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We report a facile approach to fabricating electrospun drug-loaded organic/inorganic hybrid nanofibrous
system for antibacterial applications. In this study, nano-hydroxyapatite (n-HA) particles loaded with
a model drug, amoxicillin (AMX) were dispersed into poly(lactic-co-glycolic acid) (PLGA) solution to form
electrospun hybrid nanofibers. The loading of AMX onto n-HA surfaces (AMX/n-HA) and the formation of
AMX/n-HA/PLGA composite nanofibers were characterized using different techniques. We show that
AMX can be successfully adsorbed onto the n-HA surface and the formed AMX/n-HA/PLGA composite
nanofibers have a uniform and smooth morphology with improved mechanical durability. Cell viability
assay and cell morphology observation reveal that the formed AMX/n-HA/PLGA composite nanofibers are
cytocompatible. Importantly, the loaded AMX within the n-HA/PLGA hybrid nanofibers shows a sus-
tained release profile and a non-compromised activity to inhibit the growth of a model bacterium,
Staphylococcus aureus. With the significantly reduced burst-release profile, good cytocompatibility,
improved mechanical durability, as well as the remained antibacterial activity, the developed AMX/n-HA/
PLGA composite nanofibers should find various potential applications in the fields of tissue engineering
and pharmaceutical science.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Electrospinning, a technique producing ultrafine fibers with
diameters ranging from tens of nanometers to several microns, has
attracted much attention due to its versatility and potential for
applications in diverse fields [1e4]. The features of electrospun
nanofibers with high specific surface area, high porosity, and three-
dimensional (3D) reticulate structure quite mimic the natural
extracellular matrix (ECM) [5], affording themwith a wide range of
biomedical applications including tissue engineering [6], wound
dressing [7], biosensors [8], and drug delivery [5,9e12]. In partic-
ular for drug delivery applications, conventional [9,13], emulsion
[14,15] and coaxial [12] electrospinning techniques have been used
to fabricate nanofibers for drug encapsulation and release.
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Conventional single fluid electrospinning method allows direct
integration of drug molecules within nanofibers by simply elec-
trospinning the drug/polymer mixture solution or post-adsorption
of drugs onto/within the nanofibers [11,13,16,17]. However, a burst
release often happens, which is not desirable in most of the cases.
The techniques of emulsion and coaxial electrospinning used for
drug delivery applications are able to alleviate the burst release of
the encapsulated drug to some extent [15,18,19]. In both methods,
the drugs are able to be incorporated into the core region of the
nanofibers to form a “coreesheath” structure, in which the outer
polymer shell can act as an additional barrier to control the drug
release profile [20]. However, there are still some issues and chal-
lenges in the emulsion and coaxial electrospinning techniques. The
coaxial electrospinning may need substantial optimization of the
electrospinning parameters, and the emulsifier used in emulsion
electrospinning may be cytotoxic. In another aspect, the electro-
spun nanofibers composed of polymer or polymer blends often
suffer a problemwith mechanical durability, which is not desirable
for practical biomedical applications. Therefore, development of
other nanofiber systems that possess mitigated burst release of the
encapsulated drug and/or improved mechanical durability still
remains a great challenge.
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In our previous work, we have shown that drug-loaded halloy-
site nanotubes (HNTs), a naturally occurring clay material, can be
incorporated within poly(lactic-co-glycolic acid) (PLGA) nanofibers
by simply electrospinning the mixture solution of PLGA and HNTs-
drug particles [5]. The thus formed hybrid nanofibers afford
the drug with significantly decreased burst release profile, and
simultaneously the incorporation of HNTs greatly improves the
mechanical durability of the nanofibers [5,21e23]. The incorporated
HNTs within the nanofibers play two roles: firstly, the HNTs them-
selves are a kind of drug carrier, which allows drug molecules to be
encapsulated within the lumen of the HNTs; secondly, the presence
of HNTs is able to significantly improve themechanical durability of
the nanofibers. The previous success leads us to hypothesize that
other inorganic nanoparticles having a capability to encapsulate
drug molecules may also be incorporated within polymer nano-
fibers to alleviate the burst release of drugmolecules and to improve
the mechanical durability of the fibers, thereby providing a vast
range of opportunities for various biomedical applications.

Nano-hydroxyapatite (n-HA) has been considered as an ideal
inorganic drug carrier due to its high surface area to volume ratio,
high surface activity, good biocompatibility, and strong ability to
absorb a variety of chemical species [24]. However, the weak inter-
action between the drug molecules and the n-HA particles often
leads to an initial burst release of the drugs from the formed n-HA/
drug nanocomplex [25]. Therefore, it is quite reasonable to design
a hybrid n-HA-incorporated polymer nanofiber system, where both
polymer nanofibers and then-HAare containers andbarriers of drug
molecules, affording the drug with a sustained release profile.
Likewise, the presence of n-HAwithin the polymer nanofibers is also
expected to share a portion of load applied on the nanofibrous mats,
improving the mechanical durability of the fiber system.

In this present work, we attempted to develop a facile approach
to fabricating n-HA-doped PLGA nanofibers via electrospinning for
drug encapsulation and release. A model drug, amoxicillin (AMX)
was first loaded onto the n-HA surface via physical adsorption. Then
the AMX-loaded n-HA particles were mixed with PLGA solution for
subsequent formation of electrospun AMX/n-HA/PLGA composite
nanofibers (Scheme 1a). The loading of AMXonto n-HA (n-HA/AMX)
and the formation of AMX/n-HA/PLGA composite nanofibers were
characterized using different techniques. The release kinetics of
Scheme 1. Schematic illustration of the encapsulation (a) and relea
AMX from the composite AMX/n-HA/PLGA nanofibers was investi-
gated using UVeVis spectroscopy and compared with AMX/n-HA
particles and AMX/PLGA nanofibers. The antimicrobial activity of
the AMX/n-HA/PLGA nanofibers was investigated using Staphylo-
coccus aureus (S. aureus) as a model bacterium both in liquid and on
solidmedium. The cytocompatibility of AMX/n-HA/PLGA nanofibers
was investigated through in vitro 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) viability assay and micro-
scopic imaging of cells cultured onto the composite fibrous scaffolds.

2. Experimental section

2.1. Materials

PLGA (MW ¼ 81 000 g/mol) with a lactic acid/glycolic acid ratio of 50:50 and
AMX (purity > 95%) were purchased from Jinan Daigang Biotechnology Co., Ltd.
(China) and Shanghai Yuanye Biotechnology Co., Ltd. (China), respectively. n-HAwas
obtained from Aladdin Chemical Reagent Co., Ltd. (China). S. aureus was purchased
from Shanghai Fuzhong Biotechnology Development Co., Ltd. (China). Luria-Bertani
(LB)-medium was acquired from Sangon Biotech Co., Ltd. (Shanghai, China). Tetra-
hydrofuran (THF) and N,N-dimethylformamide (DMF) were from Sinopharm
Chemical Reagent Co., Ltd. (China). Mouse fibroblasts (L929) were obtained from
Institute of Biochemistry and Cell Biology (the Chinese Academy of Sciences,
Shanghai, China). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), penicillin, and streptomycinwere purchased fromHangzhou Jinuo Biomedical
Technology (Hangzhou, China). Fluorescein diacetate (FDA) was purchased from
Sigma. All chemicals were used as received. Water used in all experiments was
purified using a Milli-Q Plus 185 water purification system (Millipore, Bedford, MA)
with resistivity higher than 18 MU cm.

2.2. Loading of AMX onto the surface of n-HA

An aqueous solution of AMX (10 mL, 4 mg/mL) was added dropwise into an
aqueous suspension of sieved n-HA (10 mL, 2 mg/mL). The mixture was then
vigorously stirred for 24 h at room temperature to form AMX-loaded n-HA (AMX/n-
HA). The formed AMX/n-HA nanohybrid was separated by centrifugation (5000 rpm,
3 min) and washed with water three times to remove the excess free AMX non-
adsorbed onto the n-HA surface. The AMX concentration in the supernatant was
analyzed using Lambda 25 UVeVis spectrophotometer (Perkin Elmer, USA) at
228 nm using a standard AMX concentration-absorbance calibration curve and the
AMX loading percentage was calculated by Eq. (1):

Loading percentage ¼ Mt=ðMt þMoÞ � 100% (1)

where Mt and Mo stands for the mass of adsorbed AMX and the n-HA carrier,
respectively. Finally, the AMX/n-HA was lyophilized, ground down, and sieved to
have a uniform size for subsequent electrospinning process. The drug loading
se pathways (b) of AMX within n-HA-doped PLGA nanofibers.
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percentage was optimized by changing the concentrations of AMX and n-HA,
respectively.
2.3. Preparation of electrospun AMX/n-HA/PLGA nanofibers

PLGAwas dissolved in THF/DMF (v/v¼ 3:1) at an optimized concentration of 25%
(w/v, PLGA/solvent) [21,23]. AMX/n-HA powder (1 wt% AMX relative to PLGA) was
then blended with PLGA solution for subsequent electrospinning. For comparison,
a predetermined amount of n-HA (5 wt% relative to PLGA) or AMX (1 wt% relative to
PLGA) was added to PLGA solution and stirred for 1 h to get a homogeneous solution.
The electrospun nanofibers were prepared according to the protocol reported in our
previous studies [21,23] with a commercial electrospinning equipment (1006
Electrospinning Equipment, Beijing Kang Sente Technology Co., Ltd., Beijing, China)
using a stainless steel needle with an inner diameter of 0.8 mm. The electrospinning
parameters were set at an applied voltage of 20 kV, a collection distance of 15 cm,
and the electrospinning solution flow rate of 1.0 mL/h controlled by a syringe pump.

The percentage of n-HA, AMX/n-HA, and AMX relative to PLGA in the above
three cases were 5 wt%, 6 wt%, and 1 wt% (the AMX/n-HA/PLGA nanofibers used in
our manuscript was all 1% AMX relative to AMX/n-HA/PLGA nanofibers) if not
emphasized, respectively. Note that to prepare AMX/n-HA/PLGA nanofibers, 6 wt%
AMX/n-HA (5 wt% n-HA relative to PLGA) was incorporated based on the optimized
AMX loading efficiency of 20.45% (see below) to ensure that the concentrations of
the incorporated n-HAwithin both AMX/n-HA/PLGA and n-HA/PLGA nanofibers are
approximately similar. The formed electrospun fibrous mats were vacuum dried at
ambient temperature for at least 2 d to remove the residual organic solvent and
moisture.
2.4. Characterization

The morphology of n-HA before and after AMX loading was observed by
transmission electronmicroscopy (TEM, JZM-2100, Japan) with an operating voltage
of 200 kV. Samples were dispersed into water (1 mg/mL) and 5 mL aqueous solution
of each sample was dropped onto a carbon-coated copper grid and air-dried before
measurement. The incorporation of n-HA within PLGA nanofibers was also
confirmed using TEM (Hitachi H-800, Japan) with an operating voltage of 200 kV.
Before measurement, the nanofibers were electrospun directly onto holey carbon-
coated copper grids. Morphologies of the pure PLGA, n-HA/PLGA, AMX/PLGA, and
AMX/n-HA/PLGA nanofibers were observed using scanning electron microscopy
(SEM, JEOL JSM-5600LV, Japan). Before SEM observations, the samples were sputter
coated with gold films with a thickness of 10 nm. Fiber diameters were measured
using Image J 1.40G software (http://rsb.info.nih.gov/ij/down-load.html). At least
100 nanofibers from different SEM images for each sample were randomly selected
and analyzed. Fourier transform infrared spectroscopy (FTIR) was performed using
a Nicolet Nexus 670 FTIR spectrometer in awavenumber range of 500e4000 cm�1 to
confirm the loading of AMX onto the n-HA surface. Dry samples were mixed with
milled KBr crystals and the samples were pressed as pellets before measurements.
The crystalline structure of n-HA before and after AMX loading was analyzed by
a Rigaku D/max-2550 PC XRD system (Rigaku Co., Tokyo, Japan) using Cu Ka radi-
ation with a wavelength of 0.154 nm at 40 kV and 200 mA. The scan was performed
from 5� to 70� (2q).

The porosity of different nanofibers was measured using a method reported in
the literature [26]. Five small strips (10 � 50 mm2) were cut randomly from the
nanofibrous mats. The thickness of the nanofibrous mats was measured with
a micrometer and the apparent density (ra) and porosity (p) were calculated from
Eqs. (2) and (3), respectively.

ra

�
g=cm3

�
¼ m ðgÞ

d
�
cm

�� s
�
cm2

� (2)

p ¼
�
1� ra

�
g=cm3�

rb
�
g=cm3

�
�
� 100% (3)

where m, d, and s stand for mass, thickness, and area of the strips, respectively. The
bulk density (rb) of PLGA is 1.25 g/cm3 [5]. Water contact angle of the electrospun
nanofibrous mats was measured using a contact angle goniometer (DSA-30, Kruss,
Germany) when the droplet was stable. The electrospun nanofibrous mats were
attached to the cover slips and one pendant droplet of distilled water with 1 mL drop
size was dropped onto a randomly selected area for each sample at ambient
temperature and humidity. Mechanical property evaluation of the nanofibrous mats
was performed by a material testing machine (H5K-S, Hounsfield, UK) with a cross-
head speed of 10 mm/min under a load of 10 N. The thicknesses of five specimens
(10 � 50 mm2) were measured with a micrometer and then gripped in the top and
bottom chucks, respectively, and the gauge of two chucks connected to testing
machine was fixed at 30 mm. The stress and strain data were calculated using Eqs.
(4) and (5):

s ðMPaÞ ¼ P ðNÞ
w ðmmÞ � d ðmmÞ (4)
ε ¼ l
l0
� 100% (5)
where s, ε, P, w, d, l, and l0 stand for stress, strain, load, mat width, mat length,
extension length, and gauge length, respectively. Breaking strength, failure strain,
and Young’s modulus were obtained from the strainestress curves. All porosity,
water contact angle, and mechanical property tests were done in triplicate and the
results were reported as mean � SD.

2.5. In vitro drug release

The release kinetics of AMX from AMX/n-HA particles, AMX/PLGA and AMX/n-
HA/PLGA nanofibers was determined by recording the absorbance of AMX at 228 nm
using a Lambda 25 UVeVis spectrophotometer (Perkin Elmer, USA). The AMX/n-HA
particles (5 mg) were dispersed into 2 mL phosphate buffer saline (PBS, pH ¼ 7.4)
and the solution was transferred into a dialysis tube. Then the dialysis tube was
placed in a vial containing 8 mL PBS. For electrospun nanofiber samples, a certain
amounts of AMX/PLGA and AMX/n-HA/PLGA nanofibrous mats were weighted and
added to different vials containing 10 mL PBS to ensure the amount of AMX con-
tained in both nanofibers is similar to that in the AMX/n-HA sample. All the samples
for release experiments were incubated in a vapor-bathing constant temperature
vibrator at 37 �C with a vibrating speed of 90 rpm. The experiment was done in
triplicate. At the pre-designed time intervals, 1.5 mL of solution of release medium
was taken out from each vial and equal volume of fresh PBS was replenished. The
accumulated release of AMX was calculated based on a standard AMX absorbance-
concentration calibration curve at 228 nm.

2.6. In vitro antibacterial activity assay

S. aureus is a Gram-positive bacterium that can cause a wide range of suppu-
rative infections [27,28]. In this study, S. aureus was used as a model bacterium to
evaluate the antibacterial activity of AMX adsorbed onto the n-HA surface, or
encapsulatedwithin PLGA or n-HA/PLGA composite nanofibers via both quantitative
analysis in liquid medium and qualitative analysis on solid medium.

2.6.1. Quantitative analysis in liquid medium
In the quantitative analysis, the frozen S. aureuswas first activated with fresh LB

medium at 37 �C with gentle shaking (100 rpm) in an oscillation incubator. Then,
S. aureuswas added into 5 mL liquid mediumwith an OD value of 0.1e0.2 at 625 nm
for each test tube. After that, AMX, AMX/n-HA particles, and drug-loaded nano-
fibrous mats (AMX/n-HA/PLGA and AMX/PLGA) with similar AMX concentrations
ranging from 0 to 60 mg/mL (relative to the 5-mL bacterial suspension) were added
into each test tube. Note that all the samples were sterilized for 3 h before anti-
bacterial testing. The treated bacterial samples were then incubated at 37 �C with
gentle shaking (100 rpm), and the absorbance at 625 nm was monitored using
Lambda 25 UVeVis spectrophotometer after 24 h of incubation. Since the absor-
bance of bacterial solution is in proportion to the number of the bacteria, the
percentage of bacterial inhibition can be calculated by the following equation [27]:

Bacterial inhibition ð%Þ ¼ ðIc � IsÞ=Ic � 100 (6)

where Ic and Is are the average ODs of the control group and the experimental
group, respectively. To investigate the antibacterial efficacy of the AMX-loaded
nanofibers after the release of AMX at a given time period, AMX/PLGA and AMX/
n-HA/PLGA nanofibers (with unreleased drug content of 60 mg/mL relative to the
5-mL bacterial suspension) after 4 or 9 days release were also tested under similar
conditions.

2.6.2. Qualitative analysis on solid medium
For qualitative analysis, inhibition zone of the S. aureus cultured on the LB agar

plates was assessed [29]. Briefly, S. aureus suspension (100 mL) was first spreaded
onto the agar plates and the circular nanofibrous mats (PLGA, n-HA/PLGA, AMX/n-
HA/PLGA, and AMX/PLGA) with a diameter of 1 cm and a mass of around 10 mg
were pasted onto the agar plate. All the samples were sterilized for 3 h before they
were pasted. The amount of AMX in both AMX/n-HA/PLGA and AMX/PLGA nano-
fibrous mats was approximately 100 mg. The bacteria were then incubated at 37 �C
for 24 h and the inhibition zone for each sample on the plate was visually inspected.
The inner and outer diameters and calculated diameter difference were measured.
To qualitatively evaluate the antibacterial efficacy of the AMX-loaded nanofibers
after AMX release, AMX/PLGA and AMX/n-HA/PLGA nanofibers (with unreleased
AMX drug of 100 mg) after 4 and 9 days release were also tested under similar
conditions.

The antibacterial activity of AMX/n-HA/PLGA nanofibers containing 0.5%, 1%,
and 2% AMX relative to PLGA was also tested quantitatively and qualitatively using
the above procedures. For the quantitative assay, all of the AMX/n-HA/PLGA nano-
fibers (20 mg) were added into the test tube containing 5 mL bacterial suspension.
For the qualitative assay, all of the AMX/n-HA/PLGA nanofibers were cut into circular
mats with a diameter of 1 cm and a mass of around 10 mg.

http://rsb.info.nih.gov/ij/down-load.html
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2.7. Cell culture and cytocompatibility evaluation

Mouse fibroblasts (L929) cells were cultured in a humidified incubator with 5%
CO2 at 37 �C using DMEM containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin. MTT assay and SEM observation were employed to evaluate the
viability and morphology of the L929 cells cultured onto different nanofibers,
respectively. Before cell seeding, PLGA, n-HA/PLGA, and AMX/n-HA/PLGA nano-
fibrous mats were placed in a 24-well tissue culture plate (TCP) and fixed with
stainless steel rings, sterilized with ethanol for 2 h, and soaked with medium
overnight. Then, L929 cells were seeded at a density of 1.5 � 104 cells/well for MTT
assay and 2 � 104 cells/well for SEM observation, respectively. For comparison, TCPs
and cover slips were used as controls.

For MTT assay, after the cells were cultured for 8 or 72 h, the cells were washed
with PBS and an MTT solution (40 mL) was added to each well, followed by incu-
bation for another 4 h. Then, 400 mL DMSO was added to each well to dissolve the
purple MTT formazan crystal for 15 min and 100 mL of the dissolved formazan
solution of each sample was transferred into separate wells of a 96-well plate to test
the OD value at 570 nm using a microplate reader (MK3, Thermo, USA). Mean and
standard deviation from the triplicate wells for each sample were reported.

To further examine the cytocompatibility of the nanofibers, the morphology of
L929 cells grown onto nanofibers, TCPs, or cover slips was observed using SEM.
Before analysis, cells grown onto different substrates were washed with PBS, fixed
with 2.5% glutaraldehyde for 2 h at 4 �C, dehydratedwith a series of gradient ethanol
solutions (30, 50, 70, 90, 95, and 100% ethanol, respectively), and air-dried. Then the
samples were sputter coated with gold film with a thickness of 10 nm and observed
by SEM (JEOL JSM-5600LV, Japan) with an operating voltage of 15 kV.

The attachment and proliferation of L929 cells on nanofiber samples were also
observed using Carl Zeiss LSM 700 confocal laser scanning microscope (Jena,
Germany). The cells grown on nanofibers and controls with a seeding density of
2 � 104 cells/well after 3 d culture were first fixed with 2.5% glutaraldehyde for 1 h
at 4 �C, and then stained by immersing the cells in 1 mL PBS solution containing
0.05 mg/mL FDA for 10 min. The stained L929 cells were observed under excitation
wavelength of 494 nm.
2.8. Statistical analysis

One-way ANOVA statistical analysis was performed to compare the bacterial
inhibition effect of the tested materials with different AMX concentrations in liquid
Fig. 1. TEM micrographs of n-HA particles (a), AMX/n-HA particles (b), n-HA/PLGA n
medium and the cytocompatibility of cells cultured onto different materials. 0.05
was selected as the significance level, and the data were indicated with (*) for
p < 0.05, (**) for p < 0.01, and (***) for p < 0.001, respectively.
3. Results and discussion

3.1. Loading of AMX onto the n-HA surfaces

n-HA with a structural formula of Ca10(PO4)6(OH)2 is the prin-
cipal inorganic ingredient of bone and teeth of the mammal [30].
Due to the high surface area and the resultant excellent absorption
capability, n-HA has been widely used in various drug delivery
applications [25,31,32]. Different from our previous study related to
the drug encapsulation within the lumen of HNTs [5], in this study,
commercial rod-like n-HA with a diameter of 37 � 9 nm and
a length of 118 � 42 nm (Fig. 1a) was used to load drug AMX on its
surface (Scheme 1a).

The loading percentage of AMX onto n-HA was optimized by
varying the respective concentration of AMX and n-HA under
similar experimental conditions. Fig. 2 shows the profile of the
AMX loading percentage as a function of AMX concentration under
different n-HA concentrations. It is clear that the AMX loading
percentage increases with the AMX concentration but decreases
with the n-HA concentration. This could be attributable to the
aggregation of the n-HA at a higher concentration, leading to
relatively limited n-HA surface area to be accessed by the AMX
molecules. It is worth noting that at n-HA concentration of 1 mg/
mL, the used AMX concentration cannot be greater than 2 mg/mL
due to the limited solubility of AMX in water (pH 5.5e6.0) [33].
Therefore, 2 mg/mL is considered to be a saturation concentration
of AMX when n-HA concentration is 1 mg/mL and the optimized
anofibers (c), and pure PLGA nanofibers without n-HA loading (d), respectively.
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AMX loading percentage is 20.45% at the optimized concentration
of AMX (2 mg/mL) and n-HA (1 mg/mL).

The successful loading of AMX onto the n-HA surface was
qualitatively confirmed by FTIR spectroscopy (Fig. 3). In Fig. 3a, the
typical absorption bands at 1686 cm�1 and 1519 cm�1 can be
assigned to the amide I and amide II bond of AMX, respectively. The
peaks at 1618 cm�1, 1775 cm�1 and 1018 cm�1 may be attributed
to the absorption band of benzene ring, the vibration of carboxyl
group, and the stretching vibration of C–S group of the AMX,
respectively. The peak at 3448 cm�1 is due to the stretching
vibration of amino and hydroxyl group in the AMX structure.
[34,35]. In Fig. 3b (Curve 1), a broad peak at 3448 cm�1 is assigned
to the stretching of OH-group and the band at 1630 cm�1 is ascribed
to the in-plane bending of OH-group in n-HA. The absorption peaks
at 1111 cm�1 and 1044 cm�1 may be due to the stretching vibra-
tions of phosphate group and peaks at 603 and 567 cm�1 are due to
bending vibrations of phosphate group [36]. Compared with the
spectrum of n-HA (Fig. 3b, Curve 1), new peaks emerged at 1767
and 1617 cm�1 in the spectrum of AMX/n-HA (Fig. 3b, Curve 2) and
Fig. 3. FTIR spectra of free AMX (a), and n-HA before
the peak position was shifted from 1630 cm�1 to 1638 cm�1 after
n-HA loading. These peaks are probably due to the combination and
overlap of AMX peaks at 1775, 1686 and 1618 cm�1 (Fig. 3a) and the
n-HA peak at 1630 cm�1 (Fig. 3b, Curve 1). Besides, compared to the
absorption bands of n-HA, the absorption bands at 3448 and
1044 cm�1 (Fig. 3b, Curve 2) could be attributed to the introduction
of AMXwith peaks at both 3448 cm�1 and 1018 cm�1. The FTIR data
qualitatively verified the loading of AMX onto the n-HA surfaces.
Some other AMX signals was difficult to be observed in the AMX/n-
HA sample, likely due to the insensitivity of the FTIR technique or
the fact that the vibration bands of AMX are overlapped with those
of the n-HA.

XRD was used to characterize the crystalline structure of n-HA
before and after the loading of AMX onto n-HA surfaces (Fig. S1a,
Supporting information). It can be seen that most of the indexed
diffraction peaks of the n-HA (Joint Committee for Powder
Diffraction Standards standard X-ray diffraction data for pure
hydroxyapatite: 09-0432) are similar to those of n-HA after
encapsulation of AMX drug. The intensity of some of the typical
n-HA diffraction peaks (e.g., the (002) at 25.8� and the (211) at
31.8�) was decreased after loading of AMX onto n-HA, possibly due
to the surface adsorption of the AMX molecules. Further careful
analysis of the diffraction angle and plane spacing (Table S1,
Supporting information) reveals that the loading of AMX results
in the shift of 2q peak positions of (210) and (202) planes to lower
angles (from 29.02 to 28.75� for (210) and from 35.48 to 34� for
(202), respectively), and the slight enlargement of the plane
spacing (from 3.074 to 3.103 �A for (210) and from 2.528 to 2.635 �A
for (202), respectively). This indicates that the AMX adsorption
onto n-HA surfaces preferentially occurs on the (210) and (202)
planes and the AMX loading does not change the crystalline
structure of n-HA. The peaks related to the AMX drug (Figure S1b,
Supporting information) do not appear in the XRD pattern of AMX/
n-HA, likely due to the fact that the loaded amount of AMX drug is
too low to be detectable by XRD technology.

The morphology of n-HA before and after AMX loading was
observed via TEM (Fig. 1a and b). It is clear that after drug loading,
the n-HA still maintains its original rod-like shape with similar
length and width, suggesting that the drug loading process does
not appreciably change the morphology of the n-HA. The driving
force to load AMX onto the n-HA surfaces is believed to be the
hydrogen bonding formation between the AMX hydroxyl, carboxyl,
or amine groups and the hydroxyl groups of n-HA, although some
other weak forces may also exist.
(Curve 1) and after (Curve 2) AMX loading (b).
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3.2. Fabrication of electrospun AMX/n-HA/PLGA nanofibers

The formed AMX/n-HA particles with optimized AMX
loading percentage were then doped with PLGA nanofibers via
Fig. 4. SEM micrographs and diameter distribution histograms of electrospun PLGA fibers (a
fibers (1 wt% AMX relative to PLGA) (c), and AMX/n-HA/PLGA composite fibers (5 wt% n-H
electrospinning to form AMX/n-HA/PLGA composite nanofibers
(Scheme 1a). For comparison, pure PLGA nanofibers, n-HA-doped
PLGA nanofibers without AMX and AMX-doped PLGA nanofibers
without n-HA were also fabricated under similar electrospinning
), n-HA/PLGA composite fibers (5 wt% n-HA relative to PLGA) (b), AMX/PLGA composite
A and 1% AMX both relative to PLGA) (d), respectively.
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conditions. The existence of n-HA within n-HA/PLGA composite
nanofibers was visually confirmed by TEM (Fig. 1c). In contrast, in
the TEM image of pure PLGA nanofiber without n-HA incorporation
(Fig. 1d), there are no somewhat aggregated n-HA particles within
the fibers.

The surface morphology of the PLGA, n-HA/PLGA, AMX/PLGA,
AMX/n-HA/PLGA nanofibers were observed via SEM (Fig. 4). With
the easy electrospinnability of PLGA [21,37,38], the incorporation of
n-HA, AMX, orAMX-loadedn-HAdoes not seem to significantlyalter
the uniform and smooth fibrous morphology of PLGA nanofibers.
The diameters of the electrospun PLGA nanofibers (Fig. 4a), n-HA/
PLGA (Fig. 4b), AMX/PLGA (Fig. 4c), and AMX/n-HA/PLGA composite
nanofibers (Fig. 4d) were estimated to be 871 � 248 nm,
634 � 162 nm, 777 � 202 nm, and 620 � 107 nm, respectively. The
smaller diameters of the n-HA/PLGA, AMX/PLGA, and AMX/n-HA/
PLGA composite nanofibers than that of pure PLGA nanofibers are
presumably due to the increase of the solution conductivity or the
solution viscosity, which was caused by the introduction of n-HA or
AMX species in the electrospinning solution.

Porosity, surface hydrophilicity, and mechanical durability are
important parameters for the electrospun nanofibers to be used in
biomedical applications. The porosity and water contact angle data
of PLGA, n-HA/PLGA, AMX/n-HA/PLGA nanofibers are listed in
Table 1. It is clear that the addition of a small amount of n-HA (5wt%
relative to PLGA) or AMX/n-HA (6 wt% relative to PLGA) does not
significantly change the porosity and the hydrophilicity of themats.
The mechanical property data of electrospun PLGA, n-HA/PLGA,
AMX/n-HA/PLGA nanofibers are summarized in Table S2
(Supporting information) and the corresponding representative
strainestress curves are shown in Fig. 5. Compared with PLGA
fibrous mats, the failure strain of either n-HA/PLGA or AMX/n-HA/
PLGA nanofibers was decreased, while the breaking strength and
Young’s modulus of both n-HA/PLGA and AMX/n-HA/PLGA were
significantly increased. This is likely due to the presence of n-HA in
the PLGA fibers, which enables an efficient load transfer from the
PLGA matrix to the n-HA rods, in agreement with our previous
work related to HNT-doped PLGA nanofibers [5]. The decreased
failure strain may be ascribed to the increased brittleness of the
nanofibers after incorporation of the n-HA.

3.3. Release of AMX from AMX/n-HA/PLGA composite nanofibers

The release profiles of AMX from AMX/n-HA rods, electrospun
AMX/PLGA nanofibers, and AMX/n-HA/PLGA nanofibers are shown
in Fig. 6. It is clear that both AMX/n-HA rods and the AMX/PLGA
nanofibers (1 wt% AMX relative to PLGA) exhibit an obvious initial
burst release. Within the first 24 h, approximate 50% of the drug
was released and most of the remaining drug (total release
percentage >90%) was released within the successive 6 days at
a slightly slower speed. In contrast, the AMX release from the AMX/
n-HA/PLGA fibers followed a biphasic pattern characterized by an
initial fast release and a successive sustained release phase. About
16% of the AMX was released within the first 24 h, and around 35%
AMX was released on the day 18.
Table 1
Apparent density, porosity and water contact angle of PLGA, n-HA/PLGA, and AMX/
n-HA/PLGA nanofibers (data are representatives of independent experiments and all
data are given as mean � SD, n ¼ 5).

Sample Apparent density
(g/cm3)

Porosity (%) Water contact
angle (�)

PLGA 0.357 � 0.087 71.5 � 6.9 139.2 � 2.1
n-HA/PLGA 0.357 � 0.067 71.4 � 5.4 136.3 � 2.2
AMX/n-HA/PLGA 0.315 � 0.02 74.8 � 1.6 137.2 � 2.9
The fast release of AMX from AMX/n-HA rods is thought to be
due to the fact that the physical interaction between AMX and n-HA
(e.g., hydrogen bonding) is not sufficiently strong. The same fast
release of AMX from AMX/PLGA nanofibers is easily understand-
able, because the direct physical integration of drugs within poly-
mer nanofibers gives rise to a matrix-type drug release featured
with a fast release rate, in agreement with our previous work [5].
Therefore, for both AMX/n-HA and AMX/PLGA drug carrier systems,
theweak force between the drug and the carriers unavoidably leads
to an initial burst release of the drug. However, for AMX/n-HA/PLGA
drug carrier system, the encapsulated AMX drug should first be
dissociated from the n-HA surface to the solid PLGA matrix, and
then be released from the solid PLGA matrix to the outer phase
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Fig. 6. In vitro release of AMX from AMX/n-HA rods and electrospun AMX/PLGA (1 wt%
AMX relative to PLGA) and AMX/n-HA/PLGA (1 wt% AMX relative to PLGA) nanofibers
with similar AMX amount. The samples were incubated in PBS buffer (pH¼ 7.4) at 37 �C.



Fig. 7. Left panel: inhibition of bacterial (S. aureus) growth as a function of the AMX concentration after 24 h incubation of free AMX, AMX/n-HA particles, AMX/PLGA nanofibers,
and AMX/n-HA/PLGA nanofibers, respectively. Right panel: Growth inhibition of bacteria (S. aureus) on agar plate at the incubation time of 6 h (a), 12 h (b), 18 h (c), and 24 h (d). Spot
1, 2, 3, and 4 represents PLGA, n-HA/PLGA, AMX/n-HA/PLGA, and AMX/PLGA nanofibers, respectively.

Fig. 8. Left panel: Inhibition of bacterial (S. aureus) growth using AMX-loaded nanofibers (original unreleased AMX content was 60 mg/mL relative to the 5-mL bacterial suspension)
after 4 or 9 days release after 24 h incubation. Untreated bacterial solution was set as control. Middle and right panels: Growth inhibition of bacteria (S. aureus) on agar plate at the
incubation time of 6 h, 12 h, 18 h, and 24 h using AMX-loaded nanofibers after 4 (middle panel) or 9 (right panel) days release. Spots 1e4 represents PLGA, n-HA/PLGA, AMX/n-HA/
PLGA, and AMX/PLGA nanofibers, respectively.

Table 2
Diameters of bacterial inhibition rings for different samples at different release time
periods.

Release
time

Samples External
diameter (cm)

Inner diameter
(cm)

Diameter
difference (cm)

4 d AMX/n-HA/PLGA 1.41 � 0.044 1.00 � 0.072 0.41 � 0.05
AMX/PLGA 1.59 � 0.19 1.09 � 0.01 0.50 � 0.20

9 d AMX/n-HA/PLGA 1.44 � 0.15 1.07 � 0.15 0.37 � 0.015
AMX/PLGA e e e
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solution (Scheme 1b). With the combination of two different
dissociation pathways, the diffusion rate of the AMX drug is
significantly slowed down, thereby achieving a sustained release
profile. The first-stage slight burst release of AMX should be
attributed to the matrix-type release of AMX pre-dissociated from
n-HA surfaces during the electrospinning process. It should be
noted that with the inherent property of n-HA particles that are
easy to form a certain degree of aggregation (Fig. 1a), it is inevitable
to see the same aggregated structure of AMX/n-HA rods within the
PLGA nanofibers (Fig. 1c). As long as the percentage of AMX/n-HA
particles within the PLGA nanofibers is controlled to be similar
and the aggregation behavior of AMX/n-HA particles within the
PLGA nanofibers is similar, the release kinetics data should be
reproducible.

3.4. Antibacterial activity

We next explored the antibacterial activity of the AMX/n-HA/
PLGA composite nanofibers. The antibacterial bioactivity of free
AMX, AMX/n-HA rods, and AMX/PLGA nanofibers with different
AMX concentrations was also evaluated for comparison (Fig. 7, left
panel). The quantitative analyses in liquid medium show that
the antibacterial activity of the AMX/HA/PLGA nanofibers is
concentration-dependent and lower AMX concentrations (20 or
40 mg/mL) do not induce more than 90% bacterial inhibition. This is
presumably due to the slow release rate of AMX at 24 h within n-
HA/PLGA composite nanofibers, and the initial fast released AMX is
not sufficiently concentrated for effective bacterial inhibition.
Therefore, only at the AMX concentration of 60 mg/mL, the AMX/n-
HA/PLGA nanofibers have more than 90% bacterial inhibition effi-
cacy and there is no significant difference in comparison with free



Fig. 9. (a) Inhibition of bacterial (S. aureus) growth in liquid medium after 24 h incubation of AMX/n-HA/PLGA nanofibers. Sample 0, 1, 2 and 3 represents control bacterial solution
without treatment (0), and bacterial solution treated with 0.5% AMX/n-HA/PLGA (1), 1% AMX/n-HA/PLGA (2), and 2% AMX/n-HA/PLGA (3) nanofibers, respectively. (b) Growth
inhibition of bacteria (S. aureus) on agar plate at the incubation time of 6 h, 12 h, 18 h, and 24 h. spot 1, 2, and 3 represents 0.5% AMX/n-HA/PLGA, 1% AMX/n-HA/PLGA, and 2% AMX/
n-HA/PLGA nanofibers, respectively.
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AMX and AMX/PLGA nanofibers (p > 0.05). In contrast, free AMX is
able to effectively inhibit the bacterial growth with more than 95%
efficiency at all the studied AMX concentrations. The bacterial
inhibition percentage of 93.2% for AMX/PLGA nanofibers at the
AMX concentration of 40 mg/mL is believed to be due to the rela-
tively fast release of AMX from the AMX/PLGA nanofibers. At AMX
concentration of 20 mg/mL, the bacterial inhibition percentages of
AMX/n-HA, AMX/PLGA, and AMX/n-HA/PLGA are quite similar and
are around 10%, which is due to the lower amount of AMX released
at such a lowAMX concentration. Interestingly, the AMX/n-HA rods
display a very low bacterial inhibition percentage of <10% at all
studied AMX concentrations. We think that it is probably due to the
strong adsorption of medium protein on the surface of AMX/n-HA
rods, significantly restraining the release of AMX. Further, control
samples of PLGA and n-HA/PLGA nanofibers without AMX loading
do not display any bacterial inhibition effect (data not shown).

The bacterial inhibition efficacy of the AMX-loaded nanofibers
was further examined by qualitative analysis using a disk diffusion
method (Fig. 7, right panel). It is clear that PLGA and n-HA/PLGA
nanofibers without AMX encapsulation do not display bacterial
inhibition rings at all the studied time points. In contrast, an
obvious bacterial inhibition ring on the AMX/PLGA nanofibers
(Fig. 7 right, aed, spot 4) can be seen at all the time points. The
bacterial inhibition ring on the AMX/n-HA/PLGA nanofibers is
smaller than that on the AMX/PLGA nanofibers at different time
points (Fig. 7 right, aed, spot 3), which is due to the lower
concentration of AMX released from the AMX/n-HA/PLGA nano-
fibers with a quite low release rate. Taken together with the
quantitative analysis data, our results clearly suggest that the
loading of AMX within n-HA/PLGA nanofibers does not compro-
mise its antibacterial activity, and the sustained release profile with
Table 3
Diameters of bacterial inhibition rings for AMX/n-HA/PLGA nanofibers with
different encapsulated drug contents.

Samples External
diameter (cm)

Inner diameter
(cm)

Diameter
difference (cm)

0.5% AMX/n-HA/PLGA 1.25 � 0.015 0.64 � 0.015 0.60 � 0.02
1% AMX/n-HA/PLGA 1.99 � 0.02 0.65 � 0.010 1.34 � 0.01
2% AMX/n-HA/PLGA 2.67 � 0.02 0.64 � 0.02 2.03 � 0.005
slow release rate may be beneficial for maintaining the long-term
antibacterial effect of the AMX drug.

The antibacterial activity of AMX/PLGA and AMX/n-HA/PLGA
nanofibers after 4 or 9 days release was also studied both quanti-
tatively and qualitatively. As shown in Fig. 8 (left panel), the anti-
bacterial efficiency of AMX/PLGA and AMX/n-HA/PLGA nanofibers
is 58.6% and 40.5%, respectively after 4 days release (p < 0.001
compared with control group). However, after 9 days release, the
antibacterial activity of AMX/PLGA nanofibers was much less
effective than that after 4 days release, which is likely due to the
fact that a significant portion of AMXwas released on day 9 (Fig. 6).
In contrast, the AMX/n-HA/PLGA nanofibers were still able to effi-
ciently inhibit the bacterial growth with a bacterial inhibition
efficiency of 42.8% (significantly higher than the control and the
AMX/PLGA groups, p < 0.001). The qualitative antibacterial results
0.0

0.4
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8 72

Fig. 10. MTT assay of the attachment and proliferation viability of L929 cells cultured
onto TCPs, cover slips, PLGA nanofibers, n-HA/PLGA nanofibers, and AMX/n-HA/PLGA
nanofibers, respectively.



Fig. 11. SEM micrographs of L929 cells grown onto TCPs, cover slips, PLGA nnaofibers, and AMX/n-HA/PLGA nanofibers after 8-h (a) and 3-day (b) culture, respectively.
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can be also seen in Fig. 8 (middle and right panels). It is clear that
PLGA and n-HA/PLGA nanofibers without AMX loading do not have
antibacterial effect at all time points. In contrast, both AMX/PLGA
and AMX/n-HA/PLGA nanofibers show visible bacterial inhibition
rings after 4 days release. The specific diameters of bacterial inhi-
bition rings are listed in Table 2. It can be seen that after 4 days
release, the diameter difference for AMX/PLGA nanofibers is larger
than that for AMX/n-HA/PLGA nanofibers. In sharp contrast, after 9
days release, no obvious bacterial inhibition rings can be found for
AMX/PLGA nanofibers, while AMX/n-HA/PLGA nanofibers still
reserve significant bacterial inhibit activity. Both the quantitative
and qualitative antibacterial assay results clearly suggest that AMX/
n-HA/PLGA nanofibers have long-term antibacterial activity, which
is very important for biomedical applications requiring long-term
therapeutic activity.

We further investigated the influence of the encapsulated
amount of AMX/n-HA particles on the antibacterial activity of the
AMX/n-HA/PLGA nanofibers (Fig. 9). Obviously, all of the AMX/n-
HA/PLGA nanofibers (0.5%, 1%, and 2% AMX relative to PLGA,
respectively) are able to significantly inhibit the bacterial growth
(p < 0.001 for all cases compared with the control group), and
the bacterial inhibition percentage significantly increases with the
doped AMX amount (Fig. 9a). Qualitatively, the diameter of the
bacterial inhibition rings also increases with the encapsulated AMX
amount at each time point (Fig. 9b and Table 3). These data clearly
indicate that AMX/n-HA/PLGA nanofibers show a concentration-
dependent antibacterial activity both in liquid and on solidmedium.

3.5. Cytocompatibility assay

For further biomedical applications, it is important to ensure the
biocompatibility of the developed nanofibrous materials. The
cytocompatibility of AMX/n-HA/PLGA nanofibers was assessed by
MTT viability assay of L929 cells cultured onto the fibrous materials
in comparisonwith the control materials of TCPs, cover slips, PLGA,
and n-HA/PLGA nanofibers (Fig. 10). It is clear that the attachment
viability of L929 cells cultured onto TCPs, cover slips, and all fiber
samples do not show statistical significant difference after 8 h
culture (p > 0.05). At the time point of 72 h, the viability of cells
cultured onto all materials is much higher than that cultured onto
the corresponding material at 8 h (p < 0.05). And the viability of
cells cultured onto all fibrous materials (PLGA, n-HA/PLGA, and
AMX/n-HA/PLGA nanofibers) is much higher than that onto cover
slips (p < 0.05) and shows no difference from that onto TCPs
(p > 0.05), suggesting that the incorporation of n-HA or AMX/n-HA
does not compromise the cytocompatibility of PLGA nanofibers.

The cytocompatibility of the AMX/n-HA/PLGA nanofibers was
further confirmed by observing the morphology of cells cultured
onto the nanofibrous scaffold after 3 d via confocal microscopy
(Fig. S2, Supporting information). The viable cells can be visually
observed after FDA staining with green fluorescence. It is clear
that L929 cells cultured onto the PLGA and AMX/n-HA/PLGA
fibrous mats show a phenotypic shape with better cell migra-
tion. The loading of AMX drug within n-HA/PLGA nanofibers does
not seem to change the cell morphology in comparison with that
cultured onto n-HA/PLGA nanofibers without AMX (Fig. S3,
Supporting information). In contrast, cells grown onto both
cover clips and TCPs display a regular spindle shape. The
morphology of cells cultured onto different substrates was also
observed by SEM (Fig. 11). It can be seen that PLGA and AMX/n-
HA/PLGA fibrous mats have similar cell attachment viability to
the controls of TCPs and cover slips after 8 h culture, and the
nanofibrous mats are able to allow the cells to display a pheno-
typic shape after 3 d culture, indicating that the cells can pene-
trate and migrate within the scaffolds in a manner similar to
native ECM. Similar to the confocal microscopic imaging data,
SEM shows that cells cultured onto the AMX-loaded n-HA/PLGA
nanofibers have similar morphology to those cultured onto n-HA/
PLGA nanofibers without drug loading (Fig. S4, Supporting
information). These cell morphology observation data corrobo-
rate the results of MTT assay.

4. Conclusion

In summary, we developed a facile approach to fabricating
smooth and uniform AMX/n-HA/PLGA composite nanofibers with
improved AMX release profile, and non-compromised antibacterial
activity of the AMX drug. The incorporation of drug-loaded n-HA
not only significantly improved the mechanical durability of the
nanofibers, but also appreciably weakened the initial burst release
of the drug. The combination of two pathways for the AMX disso-
ciation first from n-HA surface to PLGA fiber matrix and then from
PLGA fiber matrix to the release medium is proven to be an efficient
strategy to slow down the release rate of AMX, which is important
for biomedical applications requiring the drug to maintain long-
term antibacterial efficacy. With the proven cytocompatibility of
the composite nanofibers, the concept to design n-HA/PLGA
nanofiber-based drug carrier may be extended to prepare other
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drug delivery systems for various applications in tissue engineering
and pharmaceutical science.
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