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A B S T R A C T   

Advanced medicated wound dressings fabricated by electrospinning and electrospraying were prepared for the 
eradication of topical bacterial infections potentially applied in the management of infected acute and chronic 
non-healing wounds. Two different antibiotics (ciprofloxacin and rifampicin), with different aqueous solubilities 
and different mechanisms of antimicrobial action, were loaded within electrosprayed polymer microparticles and 
within electrospun nanofibers, respectively, to provide the resulting wound dressing with dually controlled 
antibiotic release kinetics. Due to the large surface area per volume ratio of the electrosprayed microparticles 
containing ciprofloxacin, an initial burst release was obtained. Simultaneously, the reduced surface area per 
volume ratio for the electrospun nanofibers together with the reduced aqueous solubility of rifampicin produced 
an extended rifampicin release over time. More importantly, a synergistic antimicrobial effect against Gram- 
positive and Gram-negative bacteria was observed when both antibiotics were combined. Biofilm formation 
prevention and the elimination of already formed mature bacterial biofilms were also successfully achieved using 
our advanced dressings. The lack of cytotoxicity of the advanced wound dressings here reported against 
eukaryotic cells at antimicrobial doses was also demonstrated using three different mammalian cell lines. 
Moreover, the advanced wound dressings successfully eliminated a Staphylococcus aureus mediated experimental 
infection in a chronic wound murine model showing their efficacy for the treatment of these complicated non- 
healing wounds. The strategy of advanced medicated wound dressings developed here may be used as a potential 
methodology for the fabrication of functional combinatorial materials that offer the ability to eradicate bacterial 
infections.   

1. Introduction 

Microbial infections seriously prevent or delay the conventional 
physiological healing processes after wounding [1]. Various substances 
released by pathogenic bacteria may cause an excessive and prolonged 
inflammatory response in the host tissues soon after colonization and 

infection, and they can seriously impair the wound healing process [2]. 
Staphylococcus aureus, among others, commonly forms biofilms which 
consist of coherent clusters of bacterial cells embedded in an extracel
lular polymeric matrix. This sessile situation offers the pathogen excel
lent protection from the host immunological activity and from 
antibiotic/antiseptic therapy. Due to the polymicrobial nature of 
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infected wounds, conventional treatment includes wound debridement, 
cleansing and antiseptic application [3]. 

All wounds, from the time of the skin incision, become colonized 
with bacteria from the air, surrounding skin, and from any contaminated 
material involved in the initial wounding [4]. Unless they appear 
infected, most uncomplicated wounds heal without the need of anti
biotic therapy, but, in some cases, local antibiotic (e.g., mupirocin, 
nadifloxacin, neomycin, bacitracin, fusidic acid, etc.) treatment may be 
indicated on infected wounds as a second-line option when infection 
persists, but always taking into account that it is necessary to prevent by 
any means antimicrobial resistance development and hypersensitivity 
reactions [5]. However, topical antibiotics were proven to be effective in 
reducing the risk of infections in uncomplicated wounds compared to 
placebo or antiseptics [6]. Moreover, the use of antibiotics has resulted 
in many successful and improved clinical outcomes by reducing in
fections in surgical sites and in chronic open wound infections [7]. 

Rifampicin (RIF), a hydrophobic semisynthetic antibiotic, is 
commonly used in the treatment of a large variety of bacterial infections, 
including those mediated by Mycobacterium spp., Gram-positive cocci 
(Staphylococci and Streptococci), and certain Gram-negative pathogens 
[8]. RIF is always used in combination with other antibiotics to treat 
S. aureus-associate bacterial infections due to its high susceptibility to 
develop resistance. On the other hand, ciprofloxacin (CIP) is a fluo
roquinolone derivative that acts as an antibacterial agent inhibiting the 
growth of both Gram-positive and Gram-negative bacteria. It has been 
reported that its use on infected topical wounds improves wound healing 
[9]. The synergy between CIP and RIF was previously observed against 
S. aureus isolates [10]. Moreover, Coe et al. [11] have shown that CIP 
combined with RIF gives bacteriostatic additive effect in vitro on two 
experimental strains of S. aureus, 69,898 and 6,989R. The combination 
of these two antibiotics was also successfully used in the treatment of 
early postoperative recurrent Staphylococcus epidermidis implant- 
associated infections [12]. Therefore, combination therapy is a suc
cessful approach to reduce antibiotic resistance but it is important to be 
aware of the fact that its application is strain specific, and additive, 
synergetic or even antagonistic effects have been reported. 

When using antibiotic loaded wound dressings, an initial burst 
release would eradicate any commensal or exogenous bacteria present 
in the wound and a subsequent sustained release would avoid any 
further reinfection improving the clinical outcome [13]. Antimicrobial- 
loaded electrospun membranes having specific dual antimicrobial 
release kinetics could simultaneously aid in the elimination of the initial 
bioburden present after wounding and also in the subsequent prophy
laxis facilitating the wound-healing regenerative process. Some exam
ples in the recent literature describe the use of drug dual-carrier systems 
containing one antimicrobial (e.g., amoxicillin sodium) with different 
release kinetics for the development of controlled release dressings [14]. 
Electrospun core–shell polycaprolactone/gelatin nanofibers loading two 
antibacterial agents, a synthetic antibiotic (minocycline) and a natural 
extract (Gymnema sylvestre), were proposed as wound dressing. In this 
case, a potent antibacterial activity against commensal biofilm-forming 
pathogens, such as methicillin-resistant S. aureus (MRSA) and patho
genic Pseudomonas aeruginosa, was observed [15]. Moreover, previous 
studies have also revealed the efficiency of the combination of antibi
otics loaded into electrospun nanofibers. Gentamicin sulfate (GS) and 
CIP were loaded into electrospun gelatin fibers achieving a significant 
decrease in the bacterial load in an in vivo murine model of a deep burn 
infected with P. aeruginosa [16]. The fabrication of a electrospun chi
tosan/poly(vinyl alcohol) scaffold containing different concentrations of 
colistin and meropenem exerted synergistic bactericidal action against 
extensively drug resistant (XDR) bacterial clinical isolates of Acineto
bacter baumannii together with good biocompatibility, both in vitro and 
in vivo [17]. 

Fiber-based wound dressings offering sustained amoxicillin delivery 
have been also reported to promote wound healing [18]. On the other 
hand, particles provide a fast drug release due to their high surface to 

volume ratio. The use of two different morphologies, fibers for the 
loading of RIF and particles for the loading of CIP, in the same wound 
dressing, would provide a desired antibiotics release thanks to a fast- 
initial diffusion and a subsequent polymeric matrix erosion. Herein, 
we report an advanced wound dressing fabricated by electrospinning/ 
electrospraying exhibiting high RIF and CIP loadings and antimicrobial 
synergy against S. aureus and E. coli cultures. RIF loaded Eudragit® 
RS100-based fibers were decorated with CIP loaded Eudragit® RS100- 
based microparticles both prepared by electrohydrodynamic tech
niques. Eudragit® RS100 is a cationic, pH independent non- 
biodegradable copolymer of methyl methacrylate, ethyl acrylate, and 
methacrylic acid ester with quaternary ammonium groups [19]. Under 
physiological pH, Eudragit® RS100 erodes and releases its contained 
cargo. The bactericidal activity of the as-prepared advanced dressings 
was tested in vitro against planktonic and biofilm-forming E. coli and 
S. aureus and their lack of cytotoxicity at the doses tested was analyzed 
on three model human cell lines (keratinocytes, macrophages and fi
broblasts). Moreover, its efficacy in a chronic infection murine model 
was also evaluated and the histopathological examination demonstrated 
that the physiology of the skin was restored. 

2. Material and methods 

2.1. Materials 

Eudragit® RS100 (RS100) was purchased from Evonik Industries AG 
(Essen, Germany). Chloroform (CHCl3, anhydrous, ≥99 %), dimethyl 
sulfoxide (DMSO, > 99 %), acetonitrile (anhydrous 99.8 %), Tween® 
80, phosphate-buffered saline (PBS), rifampicin (RIF, ≥ 97 %), cipro
floxacin (CIP, ≥98 %), trifluoroacetic acid (TFA) were purchased from 
Sigma-Aldrich (Darmstadt, Germany). All reagents were used as 
received without any further purification. Tryptone soy broth (TSB) was 
purchased from Laboratorios Conda-Pronadisa SA (Madrid, Spain) and 
Tryptic Soy Agar (TSA) plates were obtained from Avantor VWR (Rad
nor, US). S. aureus ATCC 25923 was purchased from Ielab, (Alicante, 
Spain) and E. coli S17 was kindly donated by Dr. Jose A. Ainsa (Uni
versity of Zaragoza, Spain). HaCaT human keratinocytes were gifted by 
Dr. Pilar Martín-Duque (University of Zaragoza, Spain) whereas human 
dermal fibroblasts (NHDF-Ad) were obtained from Lonza (Basel, 
Switzerland). J774A.1 mouse monocyte-macrophages ATCC-TIB-67™ 
were acquired from LGC Standards (Barcelona, Spain). 

2.2. Materials synthesis 

Fibers and particles were synthesized using a Yflow 2.2 D500 elec
trospinner (Málaga, Spain). For the preparation of the loaded fibers 
(RIF/RS100), RS100 (30 % w/v) and RIF (2.5 wt% referred to the 
polymer weight) were dissolved in 5 mL of CHCl3 and then mixed for 30 
min. In order to obtain single antibiotic-loaded fibers, the 30 % RS100 
dissolved polymer containing 2.5 wt% RIF was introduced into a 10 mL 
syringe and fed with a flow rate of 1 mL/min in the electrospinner. The 
distance between the tip and the flat collector was set at 15 cm and the 
voltage difference at 20–23 kV. In the case of the CIP loaded particle 
(CIP/RS100) synthesis, RS100 (13 % w/v) was dissolved in 5 mL of 
CHCl3 and CIP (15 wt.% referred to the polymer weight) was firstly 
dissolved in 200 µL of TFA and then added to the RS100 solution and 
mixed for 24 h at room temperature. The solution mixture was stabilized 
by adding Tween® 80 (0.5 % w/v). The 13 % RS100 dissolved polymer 
containing 15 wt.% CIP solution used for the single antibiotic particles 
synthesis was also introduced into a 10 mL syringe, and the flow rate 
was set at 0.5 mL/h, the distance between the tip and the flat collector 
was set at 7 cm while the voltage difference was 15–20 kV. Both RIF- 
loaded fibers and CIP-loaded particles were synthesized at room tem
perature with a relative humidity of 30–50 %. 

On the other hand, a rotating drum collector (100 rpm) was used to 
obtain the dressings containing RIF loaded fibers decorated with CIP 
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loaded particles (RIF-CIP/RS100). First, the 30 % RS100 polymer solu
tion containing 2.5 wt.% RIF in CHCl3 (5 mL) was electrospun on the 
collector with a syringe pump working at 1.0 mL/h flow rate. The dis
tance between the tip of the needle and the collector was fixed at 15 cm 
and the voltage applied was in the range +7–9 kV and the negative 
voltage connected to the collector varied between 2 and 4 kV. Homo
geneous mats of RIF-loaded RS100 nanofibers were obtained after 3 h of 
electrospinning. Then, the 13 % RS100 polymer solution containing 15 
wt.% CIP in CHCl3 + TFA + Tween® 80 (5 mL) was electrosprayed onto 
the previously deposited RIF-loaded fibers using a flow rate of 1.0 mL/h. 
The distance from the tip of the needle to the collector was 22 cm. The 
voltage applied to the collector was –3–4 kV and the voltage applied to 
the needle was +13–14 kV. Particle-decorated fibers were obtained after 
3 h of electrospraying. The process was carried out at room temperature 
with a relative humidity of 20–30 %. 

2.3. Physico-chemical characterization 

The morphology of the obtained particles, fibers and combined mats 
(composed of both fibers and particles), as well as the distances between 
fibers, were analyzed by scanning electron microscopy (SEM) to analyze 
the mats structure and porosity. Samples were sputtered with a Pd layer 
before observation and images were acquired with an Inspect F50 FEG 
scanning electron microscope (FEI company, Hillsboro, US). Fiber and 
particle diameters were measured separately (N = 150) using the 
ImageJ 1.53a software, and diameters of fibers and particles combined 
on the same mat were also measured by the use of the DigitalMicro
graph® software (Version 2.31.734.0). The thickness of the dressings, 
both with and without RIF-CIP, was measured at three distinct points in 
three separate samples using a Baxlo micrometer (Germany). 

To evaluate potential drug-polymer interactions, Fourier-transform 
infrared (FTIR) spectra were recorded using a Bruker VERTEX 70 FTIR 
spectrometer (Bruker, Billerica, US) equipped with a Golden Gate dia
mond ATR accessory. Spectra were recorded by averaging 40 scans in 
the 4000–600 cm− 1 wavenumber range at a resolution of 4 cm− 1. 

The mechanical characteristics of the RIF-CIP/RS100 mats were 
assessed through a tensile test conducted at room temperature utilizing 
an Instron Microtester 5548 along with a video extensometer laser (at a 
rate of 1 mm/min, with a 1 KN load cell; Instron, Norwood, US). The test 
samples (N = 5) were prepared in accordance with the UNE-EN ISO 
527–1:2012 standard (Plastics: Determination of tensile properties) and 
were cut into strips measuring 50 mm × 5 mm. The tests were performed 
using a full-scale load of 20 N and a maximum extension of 100 mm. 

Contact angle measurements were employed as a means to evaluate 
the hydrophobic properties of the RIF-CIP/RS100 mats. A droplet of 
distilled water was deposited onto the surface of the fibers, followed by 
precise contact angle measurements utilizing a Dataphysics OCA 
equipment (Dataphysics Instruments GmbH, Filderstadt, Germany) 
under room temperature conditions. Contact angle measurements were 
conducted in triplicate. 

2.4. Antibiotic loading and encapsulation efficiency 

Three independent samples of fibers and particles were individually 
dissolved in DMSO. Then RIF and CIP loadings were determined by 
UV–Vis spectrophotometry (Jasco V670, Jasco Applied Science, 
Eschborn, Germany) at the wavelengths of 340 and 280 nm, 
respectively. 

RIF and CIP loadings in the combined mats (composed of both fibers 
and particles) were determined by UHPLC using a Waters Acquity 
equipped with a Waters 2998 Acquity PDA, C18 excel column (3 µm, 4.6 
× 100 mm) at a wavelength of 280 nm (Waters, Milford, US). In this 
case, 2 mg of fibers decorated with particles were dissolved in an 
acetonitrile/water (2:1) mixture, then each sample was filtered through 
a 0.22 µm filter CLARIFY-NY (Phenomenex, Torrance, US). The encap
sulation efficiency (EE) and the drug loading (DL) were calculated with 

eq. 1 and 2, respectively: 

EE(%) =
Mass of entrapped drug(mg)

Mass of drug added(mg)
x100 (1)  

DL(%) =
Mass of entrapped drug(mg)

Total mass of combined mats(mg)
x100 (2)  

2.5. Drug release kinetics 

In vitro release of RIF and CIP from the combined mats was per
formed at two different pH (5.5 and 7) to take into account the physi
ological pH changes during infection and wound healing. This in vitro 
release study was carried out by immersing 5 mg of the resulting ma
terial in 5 mL of a solution at pH 5.5, which was prepared using sodium 
acetate (2.05 g), acetic acid (1.5 mL), and NaOH 2 N. For pH 7, a so
lution of PBS with 2 % of Tween® 80 was used. Samples were stirred 
during the release study using a J.P. Selecta Movil-Rod rotating shaker 
(Selecta, Cham, Switzerland) at 37 ◦C. At determined time intervals, 1 
mL of the supernatant was collected, centrifuged for 1 min at 3000 rpm 
and filtered with a 0.22 µm filter CLARIFY-NY. An equal volume of fresh 
PBS-Tween® 80 solution for pH 7 or the pH 5.5 buffer solution was 
replenished in the original volume. CIP and RIF released from six 
different samples were individually analyzed with the UHPLC system 
described before. The morphological effect that PBS exerted on the 
material was studied by immersing the combined mats during 48 h in 
PBS. After drying overnight the samples were observed by SEM after 
being sputtered with Pd. Drug release was determined up to 48 h 
regarding the potential clinical use of the combined mats as dressings 
are commonly replaced three times per week for hygienic reasons and to 
avoid wound fluids to soak through [20,21]. 

2.6. In vitro biological analyses 

2.6.1. MIC and MBC 
First, the antibacterial activity of free RIF and CIP individually was 

evaluated against S. aureus ATCC 25923, as a model of a Gram-positive 
bacteria, and against E. coli S17 strain as a model of a Gram-negative 
bacteria. Both microorganisms were grown overnight in tryptic soy 
broth (TSB) at 37 ◦C under continuous shaking (150 rpm) until reaching 
the stationary growth phase, afterwards they were diluted in TSB until 
reaching 105 CFU/mL. The inoculum was placed into tubes containing a 
specific quantity of RIF (0–0.5 ppm for S. aureus and 0–60 ppm for 
E. coli) dissolved in 2 % (v/v) DMSO and CIP (0–1.25 ppm for S. aureus 
and 0–0.05 ppm for E. coli) dissolved in sterile water. After 24 h at 37 ◦C 
and 150 rpm of incubation stirring rate, the standard serial dilution 
method was used to determine viable bacteria [22]. As positive control, 
untreated S. aureus and E. coli S17 was also included and a toxicity 
control using only DMSO / sterile water was also performed. 

MIC and MBC (minimum bactericidal concentration) for the RIF- 
loaded electrospun mats coated with CIP-loaded particles (RIF-CIP/ 
RS100) were tested and compared to equivalent doses of the free anti
biotics in a physical mixture following a previously reported method 
[23]. Briefly, those combined mats were cut (0.02–1 mg) and placed in 
24-well plates after sterilization under UV light (30 min for each side). 
Subsequently, 60 mL of warm TSA (47 ◦C) with 2 % of Tween® 80 were 
inoculated with 105 CFU/mL of the selected bacteria (S. aureus or 
E. coli). Then, each well of the plate containing the mats was filled with 
2 mL of the inoculated TSA and incubated in a closed box with water (to 
keep an adequate humidity and avoid desiccation) at 37 ◦C for 24 h. 
Each sample was transferred to a Falcon type flask and 18 mL of TSB 
were added. Afterwards, the mixture was sonicated for 15 min and 
vortexed for 1 min to detach bacteria. The standard microdilution 
method was used to determine viable bacteria. Control samples were 
also included (only bacteria and bacteria treated with non-loaded mats) 
and each experiment was performed in triplicate with two replicas each 
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(N = 6). 

2.6.2. Synergy studies by Fractional inhibitory concentration index (FICI) 
determination 

The in vitro interactions of both antibiotics (RIF and CIP) were 
evaluated by the microdilution checkerboard method [22]. The assays 
were performed in 96-well plates, for each strain of bacteria (S. aureus 
and E. coli) a stock solution containing four times the MIC (4 MIC0) of 
both antibiotics (RIF and CIP) was prepared. RIF was diluted two-fold in 
horizontal direction and CIP was diluted two-fold in vertical direction. 
10 µL of bacteria (105 CFU/mL) (S. aureus or E. coli) were added in each 
well and a mirror plate without bacteria was used as negative control. 
The plates were incubated for 24 h at 37 ◦C and turbidity was observed 
by naked eye inspection. The assay was performed in triplicate. FICI 
values were calculated using the following equations (Eq. 3, 4 and 5): 

FICI = FICRIF +FICCIP (3)  

Where. 

FICRIF =
MICRIFin presence of CIP

MICRIF
(4)  

FICCIP =
MICCIP in presence of RIF

MICCIP
(5) 

Antibiotic synergy was identified as synergy (FICI < 0.5), addition 
(0.5 ≤ FICI ≤ 1), indifference (1 < FICI ≤ 4) or antagonism (FICI > 4). 

2.6.3. Biofilm formation prevention and biofilm elimination 
The effect of free RIF and CIP and the combined mats (RIF-CIP/ 

RS100) against the formation of S. aureus and E. coli biofilms and the 
disruption caused on already formed mature biofilms were analyzed. 
S. aureus (ATCC 25923) and E. coli (S17) were cultured overnight until 
reaching stationary phase. Two different procedures, with the combi
nation of the free drugs at equivalent doses at those loaded within the 
combined mats, were carried out:  

• Biofilm inhibition: 107 CFU/mL of both bacteria was put in contact in 
24-well plates with the combination of the free drugs and with 
different weights of the combined mats (RIF-CIP/RS100) to reach 
concentrations in the wells from 0.05 to 4 mg/mL and incubated for 
24 h at 37 ◦C without shaking.  

• Biofilm disruption: 107 CFU/mL of both bacteria were grown in well 
plates at 37 ◦C without shaking. After 24 h, planktonic cells were 
removed and wells containing already formed bacterial biofilms 
were washed twice with PBS. Then, the combination of the free drugs 
and different weights of the combined mats (RIF-CIP/RS100) to 
reach concentrations in the wells from 0.05 to 4 mg/mL along with 
fresh medium were added to preformed biofilms and incubated for 
24 h at 37 ◦C without shaking. 

After incubation (24 h at 37 ◦C), medium was discarded and resulting 
biofilms were washed twice with PBS and disrupted by sonication (15 
min, 200 W; Ultrasons, JP Selecta, Barcelona, Spain) to count (CFU/mL) 
viable bacteria by the standard dilution method. Untreated bacteria and 
antibiotic-free mats were also tested as controls. 

The crystal violet assay was also carried out to confirm the formation 
and disruption of the biofilm after treatment. After the biofilm forma
tion, each well was washed twice with 1 mL of PBS. Subsequently, each 
well was stained with 250 μL of a 0.1 % (w/v) crystal violet solution for 
10 min at room temperature. Following this, each well was washed four 
times with 1 mL of sterile PBS and allowed to air dry. Afterwards, 200 µL 
of 30 % acetic acid was added to each well, ensuring the solubilization of 
the stain by covering the plates. After 15 min of staining, the plate was 
measured using a microtiter plate reader Varioskan LUX microplate 
reader (Thermo Scientific, Waltham, US) at 595 nm. Each strain was 

tested three times, and the quantities of biofilm production were re
ported as the mean absorbance values of the six replicate tests. Biofilm 
formation was evaluated by comparing the absorbance value of the 
treated biofilms with that of the untreated ones (used as a control, 
representing 100 % biofilm stained). 

2.6.4. Cytotoxicity on eukaryotic cells 
To determine the cytotoxic effect of the combined mats (RIF-CIP/ 

RS100), J774 murine macrophages, HaCaT keratinocytes and human 
dermal fibroblasts were used as models of mammalian somatic cell lines. 
All cell lines were grown in high-glucose Dulbecco’s modified Eagle’s 
medium (DMEM w/ stable glutamine, Biowest, Nuaillé, France) sup
plemented with 10 % (v/v) fetal bovine serum (FBS, Gibco, Waltham, 
US) and 1 % (w/v) antibiotic–antimycotic solution (pen
icillin–streptomycin-amphotericin B, Biowest, France) at 37 ◦C and 5 % 
CO2. 

The Blue Cell Viability Assay (Abnova, Taiwan) was used to measure 
the cell metabolism associated with cell viability. After 24 h at 37 ◦C, cell 
cultures, treated with the combined mats (RIF-CIP/RS100) to reach 
concentrations in the wells between 0.05 and 2 mg/mL, were incubated 
with the reagent (10 % (v/v) in DMEM) for 4 h at 37 ◦C, 5 % CO2. After 
that, fluorescence was measured (530/590 nm excitation/emission) in a 
Varioskan LUX microplate reader (Thermo Scientific, Waltham, US). 
The cytotoxic effect was evaluated by comparing the fluorescence value 
from the treated cells and the one of untreated cells (as control, 100 % 
viability). Four replicas of each concentration were tested in triplicate. 

2.7. In vivo studies 

2.7.1. Murine excisional wound splinting model and chronic infection 
In vivo experiments were carried out in compliance with the Spanish 

Policy for Animal Protection RD53/2013 which meets the European 
Union Directive 2010/63, and under Project License PI59/22 approved 
by the Ethics Committee for Animal Experiments of the University of 
Zaragoza (Spain). Mice were daily weighed and checked their general 
welfare prior to the surgery until the end of the in vivo study. Ten- to 
twelve-week-old diabetic obese mice (Leprdb/Leprdb, Janvier Labs, 
France) were maintained in specific pathogen-free conditions with ad 
libitum access to water and food. Diabetic mice were chosen in this study 
to induce chronic non-healing wounds because diabetes impairs wound 
healing [24]. A total of twenty-four mice were distributed in 4 experi
mental groups (N = 6, 3 females and 3 males):  

I) Infected mice without any treatment (control group).  
II) Infected mice treated with RIF-CIP/RS100 (1.4 mg).  

III) Infected mice treated with a combination of free RIF and CIP (25 
µL containing 2.47 µg/mL RIF and 0.33 µg/mL CIP in PBS).  

IV) Infected group treated with the model antiseptic in clinical 
practice, chlorhexidine (CHXD; 25 µL at a concentration of 10 
mg/mL as we previously reported [25]). 

The mouse excisional wound splinting model was carried out 
following a previously established protocol [25]. In brief, mice were 
anesthetized using a facemask with 5 % isoflurane, and maintained with 
1.5–2 % isoflurane with a 1 L/min oxygen flow. Then, the inter-scapular 
area was shaved and disinfected with 70 % ethanol (v/v). Next, 
Meloxicam (5 mg/kg w/v) was subcutaneously administered and 
maintained until 72 h post-surgery and infection (PSI). A full-thickness 
wound was made in the inter-scapular area using a sterile 8-mm 
punch biopsy tool (Eickemeyer Veterinary Equipment Ltd., Stratford, 
Canada). A ring-shaped silicone wound splint (14 mm OD × 10 mm ID ×
0.5 mm thick; Grace Bio-Labs, Bend, US) was sutured around the wound 
(Dafilon 4/0; Braun, Germany) to prevent its closure. Subsequently, the 
wound was infected with a dispersion of S. aureus ATCC 25923 (25 µL, 
≈107 CFU/mL in PBS). Lastly, the wound was covered with a sterile 
adhesive plaster (Hartmann, Heindenheim, Germany) and Tegaderm™ 

L. Miranda-Calderon et al.                                                                                                                                                                                                                    



Chemical Engineering Journal 476 (2023) 146679

5

(3 M, Saint Paul, US) to protect and facilitate the development of a 
chronic infected wound. These conditions were maintained until 21 days 
PSI, with the animals’ welfare being daily evaluated. 

2.7.2. Wound treatment, infection evaluation and histopathological 
analysis 

After the initial 21 days PSI period, the wounds were treated every 
24 h as described by the respective experimental groups until 28 days 
PSI. Additionally, wound infections were monitored by collecting 
microbiological samples using a swab (Deltalab, Barcelona, Spain) from 
the wounds at 21, 24 and 28 PSI, which were then cultured on agar 
plates. At 28 days PSI, euthanasia was performed by CO2 inhalation. 
Lastly, wounds were collected along with the surrounding tissue, fixed in 
PBS with paraformaldehyde (4 % w/v) (Alfa Aesar, Heysham, UK) for 

24 h, and embedded in paraffin. Histological sections (5 µm) were 
stained with hematoxylin and eosin (HE) for pathological analysis. 

2.8. Statistical analyses 

The results are presented as the mean ± standard deviation (SD). In 
vitro biological experiments were analyzed using two-way analysis of 
variance (ANOVA) with GraphPad Prism 9 (San Diego, US). Statistically 
significant differences were considered when p ≤ 0.05. The nanoparticle 
characterization experiments were performed three times, while the 
bactericidal analysis experiments and biofilm analysis were each con
ducted in triplicate and quadruplicate, respectively. 

Fig. 1. Morphological characterization of the synthesized materials: a) SEM image and b) size distribution of CIP/RS100 particles; c) SEM image and d) size dis
tribution of RIF/RS100 fibers; e) SEM image, f) fibers size distribution and g) particles size distribution in the RIF-CIP/RS100. Size was retrieved from SEM mea
surements (N = 200). 
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3. Results and discussion 

3.1. Materials physicochemical characterization 

According to the SEM results, CIP loaded microparticles deposited in 
the collector had spherical morphology with an average diameter of 1.1 
± 0.3 µm (Fig. 1 a, b). Antibiotic-free Eudragit® RS100 microparticles 
prepared using the same precursor solution (CHCl3 + TFA + Tween 80) 
had a particle size distribution centered at 1.4 ± 0.5 µm (results not 
shown), therefore, the presence of the CIP in the electrospinning solu
tion would not produce any major change in the resulting particle size. 
RIF loaded fibers showed a mean diameter centered at 1.3 ± 0.2 µm 
(Fig. 1 c, d), very similar to the one of empty fibers (1.1 ± 0.3 µm, results 
not shown). RIF encapsulation efficiency according to UV-Vis results 
was very high showing values around 97 % (Table 1). Different RIF 
concentrations in the polymeric precursor solution from 2.5 to 10 % w/ 
w (referred to the polymer weight) were studied, but only the lowest 
concentration allowed a stable Taylorś cone during electrospinning, and 
as a consequence, the drug loading achieved in the fibers was only 2.3 ±
0.07 % w/w. 

The main limitation in the encapsulation of CIP in the particles was 
the insolubility of this antibiotic in the organic polymeric solution due to 
its high hydrophilicity at acidic pH. When dissolving in acidic aqueous 
solution, a coaxial electrospray was needed and the flow rate of this 
aqueous solution was very low (0.05 mL/min) to avoid the Taylor‘s cone 
destabilization. To solve this problem and increase the antibiotic 
encapsulation, CIP was first dissolved in TFA. Then, an emulsion of this 
solution in the chloroform-based polymeric solution stabilized with 
Tween 80 was prepared. This method allowed to obtain a high drug 
loading in the precursor solution (15 % w/w referred to the polymer 
weight) and since the encapsulation efficiency was 86.9 ± 6.9 %, the 
final drug loading was as high as 11.0 ± 1.0 w/w.% (Table 1). The 
obtained CIP loading was higher than the one reported by Dillen et al. 
[26] for Eudragit® RS100 particles synthesized by the w/o/w emulsi
fication solvent evaporation technique followed by high-pressure ho
mogenization. These authors achieved around 65 % w/w EE using only 
Eudragit® RS100 but they obtained an increase up to 70 % w/w only 
when combining this polymer with PLGA. On the other hand, CIP loaded 
chitosan particles generated by electrospraying had higher drug load
ings than the ones here reported, around 15 % w/w, but with lower EE 
(76 %) [27]. To the best of our knowledge, there are no previous reports 
on the synthesis of CIP/RS100 loaded particles obtained by 
electrospraying. 

As we mentioned before, electrospun fiber-based dressings have 
many advantages that make them ideal as wound healing promoters. 
Their high surface area and tortuosity provide a physical barrier against 
bacterial penetration, but still retaining the oxygen and water vapor 

transfer ability necessary for wound healing keeping an adequate 
moisture while avoiding maceration [28]. One intended approach when 
loading RIF and CIP into a combination dressing was to obtain a func
tional dressing containing both antibiotics in one step. However, the 
impossibility of using the same solvent to simultaneously solubilize both 
drugs and the polymer led to the need to load each drug independently, 
one within the fibers and the other one within the particles. The deco
ration of fibers with particles assures the access of both drugs to the 
releasing medium from one single medicated mat. Fig. 1e shows a SEM 
image of the resulting RIF loaded fibers decorated with CIP loaded 
particles (RIF-CIP/RS100). Even when the synthesis conditions had to be 
changed because of the rotating drum collector used, RIF loaded fibers 
average diameters (1.3 ± 0.4 µm) (Fig. 1f) were very similar to those 
obtained for the un-decorated ones (Fig. 1d). Deposition of particles 
onto the non-conductive fiber mat required the use of the rotating col
lector in order to obtain a homogeneous distribution. Particles mean 
diameters (1.2 ± 0.3 µm) (Fig. 1g) in the combined RIF-CIP/RS100 mats 
were also very similar to the ones obtained for the CIP-loaded micro
particles deposited on the flat collector (Fig. 1b). 

RIF encapsulation efficiency obtained from the fibers deposited on 
the drum collector was lower than that obtained from the ones retrieved 
on the flat collector (Table 1). This decrease from 97.1 % to 87.1 % could 
be related to the lower voltage needed in this case to obtain a stable 
Taylorś cone. It was reported that an increase in the voltage would 
produce an increase in the flow rate between the needle and the col
lector [29]. The lower voltage applied for fibers collected on the rotating 
drum would decrease the solution flow rate and, consequently, the time 
for the drug to diffuse and evaporate from the solution jet would be 
higher, increasing its loss. There is also an important decrease in the EE 
of CIP for the particles deposited on the fibers, again the jet travelling 
time was higher owing to the higher tip to collector distance in this case. 
In general, the longer the time from the tip of the needle to the collector, 
the higher the diffusion and the potential evaporation of the drug pre
sent in the solvent. The DLs in the final RIF-CIP/RS100 were 0.6 ± 0.1 
wt.% (RIF) and 2.0 ± 0.1 wt.% (CIP) referred to the total weight of the 
combination mats. 

FTIR analysis was carried out in order to confirm the presence of RIF 
in the loaded fibers and a possible interaction between the drug and the 
polymer (Fig. 2a). However, only peaks related to the Eudragit® RS100 
were detected in the loaded fibers, probably attributed to the low con
centration of the antibiotic present in the fibers being below the limit of 
detection of the technique. The presence of CIP and potential drug- 
polymer interactions in the loaded particles were also investigated by 
FTIR analysis, and in this case, its higher drug loading (see Table 1) 
facilitated its identification. Fig. 2b displays the FTIR spectra of Eudra
git® RS100 particles (named RS100), free CIP and CIP-loaded Eudragit® 
microparticles (named CIP/RS100). Characteristic peaks for free CIP can 
be observed at 1614 and 1283 cm− 1 due to the vibration of the phenyl 
framework conjugated to –COOH and the stretching vibration of the C–F 
bond, respectively [30]. For the CIP/RS100 particles, vibrations related 
to the polymer can be observed at 1722 cm− 1 (C = O stretching), 1448 
cm− 1 (CH2 asymmetric bending), 1384 cm− 1 (CH3 asymmetric 
bending), 1144 cm− 1 (C-CO-C stretching) and at 1098 cm− 1 (C-N 
stretching) [31]. A small peak at 1629 cm− 1 would confirm the presence 
of CIP in the particles. The significant shift observed for this band would 
suggest drug-polymer interactions, since it is known that acidic com
pounds like CIP interact with Eudragit® polymers by means of electro
static interaction between the carboxyl moiety of the drug and the 
quaternary ammonium groups of the polymer [26]. Similar results were 
observed in the RIF-CIP/RS100 FTIR spectrum (Fig. 2c) showing peaks 
at 1622 and 1596 cm− 1, that would be related to vibration of the phenyl 
framework conjugated to –COOH of CIP. The interaction of the anti
biotic and the polymer would also be confirmed in this case by the shift 
observed. 

The dressing composed solely of fibers and particles, without con
taining RIF-CIP, exhibited a contact angle of 153 ± 3.2◦. On the other 

Table 1 
Synthesis parameters and characterization results for the obtained materials. 
Data are presented as mean ± SD.    

Applied 
voltage 
(kV) 

Tip to 
collector 
distance 
(cm) 

Diameter 
(µm) 

EE 
(%) 

DL 
(% 
w/w) 

Fibers 
RIF/ 
RS100  

20–23 15 1.3 ± 0.2 97.1 
± 2.8 

2.3 
±

0.07 
Particles 

CIP/ 
RS100  

15–20 7 1.1 ± 0.3 86.9 
± 6.9 

11.0 
± 1.0 

RIF-CIP/ 
RS100 

Fibers 
RIF/ 
RS100 

9–13 15 1.3 ± 0.4 87.1 
± 7.6 

0.6 
± 0.1 

Particles 
CIP/ 
RS100 

16–18 22 1.2 ± 0.3 56.1 
±

10.6 

2.0 
± 0.1  
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hand, the dressing incorporating RIF-CIP displayed a contact angle of 
146 ± 2.1◦. This demonstrates that the mat maintained its hydrophobic 
nature in the absence and presence of RIF-CIP. This hydrophobic surface 
would prevent from the wound fluid to soak through and would favor 
blood clotting. In addition, due to the large porosity of the antibiotic- 
loaded electrospun dressings here fabricated (33 ± 9 μm average pore 
size between fibers), their reduced thickness (38 ± 4 μm) and reduced 
tortuosity, a large oxygen and water vapor permeability is envisaged; 
therefore water vapor exchange would be promoted through the porous 
mats avoiding wound maceration. 

The pore size, measured by quantifying the distances between fibers 
by SEM, was determined to be 31 ± 10 µm for the drug-free dressing, 
very similar to the one of the RIF-CIP/RS100 mats (33 ± 9 µm). The 
thickness of the drug-free dressing (35 ± 3 µm) was also similar to the 
one of the RIF-CIP/RS100 mats (38 ± 4 µm). Therefore, the incorpora
tion of the antibiotics in the dressings did not change substantially the 
morphology of the resulting mats. 

The drug-free dressing showed a Young’s module of only 0.007 ±
0.0002 MPa, indicating its flexibility and elasticity. Its tensile strength of 
0.45 ± 0.1 MPa demonstrated a good level of resistance to tearing or 
mechanical damage, and it could undergo a significant strain of 19 ±
0.45 % before breaking. Similarly, the RIF-CIP/RS100 dressings 
exhibited a Young’s module of 0.004 ± 0.0001 MPa, confirming its 
flexibility which could be advantageous to easily adapt and conform 
with the wound contour. Its measured tensile strength was 0.28 ± 0.1 
MPa, and it could endure a strain of 16 ± 0.5 %. These results suggest 
that RIF-CIP/RS100 dressings possess characteristics favorable for 
wound application, as they are mechanically adaptable, facilitating an 
easy and comfortable dressing application to the wound contour. 

Fig. 2d and 2e display the RIF and CIP release profile from RIF-CIP/ 
RS100 mats at pH 7 and 5.5, respectively. About 95 % of the loaded CIP 
was released in the first 8 h at both pHs tested and then drug release was 

stabilized reaching a plateau. The initial release would be related to the 
dissolution and the fast diffusion of the hydrophilic antibiotic from the 
superficial particles in contact with the aqueous release medium despite 
the pH of the medium. CIP present in the outmost part of the micro
particles was rapidly released and a slower sustained release of the RIF 
in the solid matrix structure of the fibers after matrix erosion was 
observed. Then, we postulate that RIF slow release from the core of the 
fibers would provide an extended duration of the antimicrobial pro
phylactic action. This release kinetics is very appropriate to eradicate 
first intruding bacteria preventing colonization thanks to the immediate 
availability of CIP, and then the sustained RIF release could inhibit the 
growth of any remaining bacteria and prevent from a potential re- 
infection. RIF release at both pH was lower than that obtained from 
CIP, observing at pH 7 in the first 8 h that the release only reached 35 % 
of the total loaded drug and then it slowly increased up to 45 % after 50 
h. On the other hand, at pH 5.5 RIF release was almost half (20 % of the 
loaded antibiotic) and also slowly increased up to 25 % after 50 h 
(Fig. 2e). These results are in agreement with previous studies con
cerning the lower solubility of RIF at pH 5.5 compared to that at phys
iological pH [32]. RIF release kinetics may be probably attributed to its 
reduced aqueous solubility (i.e., just sparingly soluble in aqueous 
buffers) and due to the slower erosion of the fibers compared to the 
microparticles due to the lower surface per volume ratio of the former. 
In this line, SEM micrographs of the mats showed that the structure and 
morphology of the mats were preserved after immersion in the release 
medium and performing the drug release analysis for 50 h indicating 
their mechanical stability as wound dressing and that they could be 
easily removed after use (Fig. 2f). In addition, RIF-CIP/RS100 mats 
would retain a large amount of RIF to produce an extended prophylactic 
effect. The different aqueous solubility of both antibiotics, the different 
drug loading in the particles and the fibers and their different 
morphology (and consequent surface area exposed to the release 

Fig. 2. Physico-chemical characterization of the synthesized materials. Comparison of FTIR spectra of: a) RS100, free RIF and RIF/RS100; b) RS100, free CIP and 
CIP/RS100 and c) RS100, free CIP and free RIF-CIP/RS100; d) Cumulative drug release from RIF-CIP/RS100 at pH 7; e) Cumulative drug release from RIF-CIP/RS100 
at pH 5.5; f) SEM micrograph of the morphology of the wound dressing after drug release for 50 h at pH 5.5. 
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medium) would explain the drug release kinetics observed. 

3.2. In vitro biological studies 

3.2.1. Free antibiotics activity in planktonic cultures 
The bactericidal activity of both antibiotics was tested against 

S. aureus and E. coli planktonic cultures as Gram-positive and Gram- 
negative models, respectively. MIC and MBC values (Table 2) found in 
S. aureus cultures for CIP (MIC 0.25 µg/mL, MBC 1 µg/mL) were similar 
to those reported in the previous literature (MIC 0.5 µg/mL, MBC 1 µg/ 
mL) [33] as well as those obtained for RIF (MIC < 0.05 µg/mL, MBC 0.5 
µg/mL) against S. aureus ATCC 25923 [34]. It is well-known that CIP 
possesses strong activity against Gram-negative bacteria [35], as a 
consequence MIC and MBC values against E. coli were very low (MIC 
0.005 µg/mL, MBC 0.01 µg/mL). The characteristic outer cell-protecting 
membrane of Gram-negative represents an effective barrier for polar 
molecules and being CIP a highly water-soluble antibiotic its effect 
against E. coli is promoted. On the other hand, RIF is mainly used to treat 
infections against Gram-positive pathogens [36] showing higher con
centrations needed to inhibit growth or eliminating Gram-negative 
bacteria (MIC 20 µg/mL, MBC 40 µg/mL) [37]. Again, due to the non- 
polar nature of RIF, probably the penetration of RIF through the outer 
membrane of Gram-negative bacteria would be largely excluded 
compared to Gram-positive bacteria. 

3.2.2. Synergism 
As mentioned before, antibiotic combinations attempt to prevent or 

delay the in vivo emergence of drug-resistant subpopulations of patho
genic microorganisms. Additionally, RIF should not be used as mono 
therapy because of the rapid development of resistance, therefore, its 
combination with CIP could provide a successful treatment at lower 
doses than the ones required for the monotherapy alone [38]. To eval
uate the potential presence of synergism between both antibiotics, the 
FICI was calculated (Fig. 3a and b). The FICI values of both antibiotics 
against S. aureus and E. coli (0.10 and 0.14, respectively) indicated that 
the combination of RIF and CIP exerted a synergistic effect (≤0.5) [39]. 
As indicated in Table 2, against the Gram-positive bacteria, the MIC of 
RIF could be reduced from 0.05 to 0.001 μg/mL (i.e., 50 times reduction) 
in combination with CIP, while only 0.02 μg/mL of CIP in the combi
nation exhibited the same effect as 0.25 μg/mL of CIP alone (i.e., 12.5 
times reduction). Against E. coli, the concentration of RIF could be 
decreased from 20 to only 2 μg/mL (i.e., 10 times reduction) when in 
combination with 0.002 μg/mL of CIP (i.e., 2.5 times reduction) to 
obtain the MIC values of the combination of both antibiotics. According 
to these results, the concentration of both antibiotics needed to inhibit 
Gram-positive and Gram-negative bacterial growth would be lower 
when loaded simultaneously in the system than when used indepen
dently. Therefore, the combination therapy here proposed would suc
cessfully reduce the doses needed to eliminate a wide spectrum of 
pathogenic bacteria present and thus, lowering the possibility of the 
development of bacteria resistances and the chronicity of infections. 

3.2.3. System antibacterial activity 
Wound dressings containing several drugs were previously reported 

in the literature. For instance, a system consisting of fibers loaded with 

the antibiotic mupirocin and fibers loaded with the anesthetic lidocaine 
were prepared through a dual spinneret [40]. The anesthetic lidocaine 
was also loaded with tetracycline by coaxial electrohydrodynamic 
printing [41]. The synthesis of electrospun nanofibers loaded with two 
antibiotics, GS and CIP, was also reported [16]. In that study, the dual 
drug loaded fibers showed a complete release of GS in 6 days and a 
sustained release of CIP for over three weeks with a significant reduction 
in the bacterial counts in the wound bed using a murine model of a deep 
burn infected with P. aeruginosa. The rapid release of GS and extended 
release of CIP accelerated the wound healing process while controlling 
the infection. Other authors have recently showed the synthesis of 
electrospun chitosan/poly(vinyl alcohol) nanofibers loading colistin and 
meropenem, which displayed synergistic bactericidal effects against 
XDR clinical isolates of Acinetobacter baumannii, as well as in vitro and in 
vivo significant biocompatibility [17]. 

The inhibitory and bactericidal effects of RIF-CIP/RS100 were 
evaluated against S. aureus and E. coli strains in solid TSA cultures. 
Fig. 3c and d show the antimicrobial activity depending on the con
centration of the mat (total weight of the mat (0.02–1 mg) in the volume 
of medium where the bacterial inoculum is present (2 mL)) and 
compared to equivalent doses of the same antibiotics in a physical 
mixture. The concentration of both antibiotics in the mixture was 
equivalent to the concentration released from the RIF-CIP/RS100 
combinatorial system in 24 h. In this case, 0.05 mg/mL of RIF-CIP/ 
RS100 were necessary to inhibit S. aureus and E. coli growth (Fig. 3c 
and 3d). According to the antibiotic release studies (Fig. 2), this 
combinatorial system was able to release after 24 h 0.90 and 0.12 µg/mL 
of CIP and RIF, respectively. To completely eradicate both bacterial 
strains, it was necessary to use 0.1 mg/mL of RIF-CIP/RS100, releasing, 
according to the drug kinetic release analysis, 1.9 and 0.25 µg/mL of CIP 
and RIF, respectively after 24 h. Even though the concentration of CIP 
released from the system was higher than that required for the indi
vidual antibiotics to eradicate S. aureus and E. coli (Table 2; ≤ 1 µg/mL), 
the concentration of RIF needed to achieve a complete eradication of 
bacteria (0.25 µg/mL) was highly decreased against the Gram-negative 
bacteria (Table 2; 40 µg/mL) while it was reduced by half (Table 2; 0.5 
µg/mL) against the Gram-positive one. This dose reduction needed to 
fully eliminate the pathogenic bacteria when combining both RIF and 
CIP in the same dressing would outperform the application of both an
timicrobials alone while preventing the chronicity of infection and the 
evolutionary selection of resistant strains. It should be noted that the 
RS100 system (not loaded with antibiotics) exerted no bactericidal ef
fects yielding the same bacteria counts as the control samples depicted 
in Fig. 3c and 3d. 

3.2.4. RIF-CIP/RS100 antibiofilm activity 
As we mentioned before, in many cases, following initial contami

nations, microbial wound populations can colonize the wound bed and 
many species can associate forming biofilms that reduce the suscepti
bility to host defenses and to antimicrobial agents, undermining stan
dard clinical therapies, including antibiotic therapy [42]. It has been 
shown that killing bacteria in a biofilm may require up to 1000 times the 
antibiotic dose necessary to achieve the same result in its planktonic 
form [43]. As previously reported, multiple species of bacteria populate 
chronic wounds and derived biofilms often contain one or more species 
of Gram-positive and Gram-negative bacteria and/or fungi [44]. The 
antibiofilm formation ability of the prepared system composed of RIF- 
loaded fibers decorated with CIP-loaded particles (RIF-CIP/RS100) 
was tested against S. aureus biofilms (Fig. 4a) showing its ability to avoid 
biofilm formation. The action of the drug eluting system developed was 
compared to the effect of the mixture of the free antibiotics at the same 
concentrations than those released from RIF-CIP/RS100 in 24 h. 
Regarding the inhibition of biofilm formation, the mixture of the free 
antibiotics was not able to avoid S. aureus biofilm formation in contrast 
to RIF-CIP/RS100 that, at a mat concentration of 1 mg/mL in the culture 
medium, successfully prevented S. aureus biofilm formation (Fig. 4a). 

Table 2 
MIC and MBC of free ciprofloxacin (CIP) and rifampicin (RIF), as well as when 
added in combination (CIP-RIF) (N = 12).   

S. aureus ATCC 25923 E. coli S17  

MIC (µg/mL) MBC (µg/mL) MIC (µg/mL) MBC (µg/mL) 

CIP  0.25 1.0 0.005 0.01 
RIF  < 0.05 0.5 20 40 
RIF-CIP  RIF 0.001 – RIF 2.0 –  

CIP 0.02 – CIP 0.002 –  
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This concentration was much higher than that needed to eliminate 
planktonic bacteria (MBC 0.1 mg/mL; Fig. 3c), results that were ex
pected since, as we mentioned before, S. aureus strains embedded in 
biofilms are up to 1000 times less susceptible to antibiotics than their 
planktonic counterparts [45]. On the other hand, 2 mg/mL of RIF-CIP/ 
RS100 were enough to completely eradicate S. aureus preformed mature 
biofilm while free antibiotics were not able to totally eliminate those 
biofilms (Fig. 4b), which represents an outstanding result. The better 
performance of the system could be related to the interaction between 
the cationic polymer and the bacterial biofilm. Many of the biofilm 
components as well as the bacterial cell envelop yield overall negative 
charge, which could have a strong electrostatic interaction with the 
quaternary ammonium groups of the Eudragit®-based polymeric sur
face [45]. In previous studies, it was demonstrated that the direct con
tact between the pathogens and the polymeric fibers was needed to exert 
a strong antibacterial action [46]. Conversely, the behavior of free drugs 
and RIF-CIP/RS100 to inhibit E. coli biofilm formation and to eradicate 
preformed biofilms is depicted in Fig. 4c and 4d, respectively. Again, the 
RIF-CIP/RS100 system exerted significantly higher antibiofilm activity 
compared to the addition of the free antibiotics as all the concentrations 
of the combinatorial system tested were able to avoid (Fig. 4c) or 
eradicate (Fig. 4d) E. coli biofilms. These results would indicate that 
E. coli cell damage can negatively affect cell attachment that represents 
the first step in biofilm formation [47]. Moreover, it could be associated 
to the polymer interaction with one of the extracellular polymer biofilm 
components, poly ß-1,6-N-acetyl-D-glucosamine, that would hinder 
cellular attachment and reticulation of the exopolysaccharide matrix 
delaying the antibiotics action [48]. Optically, in the RIF-CIP/RS100 
samples we did not observe any biofilm on the air–liquid interface as 

expected during E. coli pellicle formation. Furthermore, crystal violet 
staining confirmed these results showing that quantitatively RIF-CIP/ 
RS100 at 0.05 mg/mL was able to reduce biofilm formation and to 
eradicate mature biofilms (Fig. 4e, 4f and 4 g). Crystal violet stains both 
extracellular biofilm matrix and bacterial cells (i.e., total biomass) and it 
was clearly observed that the inhibition/eradication was enhanced for 
the Gram-negative bacteria. It should be noted that the RS100 system 
(not loaded with antibiotics) exerted no bactericidal effects yielding the 
same bacteria concentration as the control samples depicted. These re
sults are very promising in the treatment of chronic wounds as biofilms 
derived from these wounds are usually polymicrobial and the synthe
sized RIF-CIP/RS100 combinatorial system was able to efficiently 
eliminate in vitro both biofilm models. 

3.2.5. Cell cytotoxicity 
A wound dressing should not have any negative impact on the 

regenerative cells that are involved during the wound healing process. In 
accordance with the ISO 10993–5:2009 standard [49], a compound is 
considered cytocompatible when cell viability remains above 70 %. To 
evaluate the cytocompatibility of RIF-CIP/RS100, HaCaT keratinocytes, 
human dermal fibroblasts and J774 macrophages were selected for the 
analysis. Fig. 5 shows the percentages of viable cells after being exposed 
to the combined free drugs (Fig. 5a), the antibiotic-free RS100 (Fig. 5b) 
and RIF-CIP/RS100 (Fig. 5c) after 24 h of contact compared to the 
control samples (not treated cells, assigned with 100 % viability). The 
concentrations of the combined free antibiotics used in the cytotoxicity 
assay (Fig. 5a) are equivalent to the concentrations released by the 
dressing after 24 h. In all cases, the cell viability of the three cell lines 
was equal or higher than 70 % at the concentrations tested which were 

Fig. 3. Effects of the combination of both antibiotics in bacterial growth. a) and b) Fractional Inhibitory Concentration Test for S. aureus (a) and E. coli (b). The 
yellow wells depict areas of bacterial growth, in contrast with the grey ones that involve the absence of bacterial growth. The blue circle denotes the MIC of free CIP, 
while the red circle represents the MIC of free RIF and the purple circle emphasizes the observed synergistic effect (MIC values when both antibiotics were added in 
combination); c) and d) Bactericidal activity of a mixture of equivalent doses of the free drugs and the RIF-CIP/RS100 system against S. aureus (c) and E. coli (d). The 
concentration in the X axis refers to that of the RIF-CIP/RS100 combinatorial system. Data are depicted as mean ± SD of 3 independent experiments in triplicate (n =
6). Significant differences are shown between controls (only bacteria and RS100 system without antibiotics) and experimental groups (*p < 0.05; **p < 0.01; ****p 
< 0.0001). 
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Fig. 4. Antibiofilm activity of free RIF and free CIP combined together, and RIF-CIP/RS100. a) Inhibition of S. aureus biofilm formation; b) Eradication of S. aureus 
preformed mature biofilms; c) Inhibition of E. coli biofilm formation; d) Eradication of E. coli preformed mature biofilms. e) Results of crystal violet staining after 
biofilm inhibition; f) Results of crystal violet staining after preformed biofilm eradication; g) Images showing crystal violet staining using a dressing concentration of 
0.05 mg/mL. Data are depicted as mean ± SD of 4 independent experiments in triplicate (n = 12). Significant differences are shown between control and experi
mental groups (*p < 0.05; **p < 0.01; ****p < 0.0001). The drug-eluting system action was compared to the effect of the free antibiotics mixture at the same 
concentrations released from RIF-CIP/RS100 within 24 h. The concentration in X axis refers to that of the RIF-CIP/RS100 combinatorial system. 
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in the range of those reported above as MBCs, for both planktonic and 
biofilms assays. Our results are in accordance with previous studies 
regarding the cytocompatibility of RS100 particles in human dermal 
fibroblasts and in Caco-2 cells even loaded with RIF at concentrations up 
to 20 mg/mL [34,50]; in MDCKII and human primary olfactory mucosa 
cells at concentrations up to 2 mg/mL [51]; and in human glioblastoma 
cells (U87MG) for 72 h though at lower concentrations than ours (≤24 
µg/mL) [52]. Antibiotics have been also extensively shown as non- 
cytotoxic in different cell lines at the concentration range used in our 
assays [53–55]. In conclusion, RIF-CIP/RS100 was considered to be non- 
cytotoxic for the cell lines studied at the doses at which bacteria were 
eradicated. These results are very valuable for the intended application 
in the healing of chronic infected wounds as the integrity of patients’ 
cells is essential to assure an adequate tissue regeneration. 

3.3. In vivo evaluation of RIF-CIP/RS100 in a chronic infected murine 
wound model 

The effectiveness of RIF-CIP/RS100 was evaluated in a chronic 
infected wound model in diabetic obese mice (Leprdb/Leprdb) developed 
through the murine excisional wound splinting model in which the 
natural murine wound closure through skin contraction is hampered to 
mimic the human granulation and reepithelization processes. Twenty- 
one days PSI, wounds were treated daily with RIF-CIP/RS100 (1.4 mg) 
or with the combination of free antibiotics at the same concentrations 
released by the mats in 24 h (2.47 µg/mL RIF and 0.33 µg/mL CIP) to 
clarify whether the loading of antibiotics into RS100 may improve their 
bactericidal activity and healing efficacy. Control groups (infected but 

not treated and treated with the common antiseptic CHXD) were also 
studied. 

Fig. 6a depicts the results concerning the morphological and 
microbiological evaluation. At 21 days PSI, as the insets regarding 
bacteria load indicate, wounds were massively infected representing a 
chronic infected wound model. After three days of treatment (24 days 
PSI), RIF-CIP/RS100 and RIF-CIP significantly reduced the bacterial 
load up to mild bacterial growth and the wounds appeared almost 
closed, whereas the CHXD-treated group showed a superior bacterial 
load (moderate growth). Finally, the treatments successfully eradicated 
S. aureus infection at the end of the assays (28 days PSI) showing fully 
closed wounds and no bacteria growth though the control group still 
displayed moderate bacterial load. The histopathological analysis was 
also performed at 28 days PSI (Fig. 6b) and demonstrated that the skin 
was almost completely recovered after generating the chronic infected 
wound in all groups, with non–significant differences between them. 
However, when mice were treated with RIF-CIP/RS100 and RIF-CIP, 
they showed a low degree of dermal inflammation and, moreover, the 
epidermis seemed to be more recovered in the RIF-CIP/RS100 group. 
Mice treated with CHXD presented a higher degree of inflammatory and 
fibrotic reaction in the superficial dermis. Our findings confirm the in 
vitro results described above in which S. aureus biofilm was successfully 
eradicated by RIF-CIP/RS100 (Fig. 4a and 4b) also showing their cyto
compatibility (Fig. 5c). These results highlight the more efficient 
behavior of RIF-CIP/RS100 in wound healing compared to the admin
istration of the free antibiotics or even the common antiseptic chlor
hexidine. Moreover, the in vivo studies confirmed the potential of our 
advanced medicated dressings for the treatment of these complicated 

Fig. 5. Cell viability in keratinocytes (HaCaT), fibroblasts and macrophages (J774) cultures after treatment for 24 h with: a) RIF-CIP combined free drugs; b) RS100; 
c) RIF-CIP/RS100. The dotted line shows the threshold of 70 % of cell viability in accordance with ISO 10993–5 [49]. Control samples were considered as 100 % 
viability. Four replicas of each concentration were tested in triplicate (N = 12). The concentration in X axis refers to that of the RIF-CIP/RS100 combinatorial system. 
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Fig. 6. In vivo evaluation of RIF-CIP/RS100 efficiency in a chronic infected murine model: a) Morphological and microbiological analyses of the wounds at different 
time points (21, 24 and 28 days PSI) in the experimental groups assayed (CTRL, RIF-CIP/RS100, free antibiotics (RIF-CIP), and the common antiseptic chlorhexidine 
(CHXD). Microbiological results in experimental and control groups are shown as insets. (-) no growth; (+) mild bacterial growth; (++) moderate bacterial growth; 
(+++) massive bacterial growth; (++++) extensive bacterial growth; b) Histopathological evaluation (HE; 10x) from the experimental groups analyzed. Repre
sentative images at 28 days PSI. The most intense fibrotic and inflammatory reaction is observed at the CHXD group. Hematoxylin-eosin x10. 
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non-healing wounds. In this regard, previous studies have also shown 
the in vivo efficiency of emulgels containing nanostructured lipid car
riers with the antibiotic mupirocin though the bacterial challenge was 
much lower than ours (103 CFU/mL vs 107 CFU/mL) and wound healing 
was completely achieved after 15 days of treatment (daily 3 times per 
day) [56]. On the other hand, mupirocin was also used in the treatment 
of S. aureus Xen29 (109 CFU/mL) infected partial-thickness scald wound 
model in mice [57]. The treatment was administered twice per day 
during 7 days achieving the full wound closure at day 8. An infected (108 

CFU in 500 µL by swabbing of MRSA) full-thickness scald wound model 
in rats was used to compare the potential healing of fusidic acid vs 
chlorhexidine among other compounds [58]. The animals were treated 
daily during 7 days showing that the antibiotic fusidic acid completely 
eradicated the bacterial load while the treatment with the antiseptic 
chlorhexidine significantly reduced the bacteria content in the scars 
though was not able to fully eliminate it. It is important to notice that in 
those in vivo studies mice and rats were not diabetic while in our work 
diabetic obese mice were used. 

4. Conclusions 

Electrospun Eudragit®-based mats decorated with electrosprayed 
Eudragit®-based microparticles containing rifampicin and ciprofloxacin 
(RIF-CIP/RS100) respectively were fabricated for their potential appli
cation in the management of infected chronic wounds. Synergy between 
both antibiotics is here reported. The presence of both antibiotics in 
microfibers and microparticles provides the system with an initial 
antibiotic burst release and a sustained one over time. The resulting 
antibiotic-loaded mats are able to eradicate both E. coli and S. aureus in 
their sessile and biofilm-forming forms. The cationic nature of the 
dressing might be responsible for its superior antimicrobial action 
compared to the same antibiotics in their free form, corroborating the 
importance of the contact to elicit a strong antimicrobial action. RIF- 
CIP/RS100 was able to eliminate bacteria while harmless to a battery 
of different eukaryotic cell lines. The in vitro results were successfully 
corroborated in an in vivo chronic infected murine model highlighting 
the efficiency of RIF-CIP/RS100 in eradicating S. aureus infection and 
facilitating wound closure. Antibiotic topical therapy is not recom
mended on open wounds but as a second line treatment for only infected 
non-healing wounds the dual system here described could constitute a 
potential successful clinical solution. Long-term clearance efficacy of 
those antibiotic combinations should be carefully analyzed to avoid 
reciprocal suppression. 
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