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A drug-loadedmembrane was prepared by electrospinning Poly 𝜀-caprolactone (PCL) with doxycycline hydrochloride (DOX) (15–
25%w/w). Scanning electronmicroscopy (SEM) images revealed that fibrous average diameter decreased from 247.16±57.61 nm to
194.43±43.33 nmwith the drug proportion increasing from 15% to 20%w/w, while there was no significant difference between 20%
and 25% groups. The polymer matrix showed good encapsulation value (58–75%) for DOX, and the drug showed an amorphous
manner in the polymer matrix. The agar diffusion test revealed that DOX-loaded membranes had an obvious inhibited effect on
Aggregatibacter actinomycetemcomitans (Aa) and Porphyromonas gingivalis (Pg), respectively. In vitro release test showed that DOX
could persistently be released for a prolonged time more than 28 days, and the DOX level in the eluent steadied at 3–5𝜇g/mL
which was all above the minimum inhibitory concentration (MIC) of DOX against Aa (0.125 𝜇g/mL) and Pg (0.0625 𝜇g/mL).
Cytocompatibility, assessed in human periodontal ligament cells (hPLCs) by MTT-test and the morphology of cells on the surface
of DOX-loaded membranes by SEM, indicated that all of the investigated nanofibrous membranes can be used to treat periodontal
disease by integrating the GTR/GBR operation and antibiotic therapy. Above all, DOX-loaded nanofibrous membranes could have
a persistent inhibited effect on periodontal pathogens to provide a relatively sterile environment for tissue repair and regeneration.

1. Introduction

Periodontal disease is a group of chronic inflammatory
diseases of periodontium, which can be highly aggressive
and lead to the destruction of periodontium, eventually
resulting in tooth loss. Meanwhile, the inflammation caused
by bacterial plaque infection has been thought the dominant
cause for periodontal damage and the important factor
affecting the clinical outcome of periodontitis treatment.
During the past decades, some approaches have been used
to treat this disease, which usually have two integral parts:
surgical debridement and antibiotic therapy.

The primarymethod to treat periodontal disease is clean-
ing bacterial plaque top to bottom through surgical debride-
ment, including flap debridement and/or flap curettage, or

through mechanical elimination by patients themselves.
Moreover, two surgical approaches for regeneration, guide
tissue regeneration (GTR) and guide bone regeneration
(GBR), have been increasingly used for the repair of damaged
periodontal tissue [1–3]. Although surgical debridement,
mechanical elimination, and tissue regeneration are the
utmost important approaches for periodontitis treatment,
the oral environment is filled with microorganisms, and the
bacterial plaque could continuously form on the teeth, which
may have a negative effect on the surgical treatment outcome.

Antibiotic therapy as an assistant method plays the
irreplaceable role in periodontitis treatment. Compared with
widespread systemic administration, which frequently gener-
ates excessive doses leading to substantial local and possible
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undesirable side effects or favoring the development of resis-
tances, local delivery of antibiotics is a more beneficial choice
for periodontitis treatment [4]. For example, directed antibi-
otic delivery was utilized to treat osteomyelitis, a prolonged
inflammation of bone, which causes destruction of bone
tissue and vascular channels due to pathogenic microorgan-
ism [5, 6].

In terms of periodontitis treatment, a drug-loaded bio-
degradable GTR/GBR membrane can be even more promis-
ing in meeting our goals, providing a relatively sterile envi-
ronment to promote the damaged tissue regeneration. On the
one hand, drug-loaded GTR/GBR membranes could place
a barrier over the denuded root surface and the debrided
periodontal defect to exclude epithelial growth and further
to allow specifically periodontal ligament and alveolar bone
cells to repopulate the isolate space [7–9]. On the other hand,
it has the capacity to eliminate microorganism infection and
inhibit the bacterial colonization on the root surface [10].

One popular method to fabricate such drug-loaded bio-
degradable membranes is electrospinning, a promising and
versatile processing technique which utilizes electrical forces
to produce nanofibers using polymer solutions [11]. The
resulting fibers have diameters in the range of several hun-
dred nanometers to a few microns, large surface area to
volume ratio, high porosity, and three-dimensional network
structure which can possibly enhance the adhesion, prolif-
eration, and growth of cells [12]. Moreover, drug can be
capsulated directly into electrospun fibers by electrospinning
a blended solution of drug and polymer, and the fibers can
be used as carriers in controlled drug release [13, 14]. Electro-
spunmembranes can be cut into any size and shapes, making
them suitable for various types of clinical applications [15,
16]. Meanwhile, electrospun nanofibrous membranes have a
structuremimicking native extracellularmatrix (ECM).They
can provide both chemical and physical cues to modulate
cell adhesion and differentiation and to promote tissue
regeneration [17]. All of these features make electrospun
nanofibrous membranes widely used in the biomedical field.

Poly 𝜀-caprolactone (PCL), as a semicrystalline biode-
gradable aliphatic polyester, has many features, such as slow
biodegradability, good biocompatibility, high drug perme-
ability, and better mechanical property for resisting the
mechanical stress caused by the surgical operation and the
tissue of operation zone, which make it a good candidate
material for biomedical applications [16]. Another advantage
of PCL is that it does not produce a local acidic environment
as it degrades [16, 18] which could lead to an acidosis and have
negative effect on wound healing [19]. Therefore, PCL was
chosen to fabricate the membranes and serve as the drug
carrier in this study.

Doxycycline hydrochloride (DOX) is one of the most
common broad spectrum antibiotics. It is actively against
most of the periodontal pathogens due to the low minimum
inhibitory concentration (MIC) [20], has the ability of colla-
genase inhibition, anti-inflammatory action, and inhibition
of bone absorption, and could bind to the hard tissue walls
of pockets to establish a drug reservoir [21]. Previous research
had showed that DOX with concomitant mechanical instru-
mentation and scaling and root planning (SRP) had a useful

effect on periodontitis treatment over 9-month study period
[20]. Moreover, some researches have evaluated effective-
ness of doxycycline nanofibers in the treatment of chronic
periodontitis as an adjunct to SRP, by putting drug-loaded
nanofibers into periodontal pocket. The results showed that
the group treated with SRP and DOX-loaded nanofibers was
significantly better than group treated with SRP alone [21].

Different with drug delivery nanofibers, the drug-loaded
GTR/GBR membrane, being implanted into periodontal
tissue, should meet more stringent requirements. On the one
hand, drug-loaded GTR/GBR membrane should have good
biocompatibility and affinity with periodontal tissue to pro-
mote repair and regeneration. On the other hand, the medi-
cated GTR/GBRmembrane should have the capacity to elim-
inate microorganism infection and inhibit the bacterial colo-
nization on the root surface, which is the foundation for tissue
repair and regeneration.

The aim of present study was to produce nanofibrous
membranes containing the antibiotic DOX by electrospin-
ning technique, which have potential to treat periodontal
disease by integrating the GTR/GBR operation and antibiotic
therapy.The surfacemorphology, drug entrapment efficiency,
drug release profile, cytocompatibility, and bioactivity of
these membranes were studied.

2. Materials and Methods

2.1. Materials. Poly 𝜀-caprolactone (PCL, molecular weight =
80,000 g/mol, inherent viscosity 0.81 dL/g in CHCl

3
) was

purchased from Sigma, USA. 1,1,1,3,3,3-Hexafluoro-2-pro-
panol (HFIP) (Aladdin, China) was selected as the solvent
for electrospinning solution. Doxycycline hydrochloride
(DOX) (Xiya Reagent, China) has a purity of 98%. 3-(4,5-
Dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide)
(MTT) and antibiotic antimycotic solution (AAS) were
purchased from Genview, USA. Dulbecco’s modified eagle
medium (DMEM) and fetal bovine serum were purchased
from Hyclone, USA. Mueller-Hinton Broth (MH broth) and
Schaedler Agar were purchased from Oxoid, UK. All the
chemicals used were of analytical grade.

2.2. Electrospinning. The 10% (w/w) electrospinning solution
was prepared by dissolving an appropriate amount of PCL
and DOX in HFIP. The DOX proportion was in the range
of 15–25% (w/w) with respect to PCL. Magnetic stirring was
applied for at least 12 h at room temperature to obtain homo-
geneous solution prior to electrospinning. Then, the solution
was transferred to a 5mL syringe with a needle (21 G, internal
diameter of 0.5mm)whichwas connected to the high-voltage
power supply. The fibers were collected on an aluminum-foil
coated on aluminum plate connected to a negative voltage.
Electrospinning was carried out under ambient conditions
(25∘C and relative humidity 40%). The electrical potential
used was 18 KV, and the feed rate of the polymer solution
was maintained at 1mL/h using a syringe pump; the distance
between the needle tip and the aluminum plate was 15 cm.
A series of fibers with different drug load (15%, 20%, and 25%
w/w) were prepared by electrospinning 5 hours without an
interval, respectively [18].
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2.3. Scanning Electron Microscopy. Themorphology of drug-
loaded fibers was characterized using a scanning electron
microscope (SEM, s-4800, HITACHI, Japan). Before exam-
ination, samples were gold sputter-coated under argon using
a Denton Vacuum Desk II sputter coater (Moorestown, NJ)
at 50m Torr to render them electrically conductive. SEM
images were recorded at an excitation voltage of 5 kV. The
nanofibrous average diameter was determined by measuring
the diameter of fibers (𝑛 = 100) from SEM images using
the Image-Pro Plus 6 software (National Institutes of Health,
USA).

2.4. Differential Scanning Calorimetry. The nature of DOX
in the nanofibers was assessed by performing differential
scanning calorimetry (DSC) on crude PCL granules, pure
PCL nanofibers, pureDOXpowders, 15% (w/w)DOX-loaded
nanofibers, 20% (w/w) DOX-loaded nanofibers, and 25%
(w/w) DOX-loaded nanofibers. DSC analysis was carried
out using a DSC Q2000 calorimeter (TA instruments, New
Castle, USA). Sealed sampleswere put into the aluminumpan
and heated at 10∘C/min from 50∘C to 300∘C under a 50mL/
min flow of nitrogen and subsequently cooled to 50∘C at
10∘C/min.

2.5. Entrapment Efficiency. Entrapment efficiency was deter-
mined by rinsing a known mass of sample with phosphate
buffer solution (PBS, 10mmol/liter, pH = 7.4), then dissolv-
ing the rinsed sample in HFIP, and monitoring the UV
absorbance at 𝜆 = 349 nm (the molar extinction coefficient
is 1.02 × 105mol/L⋅cm−1). The amount of DOX was obtained
from the calibration curve of DOX in the same solution.
The entrapment efficiency was calculated by the following
equation [18]:

Entrapment efficiency (%)

=

weight of drug in the membrane
theoretical weight of drug loaded in the membrane

× 100%.

(1)

2.6. In Vitro Release Behavior. In vitro elution method
was used to investigate the release characteristics of DOX
from the nanofibrous membranes. The medicated electro-
spun nanofibrous membranes were cut into pieces with a
dimension of 2.5 cm × 2.5 cm (about 250–350 𝜇m in thick-
ness). The samples were accurately weighed and rinsed by
5mL PBS (10mmol/liter, pH = 7.4), then the rinsed mem-
branes were placed into 5mL of PBS and incubated in a
constant-temperature shaker (CHA-S, Guohua, China) at
37∘C, 150 rpm. At predetermined time interval, eluents of
150 𝜇L for each sample were withdrawn for UV analyses,
and the remaining medium was replaced with fresh PBS
to maintain sink conditions. The amount of released DOX
was determined using a Multimode Reader equipped with
a UV-Vis detector (Infinite 200 PRO, TECAN, USA). The
UV absorbance of DOX in buffer solution was determined
at 𝜆 = 349 nm (the molar extinction coefficient is 1.09 ×
105mol/L⋅cm−1) and converted to the DOX concentration
according to the calibration curve of the DOX in the same

buffer. The results were recorded as an average of three
measurements [22].

2.7. Cytocompatibility of Antibiotic-Loaded PCL Nanofibers

2.7.1. MTT-Test. The proliferation of cells on drug-loaded
nanofibers was measured to evaluate the cytocompatibility
of the membranes. The samples were incubated with human
periodontal ligament cells (hPDLCs) which were cultivated
in DMEM with 10% of fetal calf serum and 0.1% of AAS.
The cytocompatibility of the samples was examined by MTT
assay. Electrospun drug-loaded membranes (with the diame-
ter of 5mm and the thickness of 250–350𝜇m) were sterilized
byCo60 irradiation and rinsed by PBS.The rinsedmembranes
were incubated in 96-well tissue culture plates with hPDLCs
(5 × 103 cells/well) at 37∘C under 5% CO

2
-95% air conditions.

Cell proliferation was assessed at 1, 3, 5, and 7 days by MTT
assay. Pure PCLmembranes were used as a control group [7].

2.7.2. Cell Morphology on Drug-Loaded Membranes Study.
The investigation of cell morphology on drug-loaded mem-
branes was carried out by SEM. Sterilized membranes
(8mm × 8mm, 250–350𝜇m) were incubated in 24-well cul-
ture plates with hPDLCs (1 × 105 cells/well) at 37∘C under 5%
CO
2
-95% air conditions. After 24 h, membranes were rinsed

twice by PBS and fixed with 2.5% glutaraldehyde overnight at
4∘C, rinsed twice with PBS for 15min each, and dehydrated
using the gradient concentration of ethanol (50%, 70%, 80%,
90%, and 95%) and then pure ethanol twice for 15min each.
Finally, the membranes were left air-dried overnight and
analyzed by SEM to investigate the morphology of attached
cells on them [23].

2.8. Bioactivity of Antibiotic-Loaded Nanofibers. The agar
diffusion test, which has been considered as the standard
method to evaluate antibiotic susceptibility, was used to
demonstrate the antimicrobial effect of antibiotic-containing
electrospunmatrices on periodontopathogens. For this study
two pathogenic periodontal bacterial strains were used:
Aggregatibacter actinomycetemcomitans (Aa) and Porphy-
romonas gingivalis (Pg). Each bacterial strain was cultivated
in sterile MH broth enriched with vitamin K overnight at
37∘C under anaerobic conditions. The inoculum was diluted
to ∼106 CFU/mL. 100 𝜇L of each bacterial suspension was
spread onto a Petri dishwith SchaedlerAgar enrichedwith 1%
of vitamin K and 10% of sheep blood. Sterilized 5mm round-
shaped samples (250–350𝜇m in thickness) were placed on
blood agar plates containing bacterial lawns of Pg and Aa,
respectively. 48 hours after anaerobic incubation, the zone of
inhibition (inmm)wasmeasured. Five specimenswere tested
for each group [24].

The MICs of DOX against Aa and Pg were determined
by an antibiotic tube diluted method in MH broth. DOX was
diluted serially 2-fold in tubes containing 0.5mL of the MH
broth [7].

2.9. Statistical Analysis. Results were shown as the mean
values and their standard deviations (SD). One-way anal-
ysis of variance (ANOVAs) followed by Tuky’s multiple
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Figure 1: (a–d) Representative scanning electron micrographs of total 10% (w/w) PCL and DOX solution. (a) Pure PCL nanofibers; (b) 15%
(w/w) DOX-loaded nanofibers; (c) 20% (w/w) DOX-loaded PCL nanofibers; (d) 25% (w/w) DOX-loaded PCL nanofibers.

comparisons was used to compare the groups for differences
in fiber diameter, cell viability, and the zone of inhibition.
The comparisons for entrapment efficiency were performed
by Kruskal-Wallis 𝐻 tests. A 5% significance level was used
for all tests and all the analyses were conducted using SPSS
statistical software (IBM; version 19).

3. Results

3.1. Scanning Electron Microscope. HFIP is a good solvent
for both PCL and DOX, while desired nanofibers could not
be obtained by using a 10% (w/w) PCL solution in HFIP

without the addition of DOX. The amount of DOX added to
the solution had a significant effect on the morphology and
diameter of electrospun nanofibers, as shown in Figures 1(a)–
1(d).The SEMphotographs demonstrated that all electrospun
drug-loaded nanofibers produced in this study were smooth
and beadless. By increasing the drug percentage from 15%
to 20% (w/w), average diameter of drug-loaded electrospun
nanofibers decreased from 247.16 ± 57.61 nm to 194.43 ±
43.33 nm (𝑝 < 0.01). However, therewas no significant differ-
ence between 25% (w/w) (181.34±44.93 nm) and 20% (w/w)
groups (𝑝 = 0.144).
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Table 1: Entrapment efficiency of different groups after rinsing (𝑛 =
3).

Group
Theoretical
drug loading
(% w/w)

Entrapment efficiency (%)

A 15 58.23 ± 4.31
B 20 72.87 ± 3.67
C 25 75.14 ± 4.25
Entrapment efficiency of different groups: (A) refers to 15%w/wDOX-loaded
PCL nanofibers; (B) refers to 20% w/w DOX-loaded PCL nanofibers; (C)
refers to 25% w/w DOX-loaded PCL nanofibers.
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Figure 2: DSC thermograms of (A) pure doxycycline; (B) pure PCL
granules; (C) pure PCL nanofibers; (D) 15% (w/w) DOX-loaded
nanofibers; (E) 20% (w/w) DOX-loaded nanofibers; and (F) 25%
(w/w) DOX-loaded nanofibers.

3.2. Differential Scanning Calorimetric Study. DSC data are
presented in Figure 2. The thermogram curve of DOX pow-
ders showed an endothermic sharp peak at 171.5∘C due to
melting temperature of semicrystalline DOX, and it showed
carbonation reaction at 223.5∘C. Also, an endothermic melt-
ing peak at 66∘C was observed for crude PCL granules and
pure PCL nanofibers, while the melting endotherm peak
of DOX was not detected in drug-loaded nanofibers. The
absence of detectable crystalline domain showed that DOX
was molecularly dispersed in amorphous state in polymeric
matrix. Meanwhile, with DOX added to the solutions, the
melting enthalpy of PCL nanofibers became lower than crude
PCL granules and pure PCL nanofibers and appeared at
almost the same temperature of 60–63∘C.With the increase of
DOX proportion in nanofibers, the melting enthalpy of PCL
nanofibers decreased.

3.3. Entrapment Efficiency. With the increase of drug pro-
portion, the entrapment efficiency of polymer nanofibers for
DOX from 15% (w/w) to 25% (w/w) increased from 58.23%
value to 75.14% value, as Table 1 showed (𝑝 = 0.0218).

3.4. In Vitro Release Behavior. The results of in vitro cumu-
lative release of DOX from drug-containing electrospun
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Figure 3: Drug release profiles of PCL nanofibers loaded with
different percentages of DOX: 15% DOX refers to 15% (w/w) DOX-
loaded nanofibers; 20% DOX refers to 20% (w/w) DOX-loaded
nanofibers; 25% DOX refers to 25% (w/w) DOX-loaded nanofibers.

membranes are shown in Figure 3. A fast initial release
phase was observed during the first day. Within the first
day, 44.37%, 48.20%, and 53.68% of the total DOX were
released from different groups drug-loaded nanofibers (15%
w/w, 20% w/w, and 25% w/w), respectively. The DOX release
was more rapid during the first five days, and there was a
more linear release of it after that period. DOX level in the
eluent remained steady at 3–5 𝜇g/mL and the drug could be
persistently released more than 28 days. Comparing the drug
release curves of three groups, fiber loaded 15% (w/w) DOX
released drug more rapidly than the fiber loaded 20% (w/w)
DOX and 25% (w/w) one, and there was the same situation
for 20% (w/w) and 25% (w/w) groups.

3.5. Cytocompatibility of Antibiotic-Loaded PCL Nanofibers

3.5.1. MTT-Test. The results of MTT assays are presented in
Figure 4. The pure PCL membranes, and drug-loaded mem-
branes with different DOX proportion were compared with
the blank control. After culture in vitro, the optical den-
sity value decreased for drug-loaded membranes compared
with blank control and pure PCL groups. Moreover, with
the increase of DOX proportion, the optical density value
decreased, while the optical density value increased with the
extension of incubation time from 1 day to 7 days for the same
proportion of DOX-loaded group. All medicatedmembranes
analyzed in this part presented a difference results on cell
proliferation compared with the control group.

3.5.2. Cell Morphology on Drug-Loaded Membranes Study.
Figures 5(a)–5(i) show the morphology of hPLDCs on the
surface of different DOX-loaded nanofibers after incubation
for 24 h by SEM.The imagines clearly exhibited that fusiform
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Figure 4: The optical density (OD) value of cytotoxicity test results
fromMTT assays of cell viability. The numbers 1, 3, 5, and 7 refer to
the days for cell culture, respectively.

or polygon-shaped hPLDCs fully spread out and intercon-
nected with each other on the surface of the drug-loaded
membranes, and its dendritic protrusions closely connected
with fibers. Cells grew along the fibrous surface through pseu-
dopodia. This clearly suggested that cells had a better adhe-
sion on the DOX-loaded nanofibrous scaffolds and expressed
their characteristic morphology, which implied the cytocom-
patibility of the drug-loaded membranes [23].

3.6. Bioactivity of Antibiotic-Loaded Nanofibers. The results
of agar diffusion test revealed that DOX-loaded nanofiber
could inhibit the growth of both Aa and Pg, as shown in
Figure 6. The average inhibition zone diameter of 15% (w/w)
groupwas 26.03mmagainst Aa and 26.01mmagainst Pg.The
20% (w/w) group was 28.15mm against Aa and 29.65mm
against Pg. The 25% (w/w) group was 28.73mm against Aa
and 31.48mm against Pg. As the results indicated, there was
a clearly dose-dependent inhibition for Aa and Pg. With the
same 15% (w/w) of DOX, no difference was found between
the two bacterial strains (𝑝 = 0.953), while the effect of DOX
against Pg was better than against Aa for growth inhibition,
with the same 20% (w/w) (𝑝 = 0.004) and 25% (w/w) (𝑝 <
0.001) proportions.

The results of antibiotic tube diluted method showed that
the MIC of DOX against Aa was 0.125 𝜇g/mL and against Pg
was 0.0625𝜇g/mL.

4. Discussion

Traditional GTR/GBRmembranes can only serve as physical
barrier to prevent the growth of connective and epithelial
tissue and cannot effectively inhibit the colonization of
periodontal pathogen on the surface of root and periodontal
tissue, which may compromise the repair and regeneration
of periodontal tissues [25]. Compared with traditional GTR/
GBRmembranes, the antibiotic-loadedmembranes, made by

electrospinning from biodegradable polymer, have several
advantages. First, antibiotic-loaded membranes could pro-
vide appropriate concentration of antibiotics for killing bac-
teria and inhibiting the bacterial colonization for a prolonged
time. Second, the biodegradable membranes could eliminate
the need for surgical removal. Last, because the membranes
dissolve slowly, the bone defect zone will also slowly be filled
with tissue [26].

In current research, we successfully prepared DOX-
loaded nanofibrousmembrane by electrospinning technique,
while pure PCL solution could not acquire desired nanofibers
without the addition of DOX in the same electrospinning
conditions, as shown in Figures 1(a)–1(d). And, there was a
reverse relationship between the concentration of DOX and
the nanofibrous average diameter from 20% (w/w) to 15%
(w/w). Generally, cation and anion, dissociated by ionogenic
substance, could significantly change the charge density and
improve the electrical conductivity of the solution [27]. With
the increased DOX concentration, the conductivity of the
electrospinning solution increased and more electric charges
forces were imposed on the jet under the electrical field.
Moreover, with the increased solution conductivity, bending
instability could be increased during the electrospinning. So,
the jet path became more elongated and more stretched.
Both higher elongation forces and greater bending instability
resulted in fibers with smaller diameter [18]. And, compared
with DOX-loaded groups, pure 10% (w/w) PCL solution had
a relatively lower conductivity, which made the jet could not
elongate and stretch enough in the electrical field and
presented the morphology as Figure 1(a) showed. How-
ever, increasing solution’s conductivity by adding DOX had
another opposite effect, accelerating spinning droplet tomove
in the electric field, which could increase electrospun nanofi-
brous diameter [28].This could explain why there was no dif-
ference between the average diameter of PCLwith 20% (w/w)
DOX and 25% (w/w) groups.

DOX has a hydrophilic property, and it is easier to
dissolve in water than in organic solvent. Lack of solubility
in the polymer solution may cause a poor dispersion of the
drug inside the solution. During electrospinning of such drug
dispersions, the drug molecules might migrate on or near the
fibrous surface, resulting in a subsequent burst release [29].
In this research, successful encapsulation of drug into the
nanofibers was the main concern of ideally producing drug-
loaded GTR/GBR membranes and prolonged drug release.
HFIP, chosen to be the cosolution for both polymer PCL
and drug, has a good solubility for DOX. As the DSC
results showed, the absence of detectable crystalline domain
indicated that DOXwasmolecularly dispersed in amorphous
state in polymeric matrix. With the increasing of DOX in
nanofibers, themelting enthalpy of PCL nanofibers decreased
which indicated that increasing the amount of DOX in the
semicrystalline PCL nanofibers caused a reduction in the
crystallinity.

The results of entrapment efficiency of different formu-
lations after rinsing displayed distinctively different entrap-
ment efficiency to the amount of incorporated drug. Increas-
ing the amount of DOX led to further exposure of drug to the
nanofibrous surface, which can dissolve in the rinsing water
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Figure 5: Morphology of hPLDCs on drug-loaded membrane with different concentration DOX after cultivation for 24 hours: (a), (b), and
(c) are the group of 15% w/w DOX-loaded membranes at 200x, 500x, and 5000x magnification; (d), (e), and (f) are the group of 20% w/w
DOX-loaded membranes at 200x, 500x, and 5000x magnification; (g), (h), and (i) are the group of 25% w/w DOX-loaded membrane at 200x,
500x, and 5000x magnification.

and be washed out easily.This could explain why entrapment
efficiency did not increase with the drug proportion improve-
ment.

Though it is believed that the solved drug in the polymer
solution has a higher tendency to migrate to the surface or
near the surface of nanofibers during the electrospinning pro-
cess at a higher drug concentration, there is a concentration
limitation [18]. When drug around the nanofibrous surface
reaches a certain concentration limit, it tends to distribute
into the fibers and be entrapped. That could be said that,
by improving the drug-loaded concentration, the amount of
drug on the nanofibrous surface increased, while the propor-
tion of drug in the surface to the total drug-loadedmembrane
was decreased. Meanwhile, as mentioned in DSC test, with
increasingDOX concentration in PCL, the crystallinity of the
polymer carrier reduced. Drug may be entrapped into the
amorphous regions of semicrystalline polymer, from where
drug release occurs firstly [16]. Therefore, the exposure and
diffusion ofDOX to the PBS became higher, which resulted in

a fast drug release rate for all the three groups of different con-
centration drug-loaded nanofibers at the first five days, and
the amount of initial drug release had a positive correlation
with the drug load. But, after the first initial release, all groups
showed a more linear release profile of DOX which may
attribute to drug release by diffusion or permeation of the
inner drug through PCL matrix and the degradation of poly-
meric carrier. When eluent’s concentration improved, it can
limit the drug diffusion. This may result in little relationship
with the membranes quality in this research, the eluent con-
centration remained steady at 3–5𝜇g/mL, and higher quality
of DOX load had a relatively lower accumulated drug release
ratio. While the daily concentration obtained was completely
dependent on the weight (or size) of the membranes and the
volume of the eluent fluid, the 2.5 cm × 2.5 cmmembranes in
5mLPBSmay not be a suitable biologic test.The accumulated
drug release should be a more valid calculation [7].

Moreover, the rate of drug release could be modulated
by changing the morphology, porosity, and composition of
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Figure 6: (a–c) Growth inhibition of Aa and Pg following 48 hours. (a)The analysis of inhibition zone diameter for drug-loaded membranes
against Aa and Pg; (b-c) representative macrophotographs showing growth inhibition of Aa and Pg, respectively.

nanofibers [30]. Very small diameter of nanofibers can
provide a short diffusion passage length [31] and their high
surface area to volume ratio also is helpful to mass transfer
and efficient drug release [32]. For this research, the diameter
of PCL nanofiber with 15% w/w DOX was larger than the
20% and 25% groups, but it also had a wider distribution. So
the surface area of membrane may have no difference among
the three groups. This could explain why the results of this
research were not consistent with the regular phenomenon
that lower diameters may have a higher drug release rate, and
fiber with different average diameter had no significant effect
on drug release rate in this test.

Electrospinning is a technology that can architecturally
(in terms of geometry, morphology, or topography) and bio-
chemically fabricate engineered cellular scaffolds that mimic
the native extracellular matrix (ECM). Cells sense chemical
and physical signals from ECM and scaffolding material
both directly and indirectly via interfering protein adsorption
[12]. MTT-test is a method to investigate the proliferation of
cells. As shown in Figure 4, there was a difference for cell
proliferation between the DOX-loaded and control groups.

One possible reason for the relatively low cell proliferation
in DOX-loaded groups is that the sudden drug release may
induce a high drug concentration which may impact cell
adhesion, proliferation, and differentiation. But the physical
and chemical properties of the membrane surface (rough-
ness, wettability, surface charge property and porosity, etc.)
also add another variable [33]. The exact reasons for differ-
ence in MTT-test results also need a further study. Mean-
while, cells were constantly proliferating during the period of
culture from 1 day to 7 days in all groups. It indicated that
the electrospun DOX-loaded nanofibers can be used to treat
periodontal disease by integrating the GTR/GBR operation
and antibiotic therapy, although cell proliferation in DOX-
loaded groupswas lower than the control groups in this study.

In current research, antibacterial property of the DOX-
loaded membranes was evaluated using agar diffusion assay.
Drug-loaded mats were tested on the growth inhibition
against two main bacteria strains involved in periodontal
infections, Aa and Pg. The experimental results showed that
DOX-loaded membranes could effectively inhibit the growth
of periodontal pathogens (Figures 6(a)–6(c)). What is more,
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the MIC of DOX against Aa was 0.125 𝜇g/mL and against
Pg was 0.0625𝜇g/mL, and the DOX concentration of eluent
during the vitro drug release test was above them. From
what has been discussed above, electrospun DOX-loaded
nanofibers have a consistent inhibited effect on periodontal
pathogens to provide a relatively sterile environment for
tissue repairmen and regeneration.

5. Conclusion

GTR/GBR membranes have been widely used in the surgical
therapy of periodontal disease to regenerate lost periodon-
tium. In this research, we successfully prepared DOX-loaded
membranes by electrospinning for GTR/GBR investigation.
Drug in electrospinning solution could be well entrapped by
PCLmatrix and had a sustained release to inhibit the of colo-
nization periodontal pathogen over a long period of time.The
structure and composition of the DOX-loaded electrospun
nanofibrous membranes in this research provide a valuable
bioactive addition to traditional GTR/GBR membranes for
periodontitis treatment to eliminatemicroorganism infection
and inhibit the bacterial colonization. However, about 40–
50% w/w of total drug release from drug-loaded membranes
occurred in the early drug release process, which might lead
to a high local drug concentration not needed. So the next
aim of our work is to reduce the drug proportion in the early
release and further improve its cell affinity by changing the
drug-loaded structure and physical and chemical properties
of the membranes, to provide a more desirable antibiotic-
loaded membrane for the investigation of periodontal tissue
regeneration.
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