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ABSTRACT
Purpose The electrospun polymer ultrafine fiber meshes
wereused to co-deliver dexamethasone (DEX) and green tea
polyphenols (GTP) in order to acquire a suitable balance between
effective treament of keloid and safety to the skin.
Methods This co-delivery system was prepared with a simple
electrospinning technology. Keloid model was established on the
back of athymic nude mice with the human keloid tissues and the
formulated fiber meshes were applied onto keloids for an in vivo
evaluation on their therapeutic effects.
Results Unlike other therapeutic formulations, these fiber
meshes as a new surgical dressing possess multiple useful func-
tions, including the capabilities of maintaining a moist environ-
ment, resisting bacterial infection and controlling the drug release.
Hydrophobic DEX molecules inside the fiber meshes can be
released successfully from the channels formed by the early
release of the hydrophilic GTP molecules and then transported
across the skin. A distinctive result acquired from histological
analysis shows that after 3-month treatment, the DEX/GTP-
loaded fiber meshes significantly induce the degradation of colla-
gen fibers in keloid on the back of nude mice compared to the
traditional treatment.
Conclusion The dressing formulation based on nanofibers pro-
vides a promising platform for the treatment of keloid.

KEYWORDS Biodegradable .Drugdelivery . Electrospinning .
Polymer . Ultrafine

INTRODUCTION

Keloids are fibroproliferative lesions that occur at areas of
cutaneous injury but do not regress and grow continuously
beyond the original margins of the scars (1–3). They are
benign but often cause pain, tenderness, pruritus, and pares-
thesias, in addition to aesthetically malignant. Although keloid
remains a major healthcare problem for almost all countries,
its management is still one of the most frustrating clinical
problems in plastic and reconstructive surgery. In the past
decades, various treatments were emerged, including
intralesional steroid injection, surgical excision, cryotherapy,
laser therapy, radiation therapy and the application of silicon
gel sheeting (4), and acquired some therapeutic effects.
However, keloids often recur or even become worse after
these treatments (5–9).

As there is still no ideal treatment for keloid, more and
more researchers have been dedicated to seeking the effective
treatments for keloids. The transdermal therapy represents an
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attractive alternative ascribed to the existence of no pain and
convenience in drug administration (10). More recently,
drugs-entrapped electrospun polymer fibers have been fabri-
cated as a dressing formulation to control the drug release
(11–14). Electrospinning, a promising and versatile processing
technique which utilizes electrical forces to produce polymer
fibers using polymer solutions, has been developed in recent
years. The resultant electrospun fiber meshes possess a high
surface area to volume ratio and highly interconnected pores
among fibers, manifesting a great potential for wound dress-
ings for dermal therapy including keloids (15–19).

Dexamethasone (DEX) has been demonstrated to suppress
fibroblast proliferation (20), and therefore has been proposed
to be a therapeutic agent in clinic treatment of keloid via
transdermal delivery, especially by intralesional injection.
However, the intralesional injection of DEX often brings
many side effects such as many pains for patients due to its
strong hydrophobicity. Hence, the encapsulation of DEX into
polymer matrix with the ability of controlled drug delivery
such as the electrospun fibers represents a good approach to
solve this problem. Green tea polyphenols (GTP), the natu-
rally biologically active substances from tea, possess high
hydrophilicity and many functions including antioxidant
properties, and antibacterial and antiviral effects (21–23).
Here, we anticipate that co-encapsulation of GTP with
DEX into electrospun fibers would improve the hydrophilicity
of the resultant drug-loaded fiber meshes and endow an
antibacterial activity.

To date, it is still a challenging task to control the dose of
drug efficiently penetrating into skin in the transdermal ad-
ministration. In this study, we develop DEX/GTP-loaded
electrospun biodegradable poly(lactic-co-glycolic acid)
(PLGA) ultrafine fiber meshes as a dressing formulation for
keloid treatment. The delivery route of drug across skin is
schematically illustrated in Fig. 1. Hydrophilic GTPmolecules

are firstly diffused out from the fiber matrix and consequently
some channels are formed. Later, hydrophobic DEX mole-
cules inside the fiber meshes are released successfully from
these channels, and then transported across the skin involving
the mechanism of transdermal delivery. These molecules can
exert the best therapeutic function after they penetrate into
the three-layer structure (stratum corneum, epidermis and
dermis) of the skin. The dual drug-loaded electrospun fiber
meshes are further evaluated through their inhibition on
keloid fibroblasts in vitro and keloids in vivo.

MATERIALS AND METHODS

Materials

PLGA with D, L-lactide and glycolide weight ratio of 70/30
was synthesized by ring-opening polymerization as previous
report (24). Its weight-average molecular weight (Mw)
determined by gel permeation chromatography (GPC;
Waters 2695 and 2414) was about 100 kDa. Silicone scar
sheet was from Shanghai Dong Yue Medical Health
Products Co., Ltd. Dexamethasone (DEX) was purchased
from Sigma-Aldrich. Green tea polyphenols (GTP) was
kindly provided by Prof. X.D. Li in Sichuan University
(China). All other chemicals and solvents were purchased
from Chengdu Kelong Chemical Reagent Factory with
reagent grade or better.

Fabricating of Electrospun Fibers

A 25% (w/v) PLGA solution was prepared using a mixture of
acetone and N,N-dimethyl formamide (DMF) with a volume
ratio of 3:1, in which both DEX at a concentration of 15% by
weight of PLGA and GTP with a series of concentrations of

Fig. 1 Schematic representation of
a cross section through skin by the
way of transdermal delivery.
Stratum corneum, located on the
outer surface of the skin, is a non-
living layer of keratin-filled cells
surrounded by a lipid-rich
extracellular matrix that provides the
primary barrier to drug delivery into
skin. The epidermis below is a
viable tissue devoid of blood
vessels. Just below the dermal-
epidermal junction, the dermis
contains capillary loops that can take
up transdermally administered
drugs for systemic distribution.
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5%, 10%, and 15% by weight of PLGA are dissolved. The
electrospinning process was performed at room temperature
(22°C) with a humidity value between 50 and 70% (25). A
voltage of 23 kV, a 23G stainless steel needle and a 30×40 cm
ground collector were used and the needle tip-to-ground col-
lector distance of 18 cm and a flow rate of 0.5 mL/h were
defined as optimized processing conditions for electrospinning.
The collected fiber meshes were dried under vacuum at room
temperature for 3 days to completely remove solvent residue
and then stored at 4°C. Herein, the so-called DEX/PLGA,
DEX/GTP5/PLGA, DEX/GTP10/PLGA, DEX/GTP15/
PLGA correspond to the PLGA fiber meshes with DEX load-
ing of 15%, and GTP loading of 0%, 5%,10%,15%,
respectively.

Characterization

The electrospun fibers were gold-coated using sputter coating
to observe the surface topographies by SEM (FEI, Quanta
200, Philips, Netherlands). Micrographs were recorded at
20.0 kVwithmagnifications ranging from 1000 to 5000 times.
Micrographs from the SEM analysis were digitized and ana-
lyzed with Image-Pro plus 6.0 to determine the average di-
ameter and its distribution. The water contact angle (WCA)
was measured at room temperature using a sessile drop meth-
od at room temperature with the contact angle equipment
(DSA 100, KRUSS, Germany). The porosity of PLGA fiber
meshes was calculated as described previously according to
the following equation: Porosity=(1- ρ/ρ0)×100%, where ρ
is the density of electrospun meshes and ρ0 is the density
of bulk polymer (26). Tensile mechanical properties of
electrospun fiber meshes were performed using a univer-
sal test machine (Instron 5567, Instron Co., Masschusetts)
at room temperature (22°C).

In VitroDegradation

Preweighed electrospun PLGA fibers were placed in individ-
ual test tubes containing 40.0 mL of phosphate buffered saline
(PBS) at pH 7.4. The tubes were kept in a thermostated
shaking air bath that was maintained at 37°C under
120 cycles/min. The degradation lasted for 12 weeks. Every
2 weeks, triplicate specimens for each fiber mesh were re-
trieved from the tubes, rinsed several times with pure water,
and kept in the 40 mL distilled water overnight to remove
residual buffer salts completely, then dried to constant weight
in a vacuum desiccator. The degree of degradation was esti-
mated from the changes of surface morphology observed with
SEM, mass loss determined gravimetrically by comparing the
dry weight remaining at a specific time with the initial weight
and the reduction of molecular weight of fiber matrix deter-
mined using GPC.

In VitroDrug Release

The drug release profile from the electrospun fibers was
studied as follows. The fiber meshes with weight of 50 mg
were placed into individual test tubes containing 40.0 mL
of PBS at pH 7.4 and incubated in a same air bath as
mentioned in degradation test. At predetermined inter-
vals, 3 mL of release medium was taken out and the same
volume of fresh PBS was added back to the test tube. The
amount of drug released at various times, up to 600 h,
was determined using UV–vis spectrophotometry (Shimadzu
UV-2551, Japan) at 242 nm for DEX and 275 nm for
GTP by the aid of the calibration curves of each drug
in the same release medium. These experiments were
done in triplicate.

Antibacterial Activity

The electrospun meshes were microbiologically evaluated for
antibacterial activity against the Gram-negative microorgan-
ism Escherichia coli (ATCC 25922). The assessment was inves-
tigated based on the method of disc agar diffusion. The
medium surface was inoculated with a suspension of 24-h cell
culture of E. coli (1×103cells/mL). All the meshes were
trimmed into circular discs with a diameter of 15 mm and
placed on the top of the agar plate. After that, the plates were
incubated at 37°C for 24 h, after which the zones of inhibition
around each disc were measured using Image-Pro plus 6.0,
based on five measurements.

In VitroCytotoxicity Analysis

Firstly, PLGA fiber meshes were cut into small round pieces
with areas of approximately 1.5 cm2, and sterilized with
ultraviolet irradiation through UV lamps. Then the fiber
meshes were placed in 24- well tissue culture plate and tissue
culture plate (TCP) was acted as control. Finally the meshes
were immersed in fetal calf serum for 30 min prior to cell
seeding. NIH 3 T3 fibroblasts were grown Dulbecco’s
Modified Eagle’s Medium-high glucose (DMEM-LG,
Hyclone) with 10% calf serum and 1% penicillin–streptomy-
cin (Sigma). Cell suspension was pipetted directly into the
wells with an initial seeding density of 2×104 cells/well, and
maintained at 37°C in an atmosphere of 5% CO2. The cell
proliferation on the surface of fiber meshes was determined by
means of the Alamar blue assay as specified by the manufac-
turer (Biosource, Nivelles, Belgium). In brief, at 1, 3, 5 and
7 days post cell seeding, culture mediumwas replaced with the
working Alamar blue solution (10% Alamar blue, 80%media
199, Gibcos, and 10% FBS; V/V). After that, 200 μL samples
of the supernatant from each well were collected and read at
570 nm(excitation)/600 nm(emission) in a ELISA microplate
reader (Molecular Devices, Sunnyvale, CA). Results are
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defined as mean±standard deviation, and each sample was
performed in triplicate. Cells that cultured on PLGA, DEX/
PLGA, DEX/GTP15/PLGA fiber meshes were analyzed by
SEM (FEI, Quanta 200, Philips, Netherlands) at 3 and 7 days
after seeding to characterize cell morphology, spreading, elon-
gation, and growth on the surfaces of the fiber meshes. For
SEM observation, the samples were washed twice with PBS
and fixed with 2.5% glutaraldehyde overnight at 4°C. After
that, the specimens were further dehydrated through a series
of graded alcohol solutions and then let to dry overnight. The
dry cellular meshes were finally sputter coated with palladium
and observed under the SEM at an accelerating voltage of
20.0 kV.

In Vitro Inhibitory Effect of Keloid Fibroblasts

The cell suppression of drug-loaded PLGA fiber meshes were
demonstrated using human keloid fibroblasts (hKFs). hKFs
were isolated and characterized according to the classic tissue
culture method. In brief, Keloid tissues derived from patients
approving in advance undergoing keloid excision during sur-
gery were collected aseptically in a tube containing DMEM-
high glucose. The skin specimens were washed thrice with
phosphate-buffered saline solution (PBS) and were cut into
approximately 2-mm squares. The keloid fragments were
inoculated into 6-well tissue culture plates, covered with
0.5 ml of FBS and supplied high DMEM with 10% fetal calf
serum and 1% penicillin–streptomycin. Finally the 6-well
tissue culture plates were incubated at 37°C in a humidified
5% CO2 atmosphere. To maintain the tissue fragments
adhere to the well, any observation and overturn were not
done in the following 3 days. After confluence, cells were
subcultured by treatment with trypsin. Cultured keloid
fibroblasts of less than 15 generations were used for our
experiments. The protocol of the study was approved by
Academy of Medical Sciences & Sichuan Provincial
People’s Hospital. The keloid fibroblast cell inhibition of
fiber meshes was also evaluated at time points of 1, 3, 5
and 7 days by means of the Alamar blue assay as de-
scribed above. The cell morphology and distribution of
samples were determined by staining of 1 μM calcein AM
(Sigma America), and then observed by fluorescence mi-
croscopy (DMIL, Leica, Germany).

Establishment of Keloid Model

The keloid model was established in the subcutaneous tissue
by transplanting human keloid tissues (27). Athymic nude
mice (nu/nu), obtained from Slack laboratory animals Co,
Ltd, Shanghai, Chinese Academy of Sciences, at the age
of 3 to 5 weeks, were used in the experiment. They
were kept in presterilized cages alone, and placed in a
laminar flow sterile bench. Human keloid tissues were

obtained from surgical operations as excess material, and kept
under sterile conditions until used for implantation. The mice
were anesthetized with sodium pentobarbital at a level of
50 mg/kg of body. In general, a 4 mm×4 mm×3 mm section
of keloid was de-epithelialized and inserted through a 1 cm
incision into a subcutaneous pouch on both sides of the back.
The incision was closed with wound clips and the area was
daubed with erythromycin. All procedure was carried out
under aseptic conditions. The animal with no dressing was
returned to an individual cage. The volume change of keloid
after implanted in the nude mice was measured using mi-
crometer caliper after establishment for 1~10 weeks, and
calculated by measuring two dimensions and using the equa-
tion: Volume (mm 3)=a×b 2×0.5, where a and b are the
longest and the shortest diameter, respectively (28).

Treatment of Keloid

When the implanted keloid reached a stable volume after
8 weeks, treatments were carried out. 20 mice were assigned
to a control group and three experimental groups of 5 mice
each. Fiber meshes were sterilized by UV lamps for 3 h in
advance and soaked in physiological saline before treatment.
The keloids were covered with PLGA, DEX/PLGA,
DEX/GTP10/PLGA fiber meshes on one side, respec-
tively, and the other side was treated with silicon gel
sheeting as the positive control. All materials were sutured
by wound clips, and daubed with erythromycin. Antiseptic
gauze was covered on the fiber meshes and silicon gel sheeting
to fix them. Fiber meshes dressings were wetted through
directly dropping saline every other day. After treated with
fiber meshes and silicone scar sheet, the volume of the keloid
was also measured from 1 to 14 weeks and calculated as
described above.

Histological Evaluation

After 14 weeks operation, the keloid tissues of five mice were
obtained and fixed routinely by paraffin-embedded, sectioned
and stained with hematoxylin and eosin (H&E) and Masson’s
trichrome staining. The histological slices obtained were ob-
served by optical microscopy.

Statistics Analysis

The experiments values were expressed as means ± standard
deviation (SD). Statistically significant differences were
determined by one way analysis of variance (ANOVA). A
probability value (p) of less than 0.05 was considered to be
statistically significant.
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RESULTS AND DISCUSSION

Characterization of Electrospun DEX/GTP-Loaded
PLGA Fiber Meshes

Morphologies, sizes and distributions of fibers were examined
using a scanning electron microscope (SEM). As shown in
Fig. 2, the surface morphologies of all the resultant fiber
meshes were smooth, and all the fibers with an average
diameter of 780 nm had an uniform appearance in diam-
eter, suggesting that the introducing of DEX/GTP into
polymer matrix almost had no effect on fiber topographic
features. From the SEM images, we could also find many
interconnected pores with a high porosity of 90%±5%
among these fibers, which would be very helpful to allow
the interchange of gas between the interior tissue and the
surrounding air, and the penetration of water across the
meshes into skin (29). Figure S1 displays the mechanical
properties such as young’s modulus, maximum tensile
strength (εmax) and elongation at break for pure PLGA,
PLGA fiber meshes loaded with DEX content of 15%,
and GTP content of 0%, 5%,10%,15%, respectively. The
maximum tensile strength (εmax) maintained a slight in-
crease from 1.7 MPa for PLGA to 1.9 MPa for DEX/
GTP15/PLGA while the elongation at break emerged a
sharp reduction from 114.48% for PLGA to 62.98% for
DEX/PLGA, 55.18% for DEX/GTP5/PLGA, 48.11%
for DEX/GTP10/PLGA and 32.43% for DEX/GTP15/
PLGA with the increase of drug content in PLGA matrix,
indicating that introduction of drug into the polymer matrix
influenced the mechanical properties of fiber meshes as re-
ported previously (30,31). However, for all these fiber meshes,
the mechanical strength is enough to meet the requirement of
skin tissue engineering (32).

In VitroDegradation and Drug Release

The in vitrodegradation of fiber matrix and the release of DEX
and GTP from the electrospun fiber meshes were performed.
As shown in Fig. 3a, after 12 weeks of degradation, all of the
electrospun fiber meshes still remained their fibrous structure,
and DEX/GTP15/PLGA fiber meshes were obviously swol-
len and broken down compared with other meshes, suggesting
that the macromolecular chains might be cleaved because of
the hydrolysis. Figure 3b and c show the gravimetric evalua-
tion and molecular weight loss of the electrospun fiber meshes
during incubation, respectively. The mass of the fiber meshes
was decreased continuously versus incubation time and the
rate of loss was elevated along with the increase of the
hydrophilic drug (GTP) loaded into fiber matrix. The
loss of molecular weight was also consistent with the loss
of mass. Since previous reports have demonstrated that
the surface hydrophilicity and hydrophobicity of the
category of polyester polymer carrier play an important
role in influencing degradation patterns due to the hydrolysis
of ester bonds (33,34), we further characterized the surface
hydrophilicity of PLGA fibers by measuring the water contact
angle (WCA). As displayed in Fig. 3a, the WCAs of both pure
PLGA and DEX/PLGA fiber meshes were at about 125°,
suggesting that the addition of DEX did not affect the hydro-
phobicity of PLGA matrix. However, the WCA of GTP-
loaded PLGA fiber meshes was decreased sharply from
101±4.1° to 0° along with the increase of the amount of GTP
in fiber matrix, indicating that the natural hydrophilicity of
GTP has greatly improved the hydrophilicity of PLGA fiber
meshes as designed. Also, this modification is very important
for keeping a moist environment for our following investiga-
tions including the controlled drug release in vitro and the
treatment of keloid in nude mice.

Fig. 2 Scanning electron microscopy images of PLGA, DEX/PLGA, DEX/GTP5/PLGA, DEX/GTP10/PLGA, DEX/GTP15/PLGA fiber meshes and their
diameter distribution histograms.
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Figure 3d and e show the release profiles of GTP and DEX
from the electrospun meshes, respectively. A typical biphasic
pattern was observed for the drug release from all of fiber
meshes., Both drugs were released in a burst in the original
phase and then stably in the following period. Within 600 h of
incubation, only 45% of GTP was released from the meshes
loaded with the lowest dose of GTP, while the cumulative
release reached to 98% when the highest dose of GTP was
loaded (Fig. 3d), indicating that the release behavior of GTP
could be controlled by adjusting the ratio of polymer to
hydrophilic drug. Interestingly, in 25 days experiment the
release speed of hydrophobic DEX was also increased against
the rate of hydrophilic GTP from fiber matrix (Fig. 3e), sug-
gesting that these hydrophobic DEX molecules inside the

fiber meshes could be released successfully via the channels
formed by the fast release of hydrophilic GTP molecules.
Figure S2 shows two mechanisms mainly involved in the
release of DEX and GTP: diffusion of drug molecules and
degradation of polymer matrix in the final period (35,36). In
the original period, H2O molecules in PBS firstly penetrated
into fiber matrix which resulted in the diffusion of hydrophilic
GTP molecules into PBS; The channels were thus formed in
the fiber meshes due to the leave of GTPmlecules, which led to
the release of DEX. In the following period, more H2O mol-
ecules in PBS penetrated into the fiber matrix through these
originally formed channels, and more DEX molecules were
diffused out of the fibermeshes. Therefore, the enhancement of
the release of DEX can be ascribed to the improvement of the

Fig. 3 In vitrodegradation and drug
release profiles of electrospun fiber
meshes for PLGA, DEX/PLGA,
DEX/GTP5/PLGA, DEX/GTP10/
PLGA, DEX/GTP15/PLGA in PBS
(pH 7.4) at 37°C. (a, b, c, d and e)
Water contact angle (WCA) and
selected scanning electron
microscopy images (all the scale
bars mean 20.0 μm), the mass
residual percent, the reduction of
molecular weight (Mw), the release
profiles of dexamethasone (DEX)
and green tea polyphenols (GTP)
against incubation time, respectively.
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hydrophilicity of fiber matrix generated from the hydrophilicity
of GTP.

Antibacterial Activity

One major issue for biomedical devices is the device-related
bacterial infections and the resultant failure of treatment (37).
Since GTP displays a good antibacterial property (38,39), we
expected that the DEX-coentrapped GTP would also provide
our new drug dressing with an antibacterial function. To assess
this possible antibacterial capability, E. Coli, one of the
predominat pathogenic bacteria for exogenous infection, were
inoculated onto the petri dish; then the different formulated
fiber meshs were loaded onto the surface of agar. As shown in
Fig. 4, after 24 h incubation, lots of bacterial clonies were
formed (Fig. 4a). When PLGA or PLGA/DEX fiber loaded,
there was no obvious change, indicating that these two fiber
meshes did not affect the bacterial growth (Fig. 4b & c). In
contrast, a clear inhibition zone was formed for all of the
bacterial dishes with GTP-loaded fiber meshes (Fig. 4d-f), indi-
cating that the bactericidal effect of the fiber meshes may be
attributed to GTP released from the fiber meshes. Moreover,
the inhibition zone was gradually expanded along the loaded
amout of GTP (average diameters of 11±1.2, 14±1.3 and
16±1.2 mm, respectively), consistent with the GTP release
kinetics (Fig. 3d), further suggesting a corresponding relation-
ship between GTP content incorporated into the fiber mesh
and the antibacterial effect obtained. Thus, the entrapped
GTP renders the antibacterial property to DEX fiber mesh.

In VitroCytotoxicity Evaluation

To compare the biocompatibility of the drug-loaded fiber
meshes with PLGA polymer, NIH 3 T3 fibroblasts were
cultured onto the PLGA, DEX/PLGA, DEX/GTP5/
PLGA, DEX/GTP10/PLGA, DEX/GTP15/PLGA fiber
meshes for 7 days and cell viability was analyzed. As shown
in Figure S3a, on the first day cell viability for all cultures on
the meshes was more than 70% of the control cultures without
the fiber meshed added. After 3 days, cell viability was obvi-
ously increased for all cultures. On day 5 & day 7, cell growth
appeared to decline gradually except the culture on PLGA
fiber meshes. Cells on the PLGA fiber meshes showed a better
growing than the ones on the drug-loaded fiber meshes
(p<0.05). These results suggested that the loading of DEX
caused a slight effect on biocompatibility of the PLGA fiber
mesh, but the double drug loading did not further influence
the biocompatibility. The reason may be owing to the good
biocompatibility of GTP. We further observed the morphol-
ogy of NIH-3 T3 fibroblasts grown on the fiber meshes with
SEM. As shown in Figure S3b, the fibroblasts were attached
and spreaded well on all fiber meshes. The SEM results
matched well with the results of Alamar blue assay. From
the analysis we can draw a conclusion that the introduction
of GTP and DEX into fiber matrix almost did not influence
the biocompatibility of PLGA polymer.

Since DEX was known to inhibit proliferation of the hu-
man keloid fibroblasts (hKFs) (20), cell growth of hKFs cul-
tured on the fiber meshes with and without drug loading was
then studied. The growth behavior of hKFs cultured in the

Fig. 4 Digital photographs of a
Petri dish containing only Escherichia
coli. as a comparison (a), the zones
of inhibition of Escherichia coli.after a
24-h contact of PLGA fiber mesh (b)
and DEX/PLGA (c), DEX/GTP5/
PLGA (d), DEX/GTP10/PLGA (e)
and DEX/GTP15/PLGAfiber
meshes (f).
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normal dish was firstly investigated. As shown in Figure S4a &
b, after 1 week cultivation in vitro, cord-like cells started to
gradually migrate out from the edge of the keloid tissue
fragments. These fibroblasts exhibited a polygonal or long
spindle shape, which was similar to normal fibroblast but
larger. From the 2nd day to the 7th day these hKFs exhibited
a significant increase in the proliferation rate; afterwards, the
cells gradually went into a stationary growing phase, similarly
to the prior report (40). DEX could cause the upregulation of
VEGF in hKFs comparing to normal fibroblast, and the
suppression of DEX on endogenous VEGF mRNA induction
and protein expression of hKFs (20,21).

We then cultured the same hKFs onto the different formu-
lated PLGA fiber meshes to determine cell viabilities of indi-
vidual cultures. Fluorescence images were taken on Day 3 and
Day 7 to visually display cells growing on the meshes. As

expected, the electrospun meshes loaded with DEX alone
significantly inhibited the growth of hKFs to some extent
(Fig. 5a). Noticeably, all of the cultures on the DEX/GTP
double-loaded meshes growed much slower than the culture
on the DEX single-loaded one, particularly the Day 7 culture
as shown, suggesting that co-entrapped of GTP would im-
prove the inhibitory function of DEX to cell growth of hKFs.
More interestingly, it was noticed that more GTP was loaded
onto the meshes, a lower cell viability was obtained, showing a
dose dependent intensifying effect of GTP on the inhibitory
activity of DEX. Considering our early observation that the
encapsulation of GTP promoted the release of hydrophobic
DEX from PLGA fiber mesh (Fig. 3), we suggested that GTP
may be able to modulate the inhibition of DEX to cell growth
of hKFs. Figure 5b displays the survival and morphology of
hKFs grown on the electrospun meshes and tissue culture

Fig. 5 (a) Human keloid fibroblasts
(hKFs) cultured on electrospun fiber
meshes; (b) fluorescence
microscope images of human keloid
fibroblasts (hKFs) cultured on
electrospun fiber meshes for PLGA,
DEX/PLGA, DEX/GTP5/PLGA,
DEX/GTP10/PLGA, DEX/GTP15/
PLGA. Cell survival and
morphology was stained by Calcein
AM for 3 and 7 days, and live cells
appear as fluorescent green color. *
indicates statistical difference from
PLGA, and # indicates statistical
difference from DEX/PLGA.
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plates (TCP) on day 3 and day 7. When cultured on TCP and
pure PLGA meshes, hKFs cells were spreading well and
presenting a normal spindle-like or stellate shape without
obvious branch. But when cultured on the drug-loaded
electrospun meshes, hKFs were smaller, elongated and highly
branched. More importantly, cells on all of the drug-loaded
meshes became obviously less than the ones on TCP or PLGA
meshes. These results further confirm that the DEX released
from fiber meshes can suppress the growth of hKFs, and co-
loading of GTP promotes this inhibition.

The Treatment Effect of Keloid Model in Nude Mice

To investigate the treatment effect of the drug-loaded PLGA
fiber meshes in vivo, the human keloid tissues were subcutane-
ously implanted into the back of athymic nude mice as our
keloid model (27). During 10 weeks of post-implantaton,
keloids displayed a tendency to the normal distribution in
their volume changes and reached a stable volume at the
8th week. And we did not observe any obvious skin ulcerations
in the implanted sites (data not shown) (Figure S5). We then

treated the implanted keloids (8 weeks) with the pure PLGA,
DEX/PLGA, DEX/GTP10/PLGA meshes for 3 months to
evaluate their restorative effects. Traditional silicon gel sheet-
ing was used here as a control (Fig. 6a-d). During the whole
animal experiment, any surgical incident was not found, sug-
gesting that all mice tolerated the surgical procedure and the
treatments were comfortable and safe. It is noticed that since
in previous experiment the mice with the direct injection of
DEX died in next day due to the strong side effects, we did not
continue this experimental group in the following study. As
shown in Fig. 6e, the treatment with silicon gel sheeting
reduced the size of keloid obviously as expected, while
PLGA fiber mesh alone did not cause significant decrease in
volume of keloid. However, when DEX was loaded to PLGA
electrospun fiber meshes, the keloids significantly shrinked (the
keloid shrinkage volume of DEX/PLGA: 5.12±0.48 mm3

and DEX/GTP10/PLGA: 5.75±0.39 mm3) in contrast to
ones treated with silicon gel sheeting (the keloid shrinkage
volume of silicon gel sheeting: 4.01±1.08 mm3). Double
loading of DEX and GTP into PLGA fiber meshes further
decreased sizes of keloids. This result indicates that our drug-

Fig. 6 (a) Fiber mesh and silicon
gel sheeting were cut into small
squares (1.3× 1.3 cm2) and were
wetted with saline before stuck to
the keloid; (b-d) creation of keloid
and treatment with fiber meshes.
The left keloid (site 1) was fiber
mesh and the right keloid (site 2)
was used for silicon gel sheeting as
control. (e) Volume change of the
keloid treated with pure PLGA,
DEX/PLGA, DEX/GTP10/PLGA
fiber meshes and silicon gel sheeting
for 3 months. Here, the untreated
keloid as a control.

1640 Li et al.



loaded meshes can induce the regression of keloid in vivo, and
the therapeutic effect is much better than silicon gel sheeting.

It was reported that the most distinct histologic character-
istic of keloid is the presence of large, broad, closely arranged
collagen fibers composed of numerous fibrils (41). To further
assess the treatment effect of the fiber meshes on keloid, we
harvested the keloid tissues from the mice treated with the
fiber meshes and silicon gel sheeting for 3 months and then
performed H&E staining (Fig. 7) and Masson’s trichrome
staining with them (Figure S6). As indicated by the black
arrows in Fig. 7b, there were abundant collagen fibers in the
dermis of untreated keloid with the nodular appearance,
which was distinctively different from the normal skin struc-
ture with loosened collagen bundles as an ordered arrange-
ment (Fig. 7a). Moreover, these collagen fibers were thick,
hyalinized, and irregularly oriented and interspersed with
haphazard arrangement fibroblasts. After treated with silicon
gel sheeting, the keloid showed less amount of hyalinized
collagen fibers, but the features of keloid were still remained
as marked with black arrows in Fig. 7c. As expected, the
treatment with pure PLGA mesh did not significantly change
the histological structure of keloid (Fig. 7d). However, we
observed that most of hyalinized collagen fibers were disap-
peared while the loose, thin and small collagen bundles
appearing instead in the keloid after treated with DEX-
loaded fiber meshes for 3 months (Fig. 7e), indicating that
the treatment of DEX in electrospun fiber mesh is effective. In
particular, no hyalinized collagen fibers were found after

3 months treatment with DEX/GTP-loaded fiber meshes
(Fig. 7f). It also demonstrates that there is a significant im-
provement by GTP in therapeutic effect of DEX on keloid
accompanied with the disappearance of the distinguishing
characteristic of keloid. The result may be due to the released
DEX facilitated by the hydrophilic GTP and the antibacterial
activity endowed by the introduction of GTP. In addition,
Masson’s staining also displayed a consistent reduction in
collagen fibers after treated with DEX/GTP-loaded fiber
meshes as shown in Figure S6. It further demonstrates that
the dual drug-loaded fiber meshes are very effective in restor-
ing the keloid to normal skin tissue in vivo.

CONCLUSIONS

In summary, the electrospun PLGA fiber meshes were suc-
cessfully fabricated for co-delivering of DEX and GTP, which
were applied as a dressing formulation for transdermal drug
delivery. Through the introduction of hydrophilic GTP into
PLGA fiber meshes, these fiber meshes possessed versatile
functions including the capabilities of maintaining a moist
environment, resisting bacterial infection, and controlling
the drug release. In vitro cytotoxicity analysis revealed that
DEX/GTP-loaded fiber meshes had a good biocompatibility
through co-culture with NIH-3 T3 normal fibroblasts, and a
high suppression for human keloid fibroblasts. Compared
with traditional treatment with silicon gel sheeting, the dual

Fig. 7 H&E staining of normal skin
(a), untreated keloid as a control (b),
keloid biopsies from athymic nude
mice covered with silicon gel
sheeting (c), PLGA (d), DEX/PLGA
(e), and DEX/GTP10/PLGA (f) fiber
meshes after 3 months treatment.
Magnified images in the black dotted
squared area were displayed in the
(a′, b′, c′, d′, e′, f′). Scale bars of the
images with 40× and 200×
magnification are 200 μm and
50 μm, respectively. The hyalinized
collagen fibers were indicated wth
black arrows.
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drug-loaded fiber meshes represented a more significant im-
provement in therapeutic effect with the disappearance of the
distinguishing characteristic of keloid in nude mice after
3 months treatment. The dress formulation acquires a good
balance between the effective treament of keloid and safety to
the skin.
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