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There is a growing demand for durable advanced wound dressings for the management of persistent in-
fections after deep burn injuries. Herein, we demonstrated the preparation of durable antimicrobial
nanofiber mats, by taking advantage of strong interfacial interactions between polyhydroxy antibiotics
(with varying number of eOH groups) and gelatin and their in-situ crosslinking with polydopamine (pDA)
using ammonium carbonate diffusion method. Polydopamine crosslinking did not interfere with the
antimicrobial efficacy of the loaded antibiotics. Interestingly, incorporation of antibiotics containing more
number of alcoholic eOH groups (NOH � 5) delayed the release kinetics with complete retention of anti-
microbial activity for an extended period of time (20 days). The antimicrobials-loaded mats displayed
superiormechanical and thermal properties than gelatin or pDA-crosslinked gelatinmats.Mats containing
polyhydroxy antifungals showed enhanced aqueous stability and retained nanofibrousmorphology under
aqueous environment for more than 4 weeks. This approach can be expanded to produce mats with broad
spectrum antimicrobial properties by incorporating the combination of antibacterial and antifungal drugs.
Direct electrospinningof vancomycin-loaded electrospunnanofibers onto abandage gauze and subsequent
crosslinking produced non-adherent durable advancedwound dressings that could be easily applied to the
injured sites and readily detached after treatment. In a partial thickness burn injury model in piglets, the
drug-loaded mats displayed comparable wound closure to commercially available silver-based dressings.
This prototype wound dressing designed for easy handling and with long-lasting antimicrobial properties
represents an effective option for treating life-threatening microbial infections due to thermal injuries.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

According to the Multidisciplinary Alliance Against Device-
Related Infections (MAADRI), medical device associated infections
are the major cause of more than half of the hospital acquired in-
fections. Together with the rise in antibiotic-resistant superbugs
such as methicillin-resistant Staphylococcus aureus (MRSA), there is
a pressing demand for next-generation anti-infective materials for
protecting wounds and medical devices against microbial con-
taminations. The infections caused by drug-resistant pathogens
prolong the treatment duration and increase the nursing costs [1,2].
The dearth of new candidate compounds in the pipeline and a
sharp decline in the number of companies investing in antibiotic
research further exacerbate problems [3,4]. In the United States
alone, an estimated 6.5 million people suffer from chronic skin
ulcers while 1.25 million burns have been reported annually [5,6].
Infections caused by microbial pathogens is one of the greatest
concerns in the management of chronic wounds and burn injuries
as it delays or impedes the healing process and induces unwanted
inflammatory response, thus complicating the treatment modal-
ities [6e8].

S. aureus andMRSA are themajor aetiological agents responsible
for invasive infections in burn wounds around the world. However,
in tropical climates, higher incidences of infections due to Gram-
negative bacilli such as P. aeruginosa and multidrug-resistant Aci-
netobacter baumanii have been reported [9e11]. The advent of
topical antimicrobial agent impregnated wound dressings such as
silver, iodine, polyhexamethylenebiguanide, octinidine has pro-
vided a tangible alternative in the management of wound in-
fections [12]. However, a rapid increase in the antimicrobial
concentration due to unrestrained release at the tissue sites en-
hances the systemic absorption of antimicrobials causing adverse
effect on vital organs. In addition, commonly used wound dressings
require frequent changing of dressings, thus raising concerns in
their utility for deep burn injuries [9e11]. Therefore, there is an
apparent need of materials that could help in continued release of
antimicrobials for an extended period of time, thus minimizing
reapplication (to the painful wound sites) and the tissue damage
inflicted on the newly epithelialized wound area. Unlike topical
antiseptics, antibiotics represent an effective treatment option to
prevent microbial colonization/contamination in openwounds and
their combination with biopolymers has shown to promote gran-
ulated tissue formation and epithelialization [13].

A number of research reports are available showing the devel-
opment of electrospun nanofiber mats loaded with antimicrobials
for their potential biomedical applications, such as wound dressing,
drug delivery, tissue engineering and medical devices [14e16]. In
particular, composite electrospun mats containing prophylactic
Table 1
List of various antimicrobials used in the present study.

Antimicrobials No. of alcoholic
eOH groups

Antimicrobial properties

Daptomycin (Dam) 1 Lipopeptide antibiotics, approved
bacteremia and right-sided endo

Polymyxin B (PmB) 2 Lipopeptide antibiotics, active ag
other antibiotics [24].

Tobramycin (Tob) 5 Aminoglycoside antibiotic with b
ophthalmic infections and nebuliz
P. aeruginosa [25].

Vancomycin (Van) 6 Glycolipopeptide antibiotics appr
methicillin-resistant S. aureus an

Caspofungin (Cas) 7 Lipopeptide antifungal that inhib
aspergillosis [27].

Amphotericin B (AmB) 10 Macrolide antifungal for serious s
antibiotics have been shown to provide adequate extended release
kinetics, thus enabling high local concentration that could mini-
mize microbial bioburdenwhile averting systemic toxicity [17e19].
It has been demonstrated that the interaction between anti-
glaucoma drug and drug carrier enhanced the encapsulation effi-
ciency andmaintained the intraocular pressure for at least 120 days
in non-human primate model [20]. In our previous work, we have
demonstrated that polyhydroxy antifungals such as amphotericin B
(AmB) and natamycin incorporated within gelatin (Gel) nanofibers
decreased the haemolytic properties of the antifungals without
losing their antifungal activity [21]. More recently, we reported the
electrospinning of gelatin containing linear and branched poly-
ethyleneimines crosslinked with dopamine under alkaline condi-
tions [22]. These cationic polymers loaded crosslinked mats
maintained their antimicrobial properties and retained the biocidal
properties for about 1 week.

Taking advantage of strong interfacial interactions between
polyhydroxy antibiotics and gelatin and their in-situ crosslinking
with polydopamine (pDA), here we demonstrate the preparation of
durable antimicrobial wound dressings. We have incorporated 6
different antibiotics (Table 1) containing varied number of hydroxyl
groups (NOH) within polydopamine crosslinked nanofibrous gelatin
(Gel_pDA) mat and investigated their antimicrobial properties,
long-term antimicrobial activity, aqueous wettability and stability
and finally their mechanical and thermal properties. We further
show the direct electrospinning of wound dressings on bandage
gauze and confirmed in vivo efficacy of these materials in a partial
thickness burn injury model in piglets. Together, these results
demonstrate that the prototype electrospun gelatin mats contain-
ing polyhyroxy antibiotics or their combination followed by
crosslinking with polydopamine is an efficient approach that could
potentially be utilized for treating life-threatening burn-related
injuries/infections. Scheme 1 shows the overall strategy adopted to
design polydopamine crosslinked polyhydroxy antibiotic loaded
nanofibrous gelatin based wound dressings and various non-
covalent and covalent interactions involved.

2. Materials and methods

2.1. Materials

Gelatin (Type A, Porcine skin), 2,2,2-Trifluoroethanol (TFE),
Dopamine hydrochloride (DA), Amphotericin B (AmB), Caspofungin
diacetate (Cas), Polymyxin B sulfate (PmB), Tobramycin (Tob),
Vancomycin hydrochloride hydrate (Van), Ammonium carbonate
(NH4)2CO3, Hoechst, Flouromount™ and FITC conjugated anti-a-
tubulin were purchased from Sigma-Aldrich, Singapore. Daptomy-
cin (Dam) was purchased from Tocris bioscience, Singapore.
for skin and skin structure infections caused by Gram-positive bacteria and for
carditis caused by S. aureus and MRSA [23].
ainst a number of Gram-negative bacilli, including isolates that are resistant to

road spectrum against Gram-positive and Gram-negative bacilli. Indicated for
ed formulation is used for treating chronic infections with cystic fibrosis caused by

oved for life-threatening infections caused by methicillin-susceptible and
d infections caused by Clostodium difficile [26].
its cell wall architecture of fungus. Used for candidemia, invasive candidiasis and

ystemic fungal infections [28].



Scheme 1. Schematic showing (a) Electrospinning set-up used to prepare polydopamine crosslinked polyhydroxy antimicrobials loaded gelatin nanofiber mats. (b) Different non-
covalent interactions involved among dopamine, gelatin chains and polyhydroxy antimicrobials in dopamine and antibiotic loaded gelatin mats. (c) Different covalent interactions
involved in polydopamine crosslinked antibiotic loaded gelatin mats responsible for the enhanced antimicrobial durability of the wound dressings.
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Sabouraud's Dextrose Agar (SDA) and Mueller-Hinton agar (MHA)
were procured from Acumedia (Michigan, MI, USA) and BD (USA),
respectively. Dulbecco's Modified Eagle's Medium (DMEM) cell
growth medium was from Gibco®. All other cell culture reagents
were obtained from Life Technologies Corporation, Singapore.

2.1.1. Microbial strains used
For various antimicrobial assays, following microbial strains

have been used.

2.1.2. Gram positive bacterial strains
E. hirae 9790 (EH) (ATCC), E. faecalis (EF) 29212 (ATCC), S. aureus

(SA) 29213 (ATCC), SA 4001R (from eye), SA 4400R (from cornea),
SA 4583R (from eye), Methicillin-resistant S. aureus (MRSA) 21455
(from eye), MRSA 21595 (from wound), MRSA 9808R (from eye).

2.1.3. Gram negative strains
P. aeruginosa (PA) 9027 (ATCC), PA 27853 (ATCC), K. pneumoniae

(KP) 10031 (ATCC), KP 4299 (from eye), E. coli (EC) 10536 (ATCC)
and EC 8739 (ATCC).

2.1.4. Yeast strains
C. albicans (CA) ATCC 10231, CA ATCC 2091, CA ATCC 24433, CA

DF0001976R (from colon), CA DF0002672R (from urine).

2.2. Electrospinning of gelatin nanofibers

For electrospinning, a homogenous solution of 10% (w/v) gelatin
(Type A, Porcine skin) was prepared in 100% TFE with 12 h
continuous stirring at room temperature. The gelatin solution was
fed into 5 ml standard polypropylene syringe attached to 27G
blunted stainless steel needle using syringe pump (KDS 100, KD
Scientific, Holliston, MA, USA) at the rate of 0.8mL h�1. The droplets
formed at the orifice of the needle were then stretched and spun
into long continuous fibers at a voltage of 11.5 kV using high voltage
power supply (Gamma high voltage research, Florida, USA). The
fibers were collected on aluminum foil covered receiver stand kept
at a distance of 12 cm from the needle orifice. The solution
composition and electrospinning parameters used for fabricating
DA-incorporated and various polyhydroxy antibiotic loaded nano-
fibrous mats are given in Table 2.

Since the addition of vancomycin resulted in substantial solu-
tion turbidity, its electrospinning was carried out in 80% TFE at
14 kV. All the electrospinning experiments were performed at room
temperature with ~25% humidity. The collected electrospun mats
were vacuum dried for 24 h and then stored in dry cabinets. The
nanofibers were collected on various substrates, including
aluminum foil, bandage gauze, coverslips (CS) and gold coated
copper grids for analysis by multiple characterization methods.
2.3. Ammonium carbonate mediated dopamine crosslinking of
gelatin nanofibers

For latent oxidative polymerization, pristine Gel_DA mat and
Gel_DA mats loaded with different antibiotics were placed in a
sealed desiccator containing ~5 g of (NH4)2CO3 powder for 24 h.
These crosslinked mats were then vacuum dried for 24 h and used
for further studies. The crosslinked samples were labelled as



Table 2
Details of the electrospun gelatin mats prepared under various conditions and their acronym used in this article.

Sample
Abbreviation

Details Dope Solution Composition Electrospinning
Parameters

ES_Gel Pristine gelatin mats 10% Gelatin (w/v, in TFE) Voltage ¼ 11.5 KV
SD ¼ 12 cm

Gel_DA Dopamine (DA) incorporated gelatin mats 10% Gelatin þ2% DA (w/w of gelatin) Voltage ¼ 11.5 KV
SD ¼ 12 cm

Gel_pDA Gel_DA mats after exposure to (NH4)2CO3 for 24 h 10% Gelatin þ2% DA (w/w of gelatin) Voltage ¼ 11.5 KV
SD ¼ 12 cm

AmB_Gel_pDA Gel_DA mats containing amphotericin B (0.5% w/w of gelatin) after exposure
to (NH4)2CO3 for 24 h

10% Gelatin þ2% DA þ 0.5% Amphotericin B
(w/w of gelatin)

Voltage ¼ 14 KV
SD ¼ 12 cm

Cas_Gel_pDA Gel_DA mats containing caspofungin (0.5% w/w of gelatin) after exposure to
(NH4)2CO3 for 24 h

10% Gelatin þ2% DA þ 0.5% caspofungin
(w/w of gelatin)

Voltage ¼ 14 KV
SD ¼ 12 cm

Dam_Gel_pDA Gel_DA mats containing daptomycin (0.5% w/w of gelatin) after exposure to
(NH4)2CO3 for 24 h

10% Gelatin þ2% DA þ 0.5% daptomycin
(w/w of gelatin)

Voltage ¼ 11 KV
SD ¼ 12 cm

PmB_Gel_pDA Gel_DA mats containing polymyxin B (0.5% w/w of gelatin) after exposure to
(NH4)2CO3 for 24 h

10% Gelatin þ2% DA þ 0.5% polymyxin B
(w/w of gelatin)

Voltage ¼ 11 KV
SD ¼ 12 cm

Tob_Gel_pDA Gel_DA mats containing tobramycin (0.5% w/w of gelatin) after exposure to
(NH4)2CO3 for 24 h

10% Gelatin þ2% DA þ 0.5% tobramycin
(w/w of gelatin)

Voltage ¼ 10.5 KV
SD ¼ 13 cm

Van_Gel_pDA Gel_DA mats containing vancomycin (0.5% w/w of gelatin) after exposure to
(NH4)2CO3 for 24 h

10% Gelatin þ2% DA and 0.5% vancomycin
(w/w of gelatin)

Voltage ¼ 14 KV
SD ¼ 12 cm

Cas_Tob_Gel_pDA Gel_DA mats containing caspofungin (0.5% w/w of gelatin) and tobramycin
(0.5% w/w of gelatin) after exposure to (NH4)2CO3 for 24 h

10% Gelatin þ2% DA þ 0.5% caspofungin (w/w of
gelatin) þ 0.5% tobramycin (w/w of gelatin)

Voltage ¼ 10.5 KV
SD ¼ 13 cm
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Gel_pDA, AmB_Gel_pDA, Cas_Gel_pDA, Dam_Gel_pDA,
PmB_Gel_pDA, Tob_Gel_pDA, Van_Gel_pDA and Cas_Tob_Gel_pDA
for simplicity.

2.4. Field emission scanning electron microscopy (FESEM) analysis

Field emission scanning electron microscopy (FESEM) analysis
of the prepared electrospun nanofibrousmats was carried out using
FEI-QUANTA 200F, the Netherlands after sputter coating with
Platinum (JEOL JSC-1200 fine coater, Japan) at an accelerating
voltage of 15 kV. FESEM studies were also performed tomonitor the
degradation of various gelatinmats. The average fiber diameter was
calculated from the SEM micrographs using Image Analysis Soft-
ware (Image J, National Institute of Health, USA). From ~100
randomly selected nanofibers the average nanofiber diameter was
obtained for each sample. Transmission electron microscopy was
performed on different nanofiber samples collected on gold coated
copper grids using JEOL JEM-3010 instrument.

2.5. Contact angle studies

To evaluate the surface wettability of different electrospun
gelatin mats, sessile drop method was employed to determine the
water contact angle using VCAOptima Surface Analysis system (AST
products, Billerica, MA). Distilled water (1 mL, Resistance ~18.2 M U)
was used for drop formation on the nanofibers coated coverslips.
For dynamic contact angle studies, the contact angle was measured
at different time points for 60s. The experiment was performed in
independent duplicates and the average value was reported.

2.6. Mechanical studies

The mechanical strength evaluation of all the antibiotic loaded
mats were performed using Instron tensile tester (Instron 5345,
USA) (Instron Inc., MA, USA) using a load cell of 10 N capacity at
ambient conditions of 25 �C and 80% relative humidity. Rectangular
specimens of each fiber mats with dimensions 20 mm � 10 mm
were cut and their thickness was measured using a micrometer.
Each of these strips were stretched at a cross-head speed of
5 mm min�1. The mechanical properties such as tensile strength,
failure strain, Young's modulus and work of failure were computed
from the recorded stress-strain curve. For each nanofiber type, 3e5
rectangular strips were used for testing and the average value was
reported.

2.7. Thermogravimetric analysis

Thermogravimetric analysis (TGA) for ES_pDA and all the anti-
biotic loaded mats were conducted using a SDT 2960 thermal
analyser (TA Instruments, DE, USA) at a heating rate of 20 �C/min in
a dynamic nitrogen atmosphere (flow rate¼ 70mL/min) from 25 to
600 �C. Thermal parameters describing various stages of
temperature-induced weight losses were determined directly from
the dynamic normalization algorithm provided with the
instrument.

2.8. Radial disc diffusion assay

The antimicrobial properties of various antibiotic loaded mats
were assessed using Kirby�Bauer radial disc diffusion method in
accordance with Clinical and Laboratory Standards Institute (CLSI).
For Dap_Gel_pDA, PmB_Gel_pDA, Tob_Gel_pDA, Van_Gel_pDA and
Cas_Tob_Gel_pDA mats, Gram positive and Gram negative bacterial
cultures (at a concentration of 0.5 McFarland standards) were
spread onto the surface of sterile Muller Hinton agar (MHA) plates
using a cotton swab in 9 cm diameter Petri dishes. To evaluate the
efficacy of antifungal (Cas_Gel_pDA and AmB_Gel_pDA) mats, yeast
cultures (at a concentration of 0.5 McFarland standards) were
spread onto the surface of sterile SDA plates. Various antibiotic
loaded mats (1 cm � 1 cm) were placed on the top of the swabbed
cultures and incubated at 35 �C ± 2 �C for 24 h in both bacterial and
yeast cultures. The antimicrobial activity of these electrospun mats
was determined by the presence of a zone of inhibition. The assay
was performed in two independent duplicates and average zone of
inhibition value was reported.

2.9. Long-term antimicrobial activity

To determine whether adherent pDA crosslinking and strong
gelatin-polyhydroxy antibiotic interfacial interactions can uphold
the long-term antimicrobial durability, we tested the durability of
the mats to leaching in accordance with the guidelines of the
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American Society for Testing and Materials (ASTM) for
antimicrobial-coated medical devices. Briefly, polyhydroxy anti-
biotic loaded electrospun mats (1 cm � 1 cm) were immersed in
10 mM phosphate-buffered saline (PBS; pH 7.0) with constant
shaking. After the indicated time intervals, the mats were removed,
washed with sterile water, and assayed by the radial disc diffusion
method. The assay was performed in two independent duplicates
and the average value was reported.

2.10. Biocompatibility assessment of the nanofibrous mats

Primary human dermal fibroblasts (hDFs) were cultured in
DMEM medium supplemented with 10% (v/v) fetal bovine serum,
50 U mL�1 penicillin and 50 mg mL�1 streptomycin in a humidified
incubator at 37 �C and 5% CO2. Cells (1 � 105 cells well�1) were
seeded onto the fiber mats prepared on coverslips, placed at the
bottom of the 12-well plates (Nunc®) and allowed to adhere and
grow for 24 h before analysis. After 24 h, non-adherent cells were
removed by washing gently with PBS. Adherent cells were fixed in
3% paraformaldehyde and then fluorescently labelled with FITC
conjugated anti-a-tubulin and Alexa Fluor 569 phalloidin (Molec-
ular Probes®) to visualize cellular morphologies and Hoechst to
visualize nuclei. Coverslips were mounted on glass slides using
Flouromount™. Confocal imaging was carried out by a laser scan-
ning microscope (Zeiss LSM710-Meta, Carl Zeiss Microimaging Inc.,
NY, USA) using a 40 � oil immersion objective lens and imaged. At
least 20 different microscopic fields were analyzed for each sample.

Cell viability was determined using CellTier 96® Aqueous One
Solution Cell Proliferation Assay kit (Promega) according to the
manufacturer's instruction. Briefly, cells growing on the scaffold-
coated coverslips, placed in a 12-well plate containing 500 mL of
cell culture medium, for 24 h were incubated with 50 mL MTS so-
lution (provided by the manufacturer) for additional 2 h at 37 �C.
Metabolically active cells reacted with the tetrazolium salt present
in the MTS reagent producing a soluble purple formazan dye with
absorbtion maxima at 490 nm. Subsequently, the absorbance was
measured at 490 nm using a microplate reader (Infinite M200 Pro,
Tecan, Mannedorf, Switzerland) and relative cell viability was
calculated. Each treatment was performed in three independent
triplicates.

2.11. Wound healing properties of the mats on a partial thickness
burn injury in piglets

Three juvenile large white Yorkshire pigs, female, specific
pathogen-free with an initial average body weight of 18.3 ± 0.83 kg
were purchased from SingHealth Experimental Medicine Centre
and used for this study. The weight of the animals reached
26 ± 1.1 kg at the time of completion. The animals were conditioned
for oneweek prior starting the experimental studies. These animals
were housed in separate pen and fed a non-antibiotic chow
(Altromin standard diet) ad libitum in the animal facilities. The
animals were exposed to daily light and dark cycles (12 h light/12 h
dark). The animal experiments comply with the National Advisory
Committee for Laboratory Animal Research (NACLAR) and Institu-
tional Animal Care and Use Committee (IACUC) guidelines.

Burns were created under anaesthetic conditions on the pig skin
via direct contact with a hot water beaker preheated to 92 �C for
15 s [29]. Eight second degree burns, up to dermis layer, were
created on the thoracic ribs of each pig. Burns were created four on
each side, i.e. four on the cranial end and the four on the caudal end,
with 1 cm distance in-between. During burn creation, surgical
drapes with absorbent pads were used around animal to avoid
spillage and leakage from the burning procedure. We used 100 ml
beaker (Diameter ~4 cm, Surface area~ 12.57 cm2) filled with 50 ml
sterile water maintained at 92 �C as the circular burning device. The
pressure on burning device was induced using 500 ml schott duran
bottle filled with 300 ml warm water (Temp ~45 �C). The burning
device was maintained in contact with the porcine skin for an
optimized time of 15 s to generate uniform burn wounds. The
created wounds were photographed immediately to estimate the
initial wound area for each burn.

The wounds were cleaned to remove the burned epithelium
debris. The test wound dressings including Gel_pDA, Van_Gel_pDA
and Aquacel Ag were applied on the designated wounds, two
wounds for each dressing type, to completely cover the wound
area. Two wounds were left uncovered and were labelled as un-
treated control burn wounds. To prevent inter-wound cross
contamination, Tegaderm films were used for covering the wound
dressing area. Dressings were changed twice a week under anaes-
thetic conditions (sedated with an intramuscular dose of 40% ke-
tamine/xylazine to induce anaesthesia (13 mg kg�1 ketamine/
1 mg kg�1 xylazine) and maintained with 1e2% isofluorane). To
reduce discomfort, buprenorphrine (0.01 mg kg�1) was applied
intramuscularly before and 2 days after the burn wounds. At the
time of dressing change, wounds were washed with 0.05% chlor-
hexidine solution and with cotton gauze before placing fresh
dressing material. The wounds were examined and a clinical
description of the wound was noted. Photographs were taken from
the wounds of all the groups, using a Nikon D90 digital SLR camera.
To ensure the camerawas at a standard distance from the wound, a
template was used to mark four dots on the skin surface, and were
lined up with the focusing spots inside the camera viewfinder. A
Cyan-Magenta-Yellow-Black (CMYK) colour scalewas placed beside
the wound so that the colours in the photos could be standardised
against each other. SigmaScan Pro 5 software was used to calculate
the total wound area in square centimetre for different wound
dressings.

For hematoxylin and eosin (H&E) staining, porcine skin tissues
were fixed with 10% formalin, dehydrated in graded alcohol series
and embedded in paraffin. Tissues were then sectioned at 5 mm
thickness using a rotary microtome (Leica Microsystems, Hei-
delberger, Germany) and stainedwith H&E. The slides were imaged
under bright field using a Zeiss AX10 fluorescence microscope
equipped with an Axio Vision 4.7.1 Imaging System (Carl Zeiss
Microscopy GmbH, Jena, Germany).

2.12. Statistical analysis

The data was expressed as mean ± standard error of mean. For
comparison of two groups, p-values were calculated by two-tailed
unpaired student's t-test. In all cases p-values � 0.05 was consid-
ered to be statistically insignificant.

3. Results and discussion

3.1. Alkaline vapor phase oxidation of dopamine-loaded
electrospun gelatin nanofibers

Owing to the formation of strong hydrogen bonding network
with water, electrospinning of gelatin in water is impossible at
room temperature and requires considerable optimization at high
temperature [30e32]. However, 10% gelatin solution can be readily
electrospun in poorly hydrogen bonded organic solvents such as
2,2,2-trifluoroethanol or 1,1,1,3,3,3-hexafluoroisopropanol, which
stabilizes the secondary structure of the polypeptide, thus prevent
the formation of gel-like structure [33,34]. SEM image of the pris-
tine gelatin mat (ES_Gel) revealed smooth and unbranched
morphology of gelatin nanofibers with an average diameter (ø) of
798 ± 115 nm (Fig. 1a). However, no nanofiber interactions were



Fig. 1. SEM images of electrospun gelatin mats prepared with varying DA concentrations. Morphology of gelatin nanofibers containing (a) 0% DA, (b) 1% DA, (c) 2% DA, (d) 5% DA
and (e) 10% DA. SEM micrographs showing strong interfacial interactions and crosslinking among gelatin nanofibers containing (f) 1% DA, (g) 2% DA, (h) 5% DA and (i) 10% DA after
ammonium carbonate exposure. Scale bar ¼ 1 mm. Inset of panel (e) shows the TEM image of gelatin nanofibers containing 10% DA.
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observed between individual pristine un-crosslinked gelatin
nanofibers. Addition of 1% DA (w/w of gelatin) in the gelatin dope
solution resulted in a noticeable increase in fiber diameter
(998 ± 250 nm) compared to pristine gelatin (Fig. 1b). It is likely
that the presence of DA may promote the intermolecular interac-
tion of the biopolymer chain thus increasing the average diameter
of the individual fibers. With increasing DA concentration (2%, 5%
and 10%) in the dope solution, the fibers started to adhere at the
junction points forming “soldered junctions” and the density of
soldered junctions increased (Fig. 1bee). This could be due to the
higher concentration of DA at the junctions which contributed to
greater inter-fiber interactions, thus enhancing the density of sol-
dered junctions. The TEM image of the soldered junctions indicated
inter-fiber fusion at these junction points (inset of Fig. 1e). We also
noted that at higher concentration of DA (5% or 10%), the gelatin
mats were difficult to detach from the collector surface (aluminum
foil), presumably due to adhesive nature of DA.

For achieving catecholamine-mediated crosslinking of gelatin
nanofibers, instead of post-spinning exposure of dopamine-loaded
electrospun mats to aqueous alkaline solution, we exposed the
mats to ammonium carbonate vapors in a closed desiccator. This
methodology resulted in the generation of smooth pDA coating on
the surface of the gelatin nanofibers along the entire length as well
as at their junction points, thus consolidating the nanostructures
(Fig. 1fei). The in-situ pDA crosslinking involves the sublimation of
ammonium carbonate generating ammonia and carbon dioxide,
thus creating an alkaline vapor phase environment which triggers
the oxidative polymerization of dopamine [35,36]. This method-
ology has several advantages over aqueous alkaline method,
commonly used for pDA coating [37e40]. Biopolymers such as
gelatin are highly water soluble and exposing the nanofibers to
alkaline aqueous conditions would be destructive and may
compromise the advantages of nanofiber structures. The presence
of water vapor and ammoniacal ambiance may have caused the
formation of nanofibers with fused junctions and the pDA coating
along the length of the fibers altered the overall morphology of the
nanofibers. In a recent study, we have noted that the immersion of
the mats in Tris-HCl buffer (pH 8.5) containing dopamine resulted
in complete loss of porosity and nanofibrous features of electro-
spun gelatin [36]. The methodology can also be expanded to water-
soluble polymers such as PVA, which requires non-aqueous sol-
vents for pDA coating [39]. Contrary to the high surface roughness
observed with pDA coating on water-insoluble electrospun poly-
mers, this methodology produced smooth surface along the entire
length [37e40].

MTS assay confirmed that hDF cells seeded on to electrospun
mats containing DA before and after (NH4)2CO3 exposure were
metabolically active i.e. these mats do not interfere with cell
viability (Fig. S1). Confocal florescent microscopy images of hDF
cells growing on these fibers mat surfaces showed normal cell and
nuclear morphologies (Fig. 2). These results confirmed excellent
biocompatibility of dopamine crosslinked gelatin mats.
3.2. Effect of polyhydroxy antimicrobials on the morphology of
electrospun gelatin

Since electrospinning of gelatin and dopamine was carried out
in poorly hydrogen bonded fluoroalcohols, we hypothesized that
addition of polyhydroxy antimicrobials would promote their
hydrogen bonding interactions with both. These interactions be-
tween drug and matrix would result in controlled release of the
drug and in turn stabilize the nanofibers. In a proof-of-concept
experiment, we chose 6 different US FDA approved antimicrobials
containing varying number of hydroxyl groups (Table 1, Fig. S2). The
antimicrobials (0.5% w/w of gelatin) were mixed with gelatin dope
solution containing 2% DA (Fig. S3), electrospun and crosslinked by
ammonium carbonate diffusion method as mentioned before.
Electrospun mats containing antifungals (Fig. 3a and b) did not
reveal obvious differences in morphology compared to Gel_pDA
mats (Fig. 1g). Similarly, polymyxin B did not alter the morphology
of the crosslinked mats (Fig. 3f). Incorporation of vancomycin
caused a decrease in overall diameter, since the electrospinning



Fig. 2. Cytocompatibility analysis of gelatin mats. Human primary dermal fibroblasts were seeded on glass cover slip without (a) or with nocadazole as toxicity control (b). Cells
were incubated on ES-Gel (c) or on gelatin nanofibers incorporated with 1% DA (d), 2% DA (e), 5% DA (f) without cross-linking or 1% DA (g), 2% DA (h), 5% DA (i) with cross-linking
after ammonium carbonate (NH4)2CO3 treatment. After 24 h, cells were fluorescently stained for a-tubulin (green) and actin (red) to visualize cellular morphologies and Hoechst
(blue) to visualize nuclear morphologies. Cells were then imaged using a confocal microscope (40� oil-immersion objective). At least 20 different images were acquired and
representative images are shown. Scale bar ¼ 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was to be carried out in TFE/water system (8:2 v/v, Fig. 3c). Dope
solution containing tobramycin displayed more turbidity than the
other antimicrobials-loaded dope solutions (Fig. S3). During elec-
trospinning, we observed considerable whipping instability in the
jets and the SEM images confirmed that the nanofibers contained
numerous microscopic cracks along the length of the nanofibers
(Fig. 3d). Closer examination of these cracks suggests the presence
of core-shell morphology (Fig. 3d inset). Mats containing dapto-
mycin appeared curly and fewer amounts of soldered junctions
were observed (Fig. 3e). Dense gluing features were also observed
for the Gel_pDA nanofibers after incorporating caspofungin and
tobramycin drugs together (Fig. 3g). Interesting point to note here is
that none of the nanofibrous mats showed polydopamine aggre-
gation on the gelatin surface that was previously observed in so-
lution coating of electrospun PVA/PCL mats [37,38]. The formation
of smooth coating was attributed to the generation of single ho-
mogenous product by the ammonium carbonate diffusion method;
whereas, conventional Tris-HCl method generated a number of
intermediate products, resulting in heterogeneous aggregation and
particulate formation [36,41].

3.3. Antimicrobial properties and durability of electrospun mats

To confirm if alkaline vapor exposure and pDA crosslinking re-
tains or attenuates the antimicrobial properties of the incorporated
antibiotics, we performed disc diffusion assay against a panel of
bacterial and yeasts strains. Gel_pDA mats did not display a clear
zone of inhibition against Gram-negative and C. albicans strains
(Fig. S4). However, a weak inhibitory effect was observed against
Gram-positive strains as indicated by islands of clear zones on top
and bottom of the mats, possibly suggesting weak antimicrobial
activity of pDA coating (Fig. S4). Table 3 summarizes the measured
zone of inhibition for the Gel_pDA mats incorporated with various
classes of antibiotics. The images showing the zone of inhibition for
various antibiotic loaded mats are given in Fig. S5eS7. The results
suggested that the antimicrobial properties were not affected by



Fig. 3. Morphological analysis of electrospun gelatin nanofibers incorporated with dopamine and various antibiotics after ammonium carbonate treatment. (a) AmB_-
Gel_pDA, (b) Cas_Gel_pDA, (c) Van_Gel_pDA, (d) Tob_Gel_pDA, (e) Dam_Gel_pDA, (f) PmB_Gel_pDA and (g) Cas_Tob_Gel_pDA. Scale bar ¼ 1 mm. A high magnification image of
Tob_Gel_pDA mats showing the presence of core-shell structure is shown as inset in (d). Inset scale bar ¼ 100 nm.
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exposure to ammonium carbonate and subsequent crosslinking
with dopamine. The methodology can also be expanded to confer
broad-spectrum antimicrobial activities by incorporating combi-
nation antibiotics such as tobramycin and caspofungin. Next, we
investigated the durability of the mats by assessing their long-term
antimicrobial activity in accordance with the American society for
testing and materials for antimicrobial-coated medical devices
(Fig. 4). Both AmB_Gel_pDA and Cas_Gel_pDA mats retained their
antifungal activities for an extended period of up to 20 days and
likewise Van_Gel_pDA mats retained its anti-MRSA activity for 20
days (Fig. 4aec). Tob_Gel_pDA mats retained its broad spectrum
antibacterial properties for 20 days against the tested S. aureus and
P. aeruginosa strains with no loss of activity was observed (Fig. 4d).
Of note, though Tob_Gel_pDA mat displayed rather different
morphological features when compared to other polyhydroxy an-
timicrobials loaded mats, yet we did not observe any loss of long-
term antimicrobial activity. To broaden the scope of our work, we
prepared gelatin mats containing a binary mixture of caspofungin
and tobramycin. The mats (Cas_Tob_Gel_pDA) retained the broad
spectrum antimicrobial properties against tested microorganisms



Table 3
Antimicrobial properties (zone of inhibition) of various antibiotics-loaded electrospun gelatinmats crosslinked with polydopamine. The lack of antimicrobial activity is shaded
in grey.
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for 20 days after initial decrease in the zone of inhibition (Fig. 4e).
However, for Gel_pDA mats incorporated with lipopeptide antibi-
otics, daptomycin (NOH ¼ 1) or polymyxin B (NOH ¼ 3), which have
less number of alcoholic eOH groups, a complete loss of antimi-
crobial activity was observed after 24 h (Fig. 4f and g). These results
suggest that strong interaction between polyhydroxy antimicro-
bials and gelatin could be stabilized by pDA coating and cross-
linking without impairing the properties of antibiotics alone or
their combinations.

Release kinetics studies indicated a burst release of >50% dap-
tomycin (NOH ¼ 1) within 1 h after immersion in PBS and only ~20%
of thedrug remained in themats after24h, indicating that the loss of
activity was due to release of daptomycin (Fig. 4h). For polyhydroxy
antimicrobials (NOH > 1), it was difficult to determine the drug
release profile quantitativelyas no adequate amountof drug leached
out into the buffer due to enhanced stability of the nanofibers.
Analysis of the FT-IR spectra of the antibiotics-loaded mats was
further complicated by the lack of discernible peaks that were spe-
cific to the antibiotics owing to their low abundance as well as the
formation of pDA coating (data not shown). Hence, we determined
the amount of free drugs present in the supernatants obtained from
AmB_Gel_pDA (NOH ¼ 10) and Cas_Gel_pDA (NOH ¼ 7) mats after
sonication for 30min at 50 �C by RP-HPLC (Fig. S8). Even under such
devastating conditions, we observed 49.5 ± 3.1% of amphotericin B
and 35.3 ± 2% of caspofungin released out in the supernatants,
confirming possible covalent crosslinking of the antifungals in the
pDA crosslinked mats. Previous studies reported ~80e90% weight
loss in the glutaraldehyde crosslinked ES gelatinmatswithin<5 h of
incubation in PBSwhereas pDA-crosslinked gelatinmats containing
polyhydroxy antimicrobials remained intact for an extended period
of >20 days [36]. Chen et al. reported the sustained release of gen-
tamycin and vancomycin from sandwiched electrospun nanofiber
mats [42]. Their results suggested that the released drugs displayed
lower antimicrobial activity (30e40% for vancomycin and 40e50%
for gentamycin) as the time exceeded 18 days. Recently, Riau et al.
reported partial loss of antimicrobial activity of vancomycin in the
drug-loaded collagen hydrogels crosslinked with EDC/NHS after 7
days [43]. Elsner et al. reported the slow release of gentamycin from
porous PLGA-based mats wherein the drug retained the broad
spectrum antimicrobial activity for at least 14 days [44]. In these
previous studies, the polymer matrix required 10e15% (w/w) of the
drug to achieve long-term antimicrobial activity. However, in our
current study, a complete retention of antimicrobial activity was
achieved for more than 20 days and at much lower concentration of
the drugs (0.5% w/w of gelatin) than that reported by others. These
results suggest that the cumulative effect of matrix-drug in-
teractions and polydopamine crosslinking conferred greater stabil-
ity and sustained release of the drugs.



Fig. 4. Antimicrobial Durability of various antibiotic loaded Gel_pDA mats. Leaching studies performed for (a) AmB_Gel_pDA, (b) Cas_Gel_pDA, (c) Van_Gel_pDA, (d) Tob_-
Gel_pDA, (e) Cas-Tob_Gel_pDA, (f) Dam_Gel_pDA and (g) PmB_Gel_pDA. (h) Plot showing the cumulative daptomycin release profile from Dam_Gel_pDA mats.
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Previous reports from other groups indicated that alkaline
crosslinking of gelatin with polyphenols improved the mechanical
and gelation properties of gelatin films [45e48]. Recently, in situ
crosslinking of gelatin during electrospinning by hexamethylene
diisocynate proximal to the needle tip was shown to increase the
aqueous stability of electrospun gelatin nanofibers for at least 1
week [49]. To probe the aqueous stability of gelatin, we investigated
the morphological changes in the Gel_pDA, AmB_Gel_pDA and
Cas_Gel_pDA mats after soaking them in PBS. The as-spun gelatin
mats readily form a clear and transparent gel and revealed loss of
fibrous structure within 5 h after immersion in PBS (Fig. S9).
Gel_pDA mats soaked in PBS for 1 week displayed whisker like



Fig. 5. Progressive changes in the morphology of a) Gel_pDA b) AmB_Gel_pDA, c) Cas_Gel_pDA and d) Van_Gel_pDA nanofiber mats after immersion in PBS at 25 �C at various time
points. Scale bar 1 mm. Insets are the photographs of the mats after immersion in PBS.
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structures (Fig. 5a). As the incubation time progressed, the average
diameters of the structures increased with irregular morphologies
(Fig. 5a). The mats appeared soggy and transparent at this stage,
indicating complete loss of fiber morphology. However, incorpo-
ration of polyhydroxy antifungals resulted in remarkable increase
in the aqueous stability as nanofiber morphology was observed for
2 and 4 weeks for AmB_Gel_pDA and Cas_Gel_pDA mats,
Fig. 6. Dynamic contact angle measurements performed for various pDA crosslinked
gelatin mats.
respectively (Fig. 5b and c). For AmB_Gel_pDA mat, the individual
fibers appeared curly but remained intact for 2 weeks. After 2
weeks of immersion in PBS, considerable fusion of the fibers was
noticeable and fibrous morphology disappeared completely as the
incubation time was increased beyond 3 weeks for AmB_Gel_pDA
mats. Nevertheless, the mats remained intact and no visible
deformation could be seen (inset of Fig. 5b). On the other hand,
Cas_Gel_pDA mats soaked in PBS remained undamaged and the
intact nanofibers were observed even after 4 weeks of incubation
(Fig. 5c and insets). In both the antifungals-loaded mats, loss of
soldered junctions and porous structure was apparent after im-
mersion in PBS. The diameter of the individual nanofibers doubled
with soaking time and reached a plateau after 4 weeks for Cas_-
Gel_pDA mats (Fig. S10). However, for Van_Gel_pDA mats, the fiber
morphology was lost within first week of immersion in PBS yet
film-like morphology remained intact for more than 20 days
(Fig. 5d and insets). It is likely that both amphotericin B (NOH ¼ 7)
and caspofungin (NOH ¼ 10) contain more number of free alcoholic
eOH groups than tobramycin (NOH ¼ 5)/vancomycin (NOH ¼ 6),
which may be responsible for better interaction with gelatin and
thus conferring greater stability to the nanofibers. Our work re-
inforces previous studies and further demonstrates that covalent/
non-covalent interactions between polyphenols and gelatin can
be tuned for sustained release of polyhydroxy antibiotics, thus
maintaining long-term antimicrobial activity.



Table 4
Mechanical properties of antibiotics-loaded gelatin mats crosslinked with polydopamine.*, p � 0.05;**, p < 0.01;***, p < 0.001;****, p < 0.0001 and ns, p > 0.05 by t-test or 1-
way ANOVA.

Sample Tensile Strength, MPa Failure Strain, % Young's Modulus, MPa Work of Failure, MJm�3

ES_Gel 2.7 ± 0.4 9.0 ± 1.3 103 ± 5.5 0.19 ± 0.04
Gel_pDA 5.0 ± 0.2 10.9 ± 0.5 99 ± 5 0.4 ± 0.03
AmB Gel_pDA 4.1 ± 0.3 26.2 ± 15 154 ± 20.5 0.46 ± 0.28
Cas_ Gel_pDA 9.0 ± 3.3* 3.07 ± 0.42 397.5 ± 182.1** 0.17 ± 0.07
Van_ Gel_pDA 8.2 ± 1.5 2.5 ± 1.17 474.0 ± 72.5*** 0.1 ± 0.07
Tob_Gel_pDA 3.8 ± 0.4 19.8 ± 11.43 119.44 ± 34 0.44 ± 0.2
Cas_Tob_ Gel_pDA 4.0 ± 0.5 19.45 ± 7.0 179.2 ± 20.6 0.61 ± 0.34

Fig. 7. a) TGA and b) DTA curves for the antibiotics loaded pDA crosslinked gelatin mats.

Table 5
Thermal stability of various electrospun mats.

Sample Name Ti (�C) 1Tmax (�C) T1/2 (�C) 2Tmax (�C)

Gel_pDA 244.6 313.79 364.2 546.7
AmB_Gel_pDA 245.5 336.8 410.6 740.8
Cas_Gel_pDA 235.5 336.8 397.6 755.5
Van_Gel_pDA 238.5 326.7 363.2 726.51
Tob_Gel_pDA 239.7 327 371.2 771.37
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3.4. Wettability of antibiotics-loaded crosslinked mats

Recent studies have shown that increasing the hydrophobicity
of wound dressing's surface with dialkyl carbomyl chloride
conferred bacteriostatic effect [50]. To infer the effect of antibiotics
on the surface wettability, we determined the goniometric mea-
surements of the time-dependent changes in the advancing contact
anglewith water for the antibiotics-loaded crosslinked gelatinmats
(Fig. 6). For ES_Gel mats, the contact angle decreased with time and
reached 0� in 40 s. The contact angle values decreased gradually for
Gel_pDA mats, reaching a plateau of 60.2 ± 0.7�. Among the
antibiotics-loaded mats, the highest contact angle was observed for
Cas_Gel_pDA mats with a final contact angle of 70.3 ± 1.6� whereas
Van_Gel_pDA mats displayed the lowest contact angle, when
compared to Gel_pDA mats. The contact angle was not affected
upon incorporation of tobramycin whereas decreased significantly
for AmB_Gel_pDA mats to a final value of 20.4 ± 0.8�. For Cas_-
Tob_Gel_pDAmats a final value of 57.7 ± 1.5� was reached in 60 s as
was observed for Tob_Gel_pDA mats. These results suggest that
polydopamine crosslinking of antimicrobials-loaded gelatin mats
could alter the surfacewettability differently, indicating complexity
in the interaction between gelatin and polyhydroxy antimicrobials.
Nevertheless, among the polyhydroxy antimicrobials, caspofungin-
loaded mats displayed the maximum increase in the surface hy-
drophobicity when compared to other antimicrobials. The poor
wettability characteristics and higher amount of covalent cross-
linking may explain the remarkable aqueous stability achieved by
Cas_Gel_pDA mats.

3.5. Mechanical properties of antibiotics-loaded crosslinked mats

Table 4 summarizes the mechanical properties of antibiotics-
loaded gelatin mats after pDA crosslinking. The mechanical prop-
erties were compared with Gel_pDA mats to infer if antibiotics
addition influenced the mechanical properties (Fig. S11). Poly-
hydroxy antibiotics displayed two distinct effects on electrospun
gelatin mats in terms of mechanical performance. Vancomycin and
caspofungin enhanced the tensile strength and stiffness while
decreasing the elastic properties whereas amphotericin B and
tobramycin increased the elongation at break without altering the
tensile strength and stiffness. Interestingly, mats having both
tobramycin and caspofungin had cumulative beneficial effect of
individual antibiotics, displaying higher stiffness, elongation at
break and work of failure in contrast to Gel_pDA mats.

3.6. Thermal stability of antibiotics-loaded crosslinked mats

To obtain an insight into the thermal stability, we performed the
thermogravimetric and differential thermogravimetric analysis of
the crosslinked gelatin fibers. To distinguish the effect of antibiotics,
TGA and DTA curves of various antibiotic loaded mats were
compared with Gel_pDA mats (Fig. 7a and b). For Gel_pDA, the
thermal degradation occurs in three steps (indicated in Fig. 7b).
Step I is associated with the loss of absorbed water and usually
occurs below 200 �C while the step II is due to the protein degra-
dation and occurs between 200 and 400� C. Step III occurs above
600 �C due to the decomposition of gelatin networks. Thermal
parameters derived from TGA and DTA is shown in Table 5 and the
results suggest that both the antifungals (AmB and Cas) increased
the 1Tmax and T1/2 values remarkably in comparison to other anti-
biotics. In accordance with the aqueous stability assay, thermal
degradation studies further confirmed that caspofungin and
amphotericin B conferred greater stability to the pDA crosslinked
electrospun gelatin nanofiber mats than other antibiotics.
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3.7. Prototype wound dressings with improved compliance

Based on impressive mechanical properties of Van_Gel_pDA in
comparison to other antibiotics and a role of vancomycin in
modulating cytokine production with potential beneficial proper-
ties in preventing sepsis after burn injury [51], we selected Van_-
Gel_pDA mats for further testing as a prototype wound dressing. In
our previous study, we noted some difficulty in handling the pris-
tine Gel_pDA or Van_Gel_pDA mats while examining their in vivo
efficacy in a partial thickness porcine burn injury model [36]. After
crosslinking, the mats became tough, irregular in shape and were
difficult to wrap at the wounded area, thus requiring prior im-
mersion in PBS for 30 min. To overcome these difficulties, we
modified the electrospinning protocol by collecting Gel_pDA and
Van_Gel_pDA mats onto non-conductive bandage gauze placed
over the conductive aluminium foil [52]. A video presentation
showing the direct deposition of nanofibers on gauze is provided in
Video S1 (Commencement of electrospinning of Van_Gel_pDA
Fig. 8. a) Pictorial view of the Van_Gel_pDA based wound dressing designed by col-
lecting the nanofibers on the bandage gauze. b) FE-SEM micrograph showing the
nanofibrous morphology of the Van_Gel_pDA mats collected on the gauze surface with
inset showing the elaborated morphology of the gauze. c) Photograph showing the
porcine burn wounds covered with Van_Gel_pDA and Aquacel Ag dressings. d) Picture
showing the neat wound area after removing the Van_Gel_pDA dressings.
nanofibers on the gauze) and Supplementary Video S2 (Van_-
Gel_pDA mat formed after 3 h of electrospinning). This method-
ology produced continuous nanofiber mats and the crosslinking
protocol did not affect the overall flexibility and texture of the mats
(Fig. 8a and b). Thesemats can be readily applied to the injured area
and do not require prior immersion in PBS (Fig. 8c). As the healing
progressed the mats could be detached from the wounded area
without leaving any stains (Fig. 8d).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2017.05.043

After creating a total of eight 4-cm burn injuries in 3 piglets, we
divided the wounds into 4 groups. Group I was untreated control
while Gel_pDA mats electrospun on gauze made Group II. Van_-
Gel_pDA mats and Aquacel Ag served as Group III and Group IV,
respectively. Photographs of the progressive changes in wound
closure for various groups are provided in Supplementary Infor-
mation (Fig. S12eS15). Burn wounds treated with Van_Gel_pDA
mats displayed higher keratinization and increased wound closure
when compared to untreated (p < 0.001) or Gel_pDA (p < 0.05)
treated wounds (Fig. 9a). However, as observed before, no signifi-
cant difference was detected between in vivo efficacy of Van_-
Gel_pDA and commercial silver-based wound dressings, Aquacel
Ag. The results also demonstrate that crosslinking of gelatin mats
with polydopamine did not interfere with the wound healing
process, as indicated by the absence of any discernible differences
in the wound closure between untreated control and Gel_pDA
mats.

Photographs of the wounds for various groups taken prior to the
debridement during early (day 4 and day 7) and late stages post
injury provided better insight into the importance of wound bed e

matrix interactions (Fig. 9b). During the early stages, wounds
treated with Van_Gel_pDA or Aquacel Ag mats displayed barely
perceptible erythema when compared to untreated or Gel_pDA
treated wounds which presented moderate to severe erythema. At
46 days post injury, the wound bed appeared dry, revealed better
cosmetic appearance and low pus formation in the case of Van_-
Gel_pDA and Aquacel Ag treated groups (Fig. 9b) when compared to
untreated or Gel_pDA treated wounds [53].

To infer the importance of vancomycin, we compared the rate of
wound closure for Gel_pDA and Van_Gel_pDA mats. The results
suggest a faster re-epithelialization in Van_Gel_pDA treated
wounds thanwith Gel_pDAmats (Fig. 9c). To shedmore insight into
this, we performed scanning electron microscopy of the mats after
their removal from the injured sites. During the early stages of the
healing, Van_Gel_pDA mats completely lost the fibrous
morphology whereas considerable presence of nanofibers could be
seen in Gel_pDA mats (Fig. S16). The formation of film-like struc-
tures upon contact with the wound in Van_Gel_pDA is attributed to
the higher wettability of the mats than Gel_pDA mats. After 25
days, Van_Gel_pDA mats contained considerable intact nanofibers
while Gel_pDA mats collapsed into film-like structures. It is likely
that a higher stiffness of Van_Gel_pDA mats than Gel_pDA could
contribute the enhanced re-epithelialization, thus promoting faster
wound healing. Collectively, our results suggest that the incorpo-
ration of vancomycin in Gel_pDA mats decreased the number of
inflammatory cells, increased fluid absorption during early stages
of healing and enhanced the re-epithelialization rate.

The beneficial effects of Van_Gel_pDA on the healing process
after injury, especially in terms of reepithelialization and regener-
ation of skin appendages became evident upon histological analysis
of the burns. In the untreated wounds, a significant abundance of
inflammatory cells and disorganized granulation tissues were seen
(Fig. 10a). There was no epidermal layer, as no re-epithelialization
occurred. Burns treated with Gel_pDA (Fig. 10b) showed signs of
organization and rebuilding of the connective tissue, and the

http://dx.doi.org/10.1016/j.biomaterials.2017.05.043


Fig. 9. In vivo wound healing efficacy of Van_Gel_pDA mats in a burn injury model in piglets. a) Relative wound closure for various groups at 46 days post injury. Note the
increased wound closure for Vanco_Gel_pDA mats when compared with Gel_pDA treated and untreated wounds. *p � 0.05 and **p < 0.01 compared to untreated wounds by t-test
or 1-way ANOVA. No statistical difference (p � 0.5) was observed between Van_Gel_pDA and Aquacel Ag. b) Photographs showing the status of the wounds prior to debridement at
various time points. Note that the wound surface appeared relatively dry and reduced pus formation in Van_Gel_pDA mats and Aquacel Ag treated wounds. c) Temporal changes in
wound closure for Gel_pDA and Van_Gel_pDA treated wounds indicating that the presence of antibiotics accelerates the wound healing and re-epithelialization.

Fig. 10. Histological changes during wound healing after burn injury. (a) Untreated control; Injuries treated with (b) Gel_pDA (c) Van_Gel_pDA and (d) Aquacel Ag. Epidermis (E),
dermis (D), inflammatory cells (M), and the blood vessels (arrows) are indicated in the figure. Scale bar ¼ 100 mm.
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number of inflammatory cells substantial decreased with possible
reestablishment of the stratified epithelial layer. Further, the
abundance of small blood vessel in the dermis close to the
epidermis (indicated by arrows) were observed. In the Van_-
Gel_pDA samples, the dermis appeared well organized with much
less number of inflammatory cells, while the connective tissue
appeared better organized than untreated or Gel_pDA treated burn
injuries (Fig. 10c). The staining also indicated a well-formed strat-
ified epithelial layer with clear evidence for stratification. Burns
treated with Aquacel Ag (Fig. 10d) displayed significantly fewer
inflammatory cells and a well-organized stratified epithelial layer.
The numerous blood vessels in the dermis were seen in the Aquacel
Ag treated injuries. Taken together the histological data clearly
indicated that Van_Gel_pDA based scaffolds accelerated and
enhanced a more natural mode of tissue regeneration in the
porcine model of burn wound healing when compared to mats
without the antibiotics.

The rationale for choosing piglets instead of adult pigs is based
on the observation that partial thickness burns in juvenile pigs
cause multiple zones of injury and leave hyper trophic scars, which
has the prevalence of 30e72% of all burn wounds in humans
[54,55]. In our previous study, we tested the efficacy of
vancomycin-loaded mats in an adult pig weighing an initial weight
of over 35 kg [36]. We faced considerable difficulties in terms of
handling as well as applying the antibiotics-loaded mats to the
injured sites whereas the current approach overcomes these diffi-
culties. In addition, the untreated wounds in pigs weighing higher
initial body weight healed faster (53.8 ± 3.9% wound closure in 6
weeks; n ¼ 4 wounds) than wounds in juvenile pigs (35.8 ± 4.6%
wound closure in 6 weeks; n ¼ 6 wounds). Of note, an appreciable
linear correlation between animal body weight and wound closure
after partial thickness burn injury has been reported [56].
4. Conclusion

In this article, we coupled the crosslinking and coating proper-
ties of polydopamine and gelatin e polyhydroxy antibiotics in-
teractions to generate biocompatible, thermally and mechanically
stable advanced wound dressings with long-lasting antimicrobial
properties. Though primitive, we observed a good correlation be-
tween the number of hydrogen bonding donors and aqueous sta-
bility of gelatin nanofibers, demonstrating the implications of drug-
matrix interactions on long-term antimicrobial activity. The
methodology can be expanded to impart broad spectrum antimi-
crobial activities by incorporating a mixture of antibiotics with
retention of long-term antimicrobial activity. We further demon-
strated the direct electrospinning of vancomycin-loaded electro-
spun gelatin on bandage gauze followed by crosslinking and
examined its efficacy in animal model which simulates the path-
ophysiology of burnwounds in humans. The results confirmed that
polydopamine crosslinking did not interfere with the wound
healing; whereas, incorporation of vancomycin enhanced the
wound closure and decreased the inflammation. This prototype
wound dressings overcome the drawbacks associated with pristine
crosslinked gelatin mats and could reduce the frequency of dress-
ings and nursing costs, thus offers a potentially valuable approach
for treating life-threatening burn injuries and burn-related
infections.
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