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Abstract

ZnO and Zn acetate nanoparticles were embedded in polycaprolactone coaxial-fibers and uniaxial-fibers matrices to develop potential
antibacterial nanocomposite wound dressings (mats). Morphology, composition, wettability, crystallinity and fiber structure of mats were
characterized. Antibacterial properties ofmats were tested againstE. coli and S. aureus by turbidity andMTT assays. The effect of UVA illumination
(prior to bacteria inoculation) on mats’ antibacterial activity was also studied. Results showed that a coaxial-fibers design maintained nanoparticles
distributed in the outer-shell of fibers and, in general, enhanced the antibacterial effect of themats, in comparison to conventional uniaxial-fibersmats.
Results indicated that mats simultaneously inhibited planktonic and biofilm bacterial growth by, probably, two main antibacterial mechanisms; 1)
release of Zn2+ ions (mainly from Zn acetate nanoparticles) and 2) photocatalytic oxidative processes exerted by ZnO nanoparticles. Antibacterial
properties of mats were significantly improved by coaxial-fibers design and exposure to UVA-light prior to bacteria inoculation.
© 2018 Elsevier Inc. All rights reserved.
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One of the biggest challenges facing skin injuries treatment are
bacterial infections, which have become increasingly difficult to
treat due to rapid emergence of antibiotic-resistant bacteria.1,2

Recently, use of nanoparticles (nps) has emerged as a novel strategy
to face this challenge, because, nps usually exhibit enhanced
antibacterial activity as compared to corresponding bulk materials.3

Different zinc compounds exhibit antibacterial activity: Particularly,
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Table 1
Nanocomposite mats with uniaxial- or coaxial-fibers structures electrospun in
the present study.

Nanocomposite mats Composition of electrospinning solution*

Uniaxial-fibers ZnO nps (wt.%) PCL (wt.%)
PCL-only 0 100
9Zn/PCL-u 9 91
12Zn/PCL-u 12 88
15Zn/PCL-u 15 85
25Zn/PCL-u 25 75

Outer-shell Inner-core
Coaxial-fibers ZnO nps (wt.%)/PCL (wt.%) PCL (wt.%)
9Zn/PCL-c 9 / 91 100
12Zn/PCL-c 12 / 88 100
15Zn/PCL-c 15 / 85 100
25Zn/PCL-c 25 / 75 100

Nanocomposite mats were named according to their uniaxial- or coaxial-
fibers structure using the letter “u” or “c” respectively, and according to the
ZnOnps concentration (wt.%) in the electrospinning ZnOnps-PCL solution
used to fill the uniaxial-fibers or the outer-shell of coaxial-fibers using the
number 9, 12, 15 or 25; inner-core of coaxial-fibers mats were filled with
PCL solution.
* As relative to PCL and ZnOnps content only.
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side effects of their uncontrolled release into human tissues.5 One
method to restrict nps release is to embed them into biocompatible
polymeric matrices, such as polycaprolactone (PCL).10

In the present work, we developed antibacterial nanocomposites
Zn-based nps/PCL fibrillar matrices, aiming to provide a barrier
against bacterial adhesion and proliferation during skin wounds
treatment. Fibrillar matrices (mats) were obtained by electrospin-
ning of PCL and PCL-ZnOnps solutions; acetic acid (AcAc) was
used as a green-solvent potentially less toxic than other solvents
used for PCL electrospinning.11,12 Antibacterial properties of nps
mostly depend on available contact area; then, nps trapped in the
center of conventionally electrospun uniaxial-fibers do not
significantly contribute to mats antibacterial properties but increase
nps concentration, and consequently, the amount of nps that might
be released upon eventualmats degradation. To optimize superficial
nps:PCL ratios and to decrease mats nps concentration, we
developed coaxial-fibers mats where the inner-core and outer-
shell were filledwith PCL andZnOnps-PCL solutions, respectively.
Uniaxial-fibers were electrospun from ZnOnps-PCL solutions.

Antibacterial activity of mats was tested against Escherichia
coli and Staphylococcus aureus; bacteria strains frequently
found in infected skin wounds.13–17 Antibacterial effect of mats
exposure to UVA light before bacteria inoculation was also
studied.
Methods

Methods are described in detail in Supplementary Material;
briefly:

ZnO nanoparticles characterization

ZnOnps (Sigma Aldrich) crystalline structure and average
crystal size were determined by X-Ray Diffraction (XRD; Bruker
D8). Morphology and size were characterized by Transmission
Electron Microscopy (TEM; Philips FEI TECNAI10) and energy
gap (Eg) was estimated from UV-Vis absorption spectra (Thermo
Spectronic Genesys2) using Eq. (1)18:

αhυð Þ2 ¼ C hυ−Egð Þ ð1Þ

where, α, absorption coefficient; hν, photon energy andC depends
on electron-hole mobility.

AcAc can react with ZnO to produce zinc acetate
(Zn(CH3CO2)2); an organic antibacterial compound.19–22 Thus,
ZnOnps were dispersed in AcAc, stirred for 24 h, dried and
evaluated by XRD, TEM and Infrared Spectroscopy (FT-IR;
Nicolet 6706/Smart Orbit ATR optics) (data not shown) to aid in
present results analysis.

Mats fabrication

For electrospinning ZnOnps-PCL stock solutions, adequate
amounts of ZnOnps were weighted (9, 12, 15 and 25 wt.%; relative
to PCL) and dispersed intoAcAc.Appropriate PCL (Mn=80,000Da,
Sigma-Aldrich) amounts were incorporated (PCL 19 wt.% relative
to AcAc) and nps-PCL-AcAc solutions were stirred at 300 rpm for
72 h. PCL (19 wt.% relative to AcAc) stock solutions were also
prepared. Electrospinningwas carried out at 17 kVusing a horizontal
equipment assembled in our laboratory, Supplementary Figure S1.
For uniaxial-fibers mats, electrospinning solutions were ejected at
1 mL/h. For coaxial-fibers mats, the outer-shell and inner-core of a
coaxial needle were filled with ZnOnps-PCL and PCL solutions,
respectively, and flow rate was 0.38 mL/h. After electrospinning,
mats were collected, washed with ethanol and MilliQ® water
(MilliQ-H2O) and oven-dried (36°C).Mats were named accordingly
to their uniaxial- or coaxial-fiber structure and ZnOnps wt.% in
electrospinning solutions, Table 1.

Mats physico-chemical characterization

Mats surface morphology was characterized by Scanning
Electron Microscopy (SEM) (JEOL JSM-7800F); fibers diameter
was measured from micrographs. Chemical composition was
determined using Energy Dispersive X-ray Spectrometry (EDS;
Oxford X-MaxN150) and Zn spatial distribution was characterized
by EDS mapping. Coaxial- or uniaxial-fibers structures were
corroborated by TEM (JEM2010 FEG). Chemical groups present
were assessed by FT-IR spectroscopy and Water Contact Angles
(WCA) were evaluated in static sessile drop method (Ramé-Hart
Co. goniometer). X-ray Photoelectron Spectra (XPS) were acquired
in a PHI Versa Probe III equipment; High Resolution Spectra (HRS)
acquired in C1s, O1s and Zn2p photoelectron peaks energy regions
were fitted (MultiPack Spectrum® software) to obtain surface
elemental composition. Crystal structure was determined by XRD.

To evaluate Zn release, mats samples (1 mg) were incubated
(37°C and 100 rpm) for 24 h in 1 mL MilliQ-H2O. Supernatants
were collected and Zn concentration was measured by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS; iCAP Qc, Thermo
Scientific). To evaluate mats degradation, dry mats samples (8 mm-
diameter) were immersed in MilliQ-H2O, taken out, excess-water
removed and weighted (W0). Then, wet samples were incubated in
1mL acidicmedium (buffer pH=4.01,Merck) at 37°C and 100 rpm;
medium was changed every 2 days. At 1, 2, 3, 6, 14 and 21 days,
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samples were taken out, washed, excess-water removed and
weighted (W1). Weight loss (Wloss) percentage was calculated as:

Wloss %½ � ¼ W 0−W 1

W 0
� 100 ð2Þ

Mats antibacterial activity

It was evaluated by turbidity and MTT ([3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide]; Sigma-Aldrich) assays
against Escherichia coli (ATCC 33780) and Staphylococcus aureus
(ATCC 25923). The growths of pure cultures of each strain was
independently collected from agar plates, resuspended in Trypticase
SoyBroth (TSB,BDBioxon) supplementedwithmenadione 1 v/v%
and hemin 1 v/v% (Sigma-Aldrich) and adjusted to optical density =
1 at 600 nm. 300μLof bacterial solutionswere diluted in 29.7mLof
TSB to obtain≈1x107 cells/mL.UV-sterilizedmats samples (8mm-
diameter) were individually incubated at RTwith 100 μL of TSB for
20 min. Two sets of mats samples were prepared; one set was
illuminated with UVA light (Entela UVGL-25) during 15 min, and
the other onewas, meanwhile, kept in darkness. Samples in both sets
were inoculated with 900 μL of bacterial solution and incubated for
24 h (35°C, natural-light illumination). Planktonic bacterial growth
inhibition was estimated from absorbance of 100 μL aliquots of
incubation media (turbidity assay) at 595 nm (FilterMaxF5).
Bacterial cell viability (%) was calculated as:

O:D: samples treated

O:D: negative control

� �
� 100 ð3Þ

whereO.D. samples treated andO.D. negative control corresponded
to absorbance of media from mats-bacteria and bacteria-only
incubation, respectively. To evaluate biofilm bacterial growth
inhibition, bacteria-incubated mats were rinsed with TSB, placed
in clean culture-well plates and incubated with MTT:TSB solution
(1:10) for 3 h at 35°C. Bacteria-metabolized formazan crystals were
solubilized in 2-propanol:dimethyl sulfoxide (1:1) and solution
absorbance was read at 570 nm (FilterMax F5). Viable bacteria
adhered on mats (%) was evaluated according to Eq. (3), but in this
case, O.D. samples treated and O.D negative control corresponded
to absorbance reads from nanocomposite and PCL-only mats,
respectively. All experiments were independently performed twice
for each bacterial strain tested (n=6).

Mats antibacterial activity over time was characterized using
procedures described in previous paragraph but testing UVA-
illuminated mats against S. aureus (best antibacterial results at
24 h) and evaluating planktonic and biofilm bacterial growth
inhibition at 24, 48 and 72 h. Absorbance of media from bacteria-
only incubation and bacteria-PCL-only MTT assays at 24 h were
referenced as 100% viability for planktonic and biofilm bacterial
growth, respectively. All experiments were performed by
triplicate (n=3) for each evaluation time. Mats samples used
for 48 h antibacterial testing were characterized by SEM to study
mats stability upon antibacterial testing.

Cell response to mats

Mats capability to support cell culture and possible cytotoxicity
of mats’ release products were evaluated using primary human
dermal fibroblast (HDF) isolated as previously described.23 Briefly,
foreskin biopsies discarded from circumcision surgeries of pediatric
patients, whose parents responded to an Informed Consent
approved by the INR Institutional Committee on Human Research,
were obtained, fragmented and incubated with dispase II. Dermis
was enzymatically digested and HDF were obtained by centrifu-
gation, plated with supplemented-DMEM-F12 (sDMEM-F12; 1%
antibiotic/antimycotic-10% fetal bovine serum) and expanded.
HDF were collected, seeded (100,000 cells/cm2) on UV-sterilized
mats samples and cultured with sDMEM-F12 at 37°C and 5%CO2.
At 72 h, cell viability on mats was evaluated by fluorescence
microscopy (Carl Zeiss) using the LIVE/DEAD™ Viability/
Cytotoxicity Kit (Thermo Fisher). In an independent experiment,
HDFwere cultured on 48-wells culture plates until 80% confluence
and UV-sterilized mats samples (8 mm-diameter) were incubated
in 400 μL sDMEM-F12 at 37°C for 24 h. 80% confluent cell
monolayers were assigned into group A or B and incubated
with 100 μL mats supernatants. After 24 h, cell viability was
evaluated (MTT assay) in group A. In group B, mats supernatants
were replaced for fresh sDMEM-F12, monolayers were further
incubated for 24 h and cell viability was assessed (MTT assay). All
experiments were performed by triplicate. Control+ (ctl+)
corresponded to cells cultured only with sDMEM-F12.

Statistical analysis

Results were analyzed with GraphPad Prism 5.1 software
using one-way analysis of variance (ANOVA) followed by
Tukey's multiple comparisons test; considering P b 0.05 as
statistically significant.
Results

ZnO nanoparticles characterization

XRDpatterns of as-received ZnOnps (Supplementary Figure S2)
showed diffraction peaks corresponding to the hexagonal crystalline
structure of ZnO (Zincite, JCPDS 05-0664); average crystal size was
≈22.86 nm. Crystal size corresponded to ZnOnps size as measured
from TEM micrographs (≈24.33 nm), which showed hexagonal-
shape nps in agreement with Zincite (Supplementary Figure S2).
ZnOnps Eg was 3.21 eV (Supplementary Figure S3).

Mats physical-chemical characterization

Macroscopically, mats were ≈0.5 mm in thickness and flexible
(Supplementary Figure S4). Microscopically, mats exhibited
interconnected porosity and micro-fibers randomly oriented with
diameters from 1.019-0.511 μm; which decreased as ZnOnps
concentration in electrospinning solutions increased, Figure 1. EDS
analysis (Table 2) showed high concentrations of C and O and
confirmed Zn presence in nanocomposite mats, exhibiting that,
coaxial-fibers mats had smaller Zn concentrations than their
corresponding uniaxial-fibers mats (9Zn/PCL-u vs. 9Zn/PCL-c,
12Zn/PCL-u vs. 12Zn/PCL-c, 15Zn/PCL-u vs. 15Zn/PCL-c and
25Zn/PCL-u vs. 25Zn/PCL-c). EDS mapping showed Zn homo-
geneously distributed and co-localized with C and O (Figure 2, A).
Survey XPS spectra confirmed nanocomposite mats composed by
C, O and Zn in their surface and no contaminants. Fitting of HRS



Figure 1. SEM micrographs of mats; d, mean fiber diameter.
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(Supplementary Figure S5) corroborated that, in general, coaxial-
fibers mats had smaller Zn concentrations than their corresponding
uniaxial-fibers mats; Table 2. Deconvolution of Zn2p HRS showed
Zn present only as oxidized species in their maximum valence state,
Zn2+. Fitting of O1s HRS evidenced Zn:O (bound to Zn) ratios
slightly higher than 1:1 but smaller than 2:1.

A core-shell fiber structure in coaxial-fibers mats was confirmed
from TEMmicrographs, Figure 2,B; which also showed 20-40 nm-
diameter bright nanoparticles that seemed predominantly dispersed
in the outer-shell of coaxial-fibers and in the center of uniaxial-
fibers. As mats Zn concentration increased, nps tended to be more
clearly aligned along the axial axis of uniaxial-fibers. XRD
measurements (Figure 3, A-B) exhibited diffraction peaks (22.54°
and 24.73°) corresponding to semi-crystalline PCL.12 Smaller
intensity peaks at 31.67°, 34.19° and 35.59° were attributed to
(113), (002) and (101) crystalline plane reflections of ZnO (Zincite,
JCPDS 05-0664). Peaks at 20.96°, 23.88°, 28.51°, 40.31°, 41.57°
and 43.00° were assigned to (111), (-112), (312), (-513), (512),
(-421) crystalline plane reflections of Zn acetate (Monoclinic,
JCPDS 14-902). Intensity of Zn acetate and ZnO diffraction peaks
increased with mats Zn concentration. ZnO and Zn acetate average
crystal sizes were 25.21 and 27.21 nm, respectively. Crystal sizes
agreed with sizes of as-received ZnOnps and bright nanostructures
observed in mats by TEM. FT-IR spectra (Figure 3, C-D) showed



Table 2
Elemental compositions of electrospun nanocomposite mats as obtained from Electron Dispersive Spectroscopy (EDS) and X-Ray Photoelectron Spectroscopy
(XPS), average water contact angle (WCA) of mats and Zn release from mats as measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

Nanocomposite
mats

Elemental composition as determined
from EDS
(weight %)

Elemental composition as determined
from XPS
(atomic %)

WCA
(°)

Zn
release⁎
(ppm)

C O Zn C O Zn

PCL-only 87.19 12.81 0 79 21 134.5 ± 0.7 0.00
9Zn/PCL-u 76.76 21.76 1.48 75.2 22.6 2.2 130.6 ± 0.6 48.30
12Zn/PCL-u 78.86 19.31 1.83 74.7 23.3 2.0 121.0 ± 1.3 96.52
15Zn/PCL-u 68.85 28.98 3.07 61.4 33.5 5.1 120.2 ± 0.4 98.33
25Zn/PCL-u 83.41 9.39 7.19 63.4 26.1 10.5 106.9 ± 0.4 111.30
9Zn/PCL-c 83.23 15.84 0.94 76.5 23.5 b 1 115.5 ± 0.4 58.20
12Zn/PCL-c 74.21 24.40 1.39 75.5 21.7 2.8 112.2 ± 0.5 61.65
15Zn/PCL-c 74.06 23.77 2.17 66.7 28.6 4.4 110.1 ± 1.5 78.35
25Zn/PCL-c 85.95 8.07 5.99 75.7 21.1 3.2 101.4 ± 0.4 92.20

⁎ Zn release (ppm) corresponds to Zn concentration in supernatants after 24 h incubation of mats samples (1 mg) in 1 mL of MilliQ-water.
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characteristic absorption bands of PCL at 2950 cm-1 (νasCH2),
2865 cm-1 (νsCH2), 1729 cm

-1 (νs-CH=O), 1294 cm
-1 (νC-C and

νC-O stretching) and 1240 cm-1 (νasC-O-C).
24 Nanocomposite

mats did not show obvious IR bands from ZnO. The weak IR band
at 1549 cm-1 was assigned to Zn acetate (νsCOO

-).25

WCA measurements (Supplementary Figure S6 and Table 2)
showed all mats being hydrophobic (WCAN90°). PCL-only was
more hydrophobic (WCA=134.5°) than nanocomposite mats
(WCA≈130°-101°) and hydrophobicity decreased as Zn con-
centration increased; hydrophobicity decrement was higher for
coaxial-fibers mats than for uniaxial-fibers mats.

Zn release in water increased asmats Zn concentration increased,
independently of fiber structure (Table 2; Supplementary Figure S7).
Zn release from uniaxial-fibers mats was significantly higher than
that from their corresponding coaxial-fibers mats. Degradation of
nanocomposite mats (in acid pH to resemble acute wounds and
bacterial infection environments) significantly increased in compari-
son to PCL-only, Figure 3, E-F. Highest degradation rate occurred
during the first 3 days, leading to Wloss of 50% and 13% for
nanocomposite and PCL-only mats, respectively. After day 3,
degradation rate decreased; Wloss at day 21 was 65% and 28% for
nanocomposite and PCL-only mats, respectively. Degradation was
similar for all uniaxial- and coaxial-fibers nanocomposite mats
(Wloss=55%-68% at 21 days) independently of Zn concentration.

Antibacterial activity of mats

Capability of mats to inhibit planktonic (free-floating bacteria
in media) and biofilm (adhered viable bacteria) bacterial growth
was evaluated against S. aureus and E. coli. Turbidity assays after
24 h of incubation (Figure 4) indicated that nanocomposite mats
significantly reduced planktonic growth in comparison to bacteria-
only incubation (100% bacterial viability), for both pre-inoculation
mats illumination conditions. PCL-only mats did not significantly
inhibit planktonic growth. Bacterial growth decreased ≈50% in
presence of nanocomposite mats for both bacterial strains tested;
however, inhibition was slightly stronger against S. aureus than
against E. coli. Not significant improvement of mats antibacterial
activity with increasing Zn concentration was observed, indepen-
dently of illumination conditions or fiber structure. 9Zn/PCL-u and
9Zn/PCL-c decreased planktonic growth by 60-50% and 50-40%,
respectively for E. coli and S. aureus, and no further significant
growth decrements were observed for mats with higher Zn
concentration. In terms of UVA illumination effect (Figures 4, A
vs. B and C vs. D), mats UVA-illuminated prior to bacteria
inoculation showed improved planktonic growth inhibition against
both bacteria strains tested; however, bacterial growth reduction
with UVA illumination was only significant against E. coli, except
for 12Zn/PCl-c. Under the same pre-inoculation illumination
conditions, uniaxial-fibers mats exerted higher bacterial growth
inhibition than their corresponding coaxial-fibers mats. Differ-
ences between antibacterial activities of corresponding uniaxial-
fibers and coaxial-fibersmats againstE. coliwere significant for all
Zn concentrations studied; however, significant differences were
only observed for 9Zn/PCL-u vs. 9Zn/PCL-c against S. aureus.

Figure 5 shows percentage of viable adhered bacteria (biofilm
growth) on nanocomposite mats respect to PCL-only after 24 h of
mats incubation in bacterial solutions. Nanocomposite mats
significantly reduced bacterial adhesion in comparison to PCL-
only, for both bacterial strains tested and both pre-inoculation
illumination conditions. In contrast to planktonic bacterial growth,
Zn concentration played a significant role in biofilm growth
reduction; general trend showed that bacterial adhesion decreased as
Zn concentration increased. This was valid for both bacterial strains
and both illumination conditions. Overall tendency exhibited that
UVA-illuminated mats decreased bacterial adhesion, for both
bacterial strains and all Zn concentrations, in comparison with mats
that were kept in darkness before bacteria inoculation (Figure 5, A
vs. B and C vs. D). Significant differences with UVA illumination
were observed for 9Zn/PCL-c, 15Zn/PCL-u, 25Zn/PCL-u and
25Zn/PCL-c against E. coli, and for 9Zn/PCL-c, 12Zn/PCL-u,
12Zn/PCL-c and 25Zn/PCL-c against S. aureus. Under the same
illumination conditions, bacterial adhesion on coaxial-fibers mats
was significantly smaller than that on their corresponding uniaxial-
fibers mats; even when Zn concentration was larger in uniaxial-
fibers mats than in their corresponding coaxial-fibers mats.



Figure 2. (A) Zn (blue), C (red) and O (green) EDS mapping of mats. (B) Representative TEM micrographs of mats.
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Figure 6 showsmats antibacterial activity over time. Planktonic
growth significantly increased at 48 h of incubation respect to 24 h,
and at 72 h respect to 48 h, when comparing within the same
nanocomposite mats (Figure 6, A–C), except for 15Zn/PCL-u and
25Zn/PCL-u. Nonetheless, planktonic growth in presence of
nanocomposite mats (but 9Zn/PCL-c) was significantly smaller
than that for ctl+ and PCL-only, at all times tested. Biofilm growth
on nanocomposite mats was significantly reduced in comparison to
PCL-only (Figure 6, D–F), at all times tested. At 48 h of mats-
bacteria incubation, biofilm growth on nanocomposite mats was
reduced by 60-80% in comparison to PCL-only. After 72 h, biofilm
growth on nanocompositemats, except 9Zn/PCL-u and 9Zn/PCL-c,
was smaller than ≈20% the growth on PCL-only. On nanocom-
positemats, no significant increment of biofilm growth (except 9Zn/
PCL-u) was observed at 72 h in comparison to 24 or 48 h.

SEM characterization of mats after 48 h antibacterial testing
(Supplementary Figure S8) showed bacteria adhered, slightly
thicker fibers than in as-synthesized mats and, in general, mats



Figure 3. (A-B) XRD patterns of mats; semi-crystalline PCL, hexagonal ZnO and monoclinic Zn acetate diffraction peaks are marked with black, red and blue
lines, respectively. (C-D) FT-IR spectra of mats and ZnO nanoparticles; Zn acetate νsCOO

- band is marked. (E-F) Mats degradation over time in acidic medium.
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morphology highly preserved. Micrographs corroborated the
general trend observed for biofilm growth; bacteria adhered to
mats decreased as Zn concentration increased.

HDF response to mats

Viability assays showed that nanocompositemats did not sustain
HDF culture (data not shown). HDF response to mats’ release
products was dependent on Zn concentration, Supplementary
Figure S9, A). Number of metabolically active HDF (indirectly
measured by the amount of cell-metabolizedMTT; c-m-MTT) after
24 h of culture with mats supernatants significantly decreased as Zn
concentration increased; cell culture with uniaxial-fibers mats and
25Zn/PCL-c supernatants decreased c-m-MTT by more than 50%
in comparison to ctl+. C-m-MTT for HDF cultured with PCL-only
supernatants was similar to ctl+. Culture with uniaxial-fibers mats
supernatants reduced the number of metabolically-active cells in
comparison to corresponding coaxial-fibers mats supernatants.
Number ofmetabolically-activeHDF significantly increased at 24 h
after removing nanocomposite mats supernatants from cell cultures



Figure 4. Planktonic bacterial growth (%) of (A-B) E. coli and (C-D) S. aureus in presence of mats, that were non-illuminated (solid bars) or UVA-illuminated
(striped bars) before bacteria inoculation. *, P b 0.05 vs. PCL under same illumination conditions; &, P b 0.05 vs. mat with smallest Zn concentration and same
fiber-structure under same illumination conditions; +, P b 0.05 non-illuminated vs. UVA-illuminated same mat; ζ, P b 0.05 uniaxial-fibers mats vs.
corresponding coaxial-fibers mats.
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(Supplementary Figure S9, B); c-m-MTT for HDF previously
incubated with coaxial-fibers (uniaxial-fibers) mats supernatants
was ≈62% (≈55%) the c-m-MTT for ctl+.
Discussion

Prevention of bacterial infection is a key step for appropriate
wound treatment because bacterial infection significantly precludes
wound healing.26 Thus, in this work, coaxial and uniaxial
nanocomposite Zn-based nps/PCL fibrillar mats were developed
intended as potential antibacterial wound covers; with coaxial-fibers
mats fabricated aiming for more efficient antibacterial materials than
conventional uniaxial-fibers mats. The first step into the present
study was to determine minimum Zn concentration to develop
conventional uniaxial-fibers mats with significant antibacterial
properties; using E. coli as a reference strain. Thus, uniaxial-fibers
mats were electrospun from low ZnOnps concentration solutions; 3,
6, 7 and 9 wt.% relative to PCL. Significant planktonic and biofilm
bacterial growth inhibition was only observed for 9 wt.% ZnOnps,
Supplementary Figure S10. Therefore, 9-25 wt.% ZnOnps electro-
spinning solutions were studied in the present study; 25 wt.%
ZnOnps reduced biofilm growth by 80% in comparison to PCL-
only. Nanocomposite mats with coaxial-fibers or uniaxial-fibers
structure and different Zn-based nps concentrations were success-
fully electrospun from ZnOnps-PCL solutions, using AcAc as a
green-solvent. Mats fibers presented submicron diameters, 1.019-
0.511 μm, that decreased as Zn concentration in mats increased due
to the increment of charge carried by the electrospinning jet that
occurs with increment of Zn-based nps concentration in electro-
spinning solution. Addition of ZnOnps to polymeric solutions
results in higher charge densities on the jet surface during
electrospinning; then, as charge carried by the jet increases with
ZnOnps concentration, higher elongation forces are brought down to
the jet under the electrical field, resulting in narrower fibers.27 EDS
and XPS results corroborated incorporation of higher amounts of
Zn-based compounds into mats as ZnOnps concentration in
electrospinning solution increased. Higher Zn concentrations were
obtained in uniaxial-fibers mats, in comparison to corresponding
coaxial-fibers mats, due to the PCL inner-core of coaxial-fibers
decreasing the overall Zn:PCL ratio in the fibers. EDS mapping,
indicated that Zn-based nps were homogeneously embedded in the
fibers; an important property to conferee homogeneous antibacterial
properties to mats.



Figure 5. Biofilm bacterial growth (%) onmats incubated with (A-B) E. coli or (C-D) S. aureus.Gray, light red and dark red bars correspond to PCL-only, uniaxial-
fibers and coaxial-fibers mats, respectively, that were non-illuminated (solid bars) or UVA-illuminated (striped bars) before bacteria inoculation. *, P b 0.05 vs. PCL
under same illumination conditions; &,P b 0.05 vs. mat with smallest Zn concentration and same fiber-structure under same illumination conditions; +,P b 0.05 non-
illuminated vs. UVA-illuminated same mat; ζ, P b 0.05 for uniaxial-fibers mats vs. corresponding coaxial-fibers mats.
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Nanocomposite mats FTIR spectra did not show any clear band
corresponding to Zn-O, probably because these bands were too
small (small ZnOnps concentrations), plus the fact that they are
expected to appear at wavenumbers b435 cm-1, thus, they can easily
be masked by stronger PCL vibrational modes at similar
wavenumbers. The weak IR band at 1549 cm-1 (νsCOO

-) exhibited
the formation of Zn acetate due to ZnOnps-AcAc reaction in
electrospinning solutions.25 Nevertheless, Zn acetate also possess
antibacterial properties (mainly attributed to Zn2+ ions released
upon aqueous dissolution) and has been reported as one of the
most biocompatible (towards mammalian cells) antibacterial Zn
salts.19–22 Deconvolution of XPS HRS showed Zn present in mats
only as oxidized species in their maximum valence state, which can
correspond to ZnO or Zn acetate. Zn:O (bound to Zn) ratios were
between the expected ratios for ZnO (1:1) and Zn acetate (1:2),
supporting that some ZnOnps reacted with AcAc in electrospinning
solutions to form Zn acetate. XRD confirmed these results, showing
a mixture of nanocrystalline ZnO and Zn acetate in mats. Crystal
sizes of nanocrystalline ZnO and Zn acetate agreed with dimensions
of the bright nanoparticles observed by TEM, which can be
confidently ascribed as Zn-based nps, since EDS and XPS mats
analysis only showedC,O and Zn.Despite ZnOnps-AcAc chemical
reaction, average particle size of Zn-based compounds remained in
the nano-scale; probably, because ZnOnps were entrapped within
the PCL polymer chains that act as particle size controller,
maintaining newly formed Zn acetate particles within the nano-
scale. In agreement with this, Quiros et al. reported the positive use
of a low molecular weight polymer as nps size controller and
capping agent for different salt precursors, including zinc acetate.28

TEM confirmed a coaxial-fiber structure for coaxial-fibers mats
and showed that Zn-based nps were successfully embedded in
coaxial-fibers and uniaxial-fibers with different distributions.
During electrospinning of uniaxial fibers, PCLmolecules in solution
are polarized and perpendicularly aligned to the electric field; thus,
the surface and center of the electrospinning jet become positively
and negatively charged, respectively, and positively charged Zn-
based compounds are easily attracted towards the fibers center. In
the case of coaxial-fibers, the electric field is mainly generated
between the external needle and the collector; hence, PCLmolecules
in the jet inner-core are less polarized than those in the outer-shell.
Since the inner-core of coaxial-fibers is electrostatically less
organized, Zn-based nps mainly remain in the outer-shell; which
is advantageous because antibacterial activity highly depends onZn-
based nps surface exposure. Polar nature of Zn-based nps increased



Figure 6. S. aureus (A-C) planktonic bacterial growth (%) in presence of mats or no mats (ctl+) and (D-F) biofilm growth (%) on mats over time. Mats samples
were UVA-illuminated before bacteria inoculation. For Figures (A–C) *, P b 0.05 vs. ctl+; +, P b 0.05 vs. PCL; &, P b 0.05 vs. same mat at 24 h. For figures
(D–E) +, P b 0.05 vs. PCL-only at same incubation time; &, P b 0.05 vs. same mat at 24 h.
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water-nanocomposite mats interactions; consequently, mats hydro-
phobicity decreased as Zn-based nps concentration increased.
Coaxial-fibers mats displayed smaller WCA than corresponding
uniaxial-fibers mats, mainly due to the different distribution of Zn-
based nps in coaxial and uniaxial fibers. Less hydrophobic mats
might facilitate bacterial adhesion; nevertheless, antibacterial nature
of ZnO and Zn acetate nps prevented this effect.

Nanocomposite mats degradation significantly increased in
comparison to PCL-only, probably due to a synergistic effect of
PCL degradation process and Zn-based nps properties. PCL
biodegradation occurs through hydrolysis29 and polar ZnO and
Zn-acetate nps decreased mats hydrophobicity facilitating water
surface interaction and consequently contributing to increase
degradation. High degradation rates occurred during the first
incubation days (Wloss=45%, day 3) and then, rates decreased
(Wloss=65%, day 6) until no significant Wloss increments occurred.
This degradation pattern can be explained for the first stage
involving fast degradation of PCL amorphous part and the second
one involving slow degradation of crystalline PCL29,30; Zn-based
nps in mats decreased PCL crystallinity which also contribute to
increase nanocomposite mats degradation in comparison to PCL-
only. Mats degradation was higher than that reported by R.
Augustine et al. (Wloss=35% at day 21) for similar membranes30;
however, in the present work, degradation was studied at pH 4.5,
while R. Augustine studied degradation at pH 7.4. As expected from
mats degradation mechanisms explained, Zn release in water was
dependent on, and directly correlated to, mats Zn concentration.
Interestingly, for mats with small Zn concentrations (9Zn/PCL-u,
12Zn/PCL-u, 9Zn/PCL-c and 12Zn/PCL-c), Zn release seemed to
be more correlated to Zn-based nps surface exposure and mats
hydrophobicity than to Zn concentration, resulting in larger Zn
release from coaxial-fibers mats. It was not possible to compare
present Zn release with that from similar membranes previously
reported (Zn release not reported)27,30,31; nevertheless, Zn release
frompresentmats (0.048-0.111mg/g)was smaller than that reported
for other polymer-Zn-based membranes (≈6 mg/g).32,33

Antibacterial results demonstrated that, in general, mats
presented slightly superior antibacterial activity against Gram-
positive (S. aureus) than Gram-negative (E. coli) bacteria, in
accordance with earlier reports for ZnOnps or Zn acetate.3,21,27,34,35

This phenomenon has been commonly attributed to the fact that
Gram-negative bacteria contain a lipopolysaccharides layer in the
outer leaf-let of their membranes, which confers them protection
against ZnO and Zn acetate. Turbidity assays showed that
nanocomposite mats significantly inhibited planktonic growth
against both strains tested, with uniaxial-fibers mats displaying a
slightly improved effect in comparison to corresponding coaxial-
fibers mats. Once mats are in culture media, fibers are widely in
contact with media due to the inherent high porosity of electrospun
mats; then, ZnO and, mainly, Zn acetate nps can easily release Zn2+

ions intomedia.28 Release of Zn2+ ions is not expected to represent a
relevant toxic factor for patients36; however, for unicellular
organisms, such as bacteria, homeostasis can be easily compromised
and Zn2+ can indiscriminately bind to proteins leading to Zn2+

intracellular accumulation and consequent bacteria dysfunction and
poisoning.37 Uniaxial-fibers mats had larger Zn concentrations and
showed higher Zn release than corresponding coaxial-fibers mats,
displaying improved inhibition of planktonic growth in comparison
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to coaxial-fibers mats. Zn ions and ZnOnps concentrations in media
similar to those determined for present mats Zn release have proved
to be effectively antibacterial against E. coli and S. aureus.21,38,39

MTT assays showed that nanocomposite mats significantly
reduced biofilm bacterial growth in comparison to PCL-only. This
antibacterial effect can be mainly assigned to action of ZnOnps in
mats. In support to this, improved inhibition of biofilm growth was
observed on mats UVA-illuminated prior to bacteria inoculation.
Effect that can be attributed to enhancement of ZnOnps
photocatalytic antibacterial mechanisms upon UVA (320-400 nm)
illumination; ZnO is a wide band-gap semiconductor (Eg≈3.21 eV;
386 nm) that can generate ROS in aqueousmedia by photocatalysis,
causing bacterial oxidative stress.40 Higher ZnOnps surface
exposure could easily result in enhanced photocatalytic ROS
production, explaining the enhanced biofilm growth inhibition
observed on coaxial-fibers mats, in comparison to uniaxial-fibers
mats. It is important to highlight that mats were UVA-illuminated
for 15 min implicating that brief exposure to solar light could
potentially improve mats antibacterial properties. Solar light
exposure could be used as a patient-wise safe strategy to enhance
or reactivate mats antibacterial properties.

Although few studies on electrospun polymeric mats using
ZnOnps have been reported, R. Augustine et al. reported the
development of membranes, uniaxially electrospun from 0.1-6
wt.% ZnOnps-PCL-acetone solutions, that prevented E. coli and
S. aureus biofilm growth (Kirby Bauer assays); inhibition zones
beyond membranes surface were only observed for samples
electrospun from 5 and 6 wt.% ZnOnps polymeric solutions.28

Actual Zn concentration in membranes was not specified but
membranes EDS spectra were showed. From C:Zn EDS peaks
ratios, it is possible to estimate that the highest Zn concentration
studied in the present work (25Zn/PCL-u, Supplementary Figure
S11) might correspond to the smallest Zn concentration mem-
branes (1 wt.% ZnO nps-PCL-acetone solution) reported by
R. Augustine.27 In the present study significant biofilm and
planktonic bacterial growth inhibition, in comparison to controls,
was observed from 9Zn/PCL-c mats; Zn 0.94 wt.% as determined
by EDS. Thus, present mats prevented bacterial adhesion in a
similar way to those previously reported by R. Augustine, but also
inhibited bacterial planktonic growth. E.A. Münchow et al. also
reported the development of antibacterial ZnO-loaded electrospun
membranes, observing inhibition halos dependent on membranes
Zn concentration35; average Zn incorporation in membranes
reported (≈Zn 3.04 wt.%) were higher than those of mats in
the present study, except for 25Zn/PCL-c and 25Zn/PCL-u.
Nevertheless, bacterial strains tested by E.A. Münchow differed
from present bacterial strains tested.31

Nanocomposite mats antibacterial activity last for up to
3 days and mats degradation was not significant upon
antibacterial testing; however, nanocomposite mats did not
sustain HDF culture. Thus, mats have not potential application as
tissue regeneration-intended materials or scaffolds but as
antibacterial covers that could be applied on top of tissue
regeneration-intended scaffolds or skin substitutes. Considering
this latter application, one of the main concerns might be then,
the release of Zn-based compounds into host tissue. In-vitro
results showed that upon HDF incubation with nanocomposite
mats supernatants, the number of metabolically active cells
decreased in comparison to controls, in agreement with previous
reports of Zn release effects on cells.41–43 Nevertheless, HDF
recovered their metabolic activity upon elimination of mats
supernatants. Zn concentrations measured in mats supernatants
(43.48-111.43 ppm) were significantly higher than physiological
Zn concentrations in saliva20 but close to therapeutic daily
Zn dosages (≈58 ppm),44 and smaller than Zn concentrations
in treatments successfully applied dermatologically without
causing significant adverse effects in humans.45 Moreover, Zn-
based nps LC50 dosages for small invertebrates have been showed
to be 1.79-67.97 ppm46; thus, Zn release fromnanocomposite mats
are not expected to be potentially harmful for humans.

In general, enhanced and patient-wise possibly less toxic
antibacterial coaxial-fibers nanocomposite mats were developed,
constituting materials with capability to prevent planktonic and
biofilm bacterial growth and promising applications as tempo-
rarily wound covers.
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