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ABSTRACT. Due to the prevalence of antimicrobial resistant pathogens, natural products 

with long-term antimicrobial activity are considered as potential alternatives. In this work 

polycaprolactone (PCL) electrospun fibers with mean diameters around 299 nm and 

loaded with 14.92 ± 1.31 % w/w of thymol (THY) were synthesized. The mats had 

appropriate elongation at break (74.4 ± 9.5 %) and tensile strength (3.0 ± 0.5 MPa) to be 

potentially used as wound dressing materials. In vivo studies were performed using eight 

to ten-week-old male SKH1 hairless mice. The infection progression was evaluated 

through a semi-quantitative method and quantitative polymerase chain reaction (qPCR). 

The analyses of post-mortem samples indicated that THY loaded PCL fibers acted as 

inhibitors of Staphylococcus aureus ATCC 25923 strain growth being as efficient as 

chlorhexidine (CLXD). Histopathological and immunohistochemical studies showed that 

the PCL-THY treated wounds were almost free of an inflammatory reaction. Therefore, 

wound dressings containing natural compounds can prevent infection, promote wound 

healing and prompt regeneration.
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INTRODUCTION

Injuries caused by burns, trauma or surgery are significant economic and social burden 

to healthcare providers.1 Wound dressings play an important role during the healing 

process and they have received growing attention in recent years.2-4 In general, wound 

dressings are required to have good biocompatibility, provide a barrier against dust and 

bacteria, absorb exudates and debris and facilitate blood clogging while promoting 

transpiration avoiding wound maceration. 5 It is also important for a wound dressing 

material to be as strong at least as human skin (tensile strength  in the range 2-16 MPa) 

to withstand mechanical stress to support the patient daily activities.5 Another expected 

characteristic is having adequate porosity to allow gas exchange but avoiding bacterial 

penetration acting as a physical barrier.1

Polymer nanofibers provide the possibility to immobilize antimicrobial compounds and 

their structure, similar to the extracellular matrix, has high interconnected porosity, and 

allows gas permeability.6 Among the different fibers fabrication techniques, 

electrospinning is the most commonly used method because of its versatility, cost-
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efficiency and straightforward setup.7 Synthetic (e.g., polycaprolactone (PCL), poly (L-

lactic acid) (PLLA), poly(lactic-co-glycolic acid), etc.) and natural polymers (e.g., 

polysaccharides, proteins, polyesters, etc.) have been used to produce electrospun 

nanofiber mats. Among the natural polymers, collagen nanofibrous matrices have been 

prepared and used in preclinical models demonstrating their superior improvement of the 

healing process. Microscopic examination revealed that early-stage healing in the group 

treated with these fibers was faster than that obtained for the control group.8 Also silk 

fibroin nanomatrices have demonstrated to accelerate re-epithelialization and wound 

closure in burns9 and collagen/chitosan composite membranes have promoted wound 

healing and induced cell migration and proliferation.10 In this sense, amoxicillin grafted 

onto regenerated bacterial cellulose sponges11 and hyaluronan/silver nanocomposites12 

were also able to stimulate wound healing and reduce inflammation in different murine in 

vivo wound models.

However, the biodegradation rate and the relatively low mechanical strength displayed by 

natural polymers restrict their application as wound dressings despite of their reduced 

Page 6 of 59

ACS Paragon Plus Environment

ACS Applied Bio Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

immune response and associated toxicity.13 For example, edible films developed from 

fruit and vegetable residue flour were reported to have a maximum tensile strength (TS) 

as low as 0.084 MPa.14 Polyvinyl acetate/chitosan/starch mats degradation in the first 7 

days is reported to be in the range 15-30%.15 Among the synthetic polymers, fibrous 

polyurethane membranes were evaluated as wound dressings and found to show  

appropriate oxygen permeability (6.525.106 Barrer) while promoting fluid drainage.16  

Silver/graphene composite hydrogels were also demonstrated to successfully enhance in 

vivo wound healing and tissue regeneration.17 Other synthetic polymers have been used 

to produce electrospun wound dressings, among them poly(lactic acid-co-glycolic acid) 

was found to produce mats with appropriate mechanical strength (tensile modulus from 

39.23 ± 8.15 to 79.21 ± 13.71 MPa) and porosity (38 to 60% ).18 PCL, a hydrophobic 

polyester polymer, has been widely used to prepare electrospun wound dressings 

because of its biodegradability, biocompatibility, chemical and thermal stability and 

mechanical properties.19 Furthermore, multicoated electrospun PCL/gelatin/nanosilver 

membranes have been recently shown as efficient antibacterial dressings in vivo by 

protecting wounds and promoting healing.20 Since bacterial infection is the most serious 
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complication which might affect the wound healing process and can lead to impaired 

wound healing and increased morbidity and mortality,21 it is necessary to add 

antimicrobial agents to the wound dressing materials. However, it is also necessary to 

demonstrate that those advanced dressings are more effective than simple conventional 

dressings in clinical settings for the treatment of infected wounds. The electrospinning 

process allows the production in one step of drug loaded mats with the ability of providing 

a sustained release in the management of wound-associated infections.

The evolution of antimicrobial resistant pathogens that are refractory to the antibiotics of 

last resort represents a global public health challenge.22 Wound dressings containing 

natural products with long-term antimicrobial activity are considered as potential 

alternatives as cost-effective materials in combating antimicrobial resistance.23 In the last 

years, an increased number of publications on electrospun mats loaded with essential 

oils has been reported.24 A considerable number of these studies used pure bioactive 

compounds obtained from essential oils such as carvacrol and thymol (THY).25-29 We 

recently reported that carvacrol and thymol loaded electrospun polycaprolactone fibers 

are able to eliminate stationary phase concentration of Gram-positive (Staphylococcus 
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aureus) and Gram-negative (Escherichia coli) bacteria in vitro.30 Therefore, as a 

continuation of that work we planned to carry out the in vivo evaluation of those advanced 

wound dressings. 

Wounds in mice, infected with S. aureus, were also treated with poly(lactic-co-glycolic 

acid)/chitosan nanofiber wound dressings.31 Dressings containing hydroxypropyltrimethyl 

ammonium chloride were able to reduce the wound sizes by 21.8% after 3 days and by 

100 % after 15 days. Electrospun curcumin-loaded PCL-polyethylene glycol fibers have 

shown an efficiency on S. aureus inhibition of 95% after 12 h treatment having also anti-

inflammatory effects in vitro.32 In vivo these mats improved wound healing by increasing 

fibroblast and vascular density and preventing oxidative damage.

In this manuscript, the mechanical properties of the thymol loaded PCL nanofibers were 

studied in order to confirm the potential applicability of the material as wound dressing. 

Then, the in vivo efficacy of the thymol loaded PCL nanostructured fibrous mats was 

tested in a full-thickness excision wound model in mice. The inhibition of bacterial growth 
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in experimentally infected wounds was evaluated and histopathological examinations 

were conducted to investigate wound dressing effects.

EXPERIMENTAL SECTION

MATERIALS. 

PCL (Mn = 80,000 Da), dichloromethane (DCM, > 99 %) and N,N-dimethylformamide 

(DMF,  > 99 %) were purchased from Fisher Scientific. Thymol (99 %) was purchased 

from Acros Organics while phosphate-buffered saline (PBS), (S)-(-)-limonene (food 

grade, ≥95 %), naproxen sodium salt (98-102 %), and Tween 80 were obtained from 

Sigma-Aldrich. Acetonitrile (≥99.9 %), formic acid (98-100 %), and deuterated chloroform 

(99.8 % D) were acquired from VWR. All reagents were used as received without any 

further purification. Chlorhexidine Gluconate 1% was purchased from Salvat.

METHODS

PCL and THY loaded PCL fibers preparation. 
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The preparation of fiber mats was carried out as previously described.33 Briefly, PCL was 

dissolved in a mixture of DCM and DMF (at 1:1 volume ratio), for the THY loaded fibers, 

the appropriate amount of THY was added to the polymer solution (20 w/w % referred to 

the PCL mass). The electrospinning process was carried out in an Yflow 2.2 D500 

electrospinner equipped with a flat collector covered with aluminum foil. The solution was 

fed with a flow rate of 1.0 mL/h. The tip to collector distance was 18 cm. The voltage 

applied to the collector was fixed at -4 kV while the voltage applied to the needle was 

10.25 kV for PCL and 12.13 kV for the THY loaded fibers, respectively.

Physico-chemical and mechanical characterization of prepared materials

The morphology of the electrospun mats was analysed in a CSEM‐FEG INSPECT 50, 

FEI scanning electron microscope (SEM). Fibers mean diameter was determined 

measuring at least 100 nanofibers from 3 independent SEM images. Samples were 

previously covered with an Au/Pd layer to allow electronic observation. THY loading was 

determined in a Shimadzu 2010SE GC-MS chromatograph equipped with an AOC 20i 

injector. Samples were previously dissolved in a mixture of DCM and acetonitrile and an 
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internal standard ((S)-(-)-limonene) was added. The encapsulation efficiency (EE) was 

calculated with the following equation:

              [Eq 1]𝐸𝐸 =
𝑇𝐻𝑌 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡

𝑇𝐻𝑌 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡𝑥 100

The theoretical amount was calculated based on the THY/PCL ratio used in the 

electrospinning solution. THY release tests were carried out in a continuous mode by 

flushing a solution of 2 % w/v of Tween 80 in PBS at 37 ºC through the samples with a 

flow rate of 1 mL/min using a Shimadzu LC-10AT VP syringe pump. Released samples 

were collected and analyzed using an Acquity UPLC® Waters liquid chromatograph with 

a photodiode array detector ACQ-PDA. Naproxen sodium salt was used as internal 

standard.

Mechanical properties of the mats were tested using an Instron Microtester 5548 and a 

video extensometer laser without contact (Instron 2663-281). Stress-strain curves were 

recorded at a stretching speed of 1 mm/min. The dimensions of the tested probes were 

in agreement with the ISO  527-1:2012 norm (Plastics — Determination of tensile 

properties).
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Mercury porosimetry was used to evaluate the pore volume of the electrospun mats. A 

mercury porosimeter MicroActive AutoPore V9600 from Micromeritics Instrument 

Corporation. Dried and degassed 2.5 cm long squared PCL electrospun samples were 

used in the evaluation.

Mouse excisional wound splinting model and infection

In vivo studies were performed under Project License 51/14 approved by the Ethic 

Committee for Animal Experiments of the University of Zaragoza (Spain). In these 

studies, eight to ten-week-old male SKH1 hairless mice (Charles River Laboratories) were 

used. Mice were fed ad libitum and maintained under specific pathogen-free conditions 

accordingly with the Spanish Policy for Animal Protection RD53/2013, which meets the 

European Union Directive 2010/63 on the protection of animals destined to scientific 

purposes.

Thirty mice were experimentally divided in five groups (N = 6): i) Control group: Wounds 

without infection or treatment; ii) PCL group: Wounds infected and treated with PCL 

dressings; iii) PCL-THY group: Wounds infected and treated with thymol-loaded PCL 
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dressings; iv) THY group: Wounds infected and treated with free THY; v) CLXD group: 

Wounds infected and treated with chlorhexidine. In each group, three mice were 

euthanized at 3 days post-surgery and infection (dpi) and other three mice at 7 dpi. 

The mouse excisional wound splinting model34 with some modifications was developed 

to evaluate wound infection and healing while avoiding the natural murine wound closure 

through skin contraction with the purpose to mimic the granulation and reepithelization 

processes that take place during human wound healing35 (Fig. 1). 

In order to evaluate potential weight loss during the experiments, the animals were daily 

weighted. For the surgical procedure, SKH1 hairless mice were initially anesthetized with 

5 % isoflurane, and maintained with 1-2 % isoflurane (1 L/min oxygen flow). The mice 

were rinsed with a 70 % ethanol (v/v) swab to be sterilely prepped. Meloxicam (2.5 mg/kg 

body weight) was then subcutaneously administered for pain relief (daily until 48 h post-

surgery). A sterile 8-mm punch biopsy tool (Eickemeyer Veterinary Equipment Ltd.) was 

employed to pattern two full-thickness wounds in the skin of the dorsum at each side of 

the median line of the animal. After that, two donut-shaped silicone wound splints (Grace 
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Bio-Labs) were sutured with six interrupted 4/0 sutures (Braun) to avoid the natural 

murine wound closure through skin contraction. Wounds were subsequently infected by 

inoculation of 107 colony forming units (CFU; 25 µL in PBS) of S. aureus ATCC 25923 

(Ielab). Different treatments were then applied: PCL dressing mats (as control of 

infection), THY loaded PCL dressing mats, free THY or free chlorhexidine (CLXD; as 

model antiseptic in clinical use). The dressing mats diameter was 12 mm whereas free 

compounds were added in a volume of 25 µL, which corresponds to the amount of THY 

loaded in 12 mm of PCL-THY dressings and CLXD was added at the concentration used 

in the current clinical practice (10 mg/mL). Free THY was also assessed to compare the 

effect of THY in wound infection and healing when encapsulated in the PCL-based mat 

vs the free compound. Finally, wounds and dressings were covered with sterile adhesive 

plasters and bandages (Hartmann). Dressing mats were replaced every day for 3 days, 

then all wounds were uncovered, as recommended in the clinical practice.36-37 The 

progression of infection as well as weight loss and potential pain were monitored daily 

until the end of the studies.
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Evaluation of infection in wounds

The infection progression in wounds was evaluated through a semi-quantitative analysis 

of microbiological cultures and quantitative polymerase chain reaction (qPCR). The 

microbiological results were obtained from three independent experiments run in 

triplicate.

Microbiological samples were harvested from wounds by means of microbiological swabs 

with Amies media (Deltalab) at 1, 2, 3 and 7 dpi. The microbiological samples were 

cultured on blood agar and McConkey No. 3 media (Oxoid). After incubation (37 °C, 24 

h), bacteria concentration in the samples was semiquantified and the microorganism 

identified by reseeding samples and analyzing by a MALDI-TOF system (Bruker). 

Concurrently, qPCR evaluation of S. aureus ATCC 25923 was carried out in the samples. 

Briefly, DNA was obtained (DNeasy Blood & Tissue Kit, Qiagen) and amplified through 

the EXOone Staphylococcus aureus one MIX qPCR kit (Exopol) and a 7500 FAST Real 

Time PCR System (Applied Biosystems). The pre-incubation step (1 cycle, 5 min, 95 °C) 
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was followed by an amplification stage of 42 cycles of 15 s at 95 °C and 1 min at 60 °C, 

to read then the plate. 
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Figure 1 Schematic representation of the in vivo wound model: 1) Splinting wounds were 

surgically performed with an 8-mm-diameter biopsy punch and the splinting ring sutured 

around the wound; 2) Induction of the infection was achieved by the inoculation of 

Staphylococcus aureus (107 colony forming units (CFU)); 3) Wound treatment was carried 

out by adding the different synthesized mats and covering the wounds.

Histopathologic studies

Euthanasia was carried out by CO2 inhalation after 3 and 7 dpi. Then, wounds were totally 

exposed by removing splints, sutures, dressings and gauzes, and harvested together with 

~ 5 mm in diameter of surrounding tissue. Samples were then fixed for 24 h in 

paraformaldehyde (4 %; Alfa Aesar) and embedded in paraffin. Five µm sections were 
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stained with hematoxylin and eosin (HE), and Gram staining for histopathological and 

bacteria determination, respectively. In order to assess wound angiogenesis, an 

immunohistochemical evaluation was performed by using rabbit polyclonal CD31 

antibody (ab28364, Abcam). The automated immunostaining platform Autostainer Link 

(Dako) was used. The slides were dewaxed in xylene and re-hydrated in an ethanol 

series. Antigen retrieval was carried out by high pH buffer treatment (CC1m, Roche) and 

3 % H2O2 was added to block the endogenous peroxidase. Subsequently, the slides were 

incubated with the primary antibody (1:50 for 60 min) followed by the corresponding 

visualization system conjugated with horseradish peroxidase (EnVision FLEX+, Dako). 

The chromogen 3, 30-diaminobenzidine tetrahydrochloride (DAB) was used for the 

detection of the immunohistochemical reaction. Nuclei staining were carried out using 

Carazzi's hematoxylin. Finally, the slides were dehydrated and permanent mounted.

Statistical analysis

All data are reported as mean ± SD. The significant differences among the means were 

analyzed by the two-way analysis of variance (ANOVA) for multiple comparisons by 
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Dunnett’s multiple comparisons test (GraphPad Software). Statistically significant 

differences were considered when p ≤ 0.05.

RESULTS AND DISCUSSION

PHYSICOCHEMICAL AND MECHANICAL CHARACTERIZATION. The morphology of 

PCL and THY loaded PCL nanofibers was characterized by SEM (Fig. 2). The mean 

diameter of unloaded fibers (266 ± 73 nm) show no significant changes when THY was 

incorporated to the spinning solution (299 ± 71 nm). Similar results were previously found 

in our preceding work also for carvacrol loaded PCL fibers.33
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Figure 2 Characterization of electrospun nanofibers: A, B) SEM micrograph and diameter 

histogram of PCL nanofibers (Number of fibers measured=100); C, D) SEM micrograph 

and diameter histogram of THY loaded PCL nanofibers; E) Macroscopic visualization of 

the synthesized THY loaded PCL nanofibers. The diameter of the selected section of the 

dressing is 1 cm. F) Thymol release profile from THY loaded PCL nanofibers. Mean ± 

SD; 18 data per time point.

Mercury porosimetry revealed a pore size in the randomly oriented PCL nanofibers 

considering the Hg intrusion of 1.9 m and a total porosity (pore volume/total volume) of 

73%. THY incorporation in the fibers did not influence the structural analysis of the fibers.

Electrospun nanofibers can act as drug delivery systems that exhibit sustained drug 

release profiles, leading to a potential reduction in the frequency of the treatments when 

topical applications are envisaged. Besides, it is known that the electrospinning technique 

allows high drug loading capacities due to the large area per volume ratio and high 

specific surface area of nanofibrous materials.33 In addition, during the electrospinning 

process in the flight from the needle to the collector the organic solvent is rapidly 
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evaporated with a consequent minimal loss of the dissolved drug. A THY load of 14.92 ± 

1.31 % w/w was achieved by incorporation of the essential oil compound to the 

electrospinning solution, which is in the range of previous works (0.4-35%) though some 

variability in THY load is reported among them.38-39 This value indicates an encapsulation 

efficiency of 74.62 %, similar to the encapulation efficiency (EE) previously reported for 

essential oil (EO) compounds encapsulated in PCL electrospun fibers.30, 40-41 

The in vitro release of THY from the PCL fibers is shown in Fig. 2F. The initial burst 

release observed in the first minutes would be related to the EO compound present on 

the external surface of the fibers.42 This initial release was followed by a controlled release 

over 8 h and only 8.81 % of the loaded THY was released during this time in agreement 

with the PCL ability to provide with a sustained release.43 Drug release from nanofibers 

could be caused by its desorption from the fibers surface, diffusion from the pores or 

matrix degradation.44 In this case the burst release would be attributed to the desorption 

from the surface while the sustained release observed would be due to diffusion from the 
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PCL matrix through pores since no fibers degradation was observed after one week in 

PBS (data not shown).

The THY release data were treated with Weibull, Korsmeyer-Peppas, Peppas-Sahlin, and 

Ritger-Peppas kinetic models (Table SI).  Peppas and Sahlin model was found to be the best 

fit, as it presents the highest R2 correlation coefficient (0.945).  In this model one term (k1.tn) 

represents the Fickian diffusional contribution which occurs by the usual molecular 

diffusion of the drug due to a chemical potential gradient. The second term (k2.t2n) 

represents the case-II relaxation contribution associated with polymer chains relaxation.45 

The constant values found (k1=2.63 s-n and k2=-0.184 s-2n) clearly indicate the predominance of 

the Fickian diffusion in the release process. It is also corroborated by the negative value obtained 

for k2. In accordance to Peppas-Sahlin equation the value of the exponent n for a Fickian 

release mechanism from polymeric systems having cylindrical geometries should be 

around 0.43. Values lower than 0.45 would be related to the wide fibers´ diameter dispersion.

Since the wound dressing materials being wrapped on the wound area are likely to be 

subjected to pulling forces in order to adhere the mat smoothly and effectively to the skin, 

they are expected to have similar mechanical strength and elasticity than normal human 
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skin. Tensile strength of human skin is in the range 2-16 MPa and its elongation-at-break 

in the 70-77 % range.46 One of the significant features of PCL for biomedical application 

is its high elongation-at-break,47 in our case, the measured value of 108.6 ± 11.3 % is 

much higher than the one of the human skin. The tensile strength retrieved of 5.1 ± 0.5 

MPa would be also in the required range for wound dressing applications. This value 

decreased to 3.0 ± 0.5 MPa with the addition of THY, but it is still in the appropriate 

applicability range. Similar results were obtained from the elongation-at-break of THY 

loaded PCL fibers, the value was reduced to 74.4 ± 9.5 %. It is known that the mechanical 

properties of pure polymers can be varied by incorporating bioactive compounds. It has 

been reported that increasing the concentration of cinnamon in PCL/gelatin fibers 

decreased the tensile strength as a result of an improved porosity.48 But this is not the 

case of our mats, since, as mentioned before, THY addition did not influence the structural 

analysis of the fibers. PCL molecular chains are likely to be more uneven and disordered 

due to the presence of THY, resulting in reduced mechanical properties.49 However, the 

mechanical properties of the THY loaded PCL mats here reported are mechanically 

appropriate for wound dressing applications.
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IN VIVO BACTERICIDAL CAPACITY. Both, acute and chronic wound infections, are 

severe complications worldwide that delay and complicate wound healing. If the host 

defense is no capable of overcoming the bacterial burden, an infection takes place, 

causing delayed wound healing, inflammation and tissue damage.50 Since extensive 

abuse of antibiotics in wound care has led to new pathogens occurrence and the 

prevalence of multi-resistant bacteria, the use of natural components as antimicrobial and 

antiseptic agents is steadily growing. Herein we evaluated the bactericidal efficiency of 

the prepared mats (PCL-THY group) in an in vivo model of infected wounds and 

compared to unloaded fibers (PCL group), free thymol (THY group) and free chlorhexidine 

(CLXD group) as disinfectant and antiseptic model widely used on the skin. Twelve mm-

diameter disks, with the necessary weight to reach the minimum bactericidal 

concentration (MBC) value found previously by our group in in vitro assays on 

Staphylococcus aureus ATCC 25923 (30 mg of dressing containing 4.48 mg of THY) were 

evaluated.33
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None of the animals presented changes in behavior or showed any signs of physical 

discomfort, but a purulent secretion was observed in the PCL group as can be seen in 

the visual evolution photographically recorded at 7 dpi (days post-infection; Fig. 3A). 

Microbiological swab analysis results are shown as insets in Fig. 3A. Animals treated with 

unloaded fibers (PCL group) presented massive bacterial growth at any time analysed. 

After one day post-surgery and infection, the application of a single dose of CLXD seemed 

to be the most effective treatment since no growth was observed from the collected swabs 

while mild bacterial growth were detected in wounds treated with THY loaded mats (PCL-

THY group). On the other hand, free THY was less effective and a moderate bacterial 

growth was observed. After 2 days, results were similar except for the CLXD group that 

showed the presence of a mild bacterial growth. In the third day, a decrease in the media 

of colonies counted was observed for the THY group. After this time, no treatment was 

applied to the wounds and, as a consequence, massive bacterial growth was observed 

in the THY group. PCL-THY and CLXD groups showed a moderate bacterial growth; 

however, no massive growth was found. These high loadings, even observed for the 
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commonly used commercially available CLXD used at the clinical concentration available, 

may be attributed to the enormous bacterial challenge that was used (4 x 108 CFU/mL).
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Figure 3 In vivo wound infection model in SKH1 mice and treatment with the electrospun 

mats (PCL and PCL-THY groups), free THY and the model antiseptic CLXD: A) Wounds 

evolution at 1, 2, 3 and 7 dpi with S. aureus ATCC 25923. Microbiological results in 
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experimental and control groups are showed as insets. NG No growth; (+) Mild bacterial 

growth; (++) Moderate bacterial growth; (+++) Massive bacterial growth. Scale bar is the 

same for all wounds in the figure. B) Microbiological qPCR results in experimental and 

control groups. Statistics compares PCL-THY, THY and CLXD groups with PCL group. 

**** refers to p value < 0.0001.

Quantitative PCR analyses of post-mortem skin samples (Fig. 3B) indicated that, after 

three days of treatment, PCL-THY and CLXD groups showed at least two log-reduction 

in the number of S. aureus ATCC 25923 strain copies. These results would indicate that 

THY loaded PCL fibers act as inhibitors of this bacterial strain growth being as efficient 

as the model antiseptic used CLXD. However, our previous studies showed the in vitro 

detrimental effects of CLXD treatment in different human cell cultures,51 resulting in cell 

viability percentages lower than 70 % at the lowest concentration tested (4 µg/mL) which 

were dramatically decreased to 20 % from 15 µg/mL. On the other hand, THY treatment 

did not show cytotoxic effects (viability ≥ 70 %) in these cell lines up to concentrations 
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higher than 60 µg/mL. These results point to the more cytocompatible nature of THY 

compared to CLXD.

A large amount of reports and experimental evidence sustain the beneficial properties of 

essential oil compounds on promoting wound healing.52 For example, electrospun mats 

based on PCL, PLA, and 50/50 hybrid composites were loaded with THY and their effects 

evaluated in an in vivo rat wound model by Karami et al.53 Their findings pointed to a 

significant better performance of the PLA/PCL hybrid membranes loading THY at the end 

of the experiments (14 days of treatment) regarding granulation tissue formation and re-

epithelialization compared to commercial dressings and gauze bandages. In this sense, 

THY enriched collagen hydrogels54 and bacterial cellulose hydrogels55 were previously 

reported as novel and efficient composite dressing mats in the in vivo healing of different 

rat models. Collagen-based films loading THY (1.2 mg of THY per dressing) clearly 

reduced inflammation and enhanced regeneration in surgical 8-mm wounds in a rat model 

after 7 days of treatment, highlighting the presence of mature granulation tissue due to 

the presence of well-formed and dilated vessels.54 On the other hand, the in vivo effects 
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of THY loaded bacterial cellulose hydrogels as dressings in a burn wound model also 

showed a decreased inflammatory reaction in the groups treated with the hydrogels 

loading THY compared to control groups after treatment for 15 days.55 Both studies 

pointed to the potential stimulation of skin regeneration through the formation of 

granulation tissue due to the proliferative effects of THY in fibroblast and enhanced 

collagen deposition. Additionally, some studies confirm the benefits of nanostructured 

materials compared with commercially available wound dressings. For example, the 

antimicrobial peptide Tet213 immobilized onto a substrate of alginate, hyaluronic acid and 

collagen nanosctructured composite presents a better wound closure rate when 

compared with commercial Aquacel Ag wound dressing after 7 days since wound 

infection. Also, bacterial presence in wound was lower when treated with this composite 

material when compared with Aquacel Ag-treated wounds after 3 days.56 Another study 

shows the potential use of electrospun nanofibers based on honey, polyvinyl alcohol and 

chitosan, enriched with the aqueous extracts of Cleome droserifolia and Allium sativum 

as antimicrobial wound dressings. Results show a superior in vitro antibacterial activity 

against S. aureus of the synthetized nanofibers compared with commercial Aquacel Ag. 
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This study also shows a faster wound closure when using the synthetized nanofibers 

compared to the timing needed to reach closure with Aquacel Ag treated on infected 

wounds. 57 

Histopathological and immunohistochemical studies of treated wounds were carried out 

to evaluate the effects of our mats related to infection, angiogenesis, and tissue 

regeneration (Fig. 4-6). The most important lesions were observed for the PCL group (Fig. 

4A) and consisted on severe diffuse necrotizing dermatitis in the wound area that was 

characterized by massive infiltrations of inflammatory cells (lymphocytes and 

macrophages) together with severe tissue necrosis. Inflammatory reaction affected all 

layers of the skin, reaching the adipose tissue (panniculitis). Throughout the skin layers 

but mostly on the surface, abundant colonies of coccoid bacteria were observed (Fig. 4A). 

The PCL-THY group showed wounds that were almost free of inflammation reaction, with 

only a few layers of coagulative necrosis on the surface of the exposed area of the 

wounds (Fig. 4B). The THY group showed a less intense, multifocal inflammatory reaction 

when compared to the inflammation caused in the PCL group (Fig. 4C). 
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Figure 4 Histological analysis of skin wounds, representative images at 3 dpi (days post-

infection). A) PCL group. Severe diffuse necrotizing dermatitis and panniculitis. Clusters 

of coccoid bacteria are observed in the superficial layers (arrows). Inset: Detail of the 

inflammatory reaction, with numerous lymphocytes and macrophages around muscle 
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fibers; B) PCL-THY group. Section of the wound and wound edges (arrowhead). No 

inflammatory reaction is observed in the exposed dermis (asterisk) or in deep layers of 

the skin. Inset: Absence of inflammation in another area of the dermis in the same animal; 

C) THY group. Focal, less severe inflammatory reaction in the panniculus. Inset: Detail of 

the deep inflammatory reaction; D) CLXD group. Absence of inflammation in the dermis. 

Exposed dermal surface presents an important superficial layer of coagulative necrosis 

(square bracket). Inset: Detail of another area of the same animal, showing lack of 

inflammation. Hematoxylin-eosin staining, 1x, insets at 20x.

Finally, the CLXD group also showed absence of inflammatory reaction but a much 

thicker layer of coagulative necrosis on the exposed surface of the wound (Fig. 4D), which 

agrees with the in vitro detrimental findings previously reported by our group.51 Coccoid 

bacteria were only observed in sections of the PCL and THY groups (Fig. 5). Finally, the 

semi-quantitative analysis of angiogenesis performed with rabbit polyclonal CD31 

antibody showed a homogeneous increase in the number of blood vessels at 7 dpi, that 

was similar for all infected groups (Fig. 6).
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Figure 5 Detection of bacteria in skin wounds. Representative images of PCL and THY 

groups after 3 days of surgery and infection. PCL-THY and CLXD groups are not 
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represented due to the lack of bacteria. (A) PCL group. Massive growth of coccoid 

bacteria in clusters in superficial layers of the skin together with severe tissue necrosis. 

Inset: Detail of the bacteria in the same animal. (B) THY group. Growth of coccoid bacteria 

within a hair follicle. Inset: Detail of the bacteria. Gram staining, 20x, insets at 60x.
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Figure 6 Location of blood vessels in skin wound samples, representative images at 3 

and 7 dpi. All groups showed an increased number of blood vessels at 7 dpi compared 

with samples at 3 dpi. Immunohistochemistry for CD31, 20x.

Our results highlight the benefit of using THY-releasing mats over the use of just 

chlorhexidine, not only to reduce the high cytotoxic effect of the later but also because 

the mats provide with a slow release of the incorporated THY. Usually wound dressings 

are frequently replaced and the potential local toxicity of repeated exposure to 

chlorhexidine could be avoided by the use of the THY-loaded mats here reported. 

Chlorhexidine at the clinical recommended concentration produces a successful 

elimination of microbial contamination on the wound bed, but its action is not prolonged 

over time and repeated administrations might delay wound healing. Conversely, the THY-

loaded wound dressings here reported can release and extend their antimicrobial action 

until the subsequent dressing replacement.

CONCLUSIONS 
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Mats consisting on fibers with homogenous diameters distribution (299 ± 71 nm) and high 

THY loading (14.92 ± 1.31 % w/w) were obtained by electrospinning with high 

encapsulation efficiencies. Tensile strength and elongation at break of the prepared 

materials were tested and the values found were 3.0 ± 0.5 MPa and 74.4 ± 9.5 % 

respectively, which make them appropriate for wound dressing applications. In vivo tests 

to evaluate the antimicrobial action of the mats showed that animals treated with unloaded 

fibers presented massive growth at any time analysed. On the contrary, one day post-

surgery and infection, few colonies were detected in wounds treated with THY loaded 

mats while a high number of colonies appeared in wounds treated with free THY, showing 

the importance of drug encapsulation and the need of contact between bacteria and the 

mat to generate a superior antimicrobial action. After treatment discontinuation, massive 

bacterial growth was observed in the THY group while for PCL-THY and CLXD treated 

wound no massive growths were found. Histopathological and immunohistochemical 

studies of wounds showed severe diffuse necrotizing dermatitis in the wound area that 

was characterized by massive infiltrations of inflammatory cells and severe tissue 

necrosis in the PCL treated wounds. In addition, massive growths of coccoid bacteria 
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were observed in these tissues. The PCL-THY treated wounds were almost free of 

inflammatory reaction, with only a few layers of coagulative necrosis on the surface of the 

exposed area of the wounds. In comparison, CLXD treated wounds showed a much 

thicker layer of coagulative necrosis in the exposed surface of the wound. These results 

show that PCL-THY mats are able to control bacterial infection as efficiently as the model 

antiseptic CLXD though significantly diminishing tissue damage, highlighting their 

potential biomedical application.

Supporting Information

Figure SI: Examples of stress-strain curves for A) PCL nanofibers, B) THY loaded PCL 
nanofibers

Table SI: Kinetic release models and parameters obtained
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