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Abstract: The infection of implanted biomaterial scaffolds presents a major challenge. Existing

therapeutic solutions, such as antibiotic treatment and silver nanoparticle-containing scaffolds are

becoming increasingly impractical because of the growth of antibiotic resistance and the toxicity of

silver nanoparticles. We present here a novel concept to overcome these limitations, an electrospun

polycaprolactone (PCL) scaffold functionalised with zinc oxide nanowires (ZnO NWs). This study

assessed the antibacterial capabilities and biocompatibility of PCL/ZnO scaffolds. The fabricated

scaffolds were characterised by SEM and EDX, which showed that the ZnO NWs were successfully

incorporated and distributed in the electrospun PCL scaffolds. The antibacterial properties were

investigated by co-culturing PCL/ZnO scaffolds with Staphylococcus aureus. Bacterial colonisation was

reduced to 51.3% compared to a PCL-only scaffold. The biocompatibility of the PCL/ZnO scaffolds

was assessed by culturing them with HaCaT cells. The PCL scaffolds exhibited no changes in cell

metabolic activity with the addition of the ZnO nanowires. The antibacterial and biocompatibility

properties make PCL/ZnO a good choice for implanted scaffolds, and this work lays a foundation

for ZnO NWs-infused PCL scaffolds in the potential clinical application of tissue engineering.

Keywords: electrospinning; ZnO nanowire; antimicrobial; PCL scaffold; tissue engineering

1. Introduction

Polycaprolactone (PCL) scaffolds are widely used in tissue engineering applications
for bone, cartilage, skin, dental and nerve tissues because of their biodegradability and
ease of moulding into different forms [1]. However, infections after implantation of PCL
scaffolds caused by a lack of effective antibacterial ability are currently a common compli-
cation [2]. Hence, to improve their anti-infection capacity, combinations of PCL scaffolds
with many other materials and drugs have been explored. Many silver (Ag) and Ag nano-
materials have been incorporated into PCL scaffolds for anti-infection activity as tissue
engineering scaffolds [3,4] because Ag exhibits broad-spectrum activity against various
bacteria, including antibiotic-resistant bacteria, and low toxicity to mammalian cells [5].
Additionally, PCL/PLA fibres containing Ag nanoparticles have also been reported to
improve antibacterial activity [6]. However, the potential toxicity of Ag nanoparticles in the
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skin, kidney, respiratory system, hepatobiliary system, immune system and reproductive
system cannot be ignored [7], which limits the wide clinical applications of Ag-containing
PCL scaffolds.

ZnO is recognized as a bio-safe material and its use in cosmetic products is approved
by the Food and Drug Administration (FDA) [8]. In addition, ZnO nanostructures have
been shown to be biodegradable and biocompatible [9,10] and can promote the adhesion,
growth and differentiation of several cell lines owing to the presence of OH groups on the
surface [11,12], making them an extremely popular material in biomedical applications.
ZnO nanostructures such as nanoparticles and nanorods also have been incorporated into
many polymers and bioactive ceramics, such as PCL and PLGA, to improve mechanical and
antimicrobial properties [13–16]. ZnO NW modified textile and its application in biosensing,
photocatalysis and antibacterial was also investigated [17]. However, there have been few
reports about the incorporation of ZnO NWs into polymers or bioactive ceramics. More
importantly, we have researched the ZnO NW modified carbon cloth and its promising
antibacterial property. ZnO NWs have the advantages of easy synthesis and are easy to
combine with other nanoparticles based on our previous investigations [18,19]. Hence,
ZnO NWs could be an attractive material for tissue engineering to prevent infections after
scaffold implantation. Therefore, this study proposes and investigates the incorporation of
ZnO NWs into PCL scaffolds for tissue engineering applications.

The microstructure of tissue engineering scaffolds has a high impact on cell infiltration,
differentiation and cell–cell contact [20], and significant research has been devoted to
fabricating ZnO nanomaterial-containing polymers. Among these, electrospinning has
gained a great deal of attention owing to its unique and versatile ability to modulate
the relationship between structure and performance at the nano-bio interface [21]. For
example, ZnO nanoparticles were added to poly (vinylidene fluoride-trifluoroethylene)
using electrospinning to improve the sensitivity of the pressure sensor [22]. In addition,
due to the high porosity on the sub-micrometre length scale and the high surface area
to volume ratio, a lot of ZnO nanostructures modified PCL fibrous scaffolds have been
prepared using electrospinning to optimise corrosion resistance and wettability [23] or
promote wound healing [24], osteogenesis and angiogenesis [25].

In our previous work, we optimised the synthetic method [19] and evaluated the
antibacterial properties of ZnO NWs against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) [18]; the potential environmental and human health risks associated with
ZnO NWs was also assessed [26]. Therefore, in this study, we fabricated a PCL containing
ZnO NWs (PCL/ZnO) scaffold using electrospinning for the first time, and evaluated its
antibacterial ability against S. aureus using the direct contact method. Biocompatibility
was detected using a co-culture of the scaffold with HaCaT cells, where cell metabolic
activity was investigated. In addition, PCL/ZnO scaffolds can be integrated with various
natural or synthetic polymers and ceramic materials for use in bone, cartilage, skin, dental
and nerve tissue engineering applications. This study not only lays a foundation for in-
depth research on ZnO NWs contained scaffolds but also provides a new view on tissue
regeneration engineering.

2. Results and Discussion

2.1. Preparation and Characterisation of PCL/ZnO Scaffolds

2.1.1. Fabrication and Characterisation of ZnO NWs

In this study, ZnO NWs were prepared using a wet-chemical method, as previously
reported [19]. The soft textile of the carbon cloth was selected and washed in preparation
for the growth of the ZnO NWs. Figure 1a shows the overall view of the carbon cloth with
a diameter of 10 mm before (left) and after (right) ZnO NWs growth. Figure 1b shows a
scanning electron microscopy (SEM) image of the ZnO NWs grown conformably along each
textile fibre of the carbon cloth; the diameter of the fibre was approximately 15 µm. The
ZnO NWs were pointing outwards without any aggregating, as shown in the magnified
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SEM image (Figure 1b), and the length of the ZnO NWs was about 3.5 µm. The diameters
of the ZnO NWs were in the range of 10 to 40 nm.
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Figure 1. Fabrication and characterisation of the ZnO NWs. (a) Carbon cloth with a diameter of

10 mm before (left) and after (right) ZnO NWs growth. (b) ZnO NWs grown on one fibre of carbon

cloth imaged using SEM. (c) ZnO NWs grown along the textile fibres of carbon cloth.

2.1.2. Electrospinning of PCL/ZnO Scaffolds

The electrospinning solution was prepared by mixing ZnO NWs and a PCL suspension.
As electrospinning requires polymer solutions or melts to form polymer fibres, so it can
be used to prepare thorough mixtures of polymers with other materials, such as ZnO
nanofibers [27] or other nanostructures [28], and then to produce uniformly electrospun
fibres. Therefore, the ZnO NWs were firstly acquired using a dip ZnO NWs/textile
hybrid in ethanol and subjected to ultrasonic shaking for 10 min, then the ZnO NWs were
dislodged and dissolved in ethanol solution. The mixture was then placed in an oven at
50 ◦C overnight to ensure the complete evaporation of ethanol. Finally, the ZnO NWs
were weighed and added to the PCL suspension, as shown in Figure 2a and Scheme 1.
The ZnO NWs and PCL suspensions were mixed thoroughly in an ultrasonic bath and
stirred for 30 min. Then, the mixed suspension was pipetted inside a 1 mL syringe and
propelled under an electric field of 17 kV to ensure that the polymer fibres were formed
as the solvent evaporated. A collector at a distance of 20 cm was used to collect the fibres
from the PCL/ZnO suspension (Figure 2b). Figure 2c shows the optical and SEM images of
the PCL/ZnO scaffold and fibres, showing that the fibres were distributed uniformly with
a diameter of approximately 2 µm.

2.1.3. Characterisation of PCL/ZnO Scaffolds

We know that the agglomeration of ZnO nanomaterials due to the high surface area is
still a challenge that has an adverse effect on the antimicrobial property or biocompatibil-
ity [29]. To ensure that the ZnO NWs were incorporated into the PCL suspension and to
establish whether the ZnO NWs were agglomerated, SEM images of the polymer solution
before and after the addition of ZnO NWs were obtained. From Figure 3a,c, we found
that ZnO NWs were present and dispersed in the PCL solution without serious damage or
breakage. In addition, we can also conclude that the porosity was finer in the ZnO NWs
containing PCL suspension. The average pore sizes of PCL and PCL/ZnO suspension were
12.11 ± 0.96 µm and 2.17 ± 0.31 µm. This phenomenon may be because the ZnO NWs
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filled the interspace of the PCL suspension or because of the increased conductivity caused
by ZnO NWs incorporation [30].
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Figure 2. Preparation of electrospun PCL/ZnO scaffolds. (a) The ZnO NWs were dissolved in PCL

suspension to obtain a thorough mixture. (b) Experimental setup for electrospinning. (c) Electrospun

PCL/ZnO nanofiber membranes and magnified SEM image of the fibres.
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Scheme 1. Schematic diagram of the preparing of PCL/ZnO scaffolds using electrospinning and the

underlying antimicrobial mechanism.

In addition to the electrospinning suspension, the electrospun scaffolds with or with-
out ZnO NWs incorporation were also characterised using SEM to detect the morphology
features, and it was found that the incorporation of ZnO NWs in PCL had a negligible im-
pact on the morphology of the PCL fibres. The fibres were approximately 2 µm in diameter
and randomly and evenly dispersed in the electrospun PCL membrane (Figure 3b,d). This
demonstrates that the incorporation of ZnO NWs was superior to that of ZnO nanoparti-
cles because the nanoparticles are easy to agglomerate and could make the surface of the
electrospun fibres slightly rough and uneven [31].
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Figure 3. Characterisation of the electrospinning suspension and PCL/ZnO scaffolds using SEM.

(a) SEM image of the PCL polymer suspension. (b) SEM image of the electrospun PCL membrane.

(c) SEM image of PCL polymer suspension containing ZnO NWs. (d) The SEM image of the PCL/

ZnO scaffolds.

After the characterisation of morphology, the element analysis and the presence of
ZnO NWs in the PCL/ZnO scaffold were further confirmed using Energy-dispersive X-ray
spectroscopy (EDX). As shown in Figure 4, the EDX spectrum and element distribution
of PCL and 2.4 wt% PCL/ZnO scaffolds illustrated the presence of Zn element in the
PCL/ZnO scaffold. The mass percentage of Zn element was calculated as 0.76 wt% in
2.4 wt% PCL/ZnO scaffolds, which is equivalent to 0.95 wt% ZnO NWs content. The
amount of ZnO NWs present in the PCL/ZnO scaffold was not comparable to the ZnO
content in the polymer solution before electrospinning. This may be because the element
content cannot be accurately determined using in situ EDX analysis since the amount of
Zn element was relatively low. Furthermore, the element content analysis using EDX was
selected area analysis, which cannot represent the whole sample completely. Moreover,
we also found Al element in the EDX analysis results, which was not present in our
electrospun PCL scaffold samples. It may be because the sample holder was an aluminium
product, and hence the sample holder signal was acquired due to the thinness of the PCL
scaffold samples.

2.2. Antimicrobial Ability of PCL/ZnO Scaffolds

2.2.1. The Dose of ZnO NWs on Antimicrobial Ability

After morphological and element characterisation of the electrospun PCL/ZnO scaf-
folds, their antimicrobial properties were determined using the direct contact method. A
common pathogenic bacterium, S. aureus, was used, as shown in Figure 5a. After the S. au-
reus suspension was co-cultured with PCL and PCL/ZnO scaffolds for 16 h, the absorbance
of the bacterial suspension was detected. In a control group without a scaffold, the S.
aureus suspension cultured in PBS for 16 h demonstrated an OD value of 0.555 ± 0.023
at 600 nm, whereas the values were 0.488 ± 0.032, 0.391 ± 0.028 and 0.307 ± 0.017 in
the PCL scaffold, 0.8 wt% and 2.4 wt% ZnO NWs contained PCL scaffold (0.8 wt% and
2.4 wt% PCL/ZnO scaffolds) groups. There were statistical differences between the PCL
and PCL/ZnO scaffolds, which indicated that the antibacterial property of the scaffold was
enhanced with the addition of ZnO NWs and further enhanced with the increased amount
of ZnO NWs. This increasing trend was further verified using the colony counting method,
as shown in Figures 5c and 6; with the addition of 0.8 wt% ZnO NWs, the number of viable
bacteria decreased from 4.03 × 108 to 2.93 × 108, and the amount of viable bacteria further
decreased to 2.69 × 108 when the added ZnO NWs were increased to 2.4 wt%. That is to
say, compared to the PCL scaffold, the corresponding sterilization rates of 0.8 wt% and
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2.4 wt% PCL/ZnO scaffolds were 27.3% and 33.3%. As previously reported, the antibacte-
rial activity of ZnO NWs was caused by the production of reactive oxygen species (ROS)
and the released Zn2+ from ZnO NWs [18]. ROS can attack the cell wall and lead to cell
wall breakage, resulting in the death of bacteria [32,33]. When Zn2+ comes into contact
with bacteria, Zn2+ is absorbed by the bacterial membrane and affects the stability and
permeability of the membrane [34]. On the other hand, more Zn2+ accumulation will allow
the entry of Zn2+ into the membrane, and Zn2+ ions will interact with nucleic acids and
disturb bacterial respiration [35]. Therefore, the amount of ROS and Zn2+ increased with
the addition of ZnO NWs, leading to an increased sterilization rate with the amount of
added ZnO NWs.

ff
ff
ff

ff

ff
ff

ff ff
ff ff
ff ff

Figure 4. EDX Characterisation of PCL/ZnO scaffold. (a) The EDX spectrum image of PCL and

2.4% wt% PCL/ZnO scaffolds. (b) C (red), O (green) and Zn element (orange) analysis of PCL and

2.4% wt% PCL/ZnO scaffolds using EDX. (c) The mass percentage of PCL and 2.4% wt% PCL/ZnO

scaffolds measured using EDX. Scar bar is 10 µm.
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Figure 5. ZnO NWs dose-dependently sterilised PCL/ZnO scaffolds against S. aureus. (a) Absorbance

of bacterial suspension at 600 nm after co-culture with various scaffolds for 16 h. (b) Absorbance of

bacterial suspension after co-culture with various scaffolds for 24 h. (c) Viable bacteria in the bacterial

suspension after co-culture with various scaffolds for 16 h detected using the colony counting method.

(d) Viable bacteria in the bacterial suspension after co-culture with various scaffolds for 24 h detected

using the colony counting method. * p < 0.05, ** p < 0.01.

2.2.2. The Effect of Disinfecting Time on Antimicrobial Ability

After that, the effect of disinfecting time on antibacterial property was detected by
prolonging the contact time to 24 h. The S. aureus suspension without scaffold showed
an OD value of 0.518 ± 0.015, while the PCL scaffold, 0.8 wt% and 2.4 wt% PCL/ZnO
scaffolds showed OD values of 0.465 ± 0.049, 0.365 ± 0.103 and 0.324 ± 0.099, as shown
in Figure 5b. There was a statistical difference between the control (S. aureus suspension
only) and PCL/ZnO scaffold groups but there was no statistical difference between PCL
and PCL/ZnO scaffolds, which may be caused by the individual differences in groups
because the standard deviation of the three scaffold groups was higher than that of the 16 h
contact groups. Hence, the colony counting method was used to explore the sterilization
rate of the PCL/ZnO scaffolds deeply. As shown in Figures 5d and 6, the viable bacteria
were decreased from 4.70 × 108 to 2.67 × 108 and 2.29 × 108, with the addition amount
of ZnO NWs from 0% to 0.8 wt% and 2.4 wt%. In another words, the sterilization rates of
0.8 wt% and 2.4 wt% PCL/ZnO scaffolds were 43.2% and 51.3%, respectively, compared
to the simple PCL scaffold group, demonstrating that the sterilization rate was enhanced
as the contact time increased from 16 h to 24 h. These results may be attributed to the
increased production of ROS and the increased dissolution of Zn2+ with contact time [36].
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Moreover, the contact duration of ROS and Zn2+ with bacteria also contributes to the
antibacterial efficiency.
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Figure 6. Bacterial colonies after S. aureus came directly into contact with PCL, 0.8 wt% and 2.4 wt%

PCL/ZnO scaffolds for 16 and 24 h, respectively.

2.2.3. The Effect of Visible Light on Antimicrobial Ability

ZnO is a wide-band-gap semiconductor material and has been used in the photo-
catalytic degradation of organic pollutants under UV or visible light irradiation, and its
antibacterial properties can also be excited by UV or visible light [37]. The normal labo-
ratory environment has fluorescent lighting and can emit UV light; thus, visible light in
the laboratory may influence Zn2+ release and ROS production from scaffolds [38]. Hence,
the effect of visible light on the antibacterial properties of the PCL/ZnO scaffolds was
investigated. As shown in Figure 7a,b, regardless of the absorbance of the bacterial sus-
pension or the amount of viable bacteria detected using colony counting, there was no
significant difference in darkness and visible light irradiation groups after 40 h of contact
with PCL/ZnO scaffolds. This may be because ZnO has a wide-band-gap energy of 3.2 eV,
and the UV light over a certain amount could active ZnO NWs to produce ROS [33,39].
However, this photocatalytic efficiency is limited owing to the high recombination rate
of photogenerated electrons and holes. Furthermore, fluorescent lighting in a laboratory
environment can emit ≤ 4% UV light [37]. Therefore, visible light irradiation and/or the
amount of added ZnO NWs may be too low to cause an antibacterial ability change in
our designed PCL/ZnO scaffolds. In addition, Nguyen et al. also found no change in
antibacterial action of nano-ZnO (at concentrations of 8, 16, and 40 mg/mL) against E. coli
under visible light irradiation using the agar-well diffusion method [40].

2.3. The Biocompatibility of PCL/ZnO Scaffolds

In addition to the antibacterial property, the biocompatibility of the PCL/ZnO scaffolds
was measured by cell metabolic activity using the PrestoBlueTM assay. HaCaT cells of
the keratinocyte cell line (specialised skin cells) were used, and HaCaT cells with DMSO
served as a negative (cytotoxic) control. As shown in Figure 8, all scaffold groups were
significantly different from the negative control group and cell-only positive control, but no
statistical difference was found between the three scaffold groups. The difference between
the scaffolds and cell-only group may be caused by cell loss during the scaffold transfer
process, since we transferred the scaffolds to a new well plate 24 h after cell seeding to
avoid the influence of cells growing on the well plate. However, there were no statistical
differences among the three scaffold groups, illustrating that ZnO NWs doping had no
adverse impact on cell metabolic activity. Furthermore, PCL polymers have been recognised
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and approved by the FDA for numerous biomedical applications [41], and the addition of
ZnO NWs has no adverse effect on cell metabolic activity, demonstrating that the fabricated
PCL/ZnO scaffold has good biocompatibility and can be used in tissue engineering.ff
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Figure 7. Effect of visible-light irradiation on the antibacterial properties of PCL/ZnO scaffolds.

(a) Absorbance of bacterial suspension with/without visible light irradiation after co-culture with

various scaffolds for 40 h. (b) Viable bacteria in suspension with/without visible light irradiation

after co-culture with various scaffolds for 40 h detected using the colony counting method.

ff

tt

tt

ff

tt ff

Figure 8. The metabolic activity of the PCL/ZnO scaffold measured using PrestoBlueTM assay after

co-culture with HaCaT cells for 3 days.

3. Materials and Methods

Preparation of ZnO nanowires. The ZnO NWs were grown on carbon cloth using
a wet-chemical method, as previously reported [18]. In brief, the carbon cloth was firstly
cleaned with acetone and ethanol three times, and then treated with oxygen plasma using a
gas plasma cleaner for 5 min to improve hydrophilicity. Subsequently, the ZnO NWs seed
solution was pipetted onto a carbon cloth to initiate the ZnO NWs growth. ZnO NWs were
grown in an oven at 95 ◦C for 4 h. Then, the acquired ZnO NWs grown on carbon cloth
were taken out from oven and washed three times using distilled water. After that, the
carbon cloth was put in an oven at 60 ◦C overnight for drying. Then, the dried ZnO NWs
contained in the carbon cloth were placed in an ethanol solution and ultrasonically shaken
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for 10 min to dissolve the ZnO NWs. Subsequently, the ethanol solution containing the ZnO
NWs was placed in an oven at 50 ◦C overnight to accelerate the evaporation of ethanol.

Electrospun polycaprolactone (PCL) and incorporation of ZnO NWs. The fabrica-
tion method for the PCL suspension was reported in our previous work [42]. Briefly, a
solvent mixture was prepared using 90% dichloromethane (DCM, Sigma Aldrich, Gilling-
ham, UK) and 10% dimethylformamide (DMF, Sigma Aldrich, Merck Life Sciences, Darm-
stadt, Germany) and stirred for 2 h to ensure complete mixing. Then, 1.5 g PCL (average
80,000 Mn, Sigma, Merck Life Sciences) was dissolved in the solvent mixture to form 10 wt%
PCL. Finally, the solvent mixture was added to the evaporated ZnO NWs at 0.8 wt% and
2.4 wt% content of the PCL suspension. The PCL/ZnO NWs mixture was then placed in an
ultrasonic bath for 30 min and stirred for another 30 min to obtain an even solution. Then,
a 1 mL Luer-Lok syringe (BD, EU) was used to pipette the PCL/ZnO NWs mixtures, which
were used for electrospinning. The mixtures were propelled at a speed of 1 mL/h using an
electric field of 17 kV onto a collector, where polymer fibres were formed as the solvent
evaporated, and the spinning distance between the needle and collector was 20 cm.

SEM characterisation. The electrospun scaffold was imaged using a TESCAN VEGA3
SEM (Tescan, Brno, Czech Republic), and the accelerating voltage was set to 15 kV. The
gold coating was sputtered onto the scaffold prior to observation. For the polymer solution,
100 µL was pipetted and dropped onto the cleaning silicon chip, dried in an oven overnight,
and sputtered with a gold coating for SEM image acquisition.

EDX characterisation. The scaffolds were imaged and analysed using a filed-emission
scanning electron microscopy energy dispersive X-ray spectroscopy (FESEM-EDX, Hitachi
SU8020) at a voltage of 20 kV. The scaffolds were adhered to an Al sample holder by
conductive adhesive, then the gold coating was sputtered onto the scaffolds using an ion
sputter coater before observation.

Bacterium cultivation. The bacterium used in this study was Staphylococcus aureus
(S. aureus), which is the most common cause of infection. S. aureus was activated by being
cultured in a brain–heart infusion medium at 37 ◦C overnight in a shaker with 120 r/min.
Then, logarithmic phase bacteria were acquired by culturing the activated S. aureus in fresh
medium for another 6 h. The bacterial suspension was centrifuged and resuspended in PBS
for antimicrobial detection. The final bacterial concentration was adjusted to 108 CFU/mL.

Antimicrobial properties of the PCL/ZnO scaffolds. The electrospun PCL/ZnO
scaffolds were cut into a round with a diameter of 10 mm using a cork borer, and then
the scaffolds were placed into a tube containing 1 mL bacterial suspension. After shaking
for 16 and 24 h, the absorbance of the bacterial suspension was measured at 600 nm.
Additionally, at the same time point, viable bacteria in suspension were evaluated using
the colony counting method. Briefly, the bacterial suspension was collected and ten-fold
diluted afterwards, and 200 µL was pipetted and plated onto brain–heart infusion agar
plates. The bacteria-containing agar plates were placed and cultured for 24 h at 37 ◦C, after
which CFU counting was carried out to calculate the sterilization rate.

Biocompatibility of the PCL/ZnO scaffold. As mentioned above, the electrospun
scaffolds were cut into round pieces with a diameter of 10 mm using a cork borer. The
scaffolds were sterilized by soaking in 75% ethanol for 30 min. The scaffolds were then
washed with distilled water for 5 min three times before the biocompatibility measurement.
The direct contact method was used to investigate the toxicity of the scaffolds, and HaCaT
cells were used in this study. The scaffolds were put into a 24-well plate, and 1 mL
Dulbecco’s modified Eagle’s medium (DMEM) was added to the corresponding wells for
30 min. Next, 1 mL of HaCat cells at a concentration of 30,000 cells/mL was added to each
well. After incubation with the scaffold for 24 h, the scaffolds were transferred to a new
well plate to avoid the influence of cells growing on the well plate rather than the scaffolds.
The cell metabolic activity was investigated by adding PrestoBlueTM to the HaCaT cells
that co-cultured with different scaffolds. Six replicates were performed for all groups.
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4. Conclusions

A ZnO NWs-doped electrospun PCL scaffold was developed using electrospinning
for the first time. It is non-toxic to HaCaT cells and is capable of inhibiting the growth of
S. aureus, achieving a sterilization rate of 51.3%. SEM images and EDX analysis showed
that ZnO NWs were successfully doped into the PCL electrospun fibres, and the ZnO NWs
significantly improved the antibacterial property against S. aureus with the antimicrobial
effect of the 2.4 wt% PCL/ZnO scaffold calculated at a 33.3% increase compared with
the PCL only scaffold after direct contact for 16 h. Furthermore, this inhibition increased
with disinfecting time, the sterilization rate increasing to 51.3% after contact for 24 h. In
summary, this PCL/ZnO scaffold was non-toxic to mammalian cells and exhibits certain
antibacterial activity, which shows its potential application in tissue engineering to meet
clinical needs.

Author Contributions: Conceptualization, J.T. and Z.L.; methodology, J.T. and T.E.P.; validation,

J.T., T.E.P., J.Z. and Y.L.; data curation, J.T. and H.O.; writing—original draft preparation, J.T.;

writing—review and editing, T.E.P., P.V.H., Y.Z. and Z.L.; visualization, I.O.A.; supervision, Y.Z.

and I.O.A.; project administration, Z.L.; funding acquisition, J.T., Z.L., P.V.H. and T.E.P. All authors

have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant num-

ber 82002314 and 32000024. Beijing Natural Science Foundation, grant number L212010. MeDe

Innovation (the UK EPSRC Centre for innovative Manufacturing in Medical Devices, grant number

EP/K029592/1. UK-China lab placement was made possible by Newton Trust funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: There are no new data created.

Acknowledgments: Many thanks to Mengmeng Shang for the original draft preparation. This

work was done and accommodated by Beijing institute of Nanoenergy and Nanosystems, Chinese

Academy of Sciences, School of Clinical Dentistry, University of Sheffield and Peking Union Medical

College Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Siddiqui, N.; Asawa, S.; Birru, B.; Baadhe, R.; Rao, S. PCL-Based Composite Scaffold Matrices for Tissue Engineering Applications.

Mol. Biotechnol. 2018, 60, 506–532. [CrossRef] [PubMed]

2. Qian, Y.; Zhou, X.; Zhang, F.; Diekwisch, T.G.; Luan, X.; Yang, J. Triple PLGA/PCL Scaffold Modification Including Silver

Impregnation, Collagen Coating, and Electrospinning Significantly Improve Biocompatibility, Antimicrobial, and Osteogenic

Properties for Orofacial Tissue Regeneration. ACS Appl. Mater. Interfaces 2019, 11, 37381–37396. [CrossRef] [PubMed]

3. Zhang, W.; Yu, M.; Cao, Y.; Zhuang, Z.; Zhang, K.; Chen, D.; Liu, W.; Yin, J. An anti-bacterial porous shape memory self-adaptive

stiffened polymer for alveolar bone regeneration after tooth extraction. Bioact. Mater. 2023, 21, 450–463. [CrossRef]

4. Ahmed, M.K.; Zayed, M.A.; El-Dek, S.I.; Hady, M.A.; El Sherbiny, D.H.; Uskokovic, V. Nanofibrous epsilon-polycaprolactone

scaffolds containing Ag-doped magnetite nanoparticles: Physicochemical characterization and biological testing for wound

dressing applications in vitro and in vivo. Bioact. Mater. 2021, 6, 2070–2088. [CrossRef] [PubMed]

5. Qin, H.; Cao, H.; Zhao, Y.; Jin, G.; Cheng, M.; Wang, J.; Jiang, Y.; An, Z.; Zhang, X.; Liu, X. Antimicrobial and osteogenic properties

of silver-ion-implanted stainless steel. ACS Appl. Mater. Interfaces 2015, 7, 10785–10794. [CrossRef]

6. Gunes Cimen, C.; Dundar, M.A.; Demirel Kars, M.; Avci, A. Enhancement of PCL/PLA Electrospun Nanocomposite Fibers

Comprising Silver Nanoparticles Encapsulated with Thymus vulgaris L. Molecules for Antibacterial and Anticancer Activities.

ACS Biomater. Sci. Eng. 2022, 8, 3717–3732. [CrossRef] [PubMed]

7. Xu, L.; Wang, Y.Y.; Huang, J.; Chen, C.Y.; Wang, Z.X.; Xie, H. Silver nanoparticles: Synthesis, medical applications and biosafety.

Theranostics 2020, 10, 8996–9031. [CrossRef]

8. Ferrone, E.; Araneo, R.; Notargiacomo, A.; Pea, M.; Rinaldi, A. ZnO Nanostructures and Electrospun ZnO-Polymeric Hybrid

Nanomaterials in Biomedical, Health, and Sustainability Applications. Nanomaterials 2019, 9, 1449. [CrossRef]

9. Zhou, J.; Xu, N.S.; Wang, Z.L. Dissolving Behavior and Stability of ZnO Wires in Biofluids: A Study on Biodegradability and

Biocompatibility of ZnO Nanostructures. Adv. Mater. 2006, 18, 2432–2435. [CrossRef]

10. Khader, A.; Arinzeh, T.L. Biodegradable zinc oxide composite scaffolds promote osteochondral differentiation of mesenchymal

stem cells. Biotechnol. Bioeng. 2020, 117, 194–209. [CrossRef]



Int. J. Mol. Sci. 2023, 24, 14420 12 of 13

11. Colon, G.; Ward, B.C.; Webster, T.J. Increased osteoblast and decreased Staphylococcus epidermidis functions on nanophase ZnO

and TiO2. J. Biomed. Mater. Res. A 2006, 78, 595–604. [CrossRef] [PubMed]

12. Vannozzi, L.; Gouveia, P.; Pingue, P.; Canale, C.; Ricotti, L. Novel Ultrathin Films Based on a Blend of PEG-b-PCL and PLLA and

Doped with ZnO Nanoparticles. ACS Appl. Mater. Interfaces 2020, 12, 21398–21410. [CrossRef] [PubMed]

13. Beikzadeh, S.; Hosseini, S.M.; Mofid, V.; Ramezani, S.; Ghorbani, M.; Ehsani, A.; Mortazavian, A.M. Electrospun ethyl cellu-

lose/poly caprolactone/gelatin nanofibers: The investigation of mechanical, antioxidant, and antifungal properties for food

packaging. Int. J. Biol. Macromol. 2021, 191, 457–464. [CrossRef] [PubMed]

14. Huang, K.; Jinzhong, Z.; Zhu, T.; Morsi, Y.; Aldalbahi, A.; El-Newehy, M.; Yan, X.; Mo, X. Exploration of the antibacterial and

wound healing potential of a PLGA/silk fibroin based electrospun membrane loaded with zinc oxide nanoparticles. J. Mater.

Chem. B 2021, 9, 1452–1465.

15. Ke, D.; Bose, S. Doped tricalcium phosphate bone tissue engineering scaffolds using sucrose as template and microwave sintering:

Enhancement of mechanical and biological properties. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 78, 398–404. [CrossRef]

16. Maghfoori, F.; Najmoddin, N.; Pezeshki-Modaress, M. Enhancing mechanical and antibacterial properties of polycaprolactone

nanocomposite nanofibers using decorated clay with ZnO nanorods. J. Appl. Polym. Sci. 2022, 139, e52684. [CrossRef]

17. Hatamie, A.; Khan, A.; Golabi, M.; Turner, A.P.; Beni, V.; Mak, W.C.; Sadollahkhani, A.; Alnoor, H.; Zargar, B.; Bano, S.; et al. Zinc

oxide nanostructure-modified textile and its application to biosensing, photocatalysis, and as antibacterial material. Langmuir

2015, 31, 10913–10921. [CrossRef]

18. Tian, J.J.; Feng, H.Q.; Yan, L.; Yu, M.; Ouyang, H.; Li, H.; Jiang, W.; Jin, Y.M.; Zhu, G.; Li, Z.; et al. A self-powered sterilization

system with both instant and sustainable antibacterial ability. Nano Energy 2017, 36, 241–249. [CrossRef]

19. Li, Z.; Tang, H.; Yuan, W.; Song, W.; Niu, Y.; Yan, L.; Yu, M.; Dai, M.; Feng, S.; Wang, M.; et al. Ag nanoparticle-ZnO nanowire

hybrid nanostructures as enhanced and robust antimicrobial textiles via a green chemical approach. Nanotechnology 2014, 25,

145702. [CrossRef]

20. Phadke, A.; Hwang, Y.; Kim, S.H.; Kim, S.H.; Yamaguchi, T.; Masuda, K.; Varghese, S. Effect of scaffold microarchitecture on

osteogenic differentiation of human mesenchymal stem cells. Eur. Cells Mater. 2013, 25, 114–129. [CrossRef]

21. Ferreira, F.V.; Otoni, C.G.; Lopes, J.H.; de Souza, L.P.; Mei, L.H.; Lona, L.M.; Lozano, K.; Lobo, A.O.; Mattoso, L.H. Ultrathin

polymer fibers hybridized with bioactive ceramics: A review on fundamental pathways of electrospinning towards bone

regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 123, 111853. [CrossRef] [PubMed]

22. Liu, M.; Liu, Y.; Zhou, L. Novel Flexible PVDF-TrFE and PVDF-TrFE/ZnO Pressure Sensor: Fabrication, Characterization and

Investigation. Micromachines 2021, 12, 602. [CrossRef]

23. Rivero, P.J.; Fuertes, J.P.; Vicente, A.; Mata, Á.; Palacio, J.F.; Monteserín, M.; Rodríguez, R. Modeling Experimental Parameters

for the Fabrication of Multifunctional Surfaces Composed of Electrospun PCL/ZnO-NPs Nanofibers. Polymers 2021, 13, 4312.

[CrossRef] [PubMed]

24. Zhou, F.; Cui, C.; Sun, S.; Wu, S.; Chen, S.; Ma, J.; Li, C.M. Electrospun ZnO-loaded chitosan/PCL bilayer membranes with

spatially designed structure for accelerated wound healing. Carbohydr. Polym. 2022, 282, 119131. [CrossRef] [PubMed]

25. Rahmani, A.; Hashemi-Najafabadi, S.; Eslaminejad, M.B.; Bagheri, F.; Sayahpour, F.A. The effect of modified electrospun

PCL-nHA-nZnO scaffolds on osteogenesis and angiogenesis. J. Biomed. Mater. Res. A 2019, 107, 2040–2052. [CrossRef]

26. Pang, C.; Mackevica, A.; Tian, J.; Feng, H.; Li, Z.; Baun, A. Release of Ag/ZnO Nanomaterials and Associated Risks of a Novel

Water Sterilization Technology. Water 2019, 11, 2276. [CrossRef]

27. Blachowicz, T.; Ehrmann, A. Recent developments in electrospun ZnO nanofibers: A short review. J. Eng. Fibers Fabr. 2020, 15, 1–6.

[CrossRef]

28. Preda, M.D.; Popa, M.L.; Neacsu, I.A.; Grumezescu, A.M.; Ginghina, O. Antimicrobial Clothing Based on Electrospun Fibers with

ZnO Nanoparticles. Int. J. Mol. Sci. 2023, 24, 1629. [CrossRef]

29. Mahmoodabadi, A.N.; Kompany, A.; Mashreghi, M. Characterization, antibacterial and cytotoxicity studies of graphene-Fe3O4

nanocomposites and Fe3O4 nanoparticles synthesized by a facile solvothermal method. Mater. Chem. Phys. 2018, 213, 285–294.

[CrossRef]

30. Banitaba, S.N.; Semnani, D.; Heydari-Soureshjani, E.; Rezaei, B.; Ensafi, A.A. Effect of titanium dioxide and zinc oxide fillers on

morphology, electrochemical and mechanical properties of the PEO-based nanofibers, applicable as an electrolyte for lithium-ion

batteries. Mater. Res. Express 2019, 6, 0850d6. [CrossRef]

31. Kayaci, F.; Ozgit-Akgun, C.; Biyikli, N.; Uyar, T. Surface-decorated ZnO nanoparticles and ZnO nanocoating on electrospun

polymeric nanofibers by atomic layer deposition for flexible photocatalytic nanofibrous membranes. RSC Adv. 2013, 3, 6817–6820.

[CrossRef]

32. Patil, P.P.; Meshram, J.V.; Bohara, R.A.; Nanaware, S.G.; Pawar, S.H. ZnO nanoparticle-embedded silk fibroin–polyvinyl alcohol

composite film: A potential dressing material for infected wounds. New J. Chem. 2018, 42, 14620–14629. [CrossRef]

33. Raghupathi, K.R.; Koodali, R.T.; Manna, A.C. Size-dependent bacterial growth inhibition and mechanism of antibacterial activity

of zinc oxide nanoparticles. Langmuir 2011, 27, 4020–4028. [CrossRef] [PubMed]
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