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Abstract

Surgical site infections represent a significant clinical problem. Herein, this study aimed to 

develop a nanofiber-based dressing capable of local sustained delivery of immunomodulating 

compounds including 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3) and VID400, a CYP24A1 
inhibitor, for inducing expression of the endogenous cathelicidin antimicrobial peptide (CAMP) 

gene which encodes the hCAP18 protein that is processed into the LL-37 peptide. Nanofiber 

wound dressings with co-encapsulation of 1,25(OH)2D3 and VID400 were prepared by 

electrospinning. Both 1,25(OH)2D3 and VID400 were successfully loaded into nanofibers with 

encapsulation efficiencies larger than 90% and exhibited a sustained release from nanofibers 

over 4 weeks. Treatment with 1,25(OH)2D3/VID400-co-loaded poly(ϵ-caprolactone) nanofibers 

significantly induced hCAP18/LL-37 expression in monocytes, neutrophils, and keratinocytes in 
vitro. In addition, administration of 1,25(OH)2D3/VID400 nanofiber membranes dramatically 

increased expression of hCAP18/LL-37 in skin wounds of human CAMP transgenic mice 

and artificial wounds of human skin explants. The 1,25(OH)2D3 and VID400 containing 

nanofiber dressings enhanced innate immunity by inducing antimicrobial peptide production 

more efficiently than free drug alone or 1,25(OH)2D3 loaded nanofibers. Together, 1,25(OH)2D3/

VID400 embedded nanofiber dressings presented in this study show potential in preventing 

surgical site infections.
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INTRODUCTION

Surgical site infections (SSIs) have been historically associated with increased morbidity and 

mortality but remain a clinical issue in modern healthcare.1 Regardless of today's surgical 
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protocols, between 2% and 5% of all surgical interventions result in a SSI.2 As of 2017, the 

Centers for Disease Control and Prevention (CDC) estimated that SSIs occurred in at least 

1.9% of all surgical patients; however, this number is most likely not representative of the 

total number of SSIs cases since about 50% of SSIs occur after hospital discharge.3 SSIs 

also incur a considerable economic burden. In the United States alone, the management of 

SSIs costs over $3 billion USD per year.4

The most common method to treat SSIs is antibiotic therapy;5 however, due to the abuse of 

various antibiotics in recent decades, antibiotic resistance has become a serious problem 

in the field of biomedicine.6 The World Health Organization (WHO) warns by 2050, 

the global death toll from antibiotic-resistant strains of pathogens may affect 10 million 

people per year.7 There is an urgent need for the development of new antimicrobial and anti-

infection methods in the post-antibiotic era. Among various approaches, enhancing innate 

immunity is a promising direction. Innate immunity constitutes the first line of defense and 

includes specific cells of hematopoietic origin that produce various effector molecules to 

activate mechanisms for eliminating pathogens.8 These include non-professional (NK cells) 

and professional phagocytes (monocytes/macrophages, dendritic cells and granulocytes).9 

Furthermore, epithelial cells are fundamentally important for forming a continuous defense 

barrier.10

The bioactive form of vitamin D3, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) strongly 

induces CAMP gene expression in monocytes, macrophages, dendritic and epithelial barrier 

cells through the vitamin D receptor (VDR).11-14 In our previous work, we reported 

nanofibers loaded with 25(OH)vitamin D3 (25D3) or 1,25(OH)2D3 can induce higher CAMP 
gene expression in HaCat and U937 cells than the free drug at an equivalent dose.15, 16 

Another target gene of VDR is CYP24A1, which encodes the 24-hydroxylase, a protein 

that limits the amount of 1,25(OH)2D3 in the body.17 Inhibitors of CYP24A1 are expected 

to extend the half-life of 1,25(OH)2D3 and increase its endogenous levels.18 The inhibitor, 

N-(2-(1H-Imidazol-1-yl)-2-phenylethyl)-4'-chloro-[1,1'-biphenyl]-4-carboxamide (VID400), 

directly binds to the heme iron of the CYPs via an azole nitrogen and to other parts of the 

substrate site which has potential to selectively inhibit CYP24A1.19 Therefore, a promising 

strategy to prevent the catabolism of 1,25(OH)2D3 and possibly potentiate the action on 

CAMP induction could involve inhibiting CYP24A1 activity. As shown in Figure 1, specific 

pathogen associated molecular patterns (PAMP) are recognized by Toll-like receptors 

initiating the local intra-cellular conversion of active vitamin D. Active vitamin D3 is bound 

by the vitamin D receptor (VDR) initiating gene transcription at specific DNA sequences, 

vitamin D response elements (VDRE).20 Following protein synthesis of antimicrobial 

peptides, like cathelicidin (LL-37), pathogen destruction ensues. This intracrine system of 

active vitamin D production and immunity is dependent on the concentration of 25(OH)D or 

1,25(OH)2D3.21 Inactivation of 1,25(OH)2D3 occurs via C-23 and C-34 oxidation pathways, 

catalyzed by CYP24A1. CYP24A1 inhibitor VID400 can inhibit the activity of CYP24A1 

by occupying its substrate site and reduce the inactivation of 1,25(OH)2D3, which may result 

in promotion of cathelicidin/LL-37 production.

In this work, we report the co-delivery of 1,25(OH)2D3 and CYP24A1 inhibitor VID400 

using electrospun nanofibers in an attempt to develop a nanofiber dressing containing 
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1,25(OH)2D3 and a CYP24A1-specific inhibitor to potentiate the induction of CAMP 
expression. Briefly, we generated biodegradable electrospun nanofiber dressings to up-

regulate CAMP gene expression and induce endogenous antimicrobial peptide hCAP18/

LL-37 expression in keratinocytes, monocytes, neutrophils, skin wounds of humanized 

transgenic mice and artificial wounds of human skin explants. We found after treating 

with 1,25(OH)2D3/VID400-co-loaded poly(ϵ-caprolactone) (PCL) nanofibers, the hCAP18/

LL-37 expression in monocytes, neutrophils, and keratinocytes, skin wounds of human 

CAMP transgenic mice and artificial wounds of human skin explants was significantly 

induced. Our findings supported the use of 1,25(OH)2D3/VID400-co-loaded nanofibers as 

wound dressings for potentially preventing SSIs.

MATERIALS AND METHODS

Materials.

N-(2-(1H-Imidazol-1-yl)-2-phenylethyl)-4'-chloro-[1,1'-biphenyl]-4-carboxamide (VID400) 

was purchased from Aobious (Gloucester, MA, USA). 1α,25(OH)2D3 was purchased from 

Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Poly(ϵ-caprolactone) (PCL; molecular 

weight (Mw) = 70–90 kDa) and Pluronic® F-127 were obtained from Sigma-Aldrich (St. 

Louis, MO, USA).

Fabrication and Characterization of 1,25(OH)2D3- and 1,25(OH)2D3/VID400-loaded 
Nanofibers.

1,25(OH)2D3 or 1,25(OH)2D3/VID400 was encapsulated in PCL nanofibers using 

electrospinning as described in our previous studies.16 Briefly, PCL was dissolved in 

a solvent mixture consisting of dichloromethane (DCM, Thermo Fisher Scientific, MA, 

USA) and dimethylformamide (DMF, Thermo Fisher Scientific, MA, USA) with a ratio 

of 4:1 (v/v) at a concentration of 9% (w/v). To enhance the hydrophilicity of fibers, 1% 

(w/v) pluronic F-127 was added to the solution. The stock solutions of 1,25(OH)2D3 or 

1,25(OH)2D3/VID400 prepared by dissolving 1 mg 1,25(OH)2D3 or 1 mg 1,25(OH)2D3 and 

10 mg VID400 in 1 mL DMSO (Thermo Fisher Scientific, MA, USA) were added to the 

polymer (PCL) solution with initial drug loadings ranging from 250 μg/g to 2500 μg/g. The 

polymer solution was pumped at a flow rate of 0.6 ml/h using a syringe pump, while an 

electrical potential of 15 kV was applied between the spinneret (a 22-gage needle) and a 

grounded collector located 15 cm from the spinneret. A rotating drum collected membranes 

composed of random fibers with a rotating speed less than 100 rpm. The morphology and 

diameter of the nanofiber samples were characterized by a scanning electron microscope 

(SEM, FEI, Quanta 200, OR, USA) following our previous studies.

In Vitro Release of 1,25(OH)2D3 and VID400 from Nanofibers.

In vitro release of 1,25(OH)2D3 and VID400 from the nanofibers was evaluated by 

immersing 10 mg fiber samples in 10 ml phosphate-buffered saline (PBS) at 37 °C. The 

supernatants were collected at each time point and replaced with fresh PBS. Drug loading 

and encapsulation efficiency were determined following our previous studies. 1,25(OH)2D3/

VID400-loaded nanofiber samples were first dissolved in glacial acetic acid at the 

concentration of 10 mg/ml, and then the solutions were diluted 100-fold with glacial acetic 
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acid, and further diluted 100-fold with PBS. The 1,25(OH)2D3 concentrations of collected 

samples were determined using a 1,25(OH)2D3 ELISA kit according to the manufacturer’s 

instructions (Cayman Chemical, CA, USA). The VID400 concentrations were determined 

by high-performance liquid chromatography (HLPC, Agilent Technologies). Briefly, drug 

release solution was prepared by using PBS and 1% bovine serum albumin. The 

1,25(OH)2D3/VID400-loaded nanofiber samples were suspended at a concentration of 20 

mg/mL of drug release solution and incubated at 37°C with constant stirring. At different 

time points, suspensions were centrifuged and 1 mL drug release solution was taken and 

replaced with fresh drug release solution. A mixture of 0.5% ammonium acetate solution/

0.2% diisopropylamine solution in methanol was applied as the mobile phase at the flow rate 

of 1.0 mL/ min. Samples were analyzed at 240 nm.

Cell Culture and Treatments.

The human keratinocytes HaCaT cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM, Gibco, MA, USA) with 10% fetal bovine serum (FBS, Gibco, 

MA, USA). Human leukemia HL-60 cells and monocytes U937 cells were cultured in 

RPMI-1640 media with 10% FBS. The cultures were maintained at 37°C with 5% CO2. 

5.0 × 105, 2.0 × 105 and 1.0 × 105 cells were seeded in 6-cm dishes for 1, 3 and 5 days 

respectively. To evaluate the effect of 1,25(OH)2D3 and VID400 on these three cell lines. 

The media was then replaced by DMEM containing 0.52% DMSO (control) or 200 nM 

1,25(OH)2D3 and 0 to 2000 nM VID400. U937 and HL-60 cells were pelleted by 300 × g 

centrifugation for 5 min and then resuspended in fresh complete media. Cells were seeded 

in 6-cm culture dishes and incubated with RPMI-1640 containing 0.52% DMSO (control) or 

200 nM 1,25(OH)2D3 and 0 to 2000 nM VID400. All the nanofiber samples were sterilized 

by γ-radiation at a dose of 15 kGy prior to use for both in vitro and in vivo tests. HaCaT 

cells were incubated for 1, 3 and 5 days with DMEM containing 1 mg/ml pristine PCL 

nanofibers, 1,25(OH)2D3-loaded PCL nanofibers, or 1,25(OH)2D3/VID400-loaded PCL 

nanofibers. Similarly, HL60 and U937 cells were incubated with RPMI-1640 containing 

1 mg/ml pristine PCL nanofibers, 1,25(OH)2D3-loaded PCL nanofibers, or 1,25(OH)2D3/

VID400-loaded PCL nanofibers for 1, 3 and 5 days. Meanwhile, the in vitro cell toxicity 

was evaluated using Alamar Blue™ Cell Viability Reagent (Thermo Fisher Scientific, MA, 

USA). U937, HL60, HaCaT and HDF-α were incubated with different nanofiber samples at 

the concentration of 1 mg/ml.

RNA Isolation and qPCR Analysis.

Total RNA was isolated using a RNeasy Mini Kit according to the manufacturer’s 

protocol (Qiagen, Hilden, Germany). RNA concentration and purity were determined using 

a NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific). 

Then, RNA was converted to cDNA using a qScript® cDNA Synthesis Kit (Quantabio, 

Beverly, MA, USA) as instructed by the manufacturer using a PCR machine (Bio-Rad 

Laboratories, CA, USA). Real-time polymerase-chain-reaction (qPCR) reactions were 

performed using a StepOnePlus Real-time PCR System (Applied Biosystem, Thermo 

fisher Scientific) with SsoAdvanced Universal SYBR Green Supermix as instructed by the 

manufacturer (Bio-Rad Laboratories). The primers for the human CAMP gene used for 

qPCR were as follows.
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CAMP primer Forward: 5’-AGGGGCTCCTTTGACATCAG-3’

Reverse: 5’-GGGTAGGGCACACACTAGGA-3’

qPCR was performed for 45 cycles (15 s at 95 °C and 1 min at 60 °C). The relative mRNA 

expression in each sample was calculated based on its Ct value comparison to the Ct of 

a housekeeping gene GADPH. The data were presented as 2−ΔΔCt, an arbitrary unit. All 

amplified products showed single peak in the melting curve analysis. qPCR was performed 

in triplicate for each sample. Experiments were performed at least three independent times.

In Vitro Induction of hCAP18/LL-37.

To quantify the induction of hCAP18/LL-37, HaCaT, HL60 and U937 cells were seeded in 

6-cm culture dishes at 5.0 × 105, 2.0 × 105 and 1.0 × 105 cells per dish, and incubated for 

1, 3 and 5 days and treated with different formulations as described above. Subconfluent 

HaCaT cells and U937 and HL60 cell suspensions were washed with PBS twice, 

pelleted and resuspended in 300 μl of the M-PER mammalian protein extraction reagent 

(Thermo Fisher Scientific) containing 0.1% protease inhibitor cocktail (Sigma-Aldrich). The 

total protein concentration was quantified using a MicroBCA assay kit (Thermo Fisher 

Scientific). The amount of hCAP18/LL-37 in each cell lysate was determined using an 

ELISA assay kit as instructed by the manufacturer (Hycult Biotech, PA, USA).

Ex Vivo Induction of CAMP Gene and Antimicrobial Peptide in Human Skin Tissue.

The human skin tissues were collected from patients who underwent plastic surgery, and 

the IRB protocol was approved by the University of Nebraska Medical Center (Protocol 

#152-14-EP). Human skin tissues were incubated in DMEM within 2 h after collection from 

patients who underwent plastic surgery. The skin tissue was cut into 2 cm × 2 cm pieces. 

PCL was formed in a sheet with a size of 2 cm × 2 cm × 0.2 cm using a customized 

mold. The tissue was fixed on the PCL sheet by three or four staple clips at the corners of 

each tissue and then placed in a 6-cm diameter culture dish. Approximately, 7 ml DMEM 

medium containing 10% FBS was added to each dish to maintain the dermal layer in contact 

with the medium and the epidermal layer exposed to the air. After incubation for 1 day, 

a 1 mm deep wound was generated in the center of each skin fragment using an 8-mm 

diameter punch. Nanofiber discs were cut using an 8-mm diameter punch and inserted into 

each wound (each group = 6 samples). Both the wound tissue and 2-mm border from around 

the wound were harvested using a 10-mm punch at various time points and homogenized 

in 0.5-ml tissue lysis buffer at 4 °C. Total RNA was isolated using an RNeasy Mini Kit 

and CAMP gene expression was evaluated by qPCR as described above. The amount of 

hCAP18/LL-37 in 100 μL of supernatant was determined by ELISA as described above.

In Vivo Antimicrobial Peptide Induction.

In vivo LL-37 expression of 1,25(OH)2D3/VID400-loaded PCL nanofibers induction was 

evaluated in the CAMPTg/Tg:KO/KO transgenic mouse wound model. This animal study was 

conducted following approval by the Oregon State University’s IACUC in accordance with 

animal protocol # IACUC-2021-019. Briefly, protein samples were extracted from day 3 

skin wounds of CAMPTg/Tg:KO/KO mice treated with pristine PCL nanofibers, 1,25(OH)2D3-
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loaded PCL nanofibers, or 1,25(OH)2D3/VID400-loaded PCL nanofibers (each group = 6 

samples). Western blots were performed using specific anti-hCAP18 antibody, and β-actin 

was used as a loading control. The induction of hCAP18 expression in day 3 skin wounds 

post treatment with different nanofibers was quantified. Immunofluorescent staining for 

hCAP18/LL-37 protein and the macrophage marker F4/80 was performed on day 3 samples 

post wounding in the presence of different nanofibers as described before.16

Statistical Analysis.

The data were presented as the mean ± standard deviation, and statistical analysis was 

performed using SPSS 13.0 and GraphPad 8.0 software. T-test and one-way analysis of 

variance with Tukey’s multiple comparison post-test were used to determine significance. 

The values of p < 0.05 were considered statistically significant.

RESULTS

Fabrication and Characterization of Nanofiber Formulations.

In this study, we co-encapsulated 1,25(OH)2D3 and VID400 in electrospun nanofibers 

to ensure their sustained delivery at wound or surgical sites. We selected PCL as a 

carrier material because it is a biocompatible and biodegradable polymer used in FDA-

approved medical devices for certain clinical applications22,, and we applied the additive 

pluronic F127 to increase the hydrophilicity of the nanofibers.23 In this study, the PCL 

nanofibers primarily served as dressings for releasing 1,25(OH)2D3 and VID400 molecules 

in a sustained manner instead of serving as scaffolds for cell infiltration and tissue 

regeneration; therefore, the degradation of PCL nanofibers was not considered. Figure 2A 

shows a photograph of 6-mm nanofiber disc. Figure 2 B-D show SEM images of pristine 

PCL/pluronic F-127 nanofibers, 1,25(OH)2D3-loaded PCL/pluronic F127 nanofibers, and 

1,25(OH)2D3/VID400-loaded PCL/pluronic F127 nanofibers. All the nanofibers possessed a 

cylindrical shape with a smooth surface and diameters ranging from about 300 nm to 1 μm.

To determine the release kinetics of 1,25(OH)2D3 and VID400, we incubated the nanofibers 

in PBS and quantified the amount of 1,25(OH)2D3 and VID400 released into the solution. 

The release profiles exhibited an initial burst followed by a sustained release over 28 days 

(Figure 3A). It is observed that 178 ±5.9 ng 1,25(OH)2D3 (Figure 3B) and 1812 ±128.5 

ng of VID400 (Figure 3C) were released from 1 mg of 1,25(OH)2D3/VID400-loaded PCL/

pluronic F127 nanofiber mats, respectively, after incubation for 28 days. The 1,25(OH)2D3 

loading for 1,25(OH)2D3-loaded PCL/pluronic F127 nanofibers was 241 ± 9 ng/mg, the 

corresponding encapsulation efficiency was 96.4 ± 3.6%. The 1,25(OH)2D3 and VID400 

loadings for 1,25(OH)2D3/VID400-loaded PCL/pluronic F127 nannofibers were 240 ± 8 and 

2388 ± 145 ng/mg, respectively. The corresponding encapsulation efficiencies were 96.0 ± 

3.2% and 95.52 ± 3.8%, respectively.

Induction of CAMP Gene Expression In Vitro.

To assess the effect of 1,25(OH)2D3 and VID400 on the expression of CAMP, we exposed 

the human keratinocyte cell line HaCaT, promyelocytic cell line HL60 and pro-monocytic 

cell line U937 to 200 nM 1,25(OH)2D3 and concentrations of VID400 ranging from 0 to 
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2000 nM for 1, 3, 5 days, respectively. The levels of CAMP mRNA were significantly up-

regulated after 1, 3, and 5 days of exposure, with a maximum induction of 5-fold at 2000 nM 

VID400 when incubated with 200 nM 1,25(OH)2D3 (Figure 4). We chose this concentration 

range for VID400 as we tested the in vitro cell toxicity of different concentrations of 

VID400 in combination with 200 nM 1,25(OH)2D3, and we found a VID400 concentration 

higher than 2500 nM caused significant cell toxicity to these three types of cells at day 3 

(Figure S1).

Quantification of Induced Antimicrobial Peptide In Vitro.

To determine if the induction of cathelicidin mRNA levels correlated to an increase in 

protein expression, we quantified hCAP18/LL-37 levels using an ELISA assay. The three 

cell lines were treated with 200 nM 1,25(OH)2D3 and 0-2000 nM VID400 as free drug, and 

total cell lysates were collected for analysis. After treatment for 1, 3 and 5 days, increased 

levels of hCAP18/LL37 were observed. As shown in Figure 5, administration of 200 nM 

1,25(OH)2D3 and 2000 nM VID400 for 5 days induced the highest amount of hCAP18/

LL-37 in HaCaT cells among the treatment groups.

In Vitro Cell Toxicity Assay.

To test the cytotoxicity of the nanofiber dressings, we tested the effect of nanofiber 

membranes at the concentration of 1 mg/ml on the proliferation of HaCaT, HL60 and U937 

cells. As shown in Figure 6, drug-loaded nanofiber membranes had no significant influences 

on the proliferation of HaCaT, HL60 and U937 cells compared with control groups tissue 

culture polystyrene (TCPS) and PCL/Pluronic F127 nanofibers. Overall, the cell viability 

results revealed no significant cytotoxicity with 1,25(OH)2D3-loaded PCL/pluronic F127 

nanofibers and 1,25(OH)2D3/VID400-co-loaded PCL/pluronic F127 nanofibers in direct 

contact with cells. Therefore, the 1,25(OH)2D3/VID400-co-loaded PCL/pluronic F127 

nanofibers have excellent cytocompatibility, supporting their application as wound dressings.

1,25(OH)2D3/VID400-loaded Nanofiber Formulations Induced CAMP Gene Expression In 
Vitro.

To examine the capability in inducing CAMP gene expression, the U937, HL60 and 

HaCaT cells were treated with 1,25(OH)2D3 and 1,25(OH)2D3/VID400-loaded nanofibers 

for 1, 3 and 5 days (Figure 7 A-C). As determined by qPCR, both 1,25(OH)2D3 and 

1,25(OH)2D3/VID400-loaded nanofiber significantly induced CAMP expression in U937, 

HL60 and HaCaT cells, but was strongest in the U937 cells (Figure 7A). CAMP induction 

continued throughout the 5 days of treatment and was significantly higher by the drug-

loaded nanofibers than by either free 1,25(OH)2D3 or 1,25(OH)2D3/VID400. Meanwhile, 

the 1,25(OH)2D3/VID400 loaded nanofibers induced higher levels of CAMP than the 

1,25(OH)2D3 loaded nanofibers, revealing that the CYP24A1 inhibitor VID400 enhanced 

CAMP expression.
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1,25(OH)2D3/VID400-loaded Nanofiber Formulations Induced Antimicrobial Peptide 
Production In Vitro.

The induction of hCAP18/LL-37 in HL60, U937 and HaCaT cells was significantly higher 

when incubated with 1 mg/ml 1,25(OH)2D3-loaded and 1,25(OH)2D3/VID400 loaded PCL 

nanofibers for 3 and 5 days than the control and free drugs in HL60 (Figure 8 A), U937 

(Figure 8 B) and HaCaT (Figure 8 C), respectively. Similarly, administration of 1 mg/ml 

1,25(OH)2D3/VID400-loaded PCL nanofibers induced the highest amount of hCAP18/

LL-37 in HL60, U937 and HaCaT cells among the treatment groups after incubation for 

3 and 5 days. In addition, U937 cells produced higher amounts of hCAP18/LL-37 than 

HaCaT and HL60 cells under the same conditions.

CAMP Gene Expression and Antimicrobial Peptide Production Ex Vivo.

We further examined the ability of nanofiber formulations to induce hCAP18/LL-37 

expression in ex vivo human skin explants. A 1,25(OH)2D3-loaded or 1,25(OH)2D3/

VID400-loaded PCL nanofiber membrane was placed in a 1-mm deep wound in human 

skin explants and cultured for 1, 3 and 5 days. As shown in Figure 9A, the 1,25(OH)2D3/

VID400-loaded PCL nanofibers induced CAMP in the wound to significantly higher levels 

at days 3 and 5 as compared with the vehicle control group. We quantified the expression 

of hCAP18/LL-37 by ELISA and the results showed a similar trend as the CAMP mRNA 

(Figure 9B). The 1,25(OH)2D3/VID400 nanofiber dressings induced the highest level of 

hCAP18/LL-37 at the wounds.

Induction Cathelicidin Protein/LL-37 In Vivo.

We further tested 1,25(OH)2D3 and VID400 co-loaded nanofiber membranes in excisional 

skin wounds created in human CAMP transgenic mice (Figure 10). After day 3 of 

implantation, the results showed co-delivery of 1,25(OH)2D3 and VID400 greatly enhanced 

hCAP18/LL-37 expression/production compared to PCL pristine nanofibers and PCL 

nanofibers loaded with 1,25(OH)2D3 alone (Figure 10A and B). We detected increased 

numbers of hCAP18+ cells in the wound bed of 1,25(OH)2D3-loaded PCL nanofibers treated 

skin wounds, which was further increased in the skin wounds treated with 1,25(OH)2D3 and 

VID400 co-loaded nanofibers (Figure 10C). We observed hCAP18+F4/80+ macrophages in 

the wound bed (Figure 10C, panel c, yellow arrows).

DISCUSSION

CYP24A1 plays the key role in tuning levels and function of active vitamin D.24 Therefore, 

inhibition of CYP24A1 opens up a very wide field of possible applications ranging from 

basic research to the prevention and treatment of diseases, including SSIs.25 There is general 

agreement that unbalanced high and/or long-lasting expression of CYP24A1 can contribute 

to the pathology of diseases that otherwise would respond to endogenous or supplemented 

vitamin D in a favorable way like e.g. chronic kidney disease, bone disease, cancers, and 

psoriasis.26 In these cases, inhibition of CYP24A1 could be an appropriate strategy to 

increase the lifetime and thereby the function of active vitamin D.27
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The first identified inhibitors for CYP24A1 gene were antifungal imidazole derivatives, 

such as ketoconazole and liarozole. However, they lack specificity because they inhibit 

steroidogenesis by interfering broadly with cytochrome P450 enzyme systems.28 Shuster 

et al. first reported VID400 as a CYP24A1 inhibitor.19 VID400 showed the desired 

qualities as a strong, selective CYP24A1 inhibitor (IC50: 15.2±3.5 nM) that exhibited 

only moderate inhibition of CYP27B1 (IC50: 616.17±113.2 nM) and was selected 

as a candidate for development.24 In addition, VID400 suppressed the degradation of 

endogenous 1,25(OH)2D3 by blocking CYP24A1 activity.29 Thus, administration of vitamin 

D compounds with CYP24A1 inhibitory property may enhance and prolong the activity of 1, 

25(OH)2D3 and other VDR agonists in target cells.

In this study, we aimed to prepare 1,25(OH)2D3/VID400-co-loaded PCL nanofibers serving 

as wound dressings which may enhance innate immunity by significantly inducing the 

endogenous production of hCAP/LL-37. Herein, we mainly consider the application for 

external wounds. However, if applying this material to internal injuries, we could switch to 

other polymers that can degrade faster. Electrospun nanofibers are an ideal topical delivery 

system for the co-delivery of multiple agents because of their proven capacity to encapsulate 

and deliver physicochemically diverse drugs and ability to modulate drug release kinetics 

over both short and long time.30, 31 Electrospun nanofiber mats have demonstrated 

outstanding properties such as high porosity, superior mechanical performance, flexible 

surface, high surface area and length/diameter ratio.32, 33 Because degradation is slow, 

the drug release from PCL nanofibers is primarily diffusion of molecules through and 

desorption from nanofibers. Thus, we could alter the release profiles of PCL by reducing/

increasing the nanofiber diameters by varying processing parameters including the solution 

concentration, solution flow rate, and strength of the electrical field during electrospinning. 

In addition, altering the crystallinity provides another approach to adjust release profiles 

through annealing. We could also control the porosity of the fibers and add water-soluble 

additives to the fibers to modulate release profiles based on the needs (e.g., suppressing the 

infection for a short or long period). In this study, we demonstrated that administration of 

encapsulated 1,25(OH)2D3 and VID400 using nanofiber formulations was markedly more 

efficient for inducing hCAP/LL-37 than equivalent amounts of corresponding free drugs in 
vitro and in vivo. We showed that electrospun nanofibers provide a sustained release strategy 

to enhance the efficacy of 1,25(OH)2D3 and VID400.

It is known that injury, infection or inflammation upregulate cathelicidin expression.34, 35 

To more closely simulate the clinical situation, we utilized an ex vivo human partial-

thickness wound model and an established full-thickness wound mouse model for vitamin 

D-induced human CAMP transgene expression in mice lacking the murine Camp gene 

(CAMPTg/Tg:KO/KO) to examine how the 1,25(OH)2D3/VID400-loaded PCL nanofibers 

performed.36 We applied our nanofibers to wounds in both systems and observed 

that 1,25(OH)2D3/VID400-loaded PCL electrospun nanofibers enhanced hCAP18/LL37 

expression to higher levels than with 1,25(OH)2D3 alone. These findings support our 

hypothesis that using CYP24A1 inhibitors to prevent the local catabolism of 1,25(OH)2D3 

enhances CAMP expression. Therefore, our 1,25(OH)2D3/VID400-loaded PCL electrospun 

nanofibers provide a potential wound dressing to enhance antimicrobial peptide expression, 
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thus supporting our efforts to generate wound dressings that modulate the immune response 

to prevent SSIs.

CONCLUSIONS

We demonstrated the local delivery of 1,25(OH)2D3 and VID400 using electrospun 

nanofibers as a carrier. VID400 could significantly up-regulate the cathelicidin gene 

relative expression in HL60, U937 and HaCaT cells in combination with 1,25(OH)2D3. Co-

incubation with 1,25(OH)2D3/VID400-loaded PCL nanofibers induced significantly higher 

cathelicidin gene and protein expression in HL60, U937 and HaCaT cells at day 5 compared 

with free drugs in vitro. Additionally, 1,25(OH)2D3/VID400-loaded nanofibers induced 

higher hCAP18/LL-37 protein expression in human skin explants. Finally, 1,25(OH)2D3/

VID400-loaded nanofibers induced higher hCAP18/LL-37 protein expression when treating 

skin wounds in human CAMP transgenic mice. Our findings suggest locally sustained 

delivery of 1,25(OH)2D3/VID400 from nanofiber dressings could significantly enhance 

innate immunity by inducing antimicrobial peptide production for preventing SSIs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic showing antimicrobial peptide production is vitamin D dependent. CYP24A1 

inhibitor can reduce the conversion of 1,25(OH)2D3 to 1,24R,25(OH)2D3 and 1,23S,25R-

(OH)2D3.
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Figure 2. 
Morphology characterization. (A) Photograph shows a 1,25(OH)2D3/VID400-loaded PCL 

nanofiber membrane with a diameter of 6 mm. (B-D) SEM images of (B) PCL/

pluronic F127 nanofibers, (C) 1,25(OH)2D3-loaded PCL/pluronic F127 nanofibers, and (D) 

1,25(OH)2D3/VID400-loaded PCL/pluronic F127 nanofibers.
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Figure 3. 
In vitro release profiles of 1,25(OH)2D3 and VID400 from nanofibers over 28 days (A) and 

the daily release of 1,25(OH)2D3 (B) and VID400 (C).
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Figure 4. 
CAMP gene relative expression of (A) HL60, (B) U937, (C) HaCaT cells after treatment 

with 200 nM 1,25(OH)2D3 and 0-2000 nM VID400 for 1, 3, and 5 days.
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Figure 5. 
LL-37 expression level of (A) HL60, (B) U937, (C) HaCaT cells after treatment with 200 

nM 1,25(OH)2D3 and 0-2000 nM VID400 for 1, 3, and 5 days.
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Figure 6. 
In vitro cell toxicity of different nanofiber formulations for 1, 3, and 5 days. (A) HL60, 

(B) U937, (C) HaCaT, and (D) HDF-α. TCPS: tissue culture polystyrene. F127/PCL: 

PCL/pluronic F-127 blend nanofibers. F127/PCL/VD3: 1,25(OH)2D3 loaded PCL/pluronic 

F-127 blend nanofibers. F127/PCL/VD3/VID400: 1,25(OH)2D3 and VID400 coloaded PCL/

pluronic F-127 blend nanofibers.
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Figure 7. 
CAMP gene relative expression of (A) HL60, (B) U937, (C) HaCaT cells after treatment 

with different nanofiber formulations for 1, 3, and 5 days. Blank control: no treatment. VD3: 

free 1,25(OH)2D3. VD3/VID400: free 1,25(OH)2D3 and VID400. F127/PCL: PCL/pluronic 

F-127 blend nanofibers. F127/PCL/VD3: 1,25(OH)2D3 loaded PCL/pluronic F-127 blend 

nanofibers. F127/PCL/VD3/VID400: 1,25(OH)2D3 and VID400 co-loaded PCL/pluronic 

F-127 blend nanofibers. (*p<0.05.)
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Figure 8. 
LL-37 expression of (A) HL60, (B) U937, (C) HaCaT cells after treatment with different 

nanofiber formulations for 1, 3, and 5 days. Blank control: no treatment. VD3: free 

1,25(OH)2D3. VD3/VID400: free 1,25(OH)2D3 and VID400. F127/PCL: PCL/pluronic 

F-127 blend nanofibers. F127/PCL/VD3: 1,25(OH)2D3 loaded PCL/pluronic F-127 blend 

nanofibers. F127/PCL/VD3/VID400: 1,25(OH)2D3 and VID400 coloaded PCL/pluronic 

F-127 blend nanofibers. (*p<0.05)
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Figure 9. 
Cathelicidin gene relative expression (A) and LL-37 expression (B) via treating fresh ex 
vivo human skin tissue with different nanofibers in Day 1, 3 and 5. Blank control: no 

treatment. F127/PCL: PCL/pluronic F-127 blend nanofibers. F127/PCL/VD3: 1,25(OH)2D3 

loaded PCL/pluronic F-127 blend nanofibers. F127/PCL/VD3/VID400: 1,25(OH)2D3 and 

VID400 coloaded PCL/pluronic F-127 blend nanofibers. (*p<0.05)

Su et al. Page 22

Mol Pharm. Author manuscript; available in PMC 2023 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
1,25(OH)2D3 and 1,25(OH)2D3/VID400 nanofiber membranes promote LL-37 expression 

in the CAMPTg/Tg:KO/KO transgenic mouse wound model. (A) Induction of hCAP18 

expression in Day 3 skin wounds post treatment with nanofibers containing 1,25(OH)2D3 

and 1,25(OH)2D3/VID400. Protein samples were extracted from day 3 skin wounds of 

CAMPTg/Tg:KO/KO mice treated with F127/PCL only, F127/PCL/VD3 and F127/PCL/VD3/

VID400. Western blots were performed using specific anti-hCAP18 antibody. Actin was 

used as a loading control. (B) Induction of hCAP18 expression in day 3 skin wounds post 

treatment with nanofibers containing 1,25(OH)2D3 and 1,25(OH)2D3/VID400. Significant 

induction of hCAP18 was observed in 1,25(OH)2D3 and 1,25(OH)2D3/VID400 loaded 

nanofibers compared to the PCL control. (C) Immunofluorescence staining of hCAP18/

LL-37 protein (in red) and F4/80 (green) on day 3 samples post wounding in the presence of 

F127/PCL fibers alone and with 1,25(OH)2D3, as well as 1,25(OH)2D3/VID400. Nuclei 

were counterstained with DAPI (in blue). (a) F127/PCL; (b) F127/PCL/VD3 and (c) 

F127/PCL/VD3/VID400. Increased number of hCAP18+ cells were detected in the wound 

bed of F127/PCL/VD3 treated skin wounds, which was further increased in the skin 

wounds with F127/PCL/VD3/VID400 nanofibers. (D) Quantitative analysis of the number 

of hCAP18+ cells detected in the wound bed in day 3 for skin wounds with post-treatment 

of nanofibers containing 1,25(OH)2D3 and 1,25(OH)2D3/VID400. F127/PCL: PCL/pluronic 

F-127 blend nanofibers. F127/PCL/VD3: 1,25(OH)2D3 loaded PCL/pluronic F-127 blend 
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nanofibers. F127/PCL/VD3/VID400: 1,25(OH)2D3 and VID400 coloaded PCL/pluronic 

F-127 blend nanofibers. (*p<0.05)
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