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A B S T R A C T

There has been a recent increase in research interest regarding the development of wound dressings containing
bioactive compounds capable of improving outcomes for complex healing needs. In the present study, we de-
scribe the generation of bromelain immobilized eletrospun poly(ε-caprolactone) (PCL) fibers (BrPDA-PCL fibers)
using the dopamine-assisted co-deposition strategy. We wanted to combine the structural advantage of elec-
trospun fiber and the activity of bromelain and PDA to develop functional wound dressings. We found that
bromelain activity could be better stabilized when via its immobilization on electrospun fibers. The resultant
BrPDA-PCL fibers exhibited promising properties including optimal mechanical stability, wettability, and rates
of water vapor transmission. In addition, these BrPDA-PCL fibers were biocompatible, allowing for effective
cellular adhesion and proliferation. The results of zone of inhibition testing further confirmed that these fibers
achieved effective antibacterial activity against Escherichia coli and Staphylococcus aureus. When used in vivo, as
compared with PCL fibers or control animals the BrPDA-PCL fibers enhanced wound healing rates while redu-
cing associated inflammation. As such, these results indicate that these biocompatible BrPDA-PCL fibers exhibit
desirable physicochemical properties making them ideal for use as a wound dressing to enhance the repair of
full-thickness wounds to the skin.

1. Introduction

Skin damage as a result of injury, be it acute or chronic, can ad-
versely impact the quality of life of affected individuals, with serious
wounds being life-threatening in certain cases, leading to a high clinical
demand for effective wound dressing materials [1,2]. Effective wound
dressings are those which maintain moisture in the wound site, main-
taining hemostasis while preventing the development of any infections,
thereby allowing air and water to more effectively facilitate epitheli-
zation [3,4]. At present the bioactivity of most wound dressings is re-
latively poor, with more effective dressings being very costly and dif-
ficult to produce, necessitating the development of novel wound
healing materials. Recent research has highlighted the potential of
electrospun fibrous membranes as a material for use in wound dressing
design [5]. Membranes designed using electrospinning technology have
desirable features including a pore size that is readily tunable, as well as
substantial air permeability and a high surface-to-volume ratio. These
membranes also have a 3D structure that is similar to the structure of

the extracellular matrix (ECM), which is essential for mediating effec-
tive cellular adhesion and proliferation. These advantageous properties
make such electrospun fibers potentially ideal for use in wound dres-
sings [6]. Studies have further sought to functionalize these fibers so as
to enhance their ability to promote wound healing via imbuing them
with growth factors, antibacterial compounds, or other bioactive ma-
terials [7–10]. Therefore, the exploration and development of new
bioactive materials for electrospun fiber functionalization to regulate
the wound healing is of great significance.

Given their safety and relatively low cost, bioactive plant extracts
have been the subject of particular interest in the context of wound
healing. One such extract is bromelain, which is a crude extract isolated
from the pineapple fruit that contains a number of therapeutically va-
luable proteolytic enzymes [11]. Previous work has shown bromelain to
be capable of mediating anti-inflammatory and anti-edematous prop-
erties in many contexts including sinusitis, thrombophlebitis, angina
pectoris, bronchitis, surgical trauma, and pyelonephritis [12]. Brome-
lain is also known to be capable of hydrolyzing devitalized tissues so as
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to enhance rates of wound healing [13]. Efforts to maintain the stability
of bromelain are essential for its therapeutic utilization, with previous
groups having demonstrated that bromelain can be effectively in-
corporated into electrospun or other polymer matrices. For example,
Bayat et al. were able to use a blending electrospinning process to
generate chitosan nanofibers loaded with bromelain [14], while Kor-
rapati et al. used coaxial electrospinning in order to incorporate bro-
melain into electrospun fibers [15]. In addition to direct incorporation,
bromelain can also be immobilized directly onto the surface of elec-
trospun fibers, allowing for more direct interaction between bromelain
and wound tissue. Unfortunately, electrospun fibers tend to interact
poorly with enzymes, resulting in relatively poor enzymatic activity and
stability. Therefore, there is a need to develop better techniques for
immobilizing bromelain onto electrospun fibers.

Previous studies have highlighted the potential of mussel-inspired
polydopamine (PDA), which is produced via the oxidative poly-
merization of dopamine, as a substrate with the potential for utilization
in the development of advanced biomaterials [16,17]. Recently, PDA
has also shown its potential application in skin regeneration [18]. As a
mussel-inspired material, PDA possesses many properties, such as a
simple preparation process, good biocompatibility, strong adhesive
property and easy functionalization. In addition, PDA has attracted
increasingly considerable attention because it provides a simple and
versatile approach to functionalize material surfaces without the need
of expensive or complex instruments and procedures [19]. Importantly,
PDA is highly versatile owing to the abundance of available functional
groups, allowing it to be developed into a platform well-suited to use in
myriad applications [20]. PDA has been shown to ameliorate enzymatic
immobilization via both Schiff base reactions and Michael-type addi-
tion [21,22]. However, at present there are no reports regarding the
potential for PDA to facilitate bromelain immobilization.

In the present report we describe the successful use of PDA to
mediate bromelain immobilization on electrospun fibers through the
co-deposition strategy, with the resultant fibers being effective when
used for dressing wounds (Scheme 1). We wanted to combine the
structural advantage of electrospun fiber and the therapeutic effects of
bromelain and PDA to develop functional wound dressings. The syn-
thetic polymer poly(ε-caprolactone) (PCL), which exhibits good bio-
compatibility, was selected for use as a matrix that was used to generate
a fibrous membrane onto which bromelain could be immobilized. The
FDA has approved the biomedical use of PCL, and it has previously been
shown to exhibit both a high degree of mechanical stability while also
remaining biodegradable [23]. In this report, bromelain and PDA could

be immobilized onto the fibers via one-step reaction. The physical and
chemical properties of obtained electrospun fiber membranes were
characterized. Meanwhile, the activity and stability of immobilized
bromelain was also investigated systematically. We additionally as-
sessed the utility of these membranes as mediators of cellular adhesion,
cell proliferation, and antibacterial activity in vitro, and as drivers of
enhanced wound healing in vivo. Together our findings highlight these
bromelain-immobilized electrospun PCL fiber membranes as having
great promise for use in wound healing applications.

2. Materials and methods

2.1. Materials

PCL (Mw = 80,000), pineapple stem-derived bromelain, Calcein-
AM, and the Alamar Blue Assay were obtained from Sigma-Aldrich.
Dichloromethane and acetone aniline were purchased from Tiantai
Chemical Corp. Tris(hydroxymethyl)aminomethane hydrochloride
(Tris) was from Energy Chemical. Dopamine hydrochloride (DA) was
from Aladdin. S. aureus (ATCC 25923), E. coli (ATCC 25922) bacteria as
well as the bouillon culture-medium were obtained from the First
Hospital Microbiology laboratory of Jilin University. Unless otherwise
stated, all chemicals were analytical grade, and deionized water was
used for all experiments.

2.2. Electrospun PCL fiber production

PCL granules were dissolved in a 4:1 (mass ratio) dichloromethane
and acetone solution to yield the PCL (8 wt%) solution. This solution
was then placed within a glass syringe attached to a high-voltage power
supply, and a 15-kV potential was provided between the cathode and
anode at a distance of 20 cm to prepare PCL fibers.

2.3. Bromelain-immobilized PCL fiber generation

Ethanol was first used to wet 50 mg of PCL fibers (owing to their
hydrophobicity), and fibers were then soaked in a 50 mL volume of a
solution containing dopamine (2.0 mg/mL) and bromelain (1.0 mg/mL)
with continuous stirring for 8 h at 25 °C. The dopamine and bromelain
concentrations were determined through a preliminary study. When
dopamine was polymerized to polydopamine, bromelain was in-site
bonded to the PDA layer and then onto immobilized the fibers. After the
reaction, fibers were washed in distilled water to release weakly-

Scheme 1. Overview of the procedure used to synthesize bromelain-immobilized electrospun PCL fibers with the help of PDA.
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attached bromelain. The prepared fibers were placed in the desiccator
before use. In parallel, PDA-coated PCL fibers were also prepared
without addition of bromelain.

2.4. Fiber characterization

Field-emission scanning electron microscopy (SEM, FEI Nova
NanoSEM) was used to analyze the morphology of fibers. Mean fiber
diameter and distribution was assessed based on measurements of 100
fibers using the Image-ProPlus software package. For transmission
electron microscopy (TEM; Hitachi S-570), a 100 kV accelerating vol-
tage was used. A Bruker Vector-22 spectrometer was used at room
temperature to assess FT-IR spectra from 4000 to 400 cm−1 with
powder-pressed KBr pellets at room temperature, while a Thermo
ESCALAB 250 spectrometer was used to assess X-ray photoelectron
spectra (XPS) with a MgeK (1253.6 eV) achromatic X-ray source. To
assess mechanical properties, 40 mm × 10–15 mm fiber membranes
were held between a pair of stainless steel clamps (tensile
speed = 20 mm·min−1) with a mechanical strength tester (YG026H,
Wuhan National Instrument Co., Ltd., China). A contact angle analyzer
(Surface Electro Optics Co., Korea) was used to determine water contact
angle.

2.5. Swelling test

In order to measure the ability of fibers to absorb solutions in a
manner similar to that which would occur in wound sites, 20 mg fiber
pieces were cut into three equal sections and soaked at 37 °C in a 20 mL
volume of PBS. At the indicated time point, fibers were removed from
solution and filter paper was used to remove excess water prior to
sample weight. The degree of swelling was calculated as follows:

=
−

×Degree of swelling% W W
W

100w d

d (1)

with Ww and Wd as the weight (mg) of wet and dry fibers, respectively.

2.6. Water vapor transmission rates (WVTR) and biodegradation test

The ASTM E96 (American Society for Testing Materials)-standard
approach was used to WVTR measurements [7]. Briefly, a cylindrical
beaker containing 15 mL deionized water was sealed using the mem-
branes of interest and then incubated in a test chamber set to 37 °C with
40 ± 2% relative humidity. The beaker was measured once hourly for
24 h, with weight loss being recorded and the corresponding slope
determined as follows:

=
×

WVTR
slope 24

A
g/m /day2

(2)

with A as sample test area (m2). Samples were assessed for WVTR va-
lues a minimum of 4 times.

The biodegradability of obtained fibers was tested in vitro in PBS
(pH = 7.4) for 5 weeks at 37 °C. Fiber samples were taken out from the
solution every week, washed with distilled water and dried. The weight
change before and after drying was used to evaluate the degradation
rate.

2.7. In vitro bromelain release and loading

In order to assess rates of bromelain release from bromelain-im-
mobilized fibers, a 1.5 × 1.5 cm mass of fibers (5 mg) was added to
20 mL PBS (pH 7.4) at 37 °C. At defined time points, 1.0 mL was re-
moved from this solution and was replaced with an equivalent volume
of PBS. The BCA assay was used to measure bromelain levels in col-
lected test samples, with bromelain loading efficiency determined
based on cumulative bromelain release.

2.8. Enzyme activity and stability

The enzymatic activity of bromelain was assayed as described pre-
viously [15]. Briefly, samples containing bromelain were incubated in a
1 mL solution containing 0.2 M phosphate buffer (pH 7.4, 0.25 mL),
5 mM cysteine-HCL (0.25 mL), and 1% (w/v) casein (0.5 mL) for
30 min, after which 1 mL 15% TCA was added to terminate reactions,
after which samples were centrifuged. Precipitates were collected, fil-
tered through Whatman No. 1 filter paper, and absorbance at 280 nm
was measured. Units of activity per mg protein were used to measure
enzymatic specific activity. Free and immobilized bromelain stability
was assessed via storing fibers or free bromelain at 4 °C for indicated
time points, after which samples were isolated and incubated in 1 mL
PBS for 4 h at 37 °C with shaking. Enzymatic activity was then assessed
as above.

2.9. In vitro cytotoxicity and cell observation

The Alamar Blue Assay was used to assess the effects of fiber sam-
ples on L929 fibroblast viability. First, fiber membranes (1 cm dia-
meter) underwent UV irradiation to sterilize them for ~1 h per side,
after which they were added to fresh cell culture media (DMEM con-
taining 10% PBS and 1% streptomycin/penicillin) in a 24-well plate for
24 h at 37 °C in a 5% CO2 incubator. L929 cells were added to wells of
these 24-well plates in a 1 mL volume of cell culture media (10,000
cells/well) and were allowed to incubate for an additional 4, 24, or
48 h. A 1:10 solution of Alamar blue was then prepared by diluting the
0.1 mg/mL stock solution using serum-free DMEM. A total of 200 μL of
this solution was then added per well of a 96-well plate, and absorbance
at 570 nm and 600 nm was then measured in triplicate. A provided
formula was used to calculate the percentage of Alamar Blue reduction,
with viability determined as a percentage of untreated control samples.
In fluorescence microscopy experiments, after a 72 h incubation a 20 μL
solution of Calcein-AM (30 μM, Sigma) was added per well into 200 μL
DMEM, and samples were allowed to incubate in the dark for 30 min in
a 37 °C incubator. Fibers were then washes carefully twice with PBS,
and fluorescence microscopy was used to assess cell attachment (ex-
citation: 445–495 nm) on a Nikon Eclipse LV100. For SEM measure-
ments, 2.5% glutaraldehyde was used to fix cells, which were then
washed thrice using PBS and dehydrated with an ethanol gradient (30,
50, 70, 85, 90, and 100% respectively, 20 min per concentration). Cells
were then freeze dried prior to SEM assessment.

2.10. Assessment of antibacterial activity

The Kirby–Bauer (KeB) disc method was used for gauging mem-
brane antibacterial activity. Briefly, 8 mm diameter discs were created
for each fiber sample. Agar plates containing bouillon culture-media
were then inoculated with a 1 mL bacterial suspension of 105 colony
forming units (CFUs) of either Escherichia coli (Gram-negative) or
Staphylococcus aureus (Gram-positive). Fiber discs were then carefully
placed onto these plates, which were allowed to incubate for 24 h at
37 °C, after which the zone of clearing around each fiber sample was
measured. Image-pro Plus was used to determine the average zone of
inhibition.

2.11. In vivo wound healing model

To assess the ability of fiber wound dressing to facilitate wound
healing, a full-thickness excision wound model was established. All
animal studies received approval from the ethical committee of Jilin
University, and were performed in a manner consistent with the direct
suggestion of care for laboratory animals approved by the Ministry of
Science and Technology of China. For this model, 2-month-old male
Sprague Dawley (SD) rats (200–250 g) from the Laboratory Animal
Centre of Jilin University were used. Animals were individually housed
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under standard conditions, with a 12 hour dark/light cycle and free
food/water access. Animals were anesthetized using chloral hydrate
(10%, 0.3 mL/100 g body weight), which was injected in-
traperitoneally. Dorsal hair was then shaved, and a scalpel was used to
generate the wound that extended into the loose subcutaneous tissue.
Animals that underwent wounding were then separated at random into
3 groups (n = 3/group) and were treated via application of either PCL
fiber, bromelain-immobilized PCL fiber, or no dressing. Dressings were
sutured to the wound area, and healing was monitored throughout the
wound recovery process.

2.12. Histology and immunohistochemistry (IHC)

For histology, wound site samples were collected 7 days after
wounding and were fixed using 10% formalin, after which they were
paraffin-embedded and stained using hematoxylin and eosin (H&E) or
IHC approaches. For H&E staining, tissue samples were added to 10%
formaldehyde, washed in distilled water, and then stained with hema-
toxylin after which they were again washed, treated with 0.3% acid
alcohol for differentiation, and then rinsed and stained for 2 min with
eosin. Samples then underwent dehydration, clearing, and mounting
prior to assessment via light microscopy (Nikon Eclipse E400, Japan).
For IHC, samples were embedded into optimal cutting medium and
frozen using liquid nitrogen, after which 5 μm sections were fixed using
4% paraformaldehyde, blocked using 5% horse serum, and stained for
2 h using antibodies against TNF-α (1:200) or IL6 (1:100). Sections
were then washed and stained for 45 min with an appropriate bioti-
nylated secondary antibody with the Vectastain ABC Kit protocol
(Vector Laboratories, CA, USA). Samples were then washed again in
PBS, and DAB was used to visualize antibody staining, with hematox-
ylin for counterstaining. Quantification of the positively stained regions
for TNF-α and IL6 was performed using the image analysis software
Adobe Photoshop CS6 (Adobe, Dublin, Ireland). The colour gamut of
positive staining was determined with the colour picker tool and a
tolerance of 40. The positively stained pixels were counted in the his-
togram and calculated against all pixels of the image to determine the
percentage of positively stained area [24].

2.13. Statistical analysis

Data are means± standard deviations. Data normality was assessed
via the Shapiro-Wilk test, after which Student's t-tests were used to
compare results, with p < 0.05 as the threshold of significance.

3. Results and discussion

3.1. Fiber morphology

We began by using SEM to compare the morphology of different
electrospun fibers, including PCL fibers alone, PDA-coated (PDA-PCL)
fibers, and bromelain-immobilized electrospun PCL (BrPDA-PCL) fibers.
This analysis revealed all fibers to be long and continuous (Fig. 1), with
PCL fibers being smooth and 414 ± 46 nm in diameter on average. The
fiber surfaces were visibly coarser following PDA or bromelain im-
mobilization, with increased adherence between fibers as a result of the
PDA deposition, with average fiber diameters increasing to
472 ± 41 nm and 517 ± 35 nm, respectively. The surface of BrPDA-
PCL fibers was visibly coarser than that of PDA-PCL fibers, with more
particulate aggregates likely attributable to the bromelain co-deposi-
tion. We further used TEM to assess fiber morphology (Fig. 2). This
analysis revealed that both PDA-PCl and BrPDA-PCL fibers exhibited a
coarse surface consistent with successful deposition of PDA with or
without bromelain onto the surface of these electrospun fibers, con-
sistent with SEM results.

3.2. Characterization of chemical and physical properties

We next used FT-IR spectral results to verify successful PDA and
bromelain functionalization of these fibers (Fig. 3a). The results de-
monstrated that all fibers exhibited the characteristic PCL carboxyl
group peak at 1720 cm−1 [25]. For pure PCL fibers, the spectrum also
showed other characteristic peaks of PCL, such as at 2939 cm−1

(asymmetric CH2 stretching), 2865 cm−1 (symmetric CH2 stretching),
1294 cm−1 (CeO and CeC stretching), 1238 cm−1 (asymmetric C–O–C
stretching), 1159 cm−1 (symmetric C–O–C stretching) and 731 cm−1

(CH2 stretching). PDA-PCL fibers exhibited the characteristic bands of
PCL and other peaks for PDA. The peaks at 1580 cm−1 and 1470 cm−1

were attributed to benzene skeleton vibrations. The peak at around
1293 cm−1 belonged to primary amine and CeO stretching vibration
[26]. The spectrum of bromelain was also obtained and is shown in Fig.
S1. Pure bromelain showed peaks at 1225 cm−1 and 1515 cm−1 be-
longing to C]N groups from the non-conjugated amines. The peak at
1652 cm−1 was assigned to the C]O band from the amide I. The peak
at 3320 cm−1 belonged to the NeH stretching of a secondary N-sub-
stituted amide [14]. BrPDA-PCL fibers exhibited the characteristic
peaks of PCL and PDA. Most of the characteristic peaks for bromelain
overlapped with those for PCL and PDA. However, it can be observed
that the peak at 3320 cm−1 in bromelain shifted to 3310 cm−1 in
BrPDA-PCL fibers and the peak at 1652 cm−1 in bromelain also moved
to 1640 cm−1. These results suggest that bromelain has been im-
mobilized onto the fibers through the bonding between PDA and bro-
melain. Fiber chemical composition was further gauged via XPS
(Fig. 3b). PCL fibers display C 1s and O 1s peaks at 284.5 eV and
532.8 eV, without any evidence of N content. In contrast both the PDA-
PCL and BrPDA-PCL fibers exhibited a clear N 1s binding energy peak at
~400.1 eV, given that both PDA and bromelain contain nitrogen. In
addition, BrPDA-PCL fibers exhibited S 2s and S 2p peaks at 235.4 eV
and 166.3 eV owing to the cysteine content of bromelain [27]. Changes
in fiber chemical structures were further confirmed based upon ele-
mental percentages derived from XPS analyses (Fig. 3c). Together these
results confirm that we were able to successfully immobilize bromelain
on the surface of PCL fibers using PDA.

A number of key mechanical properties are essential determinants
of the efficacy of wound dressing materials, leading us to study prop-
erties including mechanical strength, wettability, water vapor trans-
mission rate, and swelling behavior in Fig. 4. The PCL fibers exhibited a
tensile strength of 5.2 ± 0.9 MPa with an 85.1 ± 3.2% elongation
break, whereas PDA and Br-PDA coating increased tensile strength to
6.1 ± 1.1 MPa and 6.0 ± 1.3 MPa, respectively, owing to inter-fiber
adhesion, and decreased the elongation breaks to 34.8 ± 4.1% and
45.3 ± 3.7%, respectively (Fig. 4a). The wound is a moist environ-
ment; thus, it is necessary to evaluate the mechanical properties of the
fibers in wet conditions. The wet fibers were obtained after the fibers
were soaked in PBS for 1 week. As shown in Fig. S2, the tensile strength
had a decreasing trend and the elongation at break had an increasing
trend for the wet samples. The adsorbed water on the wet fibers would
make the materials more flexible [28]. Thus, the elongation at break
increased and the tensile strength decreased accordingly. However, the
mechanical properties for dry and wet samples could meet the re-
quirements of actual usage. These results suggest that the BrPDA-PCL
fibers are able to retain good integrity, thus enabling them to maintain
patient comfort while minimizing the risk of secondary damage to the
wound site. Given that tissue engineering scaffold hydrophilicity has a
strong impact on local cell attachment, the wettability of wound dres-
sings is a key design consideration [29]. PCL fibers had a 132° water
contact angle (Fig. 4b), consistent with a high degree of hydro-
phobicity, whereas the hydrophilic nature of PDA and bromelain re-
duced these angles to 21° and 20° for PDA-PCL and BrPDA-PCL fibers,
respectively. As such these wound dressings are suitably hydrophilic,
allowing for better cell adhesion and spreading at the wound site.
Tissue scaffold swelling is also a key consideration in wound dressing
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Fig. 1. SEM images and diameter distributions of (a–c) PCL fibers, (d–f) PDA-PCL fibers and (g–i) BrPDA-PCL fibers.

Fig. 2. TEM images of (a) PCL fibers, (b) PDA-PCL fibers, and (c) BrPDA-PCL fibers (the scale bars in the figures are all 500 nm).
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design, given that swelling can allow these scaffolds to absorb local
exudates at the wound site. We therefore tested the water absorption of
these different fiber materials (Fig. 4c). We found that over a 24 h
period, PCL fibers exhibited 40.9% swelling, whereas the swelling of
the PDA-PCL and BrPDA-PCL fibers increased to 84.1% and 86.1%,
respectively, as a consequence of their desirable hydrophilicity. The
higher swelling of BrPDA-PCL fibers may be attributed to their better

hydrophilicity. It is also vital that rates of water evaporation from
wound sites be carefully controlled to optimize healing, with previous
studies suggesting that the WVTR of an effective wound dressing should
be in the 76–9360 g/m2/day range, depending on the specific materials
utilized [30]. The skin normally has a water vapor loss rate of
204 ± 12 g/m2/day, while for first degree burns this increases to
279 ± 26 g/m2/day, and for granulation wounds it rises to

Fig. 3. (a) FTIR spectra, (b) XPS spectra and (c) surface chemical composition of PCL, PDA-PCL, and BrPDA-PCL fibers.

Fig. 4. Mechanical properties (a), water contact angles (b), swelling properties (c) and water vapor transmission rates (d) of the fibers. *p < 0.05, **p < 0.01.
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5138 ± 202 g/m2/day. Generally, in order to maintain adequate
moisture at the wound site a rate of 2000–2500 g/m2/day is re-
commended to improve wound healing, with higher WVTR rates
leading to more rapid wound drying and scar formation and lower rates
leading to exudate accumulation, potentially allowing for bacterial
growth and delayed healing. We found that BrPDA-PCL fibers exhibited
a ~2900 g/m2/day WVTR, which is close to the recommended range
for ideal wound dressings (Fig. 4d). The fiber weight loss in PBS solu-
tion was tested to evaluate their degradation rate. As displayed in Fig.
S3, PCL fibers and PDA-PCL fibers showed almost no degradation be-
cause of the slow degradation rate of PCL and PDA, which is in
agreement with the literature report [31,32]. BrPDA-PCL fibers showed
12% degradation which is mainly attributed to the released bromelain.
The results indicated that the good integrality of the fibers could ensure
the security during the usage. Together these findings thus show that
BrPDA-PCL fibers exhibit desirable properties that may make them
ideal for wound dressing applications.

3.3. In vitro assessment of bromelain release and stability

The rate of bromelain loss from these composite fiber materials can
offer insight into optimal timing of wound dressing changes. As ex-
pected, bromelain release from PCL and PDA-PCL fibers was not de-
tectable, whereas BrPDA-PCL fibers continuously released bromelain in
two stages: a rapid release (67.5%) over the first 10 h, followed by a
slower and more stable release (Fig. 5a). After 3 days, nearly 100% of
bromelain was lost from these fibers. Based on calculations, we were
able to determine that approximately 100 mg of bromelain was loaded
per gram of fibers. It means that the mass fraction of bromelain in the
composite fibers is 10 wt%. We additionally assessed the stability of
bromelain activity in BrPDA-PCL fibers relative to free bromelain, re-
vealing that while free bromelain activity decreased significantly over a
10 day period, immobilized bromelain activity was largely unchanged
for over 15 days (Fig. 5b). Together these results suggest that the de-
position of bromelain on electrospun fibers can effectively improve its
long-term enzymatic activity.

3.4. Assessment of in vitro cytotoxicity, cell adhesion, and antibacterial
efficacy

Tissue scaffolding materials must be biocompatible, and as such we
assessed the effects of our fibers on the viability of L929 fibroblasts via
the Alamar blue assay, which assessed mitochondrial activity and cel-
lular viability in order to gauge the cytotoxicity of particular com-
pounds. Alamar blue itself is a cell-permeable and non-toxic compound
that undergoes mitochondrial reduction, producing a red and highly
fluorescent compound (resorufin) [33]. Over the course of cell viability

assays, cell densities increased in all sample culture conditions (Fig. 6).
We observed no apparent decrease in cell viability when cells were
exposed to BrPDA-PCL fibers relative to controls, indicating that these
fibers are biocompatible. Indeed, they exhibited superior biocompat-
ibility relative to PCL fibers owing to the hydrophilic nature of the PDA
coating which offers a surface for superior cellular adhesion. We ad-
ditionally used SEM and fluorescence microscopy to assess cellular
morphology after a 3 day growth period (Fig. 7). Upon examination,
cells appeared healthy with normal spindle-like bipolar morphology
and extension. These results thus indicate that BrPDA-PCL fibers offer
an ideal biocompatible platform that promotes cellular attachment and
proliferation, thus making them potentially ideal for the design of
wound dressings.

It is also important that wound dressings achieve antibacterial ac-
tivity, and as such we used a disc diffusion method to assess the ability
of test fibers to prevent the growth of model Gram-negative and Gram-
positive bacteria (E. coli and S. aureus, respectively). In the initial stage
of chronic wound formation, Gram-positive bacteria, especially S.
aureus, are dominant. In addition, staphylococcus and streptococcus are
also found in 50% of chronic wounds. Therefore, the prevention and
treatment of Staphylococcus is an important factor to initiate wound
healing mechanism in wound healing, especially in infected wound
[34]. We observed no significant antibacterial activity for the PCL

Fig. 5. (a) Release of bromelain from BrPDA-PCL fibers, and (b) long-term stability of bromelain immobilized onto PCL fibers, relative to free bromelain. *p < 0.05,
**p < 0.01.

Fig. 6. L929 cell viability as measured via Alamar Blue Assay after incubation
with different fiber samples. *p < 0.05, **p < 0.01.
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fibers, whereas the PDA-PCL fibers exhibited a pronounced inhibition
zone associated with the prevention of the growth of both types of
bacteria (Fig. 8), attributable to reactive oxygen species generation by
PDA [35]. Consistent with the antimicrobial activity exhibited by bro-
melain [36], BrPDA-PCL fibers exhibited an even larger zone of in-
hibition for both bacteria. As such, the synergy between PDA and
bromelain make BrPDA-PCL fibers highly effective as an antibacterial

wound dressing capable of preventing wound infections.

3.5. In vivo wound healing performance

Based on these promising results, we next used a rat model of full-
thickness wound healing to assess the relative benefits of BrPDA-PCL
fibers in a wound healing application, recording wound healing at 0, 3,

Fig. 7. Fluorescence and SEM images of L929 cells on different fiber samples.

Fig. 8. Antibacterial activities of (#) PCL fibers, (&) PDA-PCL fibers and (*) BrPAD-PCL fibers against E. coli (a) and S. aureus (b). (c) Inhibition zone results.
*p < 0.05, **p < 0.01.
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7, and 11 days post-wounding (Fig. 9). Relative to control animals,
those treated with PCL fibers exhibited superior wound healing, in-
dicating that PCL fibers along are sufficient to mediate enhanced wound
closure owing to the fibrous morphology of electrospun fibers, which is
more similar to that of the extracellular matrix. In addition, the wounds
treated with PDA-PCL fibers showed better healing processes than those
treated with PCL fibers. The results are consistent with the previous
report that PDA coating could enhance the wound healing effect [18].
Importantly, healing rates were fastest among animals treated using
BrPDA-PCL fibers, indicating that PCL functionalization using PDA and
bromelain can accelerate the wound healing process. Wounds treated
using BrPDA-PCL fibers also appeared substantially flatter following the
healing process.

3.6. Histological analyses

We next conducted a histological assessment of wound tissues fol-
lowing the healing process, with H&E staining results shown in

Fig. 10a. The magnified images are shown in Fig. S4. There was no
obvious evidence of inflammation in response to fibers, with no clear
changes relative to control samples. There was an apparent continuous
fibrous structure that adhered smoothly to the edge of the material,
with limited mononuclear cells and red blood cells present within the
tissue, and limited infiltration of these cells into the subcutaneous
tissue, possibly as a result of mechanical damage. Both granulocytes
and macrophages were evident within fiber dressings during this stage
of inflammatory response.

We additionally conducted IHC staining for TNF-α and IL-6 in tis-
sues (Fig. 10b,c). These inflammatory cytokines influence the expres-
sion of matrix metalloproteinases (MMPs), thereby regulating tissue
healing, in addition to regulating many other aspects of inflammatory
responses. We observed a significant improvement in apparent wound
perfusion in tissues treated with BrPDA-PCL fibers, without any in-
crease in expression of TNF-α or IL-6 relative to control tissues. All
samples were similar in appearance to those of the control group.
Compared with PCL group and PDA-PCL group, BrPDA-PCL group

Fig. 9. (a) Representative images of wounds in different treatment groups at different observation time points and (b) wound size reduction in each group.
*p < 0.05, **p < 0.01.

Fig. 10. Histologic H&E staining (a), and IHC staining for IL-6 (b) and TNF-α (c) in healed wound sections.
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showed the lowest expression of IL-6 and TNF-α (Fig. 11), which was
probably due to the introduction of bromelain and PDA that can endow
the antibacterial ability to BrPDA-PCL fibers to reduce inflammation.
This thus suggests that BrPDA-PCL fibers do not readily induce infec-
tion. Both IL-6 and TNF-α can promote somatostatin release, thereby
inhibiting growth factor release and wound healing. As BrPDA-PCL fi-
bers did not induce these inflammatory cytokines, these fibers may be
suitable as wound dressings.

4. Conclusions

Herein we found that using PDA to immobilize bromelain onto
electrospun PCL fibers resulted in the production of membranes that
were highly effective wound dressings. Bromelain activity was mark-
edly stabilized via the immobilization process, and the resultant BrPDA-
PCL fibers were capable of supporting both cellular adhesion and pro-
liferation. Given the observed synergy between PDA and bromelain,
these BrPDA-PCL fibers also exhibited antibacterial activity. When
utilized in a rat model of wound healing, inflammation was reduced
and healing rates were improved in rats treated using BrPDA-PCL fibers
relative to untreated controls. We therefore propose that future studies
further examine the value of bromelain-immobilized electrospun PCL
fibers as a means of enhancing epithelial regeneration.
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