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ABSTRACT
Purpose This study seeks to develop fiber membranes for local
sustained delivery of 25-hydroxyvitamin D3 to induce the expression
and secretion of LL-37 at or near the surgical site, which provides a
novel therapeutic approach to minimize the risk of infections.
Methods 25-hydroxyvitamin D3 loaded poly(L-lactide) (PLA)
and poly(ε-caprolactone) (PCL) fibers were produced by
electrospinning. The morphology of obtained fibers was charac-
terized using atomic force microscope (AFM) and scanning elec-
tron microscope (SEM). 25-hydroxyvitamin D3 releasing kinetics
were quantified by enzyme-linked immunosorbent assay (ELISA)
kit. The expression of cathelicidin (hCAP 18) and LL-37 was an-
alyzed by immunofluorescence staining and ELISA kit. The anti-
bacterial activity test was conducted by incubating pseudomonas
aeruginosa in a monocytes’ lysis solution.
Results AFM images suggest that the surface of PCL fibers is
smooth, however, the surface of PLA fibers is relatively rough, in
particular, after encapsulation of 25-hydroxyvitamin D3. The du-
ration of 25-hydroxyvitamin D3 release can last more than
4 weeks for all the tested samples. Plasma treatment can promote
the release rate of 25-hydroxyvitamin D3. Human keratinocytes
and monocytes express significantly higher levels of hCAP18/LL-
37 after incubation with plasma treated and 25-hydroxyvitamin
D3 loaded PCL fibers than the cells incubated with around ten
times amount of free drug. After incubation with this fiber

formulation for 5 days LL-37 in the lysis solutions of U937 cells
can effectively kill the bacteria.
Conclusions Plasma treated and 25-hydroxyvitamin D3 loaded
PCL fibers induce significantly higher levels of antimicrobial pep-
tide production in human keratinocytes and monocytes without
producing cytotoxicity.
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ABBREVIATIONS
AFM Atomic force microscope
CFUs Colony-forming units
DAPI 4′,6-diamidino-2-phenylindole
DCM Dichloromethane
D-MEM Dulbecco’s modified eagle medium
DMF N, N-dimethylformamide
DMSO Dimethylsulfoxide
ELISA Enzyme-linked immunosorbent assay
FBS Fetal bovine serum
FDA U.S. Food and Drug Administration
FITC Fluorescein isothiocyanate
LB Luria-Bertani
PBS Phosphate buffer solution
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PCL Poly(ε-caprolactone)
PLA Poly(L-lactide)
RPMI Roswell Park Memorial Institute
SEM Scanning electron microscope

INTRODUCTION

The introduction of antisepsis in the mid-nineteenth century
made a significant progress in the prevention of surgical site
infections, however, surgical site infections still accounts for up
to 38% of all nosocomial infections creating a significant im-
pact on morbidity and mortality with over 290,000 surgical
site infections occurring per annum with an estimated inpa-
tient hospital cost of over $10 billion (1–3). Postsurgical infec-
tions lead to increased length of postoperative hospital stay,
drastically escalated expenses, higher rates of hospital read-
mission, and jeopardized health outcomes including a 3% risk
of mortality (2,4). Use of traditional antibiotics presents prob-
lems of selection and survival of resistant pathogens because of
the direct killing mechanism including inhibition of bacterial
cell wall synthesis, changing of cytomembrane impermeabili-
ty, and interference of protein or nucleic acid synthesis (5).
Multi-drug resistant nosocomial strains of bacteria such as
Acinetobacter baumannii have become amajor challenge for treat-
ment of surgical site infections and wounds. An ever-rising
number of Acinetobacter baumannii isolates are exhibiting resis-
tance to essentially all commonly used antibiotics (6–8). The
increasing frequency of multidrug-resistant clinical isolates of
Acinetobacter baumannii in the United States underscores the
need for novel approaches to supplement the current antimi-
crobial treatment regimes used in the prevention of surgical
site infections and treatment of wounds (9). To circumvent
these problems, new approaches for treatment of surgical site
infections with a mode of action different from current anti-
infectives are imperatively needed and useful in addressing
multiple antibiotic resistant organisms.

Human cathelicidin LL-37 is a small cationic peptide that
can act as an antibiotic by disrupting the membrane of mi-
crobes (10). LL-37 is derived from an inactive proform
(hCAP-18) produced in humans by various types of cells (e.g.,
keratinocytes, monocytes, neutrophils, macrophages, and ep-
ithelial cells) following exposure to active vitamin D (1,25-
dihydroxyvitamin D3) with local production critically depen-
dent on the storage form of vitaminD (25-hydroxyvitaminD3)
(11–14). Direct peptide application and over expression fol-
lowing gene therapy approaches have been used to alter local
concentrations of LL-37, but significant issues have developed
precluding this direct approach: toxicity to eukaryotic cells,
formation of toroidal pore, and risk of unintended and unde-
sired tissue destruction and inflammation in the area of surgi-
cal incision (15–19).

The goal of this study was to develop and validate a novel
local strategy to effectively minimize the risk of surgical site
infections while avoiding direct application of LL-37. Al-
though hydrogels are capable of soft-tissue-like compliance,
they can be difficult to suture and are often too weak to sup-
port physiologic loads. In addition, it is difficult to encapsulate
hydrophobic molecules inside hydrogels. For the sponges, the
physical status of hydrophobic drug molecules is usually in
crystallized form after encapsulation (20). In order to fulfill
our goal, by applying the knowledge of sustained release for-
mulations to design and fabricate fiber-based wound dress-
ings, this study will affect the local delivery of vitamin D based
metabolites from biodegradable electrospun fibers.
Electrospun fibers can serve as ideal materials for topical drug
delivery because of ease of incorporation of drugs, in particu-
lar, the hydrophobic molecules inside fibers, ease of control of
release profiles by mediating the porosity of fibers and the
degradation profiles, hydrophobic drug molecules exhibiting
amorphous state and enhancement of solubility of encapsulat-
ed hydrophobic drugs (21,22). Compared to traditional
wound dressings, fiber-based wound dressings have a number
of advantages such as haemostasis, high filtration, semi-per-
meability, conformability, functional ability and improved
cosmetic appearance/scar free (23). However, the current
available studies on electrospun fibers for wound dressing
are limited to the use of surface modifications or incorporation
with chitosan, Ag ions/nanoparticles, ZnO nanoparticles, and
antibiotics (24–27). In this work, we hypothesized that
electrospun fiber membranes could provide sustained release
of 25-hydroxyvitamin D3. We also hypothesized that 25-
hydroxyvitamin D3 released from fibrous matrices in a sus-
tainable manner could induce the local production of vitamin
D dependent antimicrobial peptides (LL-37) and thus provide
a novel strategy to minimize the chances of surgical site infec-
tions. For the fiber component, we chose PCL and PLA be-
cause they are biocompatible and biodegradable and have
been approved by the U.S. Food and Drug Administration
(FDA) for certain human clinical applications (28,29). Since
the critical substrate 25-hydroxyvitamin D3 was being deliv-
ered in this novel approach, the normal host machinery for
antimicrobial peptide production was optimized decreasing
the risks associated with direct peptide delivery.

MATERIALS AND METHODS

Materials and Reagents

25-hydroxyvitamin D3 and mouse anti-goat IgG-fluorescein
isothiocyanate (FITC) used in the present study was purchased
from Santa Cruz biotechnology, Inc. (Dallas, TX,USA). Goat
anti-cathelicidin polyclonal antibody was purchased from
Abcam (Cambridge, MA, USA). Protease inhibitor cocktail,
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PCL (Mw=70~90 kDa) and PLA (Mw=103~259 kDa) were
bought from Sigma-Aldrich (St. Louis, MO, USA). Trypsin-
EDTA, Dulbecco’s Modified Eagle Media and Roswell Park
Memorial Institute (RPMI) 1640, 4′, 6-diamidino-2-
phenylindole (DAPI) were bought from Invitrogen (Grand
Island, NY, USA). Triton-X100,M-PERmammalian protein
extraction reagent, dichloromethane (DCM), N, N-
dimethylformamide (DMF), dimethylsulfoxide (DMSO) and
fetal bovine serum (FBS), MicroBCA kit were acquired from
Thermo fisher scientific (Waltham, MA, USA). 25-
hydroxyvitamin D3 and LL-37 ELISA kits were purchased
from Diagnostika Gmbh (Hamburg, Germany) and Hycult
biotech (Plymouth Meeting, PA, USA) respectively.

Fabrication of Electrospun Fibers

PCL and PLA fibers with and without 25-hydroxyvitamin D3

loading were produced using a similar electrospinning setup as
reported in our previous studies (30–32). PCL or PLA was
dissolved in a solvent mixture consisting of DCM and DMF
with a ratio of 4:1(v/v) at a concentration of 10% (PCL) or 4%
(PLA) (w/v). The stock solution of 25-hydroxyvitamin D3 was
prepared by dissolving 1 mg 25-hydroxyvitamin D3 in 1 ml
DMSO and was added to the polymer (PCL or PLA) solution
with an initial drug loading of 1 mg/g. Polymer solutions were
pumped at a flow rate of 0.5 ml/h using a syringe pump while
a potential of 12 kV was applied between the spinneret (a 22-
gage needle) and a grounded collector located 12 cm apart
from the spinneret. A rotating drum was used to collect mem-
branes composed of random fibers with a rotating speed less
than 100 rpm. The fiber mats were then treated with air
plasma using plasma cleaner (PDC-32G, Harrick Plasma,
Ithaca, NY) for 8 min at a medium setting. All the fiber sam-
ples were treated by air plasma and sterilized by γ radiation at
a dose of 15 kGy prior to use for cell culture.

Morphological Characterization

The morphology and diameter of fiber samples were charac-
terized by a SEM (FEI, Quanta 200, Oregon, USA) and an
AFM (Bruker surface metrology division, Goleta, USA). To
avoid charging, polymeric fiber samples were fixed on a me-
tallic stud with double-sided conductive tape and coated with
platinum for 4 min in vacuum at a current intensity of 10 mA
using a sputter coater. SEM images were acquired at an ac-
celerating voltage of 30 kV. The AFM images were obtained
in ScanAsyst (peak force) mode by scanning the fibers depos-
ited on the cover glass surface under ambient conditions using
a Bruker Catalyst with a NanoScope V Controller. Sharp
silicon probes (ScanAsyst air, k ~0.4 N/m, Bruker) were used
to collect the images with the parameter settings as below:
512×512 pixels resolution, typical scanning rate 1.5 Hz.

The brightness of features in captured topographic images
increases as a function of height of the samples.

In Vitro Release and Encapsulation Efficiency

In vitro release of 25-hydroxyvitamin D3 from the fibers was
evaluated by immersing 10 mg fiber samples in the 10 ml PBS
solution at 37°C. The supernatants were collected at each
time point and replaced by fresh PBS solutions. Drug loading
and encapsulation efficiency were determined by the following
procedures. Ten mg fiber samples were dissolved in 0.2 ml
glacial acetic acid. The 25-hydroxyvitamin D3 concentrations
of al l col lected samples were determined by 25-
hydroxyvitamin D3 ELISA kit according to the manufac-
turer’s instructions.

Cell Culture and Treatments

Human keratinocyte cell line (HaCat) and monocyte cell line
(U937) were cultured in D-MEM with 10% FBS and RPMI-
1640 media with 10% FBS respectively. The cultures were
maintained at 37°C under 95% air and 5% CO2 until
reaching 80% confluence. The subconfluent HaCat cells were
dissociated with a 0.05% trypsin-EDTA and re-suspended in
a fresh complete media. U937 cells were precipitated by 300 g
centrifugation and then re-suspended in a fresh complete me-
dia. The single HaCat cell suspensions were created by gently
pipetting up and downHaCat cell aggregates and then placed
in 6-cm culture dishes and incubated for 1 day. At the begin-
ning of experiments, 5.0×105, 2.0×105 and 1.0×105 cells
were seeded in the culture dishes for 1-day, 3-day, and 5-
day treatments, respectively. The media was then replaced
by D-MEM (Ctr), D-MEM containing 0.52% DMSO, D-
MEM containing 5.0×10−7 M 25-hydroxyvitamin D3, D-
MEM containing 5.0×10−6 M 25-hydroxyvitamin D3, D-
MEM containing 1 mg/ml pristine PCL fibers, and D-
MEM containing 1 mg/ml 25-hydroxyvitamin D3 loaded
PCL fibers and incubated for 1, 3, and 5 days. Of note,
5.0×10−6 M 25-hydroxyvitamin D3 was chosen as a free drug
control due to cytotoxicity in OKF6-TERT2 cells (33). The
single U937 cell suspension was placed in 6-cm culture dishes.
Then, the cultures were incubated with RPMI-1640 (Ctr),
RPMI-1640 containing 0.52% DMSO, RPMI-1640 contain-
ing 1 mg/ml pristine PCL fibers, RPMI-1640 containing
5.0×10−7 M 25-hydroxyvitamin D3, RPMI-1640 containing
5.0×10−6 M 25-hydroxyvitamin D3, and RPMI-1640 con-
taining 1 mg/ml 25-hydroxyvitamin D3 loaded PCL fibers
for 1, 3, and 5 days.

Cell Proliferation

HaCat cells and U937 cells were seeded in 24-well plates.
Each well contains 2.5×104 cells and 1 ml culture media (D-
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MEM for HaCat and RPMI-1640 for U937). The cells were
treated following the procedure described in the section of cell
culture and treatments. The subconfluent HaCat cells were
harvested at day 1, 3 and 5 with 0.05% trypsin-EDTA solu-
tion and re-suspended in fresh complete media. U937 cells
were re-suspended by gently pipetting up and down. The cell
density was calculated based on the cell counting.

Immunofluorescence Assay

After treatments with different formulations, the cells were
rinsed with PBS twice and fixed with 4% paraformaldehyde
for 30min at 37°C followed by incubation with TNBS (0.05%
Triton-X100, 2% FBS in pH 7.2 PBS) for 30 min at room
temperature prior to immunostaining. Goat anti-cathelicidin
polyclonal antibody (1:200) was incubated to label intercellu-
lar cathelicidin at 4°C for overnight. Mouse anti-goat IgG-
FITC antibody (1:100) was incubated for 2 h after removal
of primary antibody and wash with TNBS for three times.
Then, the secondary antibody was removed and washed by
TNBS for three times. Nuclei were counterstained with
10 μMDAPI in blue. Images were taken with a digital camera
(Carl Zeiss). The exposure time for taking images for HaCat
and U937 cells was fixed at 400 ms and 40 ms, respectively.

Quantification of LL-37

Single cell suspensions of both HaCat and U937 were seeded in
6-cm culture dishes. At the beginning of experiments, 5.0×105,
2.0×105 and 1.0×105 cells were seeded in the culture dishes for
1-day, 3-day, and 5-day treatments, respectively. Cells were
treated with different formulations as described above and har-
vested at each time point. The subconfluent HaCat cells and
U937 cell suspensions were washed with PBS twice. Subsequent-
ly, 300 μl of the M-PER mammalian protein extraction reagent
with 0.1% protease inhibitor cocktail was added to the extraction
reagent. They were agitated for 20 min and lysate was collected
and transferred to a 1.5-ml microcentrifuge tube. The samples
were centrifuged at 14,000 g for 40 min at 4°C to pelletize the
cell debris and the supernatant was transferred to a new tube for
analysis. Total protein concentration was tested by MicroBCA
kit before ELISA test. Concentrations of LL-37 in cell lysate were
determined by LL-37 ELISA assay kit based on the manufac-
turer’s instructions.

Bacteria Culture and Colony Forming Unit Test

U937 cells were treated and harvested based on the same proto-
col in the section of quantification of LL-37. The cell lysis solu-
tions were collected and total protein concentrations were quan-
tified as mentioned above. Then, all the cell lysis solutions were
diluted to 1mg/ml of total protein in PBS. To examine the effect
of LL-37 in the cell lysis solution on killing Gram-negative

bacteria, pseudomonas aeruginosa were cultured in liquid Luria-
Bertani (LB) medium and subsequently the bacteria were diluted
to approximately 104 CFUs per microliter in PBS.One hundred
μl of bacteria solution was mixed with 100 μl of the cell lysis
solution and cultured at 37°C for 1 h. Then the culture was
placed on a LB agar plate. With additional incubation for 12 h
at 37°C, the number of colonies was counted. The counts were
repeated with three LB agar plates and averaged.

Statistical Analysis

Three replicates were tested for each data point. The statisti-
cal analysis was performed on the means of the data obtained
from at least three independent experiments. All the results
were presented as means and the significance was assessed
using student’s t-test. p values of 0.05 or less among the groups
were considered to be significant and very significant.

RESULTS

Electrospinning Fiber Characterization

In this work, we chose PCL and PLA as model materials
because they are biocompatible and biodegradable polymers
and have been approved by FDA for certain human clinical
applications. 25-hydroxyvitamin D3 loaded PCL fibers and
25-hydroxyvitamin D3 loaded PLA fibers were first fabricated
by electrospinning and then treated with air plasma. We first
characterize the morphology of fibers using SEM. Figure 1a-d
shows SEM images of the morphology of PCL fibers, 25-
hydroxyvitamin D3 loaded PCL fibers, PLA fibers and 25-
hydroxyvitamin D3 loaded PLA. The diameters of PCL fibers,
25-hydroxyvitamin D3 loaded PCL fibers, PLA fibers and 25-
hydroxyvitamin D3 loaded PLA fibers were 633±296, 906±
446, 708±156, and 1204±397 nm. The surface of PCL fibers
was smooth and remained almost the same after encapsula-
tion of 25-hydroxyvitamin D3. In contrast, PLA fibers showed
some wrinkles on the surface and more wrinkles was observed
on the surface after encapsulation. In addition, the PCL and
25-hydroxyvitamin D3 loaded PCL fibers were in cylindrical
shape while PLA and 25-hydroxyvitamin D3 loaded PLA fi-
bers shaped like a ribbon. We further characterize the mor-
phology of fibers using AFM shown in Fig. 2. It is seen that the
surface of PCL fibers was smooth and similar to that of 25-
hydroxyvitamin D3 loaded PCL fibers. However, the surface
of 25-hydroxyvitamin D3 loaded PLA fibers seemed rougher
than PLA fibers.

Drug Releasing Kinetics

We then examined the release kinetics of 25-hydroxyvitamin
D3 from fiber formulations developed using 25-
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hydroxyvitamin D3 ELISA kit. The initial drug loading was
1‰. The drug loading and encapsulation efficiency for 25-

hydroxyvitamin D3 loaded PCL were 0.76‰ and 76±7.4%
while the corresponding values for 25-hydroxyvitamin D3

Fig. 1 Morphology characterization.
SEM images of (a) PCL fibers, (b) 25-
hydroxyvitamin D3 loaded PCL fibers,
(c) PLA fibers and (d) 25-
hydroxyvitamin D3 loaded PLA fibers.
The scale bar is 1 μm for all the
panels.

Fig. 2 Morphology and surface
characterization. AFM images of (a)
PCL fibers, (b) 25-hydroxyvitamin
D3 loaded PCL fibers, (c) PLA fibers
and (d) 25-hydroxyvitamin D3

loaded PLA fibers. The scale bar is
1 μm for all the insets.
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loaded PLA fibers were 0.90‰ and 90±5.4%. Figure 3 shows
the in vitro release profiles of raw fiber formulations (25-
hydroxyvitamin D3 loaded PCL, 25-hydroxyvitamin D3 load-
ed PLA) and plasma-treated and 25-hydroxyvitamin D3 load-
ed fiber formulations and plasma-treated and 25-
hydroxyvitamin D3 loaded PLA fiber formulations. Figure 3
shows the cumulative percentage of released 25-
hydroxyvitamin D3 from plasma treated and 25-
hydroxyvitamin D3 loaded PLA fibers was around 5% higher
than that from plasma treated and 25-hydroxyvitamin D3

loaded PCL fibers. Correspondingly, plasma-treated fibers
samples showed a similar trend. Around 55% and 49% of
25-hydroxyvitamin D3 were released from plasma treated
and 25-hydroxyvitamin D3 loaded PLA and plasma treated
and 25-hydroxyvitamin D3 loaded PCL fiber samples after
incubation for 28 days. By contrast, only 32% and 23% of
25-hydroxyvitamin D3 were released from untreated 25-
hydroxyvitamin D3 loaded PLA and 25-hydroxyvitamin D3

loaded PCL fiber samples within the same incubation time.

Cell Proliferation

Before proceeding to investigate the capability of fiber formu-
lations in inducing the antimicrobial peptide production, we
tested the in vitro cytotoxicity of various formulations using
HaCat cells (human keratinocyte cell line) and U937 cells (leu-
kemic monocyte lymphoma cell line) (Fig. 4). Both types of cells
are present during the wound healing process. According to 25-
hydroxyvitamin D3 release profiles, cumulatively released 25-
hydroxyvitamin D3 from 1 mg plasma treated and 25-
hydroxyvitamin D3 loaded PCL fibers was approximately 190

and 230 ng in the first 3 and 5 days, respectively. Therefore, the
equivalent concentration of 25-hydroxyvitamin D3 for 1 mg
plasma treated and 25-hydroxyvitamin D3 loaded PCL fibers
in 1 ml media in the first 3 days was ~5.0×10−7 M. The
treatment of 5.0×10−7 M 25-hydroxyvitamin D3 free drug
was conducted as a control. The cells treated with 5.0×
10−6 M 25-hydroxyvitamin D3 free drug around ten times the
concentration of 25-hydroxyvitamin D3 in the control group
was used as an additional toxicity control. Since 1 mg/ml 25-
hydroxyvitamin D3 stock solution was prepared in DMSO,
0.52% DMSO (v/v) was added into complete culture media
as a solvent control group. Air plasma treated PCL fibers with-
out drug loading was employed as another control group.
Figure 4a shows the change of cell concentrations along with

Fig. 3 Release profiles of 25-hydroxyvitamin D3 from various fiber samples.
Solid square (■): 25-hydroxyvitamin D3 loaded and air plasma treated PLA
fibers. Open square (□): 25-hydroxyvitamin D3 loaded and air plasma treated
PCL fibers. Solid triangle (▲): 25-hydroxyvitamin D3 loaded PLA fibers, Open
triangle (△): 25-hydroxyvitamin D3 loaded PCL fibers. Each data point repre-
sents arithmetic mean±SD values from three samples.

Fig. 4 Cytotoxicity of various formulations. HaCat (a) and U937 (b) cell
proliferation after treatment with 1 mg/ml PCL fibers, 0.52% DMSO,
5.0×10−7 M 25-hydroxyvitamin D3, 5.0×10−6 M 25-hydroxyvitamin D3,
and 1 mg/ml plasma treated 25-hydroxyvitamin D3 loaded PCL fibers (con-
taining 5.0×10−7 M 25-hydroxyvitamin D3 equivalent amount based on the
calculations from release profiles in the first 3 days) for 1, 3 and 5 days. Each
data point represents arithmetic mean±SD values from four samples. Statis-
tical significance was calculated by student’s t-test (* p<0.05).
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incubation times after treatment with different formulations.
There were no significant differences of HaCat concentration/
proliferation after treatment with various experimental groups
at each time point, suggesting no evident cytotoxic effect on
HaCat cells. However a slight decrease in the proliferation rate
was found for all experimental groups after 3 days’ incubation,
which could be due to the exhaustion of nutrients in the culture
media. In contrast, the same treatments on U937 cells showed
one notable difference: the proliferation rate of U937 cells re-
duced dramatically after treatment of 5.0×10−6 M 25-
hydroxyvitamin D3 for 3 and 5 days, exhibiting its cytotoxic
effects (Fig. 4b). Except for 5.0×10−6 M 25-hydroxyvitamin
D3 all other treatment groups showed marginal effects on the
proliferation/concentration ofU937 cells, indicating no cytotox-
icity to the cells.

Expression of hCAP 18

We subsequently pursued the capability of various formula-
tions in inducing the expression of cathelicidin in HaCat cells
and U937 cells (Fig. 5). We chose polyclonal of anti-

cathelicidin antibody and FITC conjugated secondary anti-
body to perform immunofluorescence staining and qualita-
tively examine the effects of different formulations on the
cathelicidin expression. Both the full length and cleaved C
terminus of hCAP18 were labeled. We obtained the positive
staining of hCAP 18 in HaCat cells after 3 days’ treatment
of 5.0×10−6 M 25-hydroxyvitamin D3 or incubation
with plasma treated and 25-hydroxyvitamin D3 loaded
PCL fibers (Fig. 5a). With increasing the incubation
time from 1 day to 3 days to 5 days, the green fluores-
cence intensity of cells obviously increased when treated
with 5.0×10−6 M 25-hydroxyvitamin D3 or plasma
treated and 25-hydroxyvitamin D3 loaded PCL fibers
containing ~5.0×10−7 M 25-hydroxyvitamin D3 (equiv-
alent amount based on the calculations from release
profiles in the first 3 days). Additionally, HaCat cells
treated with 5.0×10−7 M 25-hydroxy vitamin D3,
DMSO and pristine PCL fibers showed the negative
staining at all time points. DSMO and pristine PCL
fibers showed no capability in inducing hCAP 18 ex-
pressions in HaCat cells. It is interesting to note that

Fig. 5 Cathelicidin expression of HaCat (a) and U937 (b) cells after treatment with different formulations. Fluorescence microscopy images illustrate the
cathelicidin expression of HaCat and U937 cells which were incubated in the presence of pristine 1 mg/ml PCL fibers, 0.52%DMSO, 5.0×10−7 M 25-hydroxy
vitamin D3, 5.0×10−6 M 25-hydroxyvitamin D3 and 1 mg/ml plasma treated and 25-hydroxyvitamin D3 loaded PCL fibers (containing 5.0×10−7 M 25-
hydroxyvitamin D3 equivalent amount based on the calculations from release profiles in the first 3 days) for 1, 3 and 5 days. The expressed cathelicidin of cultured
cells were stained with rabbit anti-cathelicidin antibody and mouse anti-rabbit FITC secondary antibody in green and the nuclei were counterstained with DAPI in
blue. The scale bar is 20 μm.

Local Sustained Delivery of 25-Hydroxyvitamin D3 2857



the 5.0×10−7 M 25-hydroxyvitamin D3 control did not
demonstrate hCAP 18 expression.

The same experiments were also conducted using U937
cells (Fig. 5b). Similarly, U937 cells were treated with pristine
PCL fibers, DMSO or 5.0×10−7 M 25-hydroxyvitamin D3

showed negative staining of cathelicidin at each time point. By
contrast, U937 cells exhibited evident expression of hCAP 18
after 1 day’s treatment of 5.0×10−6 M 25-hydroxyvitamin D3

or plasma treated and 25-hydroxyvitamin D3 loaded PCL
fibers containing ~5.0×10−7 M 25-hydroxyvitamin D3

(equivalent amount based on the calculations from release
profiles in the first 3 days). With increasing incubation time,
the fluorescence intensity of U937 cells increased after treat-
ment of 5.0×10−6 M 25-hydroxyvitamin D3 while main-
tained the similar level when treated with plasma treated
and 25-hydroxyvitamin D3 loaded PCL fibers for 3 days. In-
triguingly, the fluorescence intensity (expression level of hCAP
18) of U937 cells decreased after treatment of 5.0×10−6 M
25-hydroxyvitamin D3 from day 3 to day 5, however, the
fluorescence intensity (expression level of hCAP 18) of U937
cells sharply increased when treated with plasma treated and
25-hydroxyvitamin D3 loaded PCL fibers within the same
culture period. The cell proliferation assays demonstrated a
decrease in cell concentration on days 3 and 5 for the U937
cells treated with 5.0×10−6 M 25-hydroxyvitamin D3.

LL 37 Production

We further quantitatively investigated the production of anti-
microbial peptide from HaCat cells and U937 cells after in-
duction of different formulations using LL-37 ELISA kit
(Fig. 6). It is seen that the LL-37 production in both HaCat
cells and U937 cells was significantly higher when incubated
with plasma treated and 25-hydroxyvitamin D3 loaded PCL
fibers than the free drug for 3 and 5 days (Fig. 6). The amount
of LL-37 produced from U937 cells increased when treated
with 5.0×10−6 M 25-hydroxyvitamin D3 for 3 days and then
decreased sharply after 5 days’ incubation. This result was in
line with the data of hCAP18 expression. Importantly, both
HaCat and U937 cells were treated with plasma treated and
25-hydroxyvitamin D3 loaded PCL fibers had a stable pro-
duction of high amounts of LL-37.Most interestingly, the cells
treated with plasma treated and 25-hydroxyvitamin D3 load-
ed PCL fibers containing ~5.0×10−7 M 25-hydroxyvitamin
D3 (equivalent amount based on the calculations from release
profiles in the first 3 days) can produce higher amount of LL-
37 than the cells treated with 5.0×10−6 M 25-hydroxyvitamin
D3 – 10.3 and 8.3 times concentrations of plasma treated and
25-hydroxyvitamin D3 loaded PCL fiber group after incuba-
tion for 3 and 5 days consistent with the results from cell
proliferation and immunofluorescent assays. In addition, it is
worth noting that U937 cells can produce a10-fold larger

amount of LL-37 than HaCat cells under the same testing
conditions.

Antibacterial Activity

We also demonstrated antibacterial activity through co-
incubation of bacteria and U937 lysis solutions. Bacteria were
incubated with cell lysis solutions and CFUs were counted on
agar plates. The numbers of CFUs showed no significant dif-
ference between the lysis solutions of U937 cells that were
treated with different formulations for 1 and 3 days. In con-
trast, the lysis solutions of cells which were treated with 5.0×
10−6 M 25-hydroxyvitamin D3 and plasma treated and 25-
hydroxyvitamin D3 loaded PCL fibers for 5 days showed sig-
nificantly lower numbers of CFUs than other treatment
groups (Fig. 7).

Fig. 6 Quantification of LL37 expressed in HaCat (a) and U937 (b) cells after
treatment with different formulations. Cells were incubated in the presence of
1 mg/ml pristine PCL fibers, 0.52% DMSO, 5.0×10−7 M 25-
hydroxyvitamin D3, 5.0×10−6 M 25-hydroxyvitamin D3, and 1 mg/ml plas-
ma treated and 25-hydroxyvitamin D3 loaded PCL fibers (containing 5.0×
10−7 M 25-hydroxyvitamin D3 equivalent amount based on the calculations
from release profiles in the first 3 days) for 1, 3 and 5 days. Each data point
represents arithmetic mean±SD values from three samples. Statistical signif-
icance was evaluated by student’s t-test (* p<0.05).
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DISCUSSION

Surgical site infections continue to represent a significant por-
tion of healthcare-associated infections (2). Antibiotic resis-
tance in common pathogens reinforces the need to minimize
surgical site infections (34). Recent studies showed the synthe-
sis of active 1,25-hydroxyvitamin D3 occurred in numerous
extrarenal sites in cells such as keratinocytes, epithelia cells,
neutrophils, monocytes and macrophages which express
CYP27B1 and vitamin D receptor. The synthesized 1,25-
hydroxyvitamin D3 bound to vitamin D receptor acting as a
transcription factor leading to induction of hCAP 18
(11–14,35–37). In its nascent form, hCAP 18 is inactive. Upon
cleavage by proteinase 3, LL-37 is generated (38). Therefore,
LL-37 can be derived from an inactive form (hCAP-18) pro-
duced in humans by various type of cells following exposure to
active 1,25-hydroxyvitamin D3 with local production critically
dependent on the storage form of 25-hydroxyvitamin D3

(39,40). LL-37 acts as an antibiotic by disrupting the mem-
brane of microbes exhibiting broad-spectrum microbicidal
activity against bacteria, fungi, and viruses (10). Direct peptide
application and over expression following gene therapy ap-
proaches have been precluded because of a number of signif-
icant toxicity issues (15–19). Additionally, direct administra-
tion of 1,25-hydroxyvitamin D3 does induce hCAP 18 expres-
sion but low concentrations (10−7 M 1,25-hydroxyvitamin D3)
generate cytotoxicity and led to the inhibition of cell growth
(41–43). Other strategies are therefore needed to improve
hCAP 18 expressions and LL-37 productions. A recent study
showed that administration of 25-hydroxyvitamin D3 resulted

in an increase of cathelicidin expression in wounds by activa-
tion of CYP27B1 (44). It has been demonstrated that 25-
hydroxyvitamin D3 can enhance innate immunity by inducing
a number of cells including keratinocytes, neutrophils, mono-
cytes, macrophages, and epithelial cells which have vitamin D
receptor to produce antimicrobial peptides LL-37
(11–14,35–37). In this study, we developed electrospun PLA
and PCL fibers as a wound dressing for local sustained deliv-
ery of 25-hydroxyvitamin D3 a circulation form of vitamin D3

to induce antimicrobial peptide production. Biological effects
were demonstrated in plasma-treated and 25-hydroxyvitamin
D3 loaded PCL fibers with increased production of hCAP 18
and LL-37 in HaCat and U937 cells.

Both PLA and PCL fibers are able to encapsulate and
deliver 25-hydroxyvitamin D3 in a sustained manner. The
rough surface and ribbon shape of PLA fibers could be due
to the high molecular weight and slow diffusion in the solvent
of PLA molecules. In contrast, low molecular weight and fast
diffusion in the solvent of PCL molecules led to the smooth
surface and cylindrical shape of PCL fibers. The in vitro release
rate of 25-hydroxyvitamin D3 from PLA and PCL fibers is
mainly determined by the rate of polymeric fiber degradation,
water penetration, dissolution and diffusion of encapsulated
25-hydroxyvitamin D3. In vitro release results show that 25-
hydroxyvitamin D3 released faster from PLA fibers than from
PCL fibers, which could be partly attributed by better hydro-
philicity of PLA fibers compared to PCL fibers. Plasma treat-
ment can significantly improve the hydrophilicity and wetta-
bility of fibers as water contact angles changed from 150°
prior to treatment to 0° after treatment, which could lead to
fast water penetration and release rate (Fig. S1). The current
study demonstrated that the air plasma treatment enhanced
the release rate of 25-hydroxyvitamin D3 from PLA and PCL
fibers. The fiber degradation may have little impact on the
release rate of 25-hydroxyvitamin D3 as both PLA and PCL
fibers degraded slowly. Previous studies demonstrated PLA
fibers had significant swelling after incubation for 4 weeks
(45). The swelling of PLA fibers may enlarge the pore size in
fibers and thus enhance the rate of water penetration and
diffusion of 25-hydroxyvitamin D3, eventually resulting in a
faster release rate. Therefore, the swelling effect could partial-
ly contribute to the faster release rate of 25-hydroxyvitamin
D3 from PLA fibers compared to PCL fibers. The release
profiles of 25-hydroxyvitamin D3 can be further tailored
through modulation of degradation rates of fiber materials
as the degradation rates of PCL and PLA fibers can be con-
trolled by incorporation of certain enzymes like proteinase K
and lipase (46,47). In addition, the improvement of hydrophi-
licity and wettability of fibers may enhance the absorption of
wound exudate. So, it is preferred to treat 25-hydroxyvitamin
D3 loaded PCL and PLA fibers with air plasma. Considering
the cost reduction in practical applications, we chose 25-
hydroxyvitamin D3 loaded PCL fibers to conduct the

Fig. 7 Quantification of pseudomonas aeruginosa CFUs treated by U937 lysis
solutions. U937 were incubated in the presence of 1 mg/ml pristine PCL
fibers, 0.52% DMSO, 5.0×10−7 M 25-hydroxyvitamin D3, 5.0×10−6 M
25-hydroxyvitamin D3, and 1 mg/ml plasma treated and 25-hydroxyvitamin
D3 loaded PCL fibers (containing 5.0×10−7 M 25-hydroxyvitamin D3 equiv-
alent amount based on the calculations from release profiles in the first 3 days)
for 1, 3 and 5 days. Bacteria were incubated with cell lysis solutions and CFUs
were counted on agar plates. Each data point represents arithmetic mean±
SD values from three samples. Statistical significance was evaluated by stu-
dent’s t-test (* p<0.05).
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biological tests because of higher cost of PLA than PCL raw
materials.

HaCat cells and U937 cells are human keratinocytes and
monocytes, respectively. Both types of cells express CYP27B1
and vitamin D receptor that are essential for the production of
hCAP 18 a cathelicidin anti-microbial protein containing the
antibacterial peptide LL-37. We demonstrated that HaCat
cells incubated with plasma treated and 25-hydroxyvitamin
D3 loaded PCL fibers containing ~5.0×10−7 M 25-
hydroxyvitamin D3 can express higher level of hCAP 18 and
LL-37 compared to the cells administered by 5.0×10−6M 25-
hydroxyvitamin D3 for 5 days with no effects on cytotoxicity
(40). Even though the released 25-hydroxyvitamin D3 from
plasma treated and 25-hydroxyvitamin D3 loaded PCL fibers
was much lower than exogenous administered 25-
hydroxyvitamin D3 it was equally effective at LL-37 produc-
tion indicating a biological advantage of sustained release fi-
ber formulations. Our results also showed that the expression
of hCAP 18 and LL-37 of keratinocytes increased after incu-
bation with 5.0×10−6M 25-hydroxyvitamin D3 from day 1 to
5. In addition, 5.0×10−6 M 25-hydroxyvitamin D3 free drug
showed marginal cytotoxic effects on the HaCat cells, which is
in accordance with previous studies (40). In contrast, the ex-
pression of hCAP 18 and LL-37 of U937 cells after adminis-
tration of 5.0×10−6 M 25-hydroxyvitamin D3 increased from
day 1 to 3 and decreased from day 3 to 5. When incubated
with plasma treated and 25-hydroxyvitamin D3 loaded PCL
fibers containing ~5.0×10−7 M 25-hydroxyvitamin D3, the
expression of hCAP 18 and LL-37 of U937 cells kept increas-
ing from day 1 to 5 with a 10-fold increase in LL-37 produc-
tion overHaCaT cells (Fig. 6). Most importantly, compared to
administration of 5.0×10−6M free drug, U937 cells expressed
similar level of hCAP 18 and LL-37 after incubation with
plasma treated and 25-hydroxyvitamin D3 loaded PCL fibers
for 3 days, however, the cells expressed significantly higher
level of hCAP 18 and LL-37 after incubation with plasma
treated and 25-hydroxyvitamin D3 loaded PCL fibers for
5 days. Additionally, it is revealed that 5.0×10−6 M 25-
hydroxyvitamin D3 caused cytotoxicity to U937 after culture
for 3 and 5 days as part of monocytes could be killed or the
proliferation could be inhibited under such a condition. Cy-
totoxicity is a concern in this cell line with 5.0×10−6 M 25-
hydroxyvitamin D3 altering proliferation within 3 days. In a
recent study, 5.0×10−6 M or higher concentration of 25-
hydroxyvitamin D3 was demonstrated to be toxic to OKF6-
TERT2 and little cytotoxicity was observed when the concen-
tration was lower than 5.0×10−7 M, which agrees well with
our results in U937 cells (33). So this concentration of 25-
hydroxyvitamin D3 was chosen as a control to test cytotoxicity
and should be considered in applications to address surgical
site infections. In comparison, the treatment of 5.0×10−7 M
free drug to HaCat andU937 cells failed to induce production
of significant amount of hCAP 18 and LL-37. Plasma treated

and 25-hydroxyvitamin D3 loaded PCL fibers containing the
same amount of 25-hydroxyvitamin D3 can sustainably in-
duce the production of hCAP 18 and LL-37 in both HaCat
and U937 cells, emphasizing the importance of sustained re-
lease fiber formulations as novel approach to optimize the
biological environment. The results of antibacterial activity
indicated that LL- 37 in the lysis solutions of U937 cells treat-
ed with both 5.0×10−6 M 25-hydroxyvitamin D3 and plasma
treated and 25-hydroxyvitamin D3 loaded PCL fibers for
5 days could kill more bacteria than other treatment groups.
EC50 of LL-37 against Pseudomonas aeruginosa is around
1.3~3.6 μg/ml, and this value against Staphylococcus aureus is
1.27 μg/ml (48,49). In this study, there was no infection in-
volved for cultured cells. Therefore, the production level of
antimicrobial peptide in this study was relatively low. Even so,
we have demonstrated the antimicrobial activity of our system
in vitro. We will test our delivery system in cultured cells with
medium containing supernatant in bacterial culture in our
future work. We will also build an ex vivo human skin infection
model for testing the antibacterial activities of our system in
the future work. Our results indicated that the administration
of plasma treated and 25-hydroxyvitamin D3 loaded PCL
fibers had no negative effects on the proliferation and simul-
taneously induced a high-level expression of hCAP 18 and
LL-37 in human keratinocytes and monocytes, and LL-37
could kill bacteria to prevent infection, demonstrating a great
potential in clinical applications. There is great need for a new
approach to develop a post-surgical dressing that reduces the
risk of surgical site infections. Current meta-analysis provides
no evidence that current products reduce the risk of surgical
site infections (50). As only primates and humans have
cathelicidin antimicrobial peptide gene, our future work will
be focusing on validation of these fiber formulations in a hu-
manized transgenic mouse model or clinical trial testing by
comparing systemic administration to localized delivery
techniques.

CONCLUSION

25-hydroxyvitamin D3 loaded PCL and PLA fibers were suc-
cessfully prepared via electrospinning. Plasma treatment im-
proved fiber hydrophilicity and promote the release rate of
25-hydroxyvitamin D3 from fibers. The 25-hydroxyvitamin
D3 release from PCL and PLA fibers can endure more than
28 days. The released 25-hydroxy vitamin D3 from
electrospun fibers can induce the production of a significantly
higher level of hCAP 18/LL-37 than free drugs and LL-37
produced by monocytes could kill bacteria to prevent the oc-
currence of infection. Plasma treated and 25-hydroxyvitamin
D3 loaded PCL fibers were not exhibiting negative effects on
the cell proliferation on human keratinocytes and monocytes.
Therefore, the electrospun fibers developed in this study may
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be promising as novel dressings for minimizing surgical site
infections. These fibers could also be used as coating materials
to the implants, devices or catheters for prevention of
infections.
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