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Abstract 31 

In this project, we electrospun polycaprolactone (PCL) or a mixture of PCL and gelatin (Gel) 32 

in a mixed acidic solvent to develop antimicrobial electrospun nanofibers. Carboxyl-modified 33 

mesoporous silica nanoparticles (CMSNs) or CMSNs loaded with polymyxin B and 34 

vancomycin (CMSNs/ABs) were mixed with electrospinning solution in concentrations of 1%, 35 

2.5% and 5%. The nanofibers diameter measured between 122-138 nm. Higher concentrations 36 

of gelatin or CMSNs increased hydrophilicity and degradability of the nanofibers. CMSNs 37 

enhanced nanofibers mechanical strength. PCL/Gel nanofibers incorporated with CMSNs/ABs 38 

(2.5% and 5%) showed high antibacterial efficiency against Pseudomonas aeruginosa and 39 

Staphylococcus aureus. Also bacterial cell adhesion decreased when 2.5% and 5% of 40 

CMSNs/ABs were incorporated in PCL/Gel mats. MTT and hemolysis assays indicated 41 

excellent biocompatibility of all types of electrospun nanofibers. This study confirms that a 42 

proper mixture of PCL, gelatin and CMSNs loaded with two antibiotics could offer 43 

antimicrobial activities with high biocompatibility and biodegradability properties.  44 

Keywords: Antibacterial Nanofiber, Mesoporous silica nanoparticles, Polymyxin B, 45 

Vancomycin.  46 

1 Introduction 47 

Bacterial infections involving biofilms is one of the most challenging issues for both acute and 48 

chronic wounds [1]. Wound infections are mostly polymicrobial infections involving  49 

numerous bacterial strains such as Escherichia coli, Acinetobacter calcoaceticus, Klebsiella 50 

pneumonia, Acinetobacter baumannii, Enterobacter cloacae and the most common species 51 

Pseudomonas aeruginosa and Staphylococcus aureus [2]. Some commonly used antibiotics for 52 

wound infections include penicillin G, gentamicin, bacitracin, metronidazole, polymyxin B and 53 

vancomycin [3, 4]. Vancomycin is effective against Gram-positive bacteria such as  S. aureus 54 

and polymyxin B is effective against resistant Gram-negative bacteria, such as K. pneumonia, 55 

A. baumannii and P. aeruginosa [5, 6]. The combination of two antibiotics has shown 56 

synergistic interaction against Gram-negative bacteria [7]. Polymyxin B targets the outer 57 

membrane of Gram-negative bacteria, forming electrostatic interaction between its positively 58 

charged diaminobutyric acid residue and negatively charged phosphate groups of membrane 59 

lipids. The lipopolysaccharide content of the cell wall is therefore destabilized, leading to 60 

permeability of outer membrane of bacteria and leakage of the cytoplasmic content and finally, 61 

cell death [8]. Vancomycin acts against Gram-positive bacteria by binding to peptidoglycan 62 

precursors and inhibiting cell wall cross-linking [9]. Vancomycin is not effective against Gram-63 
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negative bacteria, because their outer membranes are impermeable to large glycopeptide 64 

molecules. By combining polymyxin B and vancomycin, peptidoglycan layer of Gram-65 

negative bacteria becomes accessible to vancomycin. Systemic administration of antibiotics 66 

like polymyxin B and vancomycin is associated with high risk of nephrotoxicity and 67 

neurotoxicity [10, 11]. However, wound infection management uses both systemic and topical 68 

administration. Local and topical administration of antibiotics has several advantages such as 69 

achieving high and sustained concentration of antibiotics at the site of infection, limited side-70 

effects, less antibiotics usage, and the possibility of applying antibiotics at home by patients 71 

[3].  72 

Antimicrobial wound dressings play an important role in the wound healing because they 73 

provide an essential hydrated and aerated environment and a barrier to external agents as well 74 

as preventing and eradicating infections. Electrospun nanofibrous mats offer excellent 75 

properties as wound dressings due to their porous texture, which provides aeration, drainage of 76 

wound exudates, high surface area, and similar morphology to extracellular matrix promoting 77 

skin cell growth and proliferation [12, 13].In this study, we developed an antibacterial 78 

electrospun nanocomposite of PCL and gelatin incorporated with combined antibiotics of 79 

vancomycin and polymyxin B (ABs). Polycaprolactone (PCL), as approved by the U.S. Food 80 

and Drug Administration (FDA) for use in drug delivery, is a polymer with high 81 

biocompatibility. It has suitable tensile properties for biomedical applications and has been one 82 

of first candidate polymers for tissue engineering in last decade [14]. However, PCL suffers 83 

from some disadvantages such as high hydrophobicity and slow biodegradability [15]. Gelatin 84 

is a biopolymer derived from collagen which has excellent cell recognition properties [16] but 85 

low mechanical strength and high solubility in physiological solutions [17, 18]. Therefore, 86 

mixing PCL and gelatin has been suggested as a successful strategy to overcome drawbacks of 87 

both polymers while obtaining the sum of their advantages at the same time [14, 18, 19].  88 

Mixing of PCL and gelatin has previously been carried out in a number of different solvents, 89 

such as trifluoroethanol (TFE) [14, 18], tetrahydrofuran (THF) [20, 21], hexafluoro-2-propanol 90 

[22], mixed organic solvent systems include dichloromethane [16, 23], methanol, chloroform, 91 

dimethyl formaldehyde [24] and acidic solvents like acetic acid [17, 25] and formic acid [21, 92 

26].  We examined several solvent systems including a mixture of dichloromethane, DMF, 93 

methanol, water, acetic acid and formic acid at different ratios. The best results in terms of 94 

nanofiber diameter, reproducibility, and required time for dissolution of both polymers were 95 

obtained by an acidic solvent system of mixed (50:50) acetic acid and formic acid.  96 
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To incorporate both antibiotics into mixed polymer system, solubility of antibiotics into same 97 

solvent system is necessary. Hydrophilic antibiotics such as polymyxin B and vancomycin have 98 

poor solubility in organic and pure acidic solvents [27, 28]. To achieve homogenic dispersion 99 

of antibiotics in polymer solvents, we used carboxyl modified mesoporous silica nanoparticles 100 

(CMSNs) as carrier for antibiotics, as we found improved antibacterial activity and cytotoxicity 101 

for dual antibiotics-loaded onto CMSNs than bare MSNs and amine modified MSNs in our 102 

previous study [29]. Using mesoporous silica nanoparticles (MSNs) as carrier for antibiotics 103 

has additional advantages, including improved mechanical properties and hydrophilicity of 104 

nanofibers [30, 31]. We hypothesized that incorporation of CMSNs would improve mechanical 105 

properties, degradability and hydrophilicity of the electrospun mat, while mixing PCL with 106 

gelatin would enhance degradability and hydrophilicity. We therefore evaluated the effect of 107 

nanoparticle concentration and PCL/Gel ratio on the nanofibers’ structure, hydrophobicity, 108 

mechanical properties, degradability, and antimicrobial properties. Numerous studies on 109 

electrospun antimicrobial wound dressings have been reported during past decades [32–34]. 110 

Many of these studies reported on the incorporation of antibiotics such as gentamycin and 111 

tetracycline in nanofibrous mats [26, 35]. However, the combination of antibiotics has been 112 

less considered in such studies. Moreover, there are few studies of encapsulation of toxic 113 

antibiotics in nanofibers [36]. While in the case of highly toxic antibiotics with potential life-114 

threatening side effects, topical administration becomes a priority. Our study offers a 115 

formulation method for local and prolonged release of highly toxic antibiotics which are 116 

commonly used to combat multi-drug resistance bacteria in chronic wounds. 117 

2 Material and Methods  118 

2.1 Materials 119 

Polycaprolactone (PCL, Mw, 80000), gelatin from bovine skin Type B, Acetonitrile (99.98%), 120 

succinic anhydride, polymyxin B sulfate salt (polymyxin B) and vancomycin were purchased 121 

from Sigma Aldrich (St. Louis, MO). Hexadecyltrimethylammonium bromide (CTAB), 122 

Tethraethyl ortosilicate (TEOS, 99%), NaOH, N-(2-aminoethyl)-3-aminopropyltrimethoxy-123 

silane (AAPTMS), N,N-dimethylformamide (DMF), Trifluoroacetic acid (TFA, 99%), 124 

absolute ethanol (99.99%), and acetic acid glacial (99.98%), were purchased from Merck 125 

(Darmstadt, Germany). Formic acid 98.0% was obtained from Samchun Chemicals (South 126 

Korea). All materials and reagents related to antibacterial and cytotoxicity assays were 127 

purchased from Sigma Aldrich (St. Louis, MO).  128 
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2.2 Synthesis of electrospun mats 129 

To dissolve PCL with gelatin, we tried different solvents; and finally a mixture of 1:1 (v/v) 130 

formic acid and acetic acid was used to prepare 13% (w/v) polymer solution of PCL or PCL/Gel 131 

with proportion of 50:50 or 70:30 PCL/Gel (w/w). The PCL pellets and gelatin powder were 132 

dissolved completely in formic acid and acetic acid by stirring for up to 3 h. CMSNs loaded or 133 

unloaded with antibiotics (1.3, 3.15 and 6.5 mg) were added to 1 ml solution to make nanofibers 134 

with 1%, 2.5% and 5% of CMSN or CMSNs loaded with combined vancomycin and 135 

polymyxin B (CMSN/ABs), respectively. The amounts of antibiotics in 1%, 2.5% and 5% 136 

of CMSN/ABs were calculated to be 0.39, 0.19, and 0.47 mg for polymyxin B and 0.95, 137 

0.95, 1.95 mg for vancomycin, respectively [29]. The CMSN/ABs and CMSN were dispersed 138 

in polymer solution by 15 minutes sonication before electrospinning. Preparation of 139 

nanoparticles loaded with combined antibiotics has been described previously [29]. Briefly, 140 

nanoparticles were loaded with antibiotics by mixing 1 mg ml-1 of CMSNs and 600 μg ml-1 141 

polymyxin B and 600 μg ml-1 vancomycin in HEPES buffer. The mixture was rotary stirred at 142 

4°C overnight, and the day after the nanoparticles were centrifuged and washed twice in 143 

HEPES buffer. The amount of loaded antibiotics was calculated from drug concentrations in 144 

all supernatants. CMSNs were loaded with a ratio of 300:150 µg/mg of polymyxin B to 145 

vancomycin which  showed a superior antibacterial activity comparing to other ratios in our 146 

previous study [29]. An electrospinning set-up with a plastic syringe fitted with a stainless-147 

steel needle (gauge 23) and a syringe pump (JMS, Model SP-500) operated at 0.3 ml/h was 148 

used to prepare the PCL and PCL/Gel nanofibers. A high-voltage power supply (EMERSUN, 149 

TDGC2) connected to the needle tip provided an output voltage of 18 kV to deposit PCL and 150 

PCL/Gel nanofibers on a grounded aluminum foil collector placed 15 cm from the tip.  151 

2.3 Characterization of nanofibers  152 

The size, morphology, and structure of nanoparticles were reported in our previous work [37]. 153 

The morphology and size of the nanofibers were observed using scanning electron microscopy 154 

(SEM, JEOL JSM-5600LV, Japan) with an accelerating voltage of 15 kV. In preparation for 155 

SEM, samples were sputter-coated with gold films with a thickness of 10 nm. The size 156 

distribution of the electrospun fibers was analyzed using ImageJ 1.47G software. At least 200 157 

nanofibers at different images were analyzed for each sample. The distribution of nanoparticles 158 

inside the nanofibers was analyzed by transmission electron microscopy (at least 20 images per 159 

samples) (TEM, Zeiss EM10C). The chemical composition of the nanofibers was analyzed by 160 
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collecting attenuated total reflection Fourier transform infrared (ATR-FTIR) (JASCO FT/IR 161 

6300 spectrometer, Easton, MD) spectra, in the wave number range of 4000-600 cm−1 at room 162 

temperature. The mechanical properties of the electrospun fibrous mats were examined using 163 

a material testing machine (H5K-S, Hounsfield, UK) with an elongation speed of 10 mm/min 164 

at room temperature. Three strips from different sites of each nanofiber sample were chosen 165 

for the tensile test, and specimens were cut into rectangular pieces (5 mm × 30 mm). The tensile 166 

testing was performed with a loaded cell of 10 N under room temperature. Hydrophilicity of 167 

the mats was determined by measuring contact angle of the electrospun mats by a video contact 168 

angle system (VCA Optima, AST Products Inc, Billerica, MA). Five samples were used for 169 

each test and results were expressed as mean ± standard deviation (SD).  170 

2.4 In vitro degradation of mats  171 

In vitro degradation of mats (1×1 cm, n=3) was studied in phosphate buffered saline (PBS) (2 172 

ml) at pH 7.4, 37 °C during 1, 2, 4, 7 and 14 days. After removing the buffer solution, samples 173 

were washed with deionized water, dried in oven at 60 °C for 48 h. Mass loss (%) was defined 174 

as (W0 − Wt) / (W0) × 100, where W0 is the initial mass of the dry mats and Wt is the mass of 175 

mats at time t. 176 

2.5 Release profile of antibiotics from electrospun mats 177 

Samples (diameter 1 cm, thickness 0.2 mm, n=3) were incubated in 1.5 ml PBS at 37 °C for 178 

time intervals of 2, 4, 6, 12, 24, 48, 96 and 148 h. At each time point, PBS was collected and 179 

centrifuged (19000 × g, 20 min) to precipitate nanoparticles before analysis by HPLC. HPLC 180 

analysis was carried out by a Merck- Hitachi 7000 HPLC on a Gemini® C18 110 Å, 3 µm 181 

particle size, 4.6 x 150 mm column. The mobile phase was a gradient of buffer A [0.1% 182 

trifluoroacetic acid (TFA) in MQ] to buffer B (0.1% TFA). The flow rate was set to 1 ml min−1 183 

and the injection volume was 10 μl. The gradient was programmed as 5% to 65% of B for 20 184 

min, 65% to 100% of B for 1 min, constant at 100% B for 4 min, 100% B to 5% B in 2 min, 185 

constant at 5% B for 2 min., and the absorbance was monitored at 220 nm for polymyxin B 186 

and 280 nm for vancomycin. Standard solutions of 10/5–40/20 µg/ml of polymyxin 187 

B/vancomycin dissolved in PBS were used for calibration. Calibration curves obtained were 188 

linear with R2 values of 0.99. 189 
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2.6 Antibacterial activity of mats  190 

The antimicrobial activity of mats was studied against two common wound pathogens, the 191 

Gram-negative P. aeruginosa PAO1 (DSM 19880) and Gram-positive S. aureus (DSM20231). 192 

UV-sterilized mats (laminar hood UV germicidal lamps, 245nm, 20 min for each side) 193 

(diameter 1 cm, thickness 0.2 mm, n=3) was incubated in 48 well plates containing 800 µl of 194 

106 CFU/ml bacterial solution made by dilution an overnight culture and incubated at 37 °C 195 

for 24 h. The day after, antibacterial efficiency of mats was estimated by measuring optical 196 

density at 600 nm (OD600) using UV-visible spectrophotometer and antibacterial efficiency (%) 197 

was determined by (1-Asample/Apositive control) *100. Antibacterial activity of mats was further 198 

surveyed by agar diffusion method for those fibers with considerable antibacterial effects from 199 

previous section. For that purpose, 100 µl of overnight culture of S. aureus or P. aeruginosa 200 

suspension diluted in growth media to OD600 = 0.1 was spread on Muller Hinton agar (MHA) 201 

plates. Then mats discs (diameter 1 cm, thickness 0.2 mm, n=3) were gently placed on agar 202 

plates and inhibition zones were measured (mm) after overnight incubation at 37 °C (3 203 

replications were used for different nanofibers). Mats containing nanoparticles without 204 

antibiotics were used as positive control. The antibacterial activity of nanofibers was also 205 

surveyed by time-kill assay. Based on the above analysis results, time-kill assay was carried 206 

out only for mats showing more than 10% antibacterial efficiency. Mats (diameter 1 cm, 207 

thickness 0.2 mm, n=3) were incubated in 48 well plates containing 1 ml of 106 CFU/ml 208 

bacterial solution in MHB media at 37 °C for 24 h. Aliquots (100 μl) were withdrawn at 2, 4, 209 

6, 12, 24 h and after spreading on MH agar were incubated overnight at 37 °C before 210 

enumeration of CFU. To visualize antibacterial efficiency of mats, nanofibrous mats were 211 

analyzed by SEM, after incubating with 106 CFU/ml of P. aeruginosa solution in MHB at 37 212 

°C for 24 h. After incubation, all nanofibers were gently washed with PBS five times and once 213 

with deionized water and were left to dry in room temperature. Samples were sputter coated 214 

with carbon after mounting on sample holders. SEM was carried out by a LEO Gemini 1530® 215 

(Zeiss, Oberkochen, Germany) with a Thermo Scientific UltraDry Silicon Drift Detector 216 

(SDD).  217 

2.7 Biofilm inhibition assay 218 

An MTT colorimetric method based on the reduction of a tetrazolium salt was used to 219 

determine cell viability of biofilm inhabitants. Single colonies of each bacteria were used for 220 

inoculation of 10 ml MHB media and incubated at 37 °C for 20 h to develop an overnight 221 

culture. The prepared overnight cultures were then diluted to bacterial concentration of 5 × 107 222 
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CFU/ml and added to 48 well polystyrene plates (800 µl per well) and incubated at 37 °C for 223 

30 minutes. Then, the bacterial suspensions were replaced with fresh MHB media and 224 

nanofibrous mats (diameter 1 cm, thickness 0.2 mm, n=3) were added to each well and 225 

incubated for 24 h at 37 °C. Nanofibers without antibiotics and water were used as positive and 226 

negative control, respectively. At the end of the incubation, the culture media were gently 227 

removed by aspiration and replaced with 200 µl of 10 µm MTT in PBS and incubated for 4 h 228 

at 37 °C.  The MTT solution was then removed and replaced with 200 µl dimethyl sulfoxide 229 

(DMSO) and incubated for 1 hour to solubilize the formazan crystals formed in the wells. The 230 

solution of each well was transferred to cuvettes and the absorbance of the solutions was 231 

measured at 540 nm using a UV-visible spectrophotometry. The Biofilm formation percentage 232 

was calculated as “(sample absorbance - negative control absorbance)/(positive control 233 

absorbance - negative control absorbance) × 100”.  234 

2.8 Confocal laser scanning microscopy 235 

For microscopy assay, biofilm formation was carried out in a 48 well polystyrene plate as it 236 

was described in previous section. Briefly, 48 well polystyrene plates were inoculated with a 237 

bacterial solution (800 µl per well) containing 5 × 107 CFU/ml and then incubated for 30 238 

minutes at 37°C, followed by replacement of the bacterial suspension with fresh MHB media 239 

containing nanofibrous mats (diameter 1 cm, thickness 0.2 mm, n=3) loaded with antibiotics. 240 

For negative control wells, same amount of fresh media was added but mats were not loaded 241 

with antibiotics. The plate was then incubated for another 24 h at 37 °C before removing the 242 

media, rinsing five times with 200 μl sterile PBS, and adding 200 μl PBS containing 2 μM of 243 

the membrane-permeant DNA-binding stain, SYTO 9 (Thermo Fisher Scientific), and 10 μM 244 

of the membrane-impermeant nucleic acid-binding stain, Propidium iodide (Thermo Fisher 245 

Scientific) for visualization of dead cells. The plates were incubated at room temperature for 246 

20 - 30 min with the staining solution. The nanofibrous mats were then removed from the plate 247 

and placed on glass slides and covered by cover slips. Slides were imaged by a Zeiss LSM780 248 

(Jena, Germany) using a Plan-Apochromat 100x/1.40 Oil immersion objective, and excitation 249 

with 488 nm and 543 nm lasers. 250 

2.9 Cytotoxicity of nanofiber mats  251 

MTT assay: The cytotoxicity of the mats was investigated against mouse fibroblast cell line, 252 

L929, by MTT assay (3 replications). The nanofiber mats (diameter 1 cm, thickness 0.2 mm, 253 

n=3) were sterilized with UV radiation for 20 minutes on each side.  The mats were then placed 254 
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in a 48 well plate and plated by 104 cells per well in Dulbecco’s modified Eagle’s medium 255 

(DMEM) with 10% fetal bovine serum, and incubated at 37 °C, 5% CO2 for 3 and 7 days. After 256 

treatment, the media were removed. The cells were washed with PBS and incubated with 100 257 

μl of MTT-containing medium (0.5 mg/ml) for 4 h. The medium was then removed and 100 µl 258 

DMSO was added to wells and incubated for another 1 hour in dark. The absorbance of the 259 

solution was read at 570 nm by using a microplate ELISA reader (Bio-Rad, USA). Growth 260 

media with no nanofiber were used as negative control. The cell viability was calculated as 261 

“(sample absorbance) / (negative control absorbance) × 100”.  262 

Hemolysis assay: To study hemolytic effects of mats, (EDTA)-stabilized human red blood 263 

samples were centrifuged (2000 × g for 10 minutes) to remove plasma, buffy coat, and top 264 

layer of cells. The remained red blood cells (RBCs) were washed five times with sterile PBS.  265 

After washing, packed RBCs were diluted 20 times in PBS. Diluted RBCs (200 µl) were added 266 

to 800 µl PBS containing different mats (diameter 1 cm, thickness 0.2 mm, n=3) PBS and water 267 

(800 µl) with no mat were used as negative and positive control, respectively. Samples were 268 

then incubated at room temperature for 2 h, followed by centrifugation (2000 × g, 10 min) and 269 

the absorbance of the supernatants was recorded with microplate ELISA reader (Bio-Rad, 270 

USA) at 541 nm. The hemolytic percentage was calculated as “(sample absorbance - negative 271 

control absorbance) / (positive control absorbance - negative control absorbance) × 100”.  272 

2.10 Statistical Analysis 273 

Two-way ANOVA tests (SPSS) was performed to calculate differences for experiments with 274 

multiple data sets. A Tukey’s multiple comparison procedure was performed between groups 275 

with significant differences.  276 

3 Results and Discussion 277 

3.1 Characterization of nanofibers  278 

The thickness of synthesized mats was about 165±10 µm. Size distribution and morphology of 279 

nanofibers were studied by SEM. The electrospun mats were uniform in diameter size (Fig. 1). 280 

SEM images showed slightly (not significantly) larger diameter  and less homogenous diameter 281 

distribution of nanofibers at increasing concentrations of gelatin or CMSNs (Table S1), which 282 

could be attributed to the enhanced viscosity of nanofibers when adding gelatin or CMSNs 283 

[38]. The results are consistent with previous studies reporting larger diameter of nanofibers 284 

by increasing the amount of embedded nanoparticles [30, 39]. The diameter of nanofibers 285 
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varied in a small range (156-179 nm) across all different synthesis conditions. Incorporation of 286 

nanoparticles inside nanofibers was confirmed by TEM micrographs (Fig. 2).  287 

288 

Fig. 1. SEM micrographs of nanofibers morphology. Different nanofibers were synthetized 289 

from PCL or PCL/Gelatin with two ratio of 70:30 (PCL/Gel30) and 50:50 (PCL/Gel50). All 290 

three type of nanofibers were also mixed with 1% CMSNs, 2.5% CMSNs and 5% CMSNs or 291 

antibiotics loaded CMSNs (CMSNs/ABs) with the same ratios. 292 

 293 

Fig. 2. TEM images of PCL/Gel30 nanofibers without CMSNs (A) and with CMSNs (5%) (B 294 

and C). 295 

Hydrophilicity of nanofibers was evaluated by measuring the incident contact angle. Reduced 296 

contact angle was observed for PCL/Gel mats in compare to PCL mats. Also, hydrophilicity of 297 

mats was enhanced with increasing CMSNs concentration in agreement with previous reports 298 

[30, 40] (Table S1). The nanofibrous mats containing 50% gelatin and 5% CMSNs showed the 299 

lowest contact angle implying highest hydrophilicity. The higher hydrophilicity of nanofibers 300 

with gelatin and CMSNs could be due to presence of ionic groups such as carboxyl groups on 301 

the surface of CMSNs and carboxyl and amine functional groups in gelatin [30]. These results 302 
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were not correlated to improved mechanical properties, as lowest Young’s moduli were found 303 

for nanofibers containing 50% gelatin. However, increasing the concentration of CMSNs 304 

enhanced Young’s moduli of all three groups of nanofibrous mats including PCL, PCL/Gel30 305 

and PCL/Gel50. 306 

ATR-FTIR analysis was carried out for surface chemistry characterization of nanofibers. 307 

Figure S1 shows the FTIR spectra of pristine antibiotics, PCL, PCL/2.5%CMSNs, 308 

PCL/2.5%CMSNs/ABs, PCL/Gel30, PCL/Gel30/2.5%CMSNs and 309 

PCL/Gel30/2.5%CMSNs/ABs. Infrared spectra for PCL-related stretching modes were 310 

observed for all samples. These include 2949 cm-1 (asymmetric CH2 stretching), 2860 cm-1 311 

(symmetric CH2 stretching), 1727 cm-1 (carbonyl stretching), 1295 cm-1 (C–O and C–C 312 

stretching) and 1240 cm-1 (asymmetric COC stretching). Bands of protein related to gelatin 313 

appeared at 1645 cm-1 (amide I) and 1540 cm-1 (amide II), 3200 cm-1 (alcohol C=O stretching) 314 

and around 3050 cm-1 (carboxylic acid C=O stretching) [26]. Typical peak of Si-O-Si was 315 

observed at 1090 cm-1 [40]. Presence of vancomycin and polymyxin B was confirmed in the 316 

region below 1800 cm-1 and at 3270 cm-1 (C=O stretching) [36]. 317 

3.2 In vitro degradation of mats 318 

The in vitro degradation of all nanofibers, estimated by weight loss measurements, are shown 319 

in Fig. 3. Pure PCL weight loss was 1.2% after 2 weeks which increased to 21.44% and 51.96% 320 

for PCL/Gel30 and PCL/Gel50, respectively. Since gelatin is easily dissolved at temperatures 321 

around 40 °C, it is not surprising that increasing gelatin concentration improves degradability 322 

of PCL. The addition of CMSNs to PCL, PCL/Gel30 and PCL/Gel50 increased degradation 323 

percentage, as was expected. CMSNs with high surface area containing hydrophilic carboxyl 324 

groups can adsorb water molecules which subsequently causes swelling of nanofibers, thereby 325 

increasing their degradation [41]. The highest degradability was obtained for 326 

PCL/Gel50/5%CMSNs so that samples were mostly dissolved after two weeks incubation in 327 

PBS at 37 ⁰C.  328 
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 329 

Fig. 3. Weight loss percentage profiles of the different mats after incubation in PBS (10 mM, 330 

pH 7.4) in different time points. All values were expressed as mean ± SD (n = 3). * (p<0.01) 331 

and ** (P<0.0001) on the columns shows significant degradation rate of nanofibers containing 332 

CMSNs compared to those without CMSNs measured in same day. Adding gelatin to PCL 333 

increased degradation rate significantly. Data were analyzed by two-way ANOVA and Tukey’s 334 

multiple comparison tests.  335 
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3.3 Release profile of two antibiotics from nanofibers  336 

The release profile of antibiotics has significant influence on their antibacterial effects[13]. We 337 

studied release profile only for samples with antibiotics-loaded CMSNs. Chromatographs of 338 

standard solutions and calibration curves for both antibiotics are presented in Fig. S2. 339 

PCL/2.5%CMSNs/ABs and PCL/5%CMSNs/ABs showed low release rate, which was 340 

expected due to their low degradability (Fig. 4). The release rate from 1% nanofiber mats was 341 

lower than detection limit by HPLC, however from antibacterial experiments, it can be 342 

estimated that release rate did not exceed the minimum inhibitory concentration (MIC) of 343 

polymyxin B and vancomycin for P. aeruginosa and S. aureus. MIC of vancomycin against S. 344 

aureus and polymyxin B against P. aeruginosa were obtained 0.5 µg ml-1  and 1-2 µg ml-1, 345 

respectively [37]. The addition of gelatin increased the antibiotics release rate, which could be 346 

due to the higher solubility and degradability of gelatin in buffer medium [42]. Release from 347 

PCL nanofibers is mostly governed by diffusion, while release from PCL/Gel nanofibers is 348 

governed by both degradation and diffusion [42]. Higher release rate of mats containing 5% 349 

CMSNs compared to the ones with 2.5% CMSNs is mostly related to a higher amount of 350 

antibiotics in mats with 5% CMSNs. However, the increased release percentage of mats 351 

containing 5% CMSNs can also be a result of higher degradability of mats with higher amount 352 

of CMSNs. Our results, consistent with previous studies, showed that when MSNs were 353 

blended with synthetic polymers such as PCL, the degradation rate of nanofibers was increased 354 

[43, 44]. The effect of CMSNs in increasing release rate could be concluded from higher 355 

degradation rate of nanofibers containing CMSNs compared to those without CMSNs [40]. 356 

Antibiotics-release profile is an important factor to consider when developing antimicrobial 357 

wound dressing. Polymeric nanofibers mostly release drug up to 90% during first hour, which 358 

is a major disadvantage in case that application for wound dressing or tissue engineering is 359 

intended [38, 45, 46].  In the present study, all tested nanofibrous mats provided sustained 360 

release of both antibiotics for a duration of 96 h. We were not be able to compare release 361 

profiles of free antibiotics with those that were loaded onto MSNs, since antibiotics were not 362 

soluble in solvents of polymeric solution. However, several previous studies have reported 363 

more prolonged release profile after loading drugs onto MSNs [47, 48]. 364 
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 365 

Fig. 4. Release profile of polymyxin B (A) and vancomycin (B) from mats at PBS (pH 7.4, 37 366 

°C). All values were expressed as mean ± SD (n = 3). 367 

Sustained release of antibiotics from nanofibers could be explained by the fact that antibiotics 368 

need to be firstly released from nanoparticles to the matrix of nanofibers and then to the buffer 369 

solution, resulting in slower diffusion of antibiotics. Also, it is likely that there are electrostatic 370 

interactions between antibiotics and gelatin molecules that did not dissolve yet and remain 371 

inside the nanofiber texture, thereby preventing release of antibiotics from nanofibers. Gelatin 372 

type B, which was used in this project, has a negative charge at pH 7.4 opposite to both 373 

polymyxin B and vancomycin antibiotics which are positively charged at pH 7.4 [49].  Lower 374 

release rate of polymyxin B, which has higher positivity than vancomycin, supports this claim 375 

(Fig. 4).  376 

3.4 Antibacterial activity of nanofibers 377 

The antibacterial efficiency of all mats was tested against S. aureus and P. aeruginosa. As 378 

expected, no antibacterial effect was observed for PCL, PCL/Gel30 and PCL/Gel50 and their 379 

corresponding mats incorporated with un-loaded CMSNs (Fig. S3). Also, the nanofibers 380 

containing 1% antibiotics-loaded CMSNs did not show considerable bacteriostatic effects. The 381 

release rate from 1% nanofibrous mats was lower than detection limit by HPLC, however from 382 

antibacterial experiments it can be estimated that release rate did not exceed the minimum 383 

inhibitory concentration (MIC) of polymyxin B and vancomycin for P. aeruginosa and S. 384 

aureus. MIC of vancomycin against S. aureus and polymyxin B against P. aeruginosa were 385 
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obtained 0.5 µg ml-1  and 1-2 µg ml-1, respectively [37]. In contrast, PCL/Gel30 and PCL/Gel50 386 

containing 2.5% and 5% antibiotics-loaded CMSNs exhibited remarkable bacteriostatic effects 387 

after 24 h. The antibacterial effects of mats containing 2.5% and 5% antibiotics-loaded CMSNs 388 

were further investigated by Time-kill assays (Fig. 5). Results revealed that 389 

PCL/2.5%CMSNs/ABs and PCL/5%CMSNs/ABs inhibited bacterial growth, but they did not 390 

cause a significant decrease in the number of viable bacterial cells. Only nanofibers prepared 391 

with gelatin (PCL/Gel 30/2.5%/ABs and PCL/Gel5o/2.5% CMSNs) killed significant number 392 

of P. aeruginosa and S. aureus during the 24 h incubation. PCL/Gel30/5%CMSNs/ABs 393 

showed bactericidal effect against both strains during 24 h, while PCL/Gel 50/5%CMSNs/ABs 394 

killed all cells of both strains during 12 h and 8 h, respectively. 395 

 396 

Fig. 5. Time-kill curves of mats against P. aeruginosa and S. aureus. CFU numeration was 397 

carried out during 24 h and in time points of 0, 2, 4, 6, 12 and 24 h. All values were expressed 398 

as mean ± SD (n = 3). 399 

To visualize morphological changes of mats after incubation with bacterial cells, nanofibers 400 

were analyzed by SEM after incubation with P. aeruginosa for 24 h. As seen in Fig. 6, PCL 401 

nanofibers containing 2.5 and 5% antibiotics-loaded CMSNs were completely covered by 402 

biofilm, while PCL/Gel30 and PCL/Gel50 containing same amounts of antibiotics-loaded 403 

CMSNs showed no evidence of bacterial growth.  It can be noted from SEM images (Fig. 6) 404 

that PCL/Gel nanofibers containing 2.5% CMSNs showed no apparent morphology change 405 

after 24 h incubation with bacterial solution, while PCL/Gel mats containing 5% CMSNs 406 
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started to degrade during same time of incubation, which is confirmation of our earlier claim 407 

that increasing CMSNs concentration leads to higher degradability of nanofibers.  408 

 409 

Fig. 6. SEM micrographs of nanofibrous mats after incubation with P. aeruginosa for 24 h. 410 

From upper left to bottom right: PCL/2.5%CMSNs/ABs (A), PCL/5%CMSNs (B), 411 

PCL/5%CMSNs/ABs (C), PCL/Gel30/2.5%CMSNs/ABs(D), PCL/Gel30/5% CMSNs (E), 412 

PCL/Gel30/5%CMSNs/ABs (F), PCL/Gel50/2.5% CMSNs (G), PCL/Gel50/5% CMSNs (H) 413 

and PCL/Gel50/5% CMSNs/ABs (I). PCL/5%CMSNs (B), PCL/Gel30/5%CMSNs (E) and 414 

PCL/Gel50/5%CMSNs (H), the mats without antibiotics, clearly allowed bacterial growth. 415 

Degradation of PCL/Gel30/5%CMSNs/ABs and PCL/Gel50/5% CMSNs/ABs mats could be 416 

seen in the SEM micrographs (F) and (I), respectively. 417 

Agar diffusion assays confirmed previous results (Fig. S4, Table S2). No inhibition zone was 418 

observed for PCL/2.5%CMSNs/ABs, and a smaller inhibition zone was observed for 419 

PCL/5%CMSNs/ABs in comparison to those of PCL/Gel30 and PCL/Gel50, indicating lower 420 

release rate of antibiotics from nanofibers that did not contain gelatin. Mats containing 5% 421 
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CMSNs loaded with antibiotics revealed a bigger inhibition zone than those containing 2.5% 422 

CMSNs. However, higher release rates were obtained for mats PCL/Gel50 than PCL/Gel30 423 

containing same amount of antibiotics in release assay. In agar diffusion assay, PCL/Gel50 424 

showed only a slightly bigger inhibition zone than PCL/Gel30. In a firm medium like agar, 425 

lower dissolution of gelatin occurs and thereby gelatin has smaller role in release rate than in a 426 

liquid buffer. All antibacterial assays indicated higher efficiency of mats against S. aureus 427 

compared to P. aeruginosa. It could be explained by higher release rate of vancomycin than 428 

polymyxin B from mats (Fig. 4, B). On the other hand, MIC of vancomycin against S. aureus 429 

is lower than MIC of polymyxin B against P. aeruginosa [37], which can be another reason of 430 

slightly higher efficiency of mats against S. aureus than P. aeruginosa.   431 

3.5 Biofilm inhibition 432 

Biofilm formation is an important risk of both chronic and acute infections due to loss of innate 433 

barrier of skin [50]. The activity of nanofibrous mats in preventing biofilm formation was 434 

examined against P. aeruginosa and S. aureus. As expected, the nanofiber mats without 435 

antibiotics allowed biofilm formation of both species. In contrast, PCL/2.5%CMSNs/ABs and 436 

PCL/CMSNs5%/ABs decreased biofilm formation by 20% and 30% for P. aeruginosa and S. 437 

aureus, respectively (Fig. S5). PCL/Gel30/2.5%CMSNs/ABs and PCL/Gel50/CMSNs-438 

2.5%/ABs inhibited biofilm formation by 70%, while PCL/Gel30/5%CMSNs/ABs and 439 

PCL/Gel50/5%CMSNs/ABs prevented biofilm formation completely. The higher release rate 440 

and higher antibiotics concentration in PCL/Gel30/5% CMSNs/ABs cause enhanced anti-441 

biofilm properties compared to other tested mats. The confocal images of the mats confirmed 442 

that PCL nanofibers even when they contain 2.5% and 5% antibiotics-loaded CMSNs, were 443 

not very efficient against biofilm formation (Fig. 7). However, the addition of gelatin 444 

significantly increased the efficiency of mats against biofilm formation, which is clearly 445 

because of a higher release rate of antibiotics from mats containing gelatin compared to PCL 446 

mats. Comparison of CLSM images of biofilm formation on PCL/GeL30 and PCL/Gel50 mats 447 

containing 2.5% or 5% antibiotics-loaded CMSNs reveals that increasing the concentration of 448 

CSMNs/ABs from 2.5% to 5% leads to decreased density of bacterial cells on the mats (Fig. 449 

7fig). It could be due to higher and faster release of antibiotics from mats containing 5% 450 

CMSNs/ABs than those containing 2.5% CMSNs/ABs, as it was also shown in release assay.  451 
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 452 

Fig. 7. Biofilm formation on PCL/CMSNs2.5%/ABs (A; S. aureus, B; P. aeruginosa), 453 

PCL/CMSNs5%/ABs (C; S. aureus, D; P. aeruginosa), PCL/Gel30/CMSNs2.5%/ABs (E; S. 454 

aureus, F; P. aeruginosa), PCL/Gel30/CMSNs5%/ABs (G; S. aureus, H; P. aeruginosa), 455 

PCL/Gel50/CMSNs2.5%/ABs (I; S. aureus, J; P. aeruginosa) and 456 

PCL/Gel50/CMSNs5%/ABs (K; S. aureus, L; P. aeruginosa) compared to biofilm formation 457 

on control nanofibrous mats without antibiotics (M; S. aureus, N; P. aeruginosa). In nanofibers 458 

made of gelatin mixed with PCL, there are evidences of nanofibers in the images due to 459 

autofluorescence of gelatin.  460 

Based on these findings, nanofibrous mats of PCL/Gel30 and PCL/Gel50 containing 5% 461 

CMSNs/ABs could completely inhibit biofilm formation (Fig. 7). Compared to previous 462 
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reports, the nanofibrous mats formulated in this study exhibited high anti-biofilm efficiency 463 

against two main bacterial strains responsible for chronic wound biofilms [51, 52]. Both acute 464 

and chronic wounds are subject to infection by P. aeruginosa and S. aureus [50]. The biofilm 465 

formation by these two species plays a critical role in leading wound to chronic stages by 466 

shielding bacterial cells from phagocytic activity of neutrophils and causing prolonged 467 

inflammation [53].  468 

3.6 Cytotoxicity assays 469 

MTT cell viability and hemolysis assays were applied to evaluate the biocompatibility of the 470 

mats. The viability of mouse fibroblasts cells on tissue culture plates covered by mats after 3- 471 

and 7-days culture is shown in Fig. 8. Compared with control wells containing growth media 472 

with no mats, cell viability did not change when they were treated with PCL/Gel30 and 473 

PCL/Gel50 and their corresponding mats containing 1%, 2.5% and 5% CMSNs with and 474 

without antibiotics. PCL alone showed a slightly decreased cell viability which was attributed 475 

to lower hydrophilicity of PCL [14]. 476 

 477 

Fig. 8. Viability of L929 mouse fibroblasts cells exposed to different nanofiber mats. Viability 478 

of cells in cell media culture was considered as reference. * (P<0.05) and ** (P<0.01) indicate 479 

significant difference between samples and negative controls (growth media), evaluated by 480 

Two-way ANOVA and Turkey’s multiple comparison tests. 481 
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 482 

Fig. 9. Hemolytic effects of mats on EDTA stabilized human blood cells. Inset image is selected 483 

samples include: PBS, Water, A: PCL/Gel30/2.5%CMSNs/ABs, B: PCL/Gel30/5%CMSNs, 484 

C: PCL/Gel30/5%CMSNs/ABs, D: PCL/Gel50/2.5%CMSNs/ABs, E: PCL/Gel50/5%CMSNs, 485 

F: PCL/Gel50/5% CMSNs/ ABs, G: PCL/2.5% CMSNs/ ABs, F: PCL/5% CMSNs/, H: 486 

PCL/5% CMSNs/ ABs. The *, ** present p < 0.05 and p < 0.01, analyzed by one-way ANOVA 487 

as compared to PBS hemolysis rate. 488 

Hemolysis can occur when red blood cells are ruptured as a result of contact with artificial 489 

materials and can be followed with accelerated thrombus [54]. Since wound dressings interact 490 

with blood especially in extensive burn injuries, their hemocompatibility is a major prerequisite 491 

[54]. The cytotoxicity of nanofibers was further analyzed by hemolysis assay. Results showed 492 

no hemolytic effects for all tested mats except a hemolytic effect of less than 2% for PCL 493 

nanofibers comparing to control treatments (PBS), which decreased by adding 1%, 2.5% and 494 

5% CMSNs (PBS) (Fig. 9). These results are in line with previous studies which show high 495 

biocompatibility of PCL and PCL/Gel nanofibers [18, 56]. The results also demonstrate that 496 

strong acidic solvents used to synthesize nanofibers in this study, did not add any cytotoxic 497 

effects to nanofibers which is consistent with previous studies [17, 18]. 498 
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4 Conclusions 499 

We developed broad-spectrum antibacterial nanofibrous mats with potential applications as 500 

wound dressings with different combinations of PCL, gelatin and CMSNs. Desirable 501 

degradability and release rate of antibiotics were obtained when PCL was mixed with gelatin. 502 

Antibacterial activity of nanofibrous mats were improved by adding gelatin, which was 503 

attributed to increased degradability of nanofibers. PCL/Gel mats containing 5% antibiotics-504 

loaded CMSNs depicted excellent anti-biofilm activity against both Gram-negative P. 505 

aeruginosa and Gram-positive S. aureus. The results of this study can contribute significantly 506 

in developing functional materials against both acute and chronic wounds infections.  507 
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