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A B S T R A C T

Acute wounds are worldwide problems affecting millions of people and causing heavy economic burden to
national healthcare systems. Herein, we describe novel wound dressing materials relying on core/shell elec-
trospun mats incorporated with flurbiprofen and vancomycin for achieving programmable release of anti-in-
flammatory and anti-bacterial agents. The shell matrix of nanofibers consisted of polyethylene oxide while the
core matrix was made from a blend of silk and collagen. Several optimal mat architectures were engineered with
distinct configurations, of which release profiles displayed an exponential trend, which indicates a first-order
process following Fickian diffusion behavior. The flurbiprofen release lasted from 2 to 6 days, which was much
faster compared to the one of vancomycin prolonged up to about 20 days. Mechanical data indicated tensile
modulus, tensile strength, elongation before break of core/shell electrospun mats became enhanced or com-
parable to those for human skin after methanol vapor treatment. Desirable release kinetics and mechanical
characteristics achieved by novel core/shell electrospun mats were attributable to induced enrichment of β-sheet
phase in silk via methanol vapor treatment as well as water annealing process with time and judicious selections
for matrix materials and mat configurations. The design principles considered in this study successfully ad-
dressed a range of inflammation and infection requirements in wound healing, potentially guiding construction
of other biomedical coatings and devices.

1. Introduction

Medically, a wound is defined as a disruption in the integrity of the
epithelial lining of the skin or mucosa due to physical or thermal da-
mage [1]. Depending on the duration and nature of healing process, the
wound is sub-divided into two categories i.e., acute and chronic ones
[2]. An acute wound is an injury to the skin caused by an accident or
surgical procedure [3]. About 11 million people are affected by acute
wounds per annum while about 300,000 people are hospitalized in the
United States [4,5]. Acute wounds typically heal in a time-dependent
but predictable and concerted fashion of repair with synergistic con-
tributions from platelets, keratinocytes, immune surveillance cells,
microvascular cells, and fibroblasts for the restoration of skin damage
[6]. There are four critical phases of the wound healing occurring with
different time spans: hemostasis and coagulation with a timescale of
seconds to hours, inflammation with a time scale of hours to days,
proliferation and repair with a time scale of days to weeks, and re-
modeling leading to scar formation phase with a time scale of weeks to
months [7–10]. In contrast to an acute wound, a chronic wound persists
over unpredictable amount of time and does not follow typical phases

of wound healing [11]. According to the Wound Healing Society,
chronic wounds can be categorized into four, i.e., pressure ulcers,
diabetic ulcers, venous ulcers and arterial insufficiency ulcers, all of
which are characterized by one or more persistent inflammatory stimuli
in the early stage of wound healing [12].

Various types of materials have been used as wound dressing, in-
cluding gauze, hydrogels, foams, and hydrocolloids. While gauzes are
the simplest and most commonly used wound dressings, they suffer
from high adherence to wound bed, which can detach granulation
tissue and cause pain upon removal [13,14]. In addition, non-degrading
fibers of gauzes may be left in the wound, causing inflammation and
adversely influencing the healing time [15–17]. Also, woven gauzes are
very permeable, which may result in the desiccation of wounds
[18–20]. Hydrogel dressings contain three-dimensional network of
hydrophilic polymers such as sodium alginate, chitosan, dextran, hy-
droxyethyl starch, glucan, hyaluronic acid, poly-N-acetylglucosamine,
and gelatin [21]. While their key benefits are high exudates capacity,
non-adherence, and pain and inflammatory reduction, their permeable
nature makes them inefficient bacterial barriers and also sometimes
poor mechanical stability and leakage can be an issue with hydrogel
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dressings [22,23]. Foam dressings, which are mostly made from poly-
urethane or polysiloxane, tend to be highly absorbent, keep wound area
moist, and contains bacterial barrier layer on the backside [24]. How-
ever, they are likely to affix to wound bed strongly. In hydrocolloid
dressings, a combination of gelatin, pectin, elastomers, and/or sodium
carboxymethylcellulose are attached to an adhesive matrix to form a
material with non-adherent characteristics and high absorbency
[25,26]. Their limitations include unpredictable bacterial barrier
properties, high volumes of exudate leakage, and impermeable to gas
transport [25,26].

To overcome the challenges of traditional wound dressings, en-
ormous amount of research has been ongoing and various types of novel
materials have been described in the literature [27–39]. Among various
strategies, electrospun materials have been shown to be especially
suitable for wound healing applications because nanofibers produced
via the electrospinning process give rise to a highly porous material
with a high surface-to-volume ratio that ensures a sufficient gas per-
meation. These characteristics facilitate cell respiration, moisture re-
tention, remove of exudates, and hemostasis [40]. Furthermore, it is
possible to load therapeutic or antibacterial agents into the nanofibers
to produce functional mats for more effective wound healing. For ex-
ample, Kim and co-workers relied on the electrospinning of poly-
urethane, cellulose acetate, zein, and streptomycin sulfate (anti-
bacterial agent) to prepare nanofibrous composite mats for wound
dressing [41]. Zheng et al. dispersed nano-hydroxyapatite containing
amoxicillin in poly(lactic-co-glycolic acid) to produce a composite an-
tibacterial electrospun wound dressing [42]. Uyar and co-workers re-
ported mats involving nanofibers made from a mixture of hydro-
xypropyl-beta-cyclodextrin and hydroxypropyl-gamma-cyclodextrin
loaded with triclosan [43]. Montazer and Malekzadeh demonstrated the
feasibility of production of nylon nanofibers containing silver nano-
particles, which were formed by the reduction of silver nitrate in the
polymer solution, via electrospinning [44]. These fibers resulted in 98%
to 100% reduction in Escherichia coli and Staphylococcus aureus growth.
Schneider et al. [45] reported that epidermal growth factor can be
loaded into the electrospun silk mats and the resultant dressing can
achieve slowly release characteristics with 25% EGF release in one
week upon contacting the wound. However, these previously developed
materials for wound healing have limited tunability to effectively ad-
dress a sequence of time-dependent wound healing events at different
stages, e.g., to better alleviate inflammation response and subsequently
prevent bacterial infection on the wound site.

Herein, we report the preparation and characterization of electro-
spun core-shell nanofiber mats incorporated with two small therapeutic
agents, flurbiprofen and vancomycin, to synergistically combat both
inflammation and infection in a timely fashion. Flurbiprofen is non-
steroidal anti-inflammatory drug that reduces the activity of cycloox-
ygenase, thereby inhibiting arachidonic acid metabolism and pros-
taglandin production [46]. The release of flurbiprofen was enhanced by
localizing it into the hydrophilic shell (polyethylene oxide) of core/
shell nanofibers so that it can reach the minimum effective dosage
(10mg/mL, [47]) within a few hours and maintain these concentration
levels for several days. Vancomycin is a potent antibiotic agent with a
minimum inhibitory concentration of 2 μg/mL [48]. Considering the
bacterial infections can hinder healing mostly before mid/late pro-
liferation phase, we introduced silk protein polymers which are rich
with β-sheet structures aiming to slow down and prolong the release up
to 20 days. The time-evolved changes on structural, mechanical, and
thermal properties of the developed electrospun mats were also iden-
tified to assess their suitability as advanced wound healing materials.

2. Materials and methods

2.1. Materials

Cocoons of Bombyx mori silkworm silk were purchased from Aurora

Silk, Co. (Portland, OR). Cocoons with similar size and clean appear-
ance were selected to be used in the experiments. The type I collagen
(300,000 g/mol), which was derived from calf skin, was procured from
DSM, Co. (Exton, PA). Sodium carbonate (Na2CO3, 99.9%), lithium
bromide (LiBr, 99.9%), flurbiprofen, vancomycin hydrochloride hy-
drate, and polyethylene oxide (PEO, average molecular weight of
900,000 g/mol) were purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Preparation of silk fibroin solution

Silk fibroin solution was prepared as described Rockwood et al.
[49]. Cocoons were boiled for 30min in an aqueous solution of 0.02M
Na2CO3 and then rinsed thoroughly with water to extract the sericin
proteins. The extracted silk was then dissolved in 9.3M LiBr solution at
60 °C for 4 h. Afterwards, the yielded solution was dialyzed in water
using a dialysis cassette (Slide-a-Lyzer, MWCO 3500, Thermo Scien-
tific). Then, the dialysate was centrifuged at 4 °C and 4000 rpm for
20min twice. The supernatant was collected, analyzed gravimetrically
to determine silk content, and stored at 4 °C until use.

2.3. Preparation of electrospinning solutions

The sheath (shell) part of electrospinning solution involved PEO
(3.0 wt%), which was prepared by homogenously dispersing PEO in
milli-Q water using rotatory mixing for 24 h at room temperature.
Then, 50 mg flurbiprofen was dissolved in 1mL ethanol, which was
later mixed with the PEO solution at a 1:400 (ethanol:water) volume
ratio to obtain the shell part of the electrospinning solution. For the
core part of electrospinning solution, first, 12 mg type I collagen was
dispersed in 0.3mL milli-Q water at 60 °C for 30min. Then, 2.85mL silk
solution (8.0 wt%) and 0.5 mL PEO solution (3.0 wt%) was added to the
collagen solution at room temperature and homogenized with a rota-
tory mixer for 3 h. The final weight ratio among the three components
for the core electrospinning solution was 5:6:89 for collagen, PEO, and
silk, respectively. Then, vancomycin was dissolved in the electrospin-
ning solution containing collagen, PEO, and silk at a concentration of
1.7 wt%.

2.4. Preparation of core-shell nanofibers

After preparing electrospinning solution, core/shell nanofibers were
prepared using a custom-made coaxial electrospinning apparatus in-
volving two concentric stainless-steel tubes (Fig. 1). The inner and outer
diameters were 0.99mm and 1.47mm, respectively for the inner tube
while the inner and outer diameters were 2.42mm and 2.78mm, re-
spectively for the outer tube. The flow rate was set at 0.015mL/min
and 0.030mL/min for core and shell part, respectively. A grounded,
rotating stainless-steel plate covered with aluminum foil was placed
about 25 cm away from the spinneret to collect nanofibers in the form
of a mat. A stable Taylor cone was obtained with an applied voltage of
19.5 kV. For systematic investigation and comparison purposes, three
different mat configurations were prepared. In configuration A, 7 h of
electrospinning with the coaxial setup and the core/shell solutions was
used to make a mat involving vancomycin/flurbiprofen core/shell na-
nofibers. In configuration B, 2 h of electrospinning was first carried out
using the shell part of the electrospinning solution, followed by 3 h of
electrospinning with the coaxial setup and the core/shell solutions, and
finally followed by 2 h of electrospinning with the shell part again to
form a mat with a symmetric sandwich geometry. Configuration C was
same as the configuration B except that in the middle section, 3 h of
electrospinning with just the core part of the solution was used, rather
than electrospinning with the coaxial setup and core and shell solutions.
Before any further experiments, samples were treated with the mixture
of methanol:water vapor (80/20, v/v) to induce the formation of β-
sheets in the silk fraction of nanofibers. The evaporation was induced
by locally superheating the mixture of methanol/water to 300 °C for 2 h
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and exposing the mats to the vapor.

2.5. In vitro incubation assay and quantification of drug release

After post-treatment, mats were cut into 1 cm×1 cm pieces, placed
in a dialysis membrane (Slide-A-Lyzer™ MINI Dialysis Device Kit,
Thermo fisher scientific, MA), and incubated in a 1.5 mL volume of
centrifuge tube against 1.2mL phosphate buffered saline (PBS) solution
(pH 7.4) at 37 °C. PBS solution was replaced with a fresh solution at
predetermined time points. The PBS solution with released drugs was
analyzed by high performance liquid chromatography (HPLC, Agilent
Technologies HPLC, 1100 series) using a C18 reverse phase column
(Supelco, Milford, MA) coupled with UV/vis detection to quantify the
concentrations of vancomycin and flurbiprofen separately. Each sample
was run for 10min with the mobile phase of acetonitrile and PBS (30/
70, v/v) with a flow rate of 1mL/min. The absorbance was monitored
at 248 nm for flurbiprofen and 220 nm for vancomycin respectively.
The final concentrations were determined using the calibration curves
generated with standards of known vancomycin and flurbiprofen con-
centrations. All samples were assayed in triplicates.

2.6. Structural, chemical, thermal, and mechanical characterization of the
core-shell electrospun mats

Attenuated Total Reflectance - Fourier Transform Infrared
Spectroscopy (ATR-FTIR) measurements were performed using a
Nicolet 6700 Fourier Transform Infrared Spectrometer (Thermo Fisher
Scientific Inc., Rockford, IL) with a Deuterated Triglycine Sulfate
(DTGS) detector and a grazing angle ATR accessory (VariGATR™,
Harrick Scientific Products, Inc., NY) to identify changes in secondary
structure of silk protein polymers before and after methanol vapor
treatment. The quantitative analysis on respective secondary structures
was carried out using the Fourier Self Deconvolution (FSD) fitting
method [50] in OMNIC software. This analysis was carried out using
Origin 9.0 software (OriginLab Corporation, Northampton, USA). The
peak areas were calculated using Peak Analyzer Plug-in (OriginLab)
with a straight-line base correction option.

The morphology of nanofibers and core-shell electrospun mats were

investigated using scanning electron microscopy (SEM, JEOL-7401,
Japan). The samples were coated with 10 nm Au layer to introduce
electrical conducting layer prior to SEM. The diameters of core and
shell part of electrospun fibers were evaluated by Image J software
(NIH). The core-shell structure of electrospun fiber was further char-
acterized using transmission electron microscope (TEM, JSM-1230,
Japan) with an accelerating voltage of 120 KV. Samples for the TEM
analysis were prepared by directly spun onto a carbon film coated
copper grid (Ted Pella, Inc.) for several seconds. After that, the copper
grid was left dry overnight in vacuum prior to taking TEM images. The
phase behaviors and morphological changes of core-shell electrospun
mats as a function of incubation time as well as upon methanol vapor
treatment were probed using differential scanning calorimetry (DSC,
Q2000, TA instrument, New Castle, DE).

Mechanical properties of samples were tested using a universal
tester (5567, Instron, Norwood, MA). Electrospun mats were cut into
rectangular strips (40mm×7mm×0.1mm) and stored in vacuum
prior to tensile test to prevent absorption of water from ambient at-
mosphere. The rectangular strips were then mounted on a custom-made
hollow cardboard holder of which side edges were cut prior to the
stress-strain analysis. All tensile tests were performed with strain rate of
1mm/min at ambient temperature and within 10min after the elec-
trospun mat was removed from vacuum. The measurements were car-
ried out using a 500-Newton (N) load cell. All measurements were re-
peated with three samples (strips) for each condition. The generated
data was analyzed with Bluehill software v2.

3. Results and discussion

3.1. Structural characterization of mats involving core-shell architecture

The coaxial electrospinning of PEG and silk solutions resulted in
nanofibers with a relatively narrow size distribution having the mean
fiber diameter of 422 nm and the standard deviation of 74 nm
(Fig. 2(a)). The exposure of PEG/silk core-shell nanofibers to methanol
vapor caused the axial curvature to significantly increase as evidenced
by the transformation from a mostly straight network to a curly and
wavy one (Fig. 2(b)). In addition, the average fiber diameter decreased

Fig. 1. Schematic illustration of the custom-made coaxial electrospinning apparatus. The chemical structures of anti-inflammatory agent, flurbiprofen (dispersed in
sheath solution shown in blue) and anti-bacterial agent, vancomycin (dispersed in core solution shown in red) are displayed right next to solution reservoirs. The
digital image, scanning electron micrographs (top as well as cross-sectional views), and optical image of core-shell electrospun mat are shown in the right side of the
figure. Enlarged image of cross-sectional view is given in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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from 422 ± 74 nm to 389 ± 76 upon methanol vapor treatment. The
mechanistic reasons behind these morphological transformations will
be discussed later on.

The formation of core/shell structure was confirmed via the cross-
sectional fractional SEM and TEM images (Fig. 3). The subsequent
image analysis on SEM micrographs revealed that the thickness values
of the core and shell layers of the methanol vapor treated nanofibers
were 272 ± 44 nm and 107 ± 30 nm, respectively (Fig. 3(a)). No-
ticeable variations in relative thickness of each layer and non-uniform
distribution of thickness along the radial direction within a cross-sec-
tion were also observed, presumably owing to the capillary waves in-
duced by Taylor instability. TEM image further confirmed the core-shell
structure of electrospun nanofibers in a nondestructive manner. The
core diameter of the nanofiber was estimated around 250 nm with the
approximate sheath thickness of 75 nm, leading to the total dimeter of
around 400 nm (Fig. 3 (b)), which are in good agreements with the
values estimated from SEM images.

3.2. Release kinetics of active ingredients from electrospun core-shell fiber
mats

The effective treatment of wounds requires a well-planned admin-
istration of anti-inflammatory and anti-bacterial agents. To evaluate the
modulability of core-shell electrospun mats in the aspect of release ki-
netics, three different mat configurations have been explored (See

Fig. 4): 100% of the mat is made from vancomycin/flurbiprofen core/
shell nanofibers (Configuration A), the inner mat, which accounts for
60% of the total volume, is made from vancomycin/flurbiprofen core/
shell nanofibers while the outer mat, which is 40% of the total volume,
is made from sole flurbiprofen nanofibers (Configuration B), and the
inner mat (60% of the total volume), is made from sole vancomycin
nanofibers while the outer mat (40% of the total volume) is made from
sole flurbiprofen nanofibers (Configuration C). For all these three
configurations, the release profiles followed a general empirical Wei-
bull equation which describes drug dissolution and release processes
from any solid pharmaceutical dosage forms [51]:
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where Co indicates the total amount of drug being released from the
mat, C(t) is the amount of drug released at time t, and τ is the char-
acteristic decay time (i.e., the inverse of the release rate constant or
time constant, defining the time scale of the release process). The tlag
accounts for the lag time before the onset of the dissolution or release
process which was not observed in any of our electrospun mat config-
urations and therefore, was considered as being zero in our study. The
parameter of n describes the shape of the release curves, all of which
follow an exponential trend (n=1) with the R-squared value of 0.99.
For the Configuration A (Fig. 4a), the release of flurbiprofen was much
faster than that of vancomycin with a time constant of 1.8 ± 0.1 days

Fig. 2. SEM images and diameter distribution (mean
diameter ± standard deviation) of core-shell elec-
trospun mat (a) before and (b) after methanol vapor
treatment for 1 h. The diameters of the nanofibers
were measured using Image J [National Institute of
Health (NIH)] software and plotted the results as
histograms showing the relative fraction of fibers
within a certain diameter range. The solid curves are
the fitted lines according to the Gaussian distribution
with the fitted parameters of mean fiber diameters as
listed in the inset.

Fig. 3. Representative (a) high-resolution SEM and (b) TEM images indicating core and shell layers of electrospun nanofibers. The core compartment contains a
mixture of three components of silk: collagen: PEO=89:5:6 (weight ratio) while the shell region consists of pure PEO as a macromolecular structural building unit.
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compared to 3.8 ± 0.1 days. For the Configuration B (Fig. 4b), the
release of flurbiprofen had a release time-constant of 1.7 ± 0.1 days,
which is comparable with Configuration A. On the other hand, the re-
lease of vancomycin slowed down with a time constant of
5.4 ± 0.1 days. Finally, in the case of Configuration C (Fig. 4c), the
time constants of release were 1.4 ± 0.1 and 5.1 ± 0.1 days for flur-
biprofen and vancomycin, respectively.

The abovementioned trends can be explained by considering diffu-
sion of molecules in macromolecular matrices, disintegration/dissolu-
tion of PEO shell layer, and swelling of silk core compartment. For all
configurations, the inter-fiber spacing spans the range of 0.1 to 1 μm
within an electrospun mat (See Fig. 2), which is several orders of
magnitude larger than the size of drug molecules. Therefore, the
transport of drug molecules from outermost surface of fibers to outer-
most surface of the mat should follow a diffusional behavior in bulk
once the mat is saturated with water. Hence, the radial transport of the
drug molecules within the nanofibers is to be a rate determining step
which should be responsible for the observed release profiles. For all
configurations, molecular diffusion through polymeric matrices (silk or
PEO) will contribute to the mass transport phenomena to a certain
extent with some variations depending on the type of matrix and con-
figuration of mat. The rate of molecular diffusion within polymeric
materials depends upon the size and shape of the diffusing molecules as
well as internal nanostructures and pore/mesh length scales of the
matrix material [52,53]. The fact that the molecular weight of flurbi-
profen and vancomycin is 244 Da and 1449 Da, respectively [54] can
partly account for the larger release rates of flurbiprofen. However, the
primary reason of displaying a faster release from PEO shell layer is
likely due to the hydrophilic nature of PEO by its dissolution once in
contact with water (or physiological fluid) [55,56]. On the other hand,
silk fibroin (the major constituent in the core layer) is water-insoluble
protein with biodegradable properties which can be controlled by the
interplay among β-sheet content, hydrophilic interaction with water
molecules, and hierarchical crystal-noncrystal alternating nanos-
tructures [57]. For silk fibroins with a large β-sheet content, onset of
degradation initiates in a timeframe of weeks to months in vivo [58].
Hence, the diffusion process is expected to be the dominant transport
mechanism for vancomycin through nanofiber cores. However, con-
sidering silk fibroin partially swells in the presence of water [59], the
resultant variations in the characteristic mesh size suggest a time-de-
pendent diffusion coefficient for the case of vancomycin.

Now, the relative differences in release time constant of flurbiprofen
and vancomycin with respect to mat configuration can be elucidated via
nanostructural and geometrical arguments. For the Configuration A,
there is a single type of fibers involved in the wound dressing mat: core/
shell nanofibers with a core containing collagen, silk, PEO, and van-
comycin and a shell consisting of PEO and flurbiprofen. For the case of
configuration B, the mat is anisotropic in the normal direction, i.e., the
outer layer containing flurbiprofen nanofibers is directly in contact with
water while the inner layer containing vancomycin/flurbiprofen core/
shell nanofibers is initially surrounded by interstitial air trapped be-
tween fibers upon contacting with water. The time needed for water
molecules to penetrate and displace hydrophobic air pockets in the
proximity of the network of nanofibers can be the one of the reasons
behind slowing down of vancomycin release. For the Configuration C,
the release rate of both vancomycin is slightly faster compared to the
Configuration B. The absence of PEO shell can not only remove the
additional diffusion barrier for water but also reduce the radial stress
and Laplace pressure applied on silk-rich core. Both of these effects can
facilitate the swelling of silk and increase the effective mesh size,
thereby leading to a faster release of vancomycin.

Our release studies clearly indicate that the release timescales and
thus, released amounts of respective wound healing agents at different
time points are controllable depending on material choice as well as
design and configuration of electrospun mat as intended. Furthermore,
we note that those release timescales for all configurations are suitable
for reducing pains associated with the inflammatory response as well
for preventing bacterial infections commonly occurring before mid/late
proliferation phase of wound healing.

3.3. Mechanical properties of electrospun core-shell fiber mats

As the human body, joints, and muscles are in constant motion,
dressings/mats/nets used for protecting and treating wounds tend to
experience a lot of deformation, stretching, and mechanical stress. As
such, the mechanical reliability, robustness, and flexibility for user
comfort are another critical aspect to consider for designing advanced
wound healing dressings. In this context, we have studied the stress-
strain behavior of the mats involving core/shell nanofibers after me-
thanol vapor treatment as a function of water incubation time (Fig. 5).
Mats containing vancomycin/flurbiprofen (core/shell nanofibers) had a
tensile modulus of 185MPa, which was increased with incubation time

Fig. 4. Fractional release of vancomycin (Vanc: □) and flurbiprofen (Flur: ○) in three different mat configurations: (a) 100% of the mat is made from vancomycin/
flurbiprofen core/shell nanofibers (Configuration A), (b) the inner mat, which accounts for 60% of the total volume, is made from vancomycin/flurbiprofen core/
shell nanofibers while the outer mat, which is 40% of the total volume, is made from flurbiprofen nanofibers (Configuration B), and (c) the inner mat (60% of the
total volume), is made from vancomycin nanofibers while the outer mat (40% of the total volume) is made from flurbiprofen nanofibers (Configuration C). The
cumulated amount of vancomycin or flurbiprofen released from three different types of electrospun mats was first normalized by the area (size) of mats and later
converted to the fractional release (fVanc or fFlur), which represents the fraction of released amount of vancomycin or flurbiprofen at a certain time point (tR) to the
final release quantity. For a fixed total processing time (7 h), different configurations resulted in different active ingredient concentrations since the volumes of
compartments where respective drugs were incorporated were different. Percent release data can be converted to the actual concentrations considering that 100%
vancomycin and flurbiprofen release corresponds to 72.2 μg/cm2 and 13.8 μg/cm2 in Configuration A, 33.1 μg/cm2 and 13.4 μg/cm2 in Configuration B, and 33.4 μg/
cm2 and 9.0 μg/cm2 in Configuration C, respectively.
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and eventually reaching a plateau after 4 h of incubation. This trend can
be ascribed to the leaching of PEO from nanocomposite fibers during a
course of incubation, leaving out mechanically more robust compo-
nents in the system, i.e. silk and collagen.

Tensile strength of the mats was measured as 11.3MPa after me-
thanol vapor treatment (Post-treated), which was enhanced by about
104% from the one before methanol vapor treatment (As-spun or As-is)
and also increased but showing less variations with incubation time
(Fig. 5b). While the mats initially demonstrated a percent elongation-
to-break of about 201%, increasing incubation time resulted in a re-
duction of the percent elongation-to-break, eventually reaching down
to approximately 96% after 18 h of incubation (Fig. 5b). It is note-
worthy that the core-shell electrospun mats were more compliant and
flexible than human skin and had similar elongational properties, in-
dicating their desirable mechanical characteristics over a period of in-
cubation carried out under physiological experimental conditions (PBS
pH 7.4 and 37 °C).

While prior studies have observed that the modulus values of
polymeric materials and polymer composites are generally reduced
when in contact with moisture and water [61–64], it is intriguing to
observe that the modulus of core-shell electrospun mat has been en-
hanced with increasing the incubation time (exposure time to sur-
rounding media of PBS, i.e. water). As incubation goes on, the most
soluble component, i.e. PEO will be readily leached out from the
composite nanofibers which are made of PEO, silk, and collagen,
making the composite nanofibers relatively richer in silk and collagen.
To support this scenario, we assessed the phase behavior and enthalpy
of melting of the mats as a function of incubation time by DSC (Fig. 6a)
of which sample mats were obtained from identical experimental set-
ups as for mechanical test studies. The DSC peak located around 64 °C
for core/shell nanofiber mat before incubation indicates the melting of
PEO, of which magnitude decreases as a function of incubation time in

an exponential fashion (Fig. 6b). Such a depression in melting points of
PEO is most likely to be due to the Gibbs-Thomson effect [65] where
nanoscale roughness forms on nanofibers via the dissolution of PEO
component in a stochastic fashion and introduces new curvature dis-
tribution larger than the curvature of nanofibers (i.e. 1/radius). Given
that the time-evolved dissolution of PEO leads that the relative amounts
of silk and collagen would increase in the nanocomposite structure and
silk and collagen have the higher modulus values than the one of PEO
[64,66,67], increases in modulus values observed from stress-strain
curves (Fig. 5) can be interpreted in light of the effective medium
theory of composites [68–70].

3.4. Mechanistic studies on the effect of methanol vapor treatment on core/
shell nanofiber mats

As seen from mechanical test data (Fig. 5) along with release pro-
files (Fig. 4), methanol vapor treatment of core/shell nanofibers turns
out to be essential to achieve long-term and reliable release profiles. In
order to relate improved release properties to mechanistic insights of
core/shell electrospun mats, we carried out a complementary spectro-
scopic analysis by FTIR. The FTIR spectroscopy and subsequent detailed
analysis of secondary structure in silk were performed to determine any
changes in the vibrational modes of the macromolecules upon their
exposure to methanol vapor (Figs. 7a and b) and then as a function of
incubation time (Fig. 7c). The C]O (70–85%) and CeN (10–20%)
groups gave rise to strong, multiple peaks in the region of
1600–1700 cm−1, which is referred as amide I band stemming from α-
helix, β-sheet, random, side, and turns structures of proteins. Con-
sidering that the amount of silk protein is about twenty times larger
than that of collagen, these peaks are primarily attributed to silk pro-
tein. The deconvolution of sub-components amide I band revealed that
the contribution of β-sheets increased from 22% to 32% while the

Fig. 5. (a) Stress-strain curves of the mats involving core/shell nanofibers as a function of incubation time under physiological experimental conditions and (b)
changes in tensile strength (σU) and elongation ratio (εL) as a function of incubation time, tR. Summary data of mechanical properties of core-shell electrospun mats
are shown in the table and compared with those of human skin [60].
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contribution of α-helix and random structures decreased from 24% to
23% and from 25% to 17%, respectively upon methanol vapor treat-
ment (Post-treated). In other words, a significant fraction of random
and α-helix protein structures was converted into β-sheet structures.
There was minor decrease in the fraction of turns structure and minor
increase the fraction of side structure. Molecular diffusion generally
slows down transitioning from a more amorphous matrix to a more
crystalline matrix [53,71,72]. As a higher fraction of β-sheet structures
indicated a higher crystallinity in proteins [73–76], the prolonged re-
lease profiles of active ingredients upon methanol vapor treatment can
be explained by crystallization-induced retardation of the molecular
diffusion. Furthermore, a significant increase in β-sheet contents was
observed whereas the signals for other secondary structures (especially,
random and α-helix) in silk proteins were rather decreased as a function
of incubation time (Fig. 7c). This data indicates that the transformation
from amorphous to crystalline internal structures also caused by an
annealing mechanism of water molecules could further slow down the
release of therapeutic incorporated in the core (i.e. vancomycin) as
observed in Fig. 4.

As a complementary technique, the DSC was used to study the in-
fluence of methanol vapor treatment on the nanostructural changes of
core/shell electrospun mats (Fig. 8). The thermograms exhibited two
distinct peaks at ~64 °C and ~282 °C in the first scan for both before
(As-is) and after methanol vapor treatment (Post-treated). The sub-
sequent (secondary) DSC scans (not shown here) resulted in only single
peak around 64 °C, indicating that the second peak has been associated
with an irreversible process, presumably pertaining to the

decomposition of components. Considering the literature data on
thermal analysis of PEO and silk [77–80], the former (~64 °C) is as-
signed to the melting of PEO while the latter (~282 °C) is the decom-
position and degradation of silk fibroin with random coil conformation
(degradation peaks associated with well oriented β-sheets occur at and
above 300 °C [81] which were not experimentally accessible). While the
treatment caused the onset of decomposition temperature for silk fi-
broins shifted from 260 °C to 269 °C and also the heat of decomposition
decreased from 45.2 J/g to 29.4 J/g, no significant changes were ob-
served on the onset of melting and the heat of melting for PEO com-
ponents. The relative amounts of the silk I conformations and silk II
crystals (β- sheets) are reported to determine the stability with respect
to the changes in temperature i.e. the higher β-sheet content is known
to increase the decomposition temperature of silk fibroin [80,82,83].
Indeed, our observations on DSC thermograms show good agreements
with previous findings, i.e., exposure to methanol induced structural
transitions from silk I to silk II, giving rise to the higher β-sheet content
and crystallinity as observed. Overall, the combination of FTIR and DSC
studies confirmed that the methanol vapor treatment leads to critical
structural transitions in silk fibroin building blocks in core/shell na-
nofibers, thereby allowing a slower and gradual release of active in-
gredients through a crystalline matrix.

4. Conclusions

In this work, we demonstrate the proof-of-concept where vanco-
mycin and flurbiprofen can be loaded in the core and shell sections of

Fig. 6. (a) DSC thermograms of core/shell nanofiber mats with respect to incubation time. (b) Corresponding peak magnitude and position data (black and red
circles, respectively) obtained by a Gaussian peak fitting algorithm from Fig. (a). Black and red solid lines represent the fittings of the magnitude and position data
with an exponential decay function. Both magnitude and position of the DSC peak decreases exponentially as a function of incubation time (tR) with an exponential
decay constant, τ of 0.78 and 0.77 h, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. Representative results of a Fourier self–deconvolution analysis on the Amide I region for core/shell electrospun mats (a) before (As-is) and (b) after methanol
vapor treatment (Post-treated). The assignments of the various peaks to the different elements of secondary structure are shown with color-coordinated texts (labels).
(c) Percentage change of different secondary structures in core/shell nanofibers as a function of incubation time, tR.
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nanofibers prepared by co-axial electrospinning process. The faster re-
lease kinetics needed for anti-inflammatory agent, flurbiprofen was
achieved by selectively placing it on the shell layer of a hydrophilic
polymer, polyethylene oxide. The slower release of vancomycin was
accomplished by localizing this therapeutic agent in the core of nano-
fibers and relying on crystalline silk fibroin matrix, which delays the
diffusion of molecules. The release profiles of the core/shell electrospun
mats developed in three different configurations all followed an ex-
ponential trend, which is indicative of a first-order process with a
Fickian diffusional characteristics. The ratio of time constants of van-
comycin to the ones of flurbiprofen was able to be controlled from
about 2 to 4 depending on the configurations (architectures) of core/
shell electrospun mats, i.e. 1.8 ± 0.1 days (~9 days for 99% release)
for flurbiprofen in comparison to a time constant 3.8 ± 0.1 days
(~17 days for 99% release) for vancomycin. Mats containing vanco-
mycin/flurbiprofen core/shell nanofibers showed much improved ten-
sile modulus and strength after methanol vapor treatment, both of
which were further increased with incubation time whereas the initial
elongation ratio of about 201% displayed a temporal reduction, even-
tually reflecting comparable features in flexibility with human skin.
Such desirable release kinetics and mechanical properties were attri-
butable to several factors; transition of secondary structures from silk I
conformations to β-sheets by exposure to methanol vapor as well as
water annealing with time, selective compartmentalization of each
therapeutic agent into distinct matrix pairs chosen with cares, and core/
shell electrospun mats with characteristic architectures. Overall, the
core/shell electrospun mats newly developed here hold a dual-func-
tionality, carrying both anti-inflammatory and anti-bacterial agents and
address specific medical needs in the field of wound healing, precisely
controlling release kinetics of therapeutics incorporated at different
time scales from rapid to more prolonged delivery. The design concepts
utilized in this study can be applicable to other clinically relevant
systems which require multi-drug releasing, ranging from daily medical
procedures to battlefield trauma.
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