of the electrospun
liquid was so high that the surface tension was greater than that
the electric field force could overcome, resulting in uneven fiber
thickness (Fig. 1a). When HA nanowire concentration increased
to 30 wt%, the surface of the composite fiber was smooth and the
diameter distribution was relatively uniform (Fig. 1b). When HA
nanowire concentration continued to increase to 40 wt%, the elec-
trospun solution has lower viscosity, smaller surface tension that
electric field force could overcome and the jet was easily stretched
to obtain a finer composite fiber (Fig. 1c). According to literature
report [36], polylactic acid molecules encapsulate the inorganic
compound being added, which destroys the crystallization of poly-
lactic acid in the composite fibers to some extent. With the
increase of the added quantity of inorganic compounds, the degree
of damage proceeds and crystallinity continues to reduce (Fig. S2).
Studies have shown that [37,38] decreases in viscosity are always
found when crystallinity of the polymer is reduced. The average
diameter of the PLLA/HA composite fibers was 221, 308, and
262 nm when HA nanowire concentration was 20 wt%, 30 wt%
and 40 wt%, respectively (Fig. 1d). The HA nanowires were less
than 20 nm in diameter (Fig. 1e) encapsulated in, and were dis-
tributed along the PLLA fibers (Fig. 1f). This was because that dur-
ing the electrospinning process, the repulsion in the charged
solution was greater than surface tension as the electric field force
increased. HA nanowires were oriented from random to highly
aligned along the jet line, and thus were orderly wrapped in PLLA
fibers [39]. In summary, the HA nanowire concentration of 30 wt%
is the preferred experimental condition.

Ag-NPs were added to the composite fibers to improve the
antibacterial properties of PLLA/HA. PPy molecule has an amine



Fig. 1. Characterizations of PLLA/HA with different HA nanowire concentration. SEMmicrograph of PLLA/HAwith HA nanowire concentration of (a) 20 wt%, (b) 30 wt% and (c)
40 wt%. (d) Average diameter of PLLA/HA fibers. TEM micrograph of (e) HA nanowire and (f) PLLA/HA with HA nanowire concentration of 30 wt%.
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group, which is able to adsorb Ag+ and coordinate with it to form a
complex, indicating that PPy can act as a stabilizer for Ag-NPs to
prevent its agglomeration. The adhesion efficacy of PPy to the PLLA
substrate is relatively low that could not prevent the coating from
falling off. In order to improve the adhesion, the bionic macro-
molecular PDA mimicking mussel adhesion protein was self- poly-
merized on the surface of PLLA/HA to improve the adhesion
between PPy and PLLA fibers. This study has investigated the effect
of DA concentration and soaking time on composite fibers.

Effect of DA soaking time on composite fibers

Fig. 2 shows PLLA/HA/PDA/PPy/Ag composite fibers prepared
from PLLA/HA with different DA soaking time (12 h, 24 h, 36 h).
When PLLA/HA was soaked in DA solution for 12 h, only tiny
nanoparticle aggregates were formed on the surface of the fiber
(Fig. 2a). When the soaking time increased to 24 h, the size of
the nanoparticles increased significantly and nanoparticles were
evenly distributed on the composite fiber (Fig. 2b). This phe-
nomenon was due to the expanded self-polymerization time of
DA when soaking time increased, during which the composite fiber
adsorbed more PPy-Ag, and thereby significantly increased the size
of the aggregates. In addition, the sufficient self-polymerization
time of DA allowed particle morphology change to nano-
spherical form. At the same time, the chelation of Ag+ with PPy
was sufficient to slow down the deposition of Ag-NPs and provide
adequate time for crystal growth. Besides, the strong electrostatic
repulsion between the PPy molecules prevented the aggregation
of Ag-NPs, causing the shape of Ag-NPs to gradually change into
a nano-spherical structure, spread uniformly over the entire fiber
surface [40]. When the soaking time increased to 36 h, the surface
of the composite fiber was completely covered by PDA (Fig. 2c).
Since PDA was not conductive, the deposition of PPy was prevented
and the shape of particles on the fiber surface became uneven.
From the above analysis we could know that the best DA soaking
time was 24 h. Besides, the diameter of the nanoparticles on the
fiber surface increased as well. This might due to the heteroge-
neous nucleation processes of PDA aggregates formation [41], dur-
ing which the deposited PDA acted as heterogeneous nucleation
site and inducing more PDA particles to deposit on the fiber sur-
face, adsorbing more PPy-Ag deposits, resulting in significant
increase of aggregate diameter. From the above analysis we could
know that the number of nucleation sites decreased and the size of
deposited DA increased along with time. The uniform distribution
of Ag-NPs was critical. It can be seen from Fig. 2d–f that PPy has
regulated Ag to be uniformly distributed on the surface of PLLA/
HA, and Ag content gradually increased from 0.35% to 0.38% and
1.12% for DA soaking time from 12 h to 24 h and 36 h, respectively
(Fig. 2g–i).

Effect of DA concentration on composite fibers

The uniformity of PDA coated on the fiber surface was affected
by DA concentration [42]. When DA concentration was 0.0 g�L�1

(‘‘0.0 g�L�1” indicated no addition of DA), the fiber surface lacks
adhesion to PPy, and only a small amount of Ag-NPs was deposited
on it (Fig. 3a). When DA concentration increased to 0.5 g�L�1, PPy-
Ag were uniformly distributed on the surface of the fiber in a nano-
spherical shape (Fig. 3b). When DA concentration continued to
increase to 1.0 g�L�1, the surface of the composite fiber was com-
pletely covered by PDA (Fig. 3c), and because PDA surface was
not conductive, the deposition of PPy was prevented, resulting in
uneven sized particle distribution [43]. From the above analysis
we could know that the best DA soaking concentration was
0.5 g�L�1. Ag the element was uniformly distributed on the surface
of PLLA/HA (Fig. 3d–f) and DA soaking concentration had a great
influence on Ag content. When DA concentration gradually
increased from 0.0 g�L�1 to 0.5 g�L�1 and 1.0 g�L�1, Ag content on
fiber surface increased from 0.06% to 0.38% and 0.39%, respectively
(Fig. 3g–i). It can be seen from the FTIR spectrum (Fig. 3j) of com-
posite fibers with DA concentration of 0.5 g�L�1, that the C@O
stretching vibration peak in PLLA was shown at 1747 cm�1, and
the stretching vibration peak of CAOAC in PLLA appeared both at
1076 cm�1 and 1179 cm�1 [44]. The shearing vibration peak of
ANH2 group in PDA appeared at 1526 cm�1 [45] and C@C stretch-
ing vibration in PDA benzene ring appeared at 1499 cm�1 [46]. The
C@C stretching vibration peak of PPy appeared at 1637 cm�1 [40],
while the bending vibration peak of PO4

3� in HA appeared both at
607 and 567 cm�1 [47]. The infrared spectroscopy indicated that
PDA was successfully adsorbed on the fiber surface.



Fig. 2. The influence of DA soaking time on composite fibers. SEM micrograph of composite fibers with DA soaking time of (a)12 h, (b) 24 h and (c) 36 h. Ag distribution on
composite fibers after DA soaking for (d) 12 h, (e) 24 h and (f) 36 h. EDS analysis of composite fibers after DA soaking for (g) 12 h, (h) 24 h, and (i) 36 h.
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Based on the above analysis, the preferred experimental condi-
tions are 30 wt% HA nanowire, 0.5 g�L�1 DA, and 24 h DA soaking
time. The hydrophilicity, physiological stability, bioactivity,
antibacterial property and cytocompatibility of the composite fiber
were analyzed under these conditions.

Analysis of composite fiber properties

Physiological stability and hydrophilicity
Composites used as implant material require high and long-

term surface stability in the physiological environment of fluids
and activities. Therefore, the physiological stability of the compos-
ite fiber was examined in this study. As it can be seen from Fig. 4a,
the Ag+ release rate of PLLA/HA/Ag was 58.4% on day 10 in PBS.
When the regulator PPy was added to the fiber, the release rate
of Ag+ significantly reduced to 37.0%. The reason was that PPy
was doped as a spherical template in the electrolyte to form Ag-
NPs with uniform fiber surface distribution. On the other hand,
PPy and Ag+ were coordinately combined to form PPy-Ag+ complex,
which reduced the release rate of Ag+. The Ag+ release rate of the
composite fiber with PDA added on the basis of PPy was further
reduced to 31.2% because the PDA modification has improved
PPy adhesion amount on the surface of the fiber, which decreased
the release rate of Ag+. Therefore, the PLLA/HA/PDA/PPy/Ag com-
posite fibers possess good physiological stability under the dual
regulation of PPy coordination and doping, exert long-term
antibacterial function and are able to inhibit bone infection.

Surface hydrophilicity is a major factor affecting cellular activi-
ties of the composite fibers such as adhesion and migration [48].
Fig. 4b-c showed the hydrophilicity test result of the composite
fiber. It can be seen from Fig. 4(b) that PLLA/HA/PDA/PPy/Ag had
the lowest contact angle, indicating best hydrophilicity. This was
because that the hydrophilic hydroxyl group and amino group pre-
sented in PDA had improved the hydrophilicity of the composite
fibers [49]. It can be seen from Fig. 4(c) that the surface energy
of PLLA/HA/Ag fiber was reduced after adding silver, because silver
was easily agglomerated on the fiber surface [50], reducing the sur-
face energy. Polypyrrole can regulate silver, making it less likely to
agglomerate and maintain a small size to increase the surface
energy. And with the addition of polydopamine, the surface
became more hydrophilic and surface energy was increased even
more because polydopamine could help polypyrrole regulate the
dispersion of silver more uniformly. Therefore, PLLA/HA/ PDA/
PPy/Ag fibers had the highest surface energy and the strongest
adsorption capacity.

Antibacterial property of the composite fibers
Bacteria can result in bone infection and reduce the success rate

of bone regeneration material implantation [51]. Therefore, the
antibacterial properties of biomaterials should be taken into



Fig. 3. The influence of DA soaking concentration on composite fibers. SEM micrograph of composite fibers at DA concentration of (a) 0.0 g�L�1, (b) 0.5 g�L�1 and (c) 1.0 g�L�1.
Ag distribution on composite fibers at DA concentration of (d) 0.0 g�L�1, (e) 0.5 g�L�1 and (f) 1.0 g�L�1. EDS analysis of composite fibers at DA concentration of (g) 0.0 g�L�1, (h)
0.5 g�L�1 and (i) 1.0 g�L�1. (j) FTIR spectrum of composite fibers with DA concentration of 0.5 g�L�1.
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consideration during material development process. E. coli and S.
aureus are not only typical representatives of Gram-positive and
Gram-negative bacteria, but also the most common bacteria in
clinical infections. In this study, the antibacterial properties of
the composites against E. coli and S. aureus were investigated. It
can be seen from Fig. 5a that after 24 h of incubation, the control
group of PLLA/HA had no bactericidal ability and bacterial metabo-
lism was active on the fiber surface, forming many E. coli and S.
aureus colonies. Compared to the control group, no E. coli colony
was found on the surface of PLLA/HA/Ag and PLLA/HA/PPy/Ag,
while S. aureus colony number was significantly reduced, only
showing sporadic S. aureus cells. This phenomenon was due to
the addition of PPy, which reduced the agglomeration of Ag-NPs,
increased its surface area and number of exposed Ag-NPs that
could contact with bacteria, and further improved the antibacterial
properties of the material. There was no colonies of E. coli and S.
aureus found on the surface of PLLA/HA/PDA/PPy/ Ag, this was
because the strong adhesion of PDA could improve the attachment
of PPy and Ag-NPs on fiber surface, increasing Ag-NPs content. In
the meanwhile, the regulation by PPy reduced the agglomeration



Fig. 4. The (a) Ag+ release, (b) contact angle and (c) surface energy of the composite fibers.

Fig. 5. Antibacterial test result of composite fibers. (a) Qualitative and (b) quantitative analysis of composite fibers against E. coli and S. aureus.
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of Ag-NPs and increased contact area of Ag-NPs with bacteria.
Quantitative analysis (Fig. 5b) showed that the antibacterial rates
of PLLA/HA/Ag and PLLA/HA/PPy/Ag against S. aureus were 85%
and 96%, respectively, and both 100% against E. coli. While PLLA/
HA/PDA/PPy/Ag has antibacterial rate of 100% for both strains.
The results showed that PLLA/HA/PDA/PPy/Ag composite fiber
has good antibacterial ability against both E. coli and S. aureus,
promising for inhibit bone infections.
Ag-NPs in the composite fiber enhanced its antibacterial prop-
erty. The cell membrane structures of Gram-positive and Gram-
negative bacteria are different, but they are both negatively
charged [52]. Therefore, the local Ag+ that around Ag-NPs in the
fiber can raise the bacteria via electrostatic interaction. Meanwhile,
the free Ag+ that released from Ag-NPs can also interact with bac-
teria [53,54]. Consequently, the local and free Ag+ synergistically
inactivate bacteria enzymes and destroy membrane integrity.
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And subsequently, Ag+ is released from the dead bacteria and can
contact with other colonies, and the above process is repeated.
Therefore, Ag can maintain a long-lasting antibacterial property.
Studies have shown that PDA-modified scaffolds can reduce bacte-
rial binding [55]. Although PLLA/HA/PDA/PPy/Ag composite fiber
has excellent antibacterial properties, it does not affect cell adhe-
sion and proliferation. It has been reported that 2.4 wt% of Ag in
the composite coating could promote proliferation and differentia-
tion of bone marrow stromal cells with no cytotoxicity [32]. The Ag
content in this study was 0.38%, lower than the reported value and
PPy has function of chelating with Ag+ to reduce its toxicity.

Bioactivity of composite fibers
Bioactivity is one of the most important properties for evaluat-

ing osteointegration of bone repair materials, and the indicator is
the nucleation and growth of bone-like apatite on the surface of
the material. In this study, the bioactivity of composite fibers
was studied in SBF. It can be seen from Fig. 6a that when the min-
eralization was conducted for 5 days, only a small amount of apa-
tite was deposited on the surface of each group of fibers, and the
deposition quantity was the highest on the surface of PLLA/HA/
PDA/PPy/Ag. When the mineralization continued for 10 days, apa-
tite deposition was significantly increased and covered most of the
surfaces of the fibers. It can be seen from Fig. 6b that the amount of
apatite on the surface of the fiber was proportional to the deposi-
tion time and the maximum amount of deposition was reached on
day 10. In addition, the deposition increase was significant on day
10 on PLLA/HA/PDA/PPy/Ag fiber surface, which exhibited excel-
lent bioactivity. The high quantity of apatite deposition was due
to the good hydrophilicity and great adsorption capacity of PLLA/
Fig. 6. Mineralization of composite fibers. (a) SEM micrograph of composite fibers after
mineralization.
HA/PDA/PPy/Ag. According to the literature, PDA has the ability
to adsorb Ca2+, which is more advantageous to the nucleation
and growth of apatite on the fiber surface [56].

In vitro osteogenic evaluation of composite fiber
Fig. 7 shows the SEM micrographs and cell cell activity map of

the main functional cell osteoblasts on the surface of each compos-
ite fiber after 1, 3, 5, and 7 days of culture. As it can be seen from
Fig. 7a, osteoblasts began to adhere on the surface of fibers on
day 1 and adhered well on day 3. As cell culture time increased
to 5–7 days, osteoblasts showed promoted adhesion and growth,
spread well with normal polygonal morphology, and firmly cov-
ered the surface of the fibers. Osteoblasts on the surface of PLLA/
HA/PDA/PPy/Ag had pseudopods stretched around and increased
in number, indicating better osteoblasts adherence. The CCK-8
method was used to detect the proliferation of osteoblasts in the
composite fibers (Fig. 7b). On the first day of cell culture, the meta-
bolic activity (OD value) of osteoblasts on the surface of PLLA/HA
was the highest. On the third day of cell culture, the metabolic
activity of osteoblasts on all groups of composite fibers was similar,
and there was no significant difference. On the fifth day of cell cul-
ture, the metabolic activity of osteoblasts on the surface of PLLA/
HA/PDA/PPy/Ag fibers was the highest. This might be related to
the improvement in hydrophilicity of the fiber surface and bioac-
tive functional groups such as AOH and ANH2. The metabolic
activity of osteoblasts on the surface of PLLA/HA/Ag and PLLA/
HA/PPy/Ag composite fibers was significantly higher than that of
osteoblasts on the surface of PLLA/HA composite fibers. After
cultured for 7 days, osteoblasts on PLLA/HA/PDA/PPy/Ag fiber sur-
face possessed the highest metabolic activity while PLLA/HA/Ag
mineralization. (b) Apatite deposition on fiber surface after 1, 3, 5, 7 and 10 days of



Fig. 7. (a) SEM micrographs and (b) cell activity map of osteoblasts on the surface of each composite fiber after 1, 3, 5, and 7 days of culture.
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was the lowest. This result might be due to the local agglomeration
of Ag inhibited cell proliferation. In general, the metabolic activity
of osteoblasts on the surface of composite fibers increased with the
prolongation of culture time. PLLA/HA/PDA/PPy/Ag composite
fibers were more favorable for cell proliferation (p < 0.05).

Conclusions

Based on the strong adhesion property of PDA, this study has
successfully synthesized bioactive, osteoinductive and persistent
antibacterial PLLA/HA/PDA/PPy/Ag composite fiber through the
self-polymerization of DA on the surface of PLLA/HA and electro-
chemical deposition of PPy-controlled Ag-NPs. The results
showed that along with the increase of DA soaking time and
concentration, the diameter of the nanoparticles and silver con-
tent of the composite fiber has gradually increased. When DA
soaking time was 24 h and soaking concentration was 0.5 g�L�1,
the nanoparticles were evenly distributed on the fiber surface.
Based on the strong affinity of PDA and the dual regulation of
PPy coordination and doping, the release rate of Ag+ was effec-
tively reduced, which equipped the composite fiber with good
physiological stability and long-term antibacterial effect. More-
over, the hydrophilic groups AOH and ANH2 presented in PDA
has enhanced the adsorption capacity and promoted the nucle-
ation and growth of apatite on the surface of the fiber. The
antibacterial test results showed that the antibacterial rate of
the PLLA/HA/PDA/PPy/Ag composite fiber was as high as 100%
against E. coli and S. aureus. In vitro osteoblast culture showed
that the composite fiber has excellent cell compatibility. In this
study, a bioactive, osteoinductive and long-term antibacterial
PLLA/HA/PDA/ PPy/Ag composite fiber was synthesized by elec-
trospinning and electrochemical deposition, and this material
showed promising applications in bone tissue repair for inhibit-
ing bone infection.
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