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1. Introduction

Everyone can experience various wounds 
with different levels of severity, such as 
superficial wounds, burns, or ulcers. 
Neglecting proper care causes wounds 
to become severe, possibly necessitating 
follow-up surgery due to a myriad of fac-
tors, including formation of exudates or 
harmful gases and development of sec-
ondary infections.[1] These severe compli-
cations exacerbate patient discomfort and 
increase the required recovery time as well 
as the related financial expenses. Hence, 
researchers have continued to investigate 
strategies to design wound dressings that 
enable swift and steady recovery. More-
over, development of wound dressings 
that allow for simple visual monitoring 
of wound healing state would lessen the 
needs for repeated diagnoses that can 
expose patients to external sources of 
infection and the risk of developing addi-
tional wounds.

Considerable efforts have been devoted to developing wound dressings with 
various functions, including rapid cell proliferation, protection against infec-
tion, and wound state monitoring to minimize severe pain and the risks of 
wound-caused secondary infections. However, it remains challenging to diag-
nose wound conditions and achieve integration of the above functions without 
specialized equipment and expertise in wound care. This study describes an 
electrospun composite micro/nanofiber-based bilayer-dressing patch com-
prising a healing-support layer (hyaluronic acid, gelatin, and dexpanthenol) 
and a protective/monitoring layer (curcumin and polycaprolactone). The 
improved cell regeneration function and biocompatibility of the healing-
support layer enable rapid healing, as evidenced by the expedited growth of 
fibroblasts. The superior antimicrobial properties (against Escherichia coli 
and Staphylococcus aureus) and visible color changes within the pH range of 
wound lesions (pH 6–9) of the protective/monitoring layer make the dressing 
suitable for advanced wound care. The wounds inflicted on BALB/c mice heal 
rapidly (12 days) without scars while the wound state can be diagnosed by the 
change in color of the dressing patch. The multifunctional wound dressing 
patch developed in this study is expected to promote wound healing and 
monitor wound state; thus, facilitating convenient wound management.
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The most common wound dressing method involves uti-
lizing gauze as well as bandages and provides only basic wound 
protection features, such as protecting the wound from external 
sources of infection and maintaining the moisture within the 
wound.[2] However, as this method does not include wound-
healing aids or drugs, it is unable to improve the healing speed. 
In addition, multi-layered bandages limit ventilation, thereby 
hindering the healing process. Therefore, as means to achieve 
rapid wound healing, researchers developed wound dressing 
methods based on biopolymers and bio-composite that assist in 
cell regeneration.[2–6] The materials, wound healing times, and 
other functions of previous research on functional dressings 
are classified in Table S1 (Supporting Information). According 
to the previous studies, numerous dressings currently in use 
provide antibacterial properties for rapid wound healing and 
wound protection. A dressing patch with pH sensing capa-
bilities has also been developed, but there are limits since 
pH sensing of the previous wound dressings needs an addi-
tional measurement equipment or the material employed is 
not entirely biocompatible.[7–10] Although numerous mate-
rials  were  associated with improved wound healing, it is not 
realistic to expect a single substance to perform several ben-
eficial roles. It is therefore important to select base materials 
capable of encouraging healing activities while fabricating an 
appropriate composite to enable targeted functions. Further-
more, efforts have been made to increase the wettability and 
absorption of exudates by employing hydrogels, foam rub-
bers, sponges, and fiber-based sheet in wound dressings.[11–13] 
Although progress has been made in terms of improving the 
basic functions of wound dressings, important features such as 
rapid cell regenerability, antimicrobial properties, and wound-
monitoring capabilities are limited.

Advanced wound dressings should provide wound protec-
tion. Attempts to prevent wound infections from external 
sources such as microbial species and pollution, have been 
reported.[14–16] In particular, the low surface energy of wound 
dressings based on microscale patterning of hydrophobic poly-
mers can prevent the attachment and growth of microbial spe-
cies.[14] Moreover, antimicrobial metal nanoparticles, such as 
gold, silver, and copper, have been grafted with wound dressing 
materials[17–20]; however, the associated toxicity of metal nano-
particles—causing DNA damage, cell cycle arrest, and apop-
tosis—limit their applicability.[20] As an alternative, researchers 
have attempted to fabricate antimicrobial biocomposites using 
biocompatible natural compounds that are proven to be safe 
for long-term human exposure. Thus, natural substances that 
are safe and exert antimicrobial properties, such as polyphenol-
rich plant extracts, have been considered for wound dressing 
applications.[21]

Additionally, if wound state can be continually moni-
tored without dressing removal, appropriate care may be 
provided by preventing wound worsening while also identi-
fying the degree of healing. Current approaches require the 
dressing to be removed to directly assess the wound state, 
and subsequently replaced, which may result in further infec-
tion or wound damage. As an alternative, methods for deter-
mining wound conditions using pH have been proposed. 
When a wound occurs, the pH of the wound lesion initially 
increases from 5.5–6.5 to 8–9. However, the pH subsequently 

decreases as acids are released in the recovered keratin layer 
and skin accessory structures.[22] In light of this phenomenon, 
an attempt  was  made to develop a pH sensor to monitor the 
wound state; however, this method requires additional equip-
ment to measure electric signals, and its biocompatibility is 
relatively poor.[23,24]

In this study,  we  developed a wound dressing patch, com-
posed of micro- and nanofibers fabricated through electrospin-
ning process, that has rapid healing, protective, and monitoring 
functions (Figure S1, Supporting Information). Electrospinning 
process can fiberize various polymers to support cell regenera-
tion as it can integrate more functions and form a porous struc-
ture by manufacturing and stacking micro- and nanosized fibers. 
Moreover, nanoscale fibers have large reaction areas that can 
rapidly deliver agents required for wound healing. Hence, the 
proposed design incorporates a direct skin contacting layer com-
prising healing-support agents, namely, hyaluronic acid (HA), 
gelatin (GE), and dexpanthenol (DP) to facilitate rapid wound 
healing. In addition, patterned curcumin and polycaprolactone 
(C-PCL) microfiber layers are fabricated in the outer layer to 
provide wound protection and monitoring. Curcumin, a natural 
material, can protect wounds from microbial infection, owing 
to its polyphenol,[25,26] while also changing color due to the pH-
dependent chromaticity features generated by chemical structural 
changes.[27,28] The basic characteristics of this integrated mul-
tifunctional wound dressing  was  further analyzed using scan-
ning electron microscopy (SEM) and Fourier transform infrared 
(FTIR) spectroscopy. Furthermore, the biocompatibility and 
wound healing support (WHS) performance of the DP, HA, and 
GE composite (DHG) were confirmed through an NIH 3T3 cell 
culture assay. In addition, the hydrophobicity of C-PCL, as well 
as the antimicrobial properties against Escherichia coli (E.coli) 
and Staphylococcus aureus (S.aureus)  were  evaluated. Further-
more, the chromaticity of the curcumin-based pH colorimetric 
sensor was optimized, and its suitability as a wound-monitoring 
pH sensor  was  assessed. Finally, the efficacy of the manufac-
tured wound dressing patch  was  evaluated in a murine wound 
model. Thus, for the first time, a verification of the in vivo colori-
metric sensing of the pH change caused by the wound state via 
a curcumin-based composite was performed. The proposed mul-
tifunctional wound dressing patch is expected to provide rapid 
healing and diagnostic convenience for wounded patients.

2. Results and Discussion

2.1. Design of Multifunctional Wound Dressing Patch

Figure 1a presents a schematic of the electrospun wound 
dressing patch developed in this study. The patch consists of 
bilayers—WHS nanofiber layer and wound protection/moni-
toring (WP/M) microfiber layer. These two layers  were  physi-
cally bonded without using an adhesive by using the electric 
field direction perpendicular to the ground setting in the elec-
tric radiation process. Additionally, during the electrospinning 
process, the hydrophilic properties of the HA and GE improved 
the adhesion. Furthermore, the DHG nanofibers  were  accu-
mulated on the micro-scale C-PCL fibers of the WM/P layer, 
thereby enabling more stable binding between these layers.

Adv. Mater. Technol. 2023, 2201765
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To enhance wound healing, the WHS layer contains HA, GE, 
and DP (Figure 1a-1), which have been reported to promote cell 
regeneration by providing a biocompatible and appropriate envi-
ronment.[29–31] More specifically, HA is a biocompatible material 
that affects extracellular matrix production and cell adhesion 
qualities by interacting with HA receptors such as CD44 and 
hyaluronan-mediated motility receptors (RHAMM).[32,33] Such 
interactions induce angiogenesis through endothelial cell 
proliferation to enable rapid healing. GE is reportedly used 
frequently as a scaffold for tissue engineering and to induce 
superior cell interactions, including cell adhesion, stretching, 
and proliferation. In addition, GE exhibits high stability due to 
its low antigenicity and high bio-absorption rate.[30] Therefore, 
stable cell culture and cell settlement are promoted, resulting 
in stable tissue regeneration. Furthermore, owing to their supe-
rior hygroscopicity and porous structure, HA and GE can con-
tinually absorb exudate from the wound site, preventing the 
lesion from deteriorating. DP is a precursor of pantothenic acid 
(vitamin B5) and is used as a wound pharmaceutical product 
owing to its anti-inflammatory and cell recovery characteris-
tics.[31] Moreover, DP can prevent scarring, help skin wounds 
heal rapidly, and enhance the growth rate of fibroblasts.

From a structural perspective, the layer that directly attaches 
to the wound consisted of numerous nanofibers fabricated 

through electrospinning process. Due to the large surface area 
of the WHS layer, nanosized electrospun composite fibers 
could swiftly transmit the elements and anti-inflammatory 
components necessary for cell growth.

In addition to the rapid wound healing, infection prevention 
and wound-monitoring are key factors in wound dressings. 
Therefore, the WP/M layer was designed using a C-PCL com-
posite for wound protection and monitoring. The base mate-
rials, PCL and curcumin, are biocompatible, superhydrophobic, 
and antimicrobial due to their low surface energies (Figure 1a-
2). In addition, these functions may be improved by the surface 
patterning (e.g., a mesh pattern of hundreds of micrometers) of 
the WP/M layer. Curcumin is a natural material with numerous 
polyphenolic groups. Consequently, curcumin-based compos-
ites exhibit antimicrobial and antioxidant properties.[32] More-
over, it enables the identification of the wound state based on 
the color change in response to pH variation (Figure 1a-3). The 
colorimetric sensing function of the patch can help patients 
self-diagnose their wound states.

Furthermore, the two layers of the wound care system can 
exchange gases generated at the lesion due to the high gas 
permeability of the electrospun micro- and nanoscale fiber 
mats. We fabricated various prototypes of dressings, bands, 
and patches, as shown in Figure  1b. Electrospun wound 
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Figure 1. Schematic of the multifunctional DHG/C-PCL wound dressing patch and various prototypes. a) The multifunctional wound dressing patch 
consists of two layers: a DHG layer and a C-PCL layer and comprises of micro- and nanoscale fibers generated through electrospinning process. 1) For 
wound healing with rapid cell regeneration, nanoscale fibers in a DHG layer were fabricated to promote extracellular matrix formation and regeneration 
of fibroblast cells. 2) The C-PCL layer has high water repellency and antimicrobial properties due to the inclusion of rectangular mesh patterns and 
microscale fiber strands on the surface as well as the low surface energy of the PCL. Furthermore, the numerous polyphenol groups in the curcumin 
from C-PCL can increase the resistance to bacteria and effectively protect wounds from external infection. 3) The curcumin-based C-PCL is designed to 
monitor the wound condition as it turns red in environments with pH > 7 due to keto-enol tautomerism. b) The multifunctional wound dressing patch 
can be packaged in desired sizes and shapes for user convenience, and mass production is possible. Various types of wound treatments (dressings, 
bands, and patches) suitable for the size of the lesion can be applied.
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dressing patches are flexible and can be cut into arbitrary forms 
depending on the wound size.

2.2. Biocompatible DHG Layer Facilitates Rapid Wound Healing

We fabricated a nanofiber layer by mixing HA, GE, and 
DP, compounds with excellent wound regeneration effects 
(Figure 2a). Previous studies have shown that HA can pro-
mote rapid healing by supporting cells during wound healing 
through interactions with certain surface receptors, collagen 
deposition, and angiogenesis. Although attempts have been 
made to scale down HA using electrospinning process and 

enhance its reactivity, it has been reported that the fabrica-
tion of nanoscale HA is problematic for several reasons.[33] For 
instance, due to the high viscosity and surface tension of the 
HA aqueous solution, which limit the maximum concentra-
tion during the electrospinning process, it is difficult for pure 
HA to form nanoscale fibers through electrospinning process. 
Furthermore, the preservation of the resultant nanofibers 
is hampered by their weak polymeric chains and high wetta-
bility. Meanwhile, electrospun pure HA causes HA nanofibers 
to coalescence. Therefore, GE, comprising a strong polymer 
chain,  was  added to form and maintain stable HA-based 
nanofibers, as well as enhance cell regeneration. Consequently, 
the binding force between the polymer chains  was  improved 

Adv. Mater. Technol. 2023, 2201765

Figure 2. Design and characterization of the WHS layer composed of DHG for biocompatibility and wound healing. a) Schematic of i) HA, HG, and 
DHG and ii) SEM images of each nanofiber (HA, HG, and DHG) fabricated through electrospinning process. Although nanofibers that are unstable 
and prone to coalescence are fabricated due to the weak polymer chain of pure HA, the composite with GE has improved nanofiber maintenance 
properties due to the strong polymer chain of GE. Based on the complemented HG composite, DHG containing DP drugs with fibroblast cell promo-
tion effects was finally developed. b) Diameters of DHG fibers are distributed from 10 to 90 nm. High resolution SEM image of DHG nanofiber (scale 
bar: 100 nm). c) FTIR analysis results for each component and composite: HA, GE, DP, HG, and DHG. The number of functional groups per unit 
volume in the OH group as well as amide I and II groups increased in the DHG composite. d) Live and dead NIH 3T3 cell viability assay of control 
(PET), HA, HG, and DHG over 7 days (green: live cell, red: dead cell). e) The live cell number of each experimental group was measured using an 
image processing tool (Image J).
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(Figure 2a-i) and stable composite nanofibers were  formed, as 
shown in the SEM image in Figure 2a-ii.

The nanofiber structure at different HA:GE ratios (weight 
ratio of HA to GE  =  1:0, 1:0.3, 1:0.5, and 1:1)  was  observed 
using SEM. Results show that fabrication of the fibers 
with a HA:GE  =  1:1 prevented coalescence (Figure S2, Sup-
porting Information). Subsequently, the DP composite 
(DHG) was added to the dressing to improve the rate of wound 
healing. The diameters of the DHG nanofibers  were  distrib-
uted between 10 and 90 nm (mean: 50 nm, standard deviation: 
14.4  nm; Figure  2b). Figure  2c shows the verification of each 
component and composite incorporation by FTIR analysis. 
Hydroxyl groups  were  observed in HA, GE, and DP, with 
DP having the most functional groups per unit volume. Due 
to the increase in hydroxyl groups, the DHG peak, including 
all three materials, increased more than those of HA and GE 
(3200  cm–1). In addition, the results confirmed that the three 
materials were mixed well, as evidenced by the increase in the 
amide I (1650 cm–1) and amide II (1540 cm–1) peaks due to the 
inclusion of GE and DP. Cell growth assays  were  performed 
for 7 days to confirm the biocompatibility and degree of fibro-
blast cell culture characteristics on the WHS layer. Figure  2d 
shows the fluorescence images of NIH 3T3 cells grown on a 
bare PET substrate (control) and PET substrates with HA, 
HG, and DHG nanofibers after 1 and 7 days (Figure S3, Sup-
porting Information). Consequently, the cell culture growth 
occurred in the order of DHG  >  HG  >  HA  >  bare PET sub-
strates (Figure  2e). These results verified that HA nanofibers 

effectively induced cell growth due to the interaction between 
HA, CD44, and RHAMM receptors, while the cell growth 
rate was  also markedly increased due to the protein provision 
of GE. Finally, compared to pure HA, the superior fibroblast 
cell regeneration activity of DP increased the cell culture fea-
tures of the composites containing DP. Furthermore, the DP 
is continuously released over time (Figure S4, Supporting 
Information). For 12 h, the DP cumulative drug release rate is 
increased from 0% (at 0 h) to 46.7% (after 0.5 h), and to 98.5% 
(after 12 h). According to the cell proliferation test results, DHG 
nanofiber layer shows the best cell proliferation rate, and this 
can be attributed to the continuous drug release. Consequently, 
DHG, exhibited excellent biocompatibility and cell regeneration 
effects likely owing to the synergy of each element contributing 
to rapid wound healing. Therefore, these components are suit-
able for use in WHS layers to facilitate rapid healing through 
direct contact with wounds.

2.3. Wound Protection Performance of the WP/M Layer

We fabricated a C-PCL outer layer, the WP/M layer, to pre-
vent contamination from external sources, such as germs 
and microbial species. In Figure 3a, the morphological dif-
ferences are shown in SEM images of the C-PCL/DHG com-
posite dressing patch. Unlike nanoscale DHG fibers, the 
C-PCL fibers have microscale diameters (diameters of 1–2 µm, 
Figure S5, Supporting Information). The WP/M layer was likely 

Adv. Mater. Technol. 2023, 2201765

Figure 3. Protection performance of the WP/M layer composed of C-PCL. a) Surface morphology of the C-PCL/DHG wound healing patch. The dia-
meters of the C-PCL and DHG fibers (blue color) are on a microscale (1–2 µm) and nanoscale (30–60 nm), respectively. b) The water contact angles 
(WCAs) of C-PCL R, 40, 60, and 80 were measured. The inset images show the morphological characteristics of each sample. As the spacing of the 
C-PCL square mesh narrows, the hydrophobicity improves due to increased pattern density and height influence. The highest water repellency angle is 
observed for C-PCL 80 at 157.6°. c) Antimicrobial performances of PCL (random) and C-PCL (random, 40, 60, and 80) against E. coli and S. aureus for 
14 days. d) The number of colony-forming units was counted for each sample. A low surface energy and PCL patterns inhibit the adsorption and growth 
of bacteria, and antimicrobial enhancement due to polyphenols of curcumin shows maximum antimicrobial properties in C-PCL 80.
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superhydrophobic (water contact angle, θw  >  150°) due to the 
low surface energies of the materials, micronization of the 
fiber scale associated with electrospinning process, and for-
mation of a micropattern (e.g., square mesh). We classified 
C-PCL random (C-PCL R), C-PCL 40 (hole size, 460  µm), 
C-PCL 60 (280 µm), and C-PCL 80 (150 µm) according to the 
square mesh patterns. The hydrophobicity generally increased 
with higher micropattern density (Figure  3b). Hydropho-
bicity depends on the roughness and shape of the surface, as 
described by Wenzel[34] [cos(θ) = rcos(θY)] and Cassie–Baxter[35] 
[cos(θ)  =  ϕs(cos(θY)  +  1)  –  1].[36] The Wenzel model reflects 
the roughness of a solid surface with water droplets com-
pletely covering the surface. Alternatively, the Cassie–Baxter 
model  was  defined to be applicable to porous surfaces by 
expanding the Wenzel model. Electrospun C-PCL R composed 
of microfibers rather than flat C-PCL films showed improved 
hydrophobicity due to the high surface roughness and porosity. 
The square mesh patterned C-PCL corresponds to the Cassie–
Baxter model, in which water cannot fill the grooves of rough 
solids due to the high porosity, microscale pattern spacing/
height, and fiber-related roughness. Accordingly, the high 
pattern density of C-PCL 80 exhibits a water contact angle of 
157.6°.

The pattern morphologies of the C-PCL  were  analyzed 
using a laser confocal microscope (Figure S6, Supporting 
Information). These results indicated that the heights of the 
protruding mesh patterns  were  195  µm (C-PCL 40), 144  µm 
(C-PCL 60), and 82.2  µm (C-PCL 80), and the density of the 
protruding regions improved with increasing density of the 
mesh intervals. Furthermore, antimicrobial assays (JIS Z 
2801 standard test method)  were  conducted with E. coli and 
S. aureus to verify the ability of C-PCL to protect wounds. The 
pure PCL random (PCL R) layer prevented the adsorption of 
microbes, compared to the control (nutrient agar plate), owing 
to the low surface energy of the rough PCL layer (Figure 3c). 
The antimicrobial performance of the C-PCL R layer markedly 
reduced microbial growth due to the action of the curcumin 
polyphenol (E. coli: 39%, S. aureus: 98% compared to PCL 
R). Furthermore, denser micropatterns improved the antimi-
crobial properties by reducing microbial adsorption. That is, 
the C-PCL reduced the gram-negative E. coli (Table S2, Sup-
porting Information) number from 1.4  ×  107  CFU  mL−1 (con-
trol) to 1.6  ×  104  CFU  mL−1 (C-PCL 80; Figure  3d), whereas 
that of gram-positive S. aureus (Table S3, Supporting Informa-
tion) was reduced from 7.7 ×  105 CFU mL−1 (control) to below 
10 CFU mL−1 (C-PCL 80).

2.4. Colorimetric Sensing Performance of WM/P Layer for 
Wound State Monitoring

C-PCL can be used as a colorimetric pH sensor via chem-
ical changes of curcumin and enol-keto tautomerization 
(Figure 4a). Therefore, under basic conditions, the WP/M layer 
changes from yellow to red due to the H-atom transfer of cur-
cumin at an increased pH (>7). Curcumin exists in a neutral 
form (H3A), H2A-, HA2-, and A3- at pH 1–7, pH 7–8, pH 8.5, 
and pH >9, respectively. We observed the pH detection perfor-
mance according to curcumin content (5, 10, 20, and 30 wt%) to 

improve the base detection sensitivity of curcumin (Figures S7 
and S8, Supporting Information). A 30 wt% C-PCL composite 
with the most sensitive color change  was  selected, as a clear 
color classification under pH 7–9 conditions  was  required to 
monitor the wound condition. When the pH 9 buffer solu-
tion was applied, the C-PCL changed to red within 30 s. After 
applying a pH 6 buffer solution, the color changed from red 
to yellow, which is its original color (Figure S9, Supporting 
Information). The FTIR analysis results illustrated in Figure 4b 
demonstrate that the peaks of aromatic C  =  C stretching 
(1625 cm–1) and O–H stretching (3504 cm–1) tended to decrease 
due to changes in the curcumin chemical structure under 
basic conditions (pH 13). As shown in Figure  4c, color varia-
tion  was  observed for a wider range of pH conditions (pH 4, 
7, 10, and 13) to evaluate the pH-sensing performance. When 
using the CIE 1931 color space to depict the color variation of 
C-PCL according to pH, it can be seen that the color changed 
from yellow to red as the pH increased (Figure  4d). The 
decrease in the red (R) and green (G) values and the increase 
in the blue (B) values are shown in Figure 4e. It is particularly 
suitable for wound-monitoring applications based on chroma-
ticity differences as the variations in the R and G values are sig-
nificant within the range in which pH changes during wound 
healing.

2.5. In Vivo Wound Healing Performance of Multi-Layer 
Dressing Patch

We employed a murine excisional wound healing model to 
verify the practical wound healing, protection, and monitoring 
effects of the final C-PCL/DHG multilayer patch. Patches of var-
ious circular configurations (control, non-permeable DHG, only 
C-PCL, C-PCL/HA, C-PCL/HA, and C-PCL/DHG)  were  used 
(Figure 5a). To measure the effectiveness of the patches in each 
group, the wound size  was  observed for 12 days after patch 
application, as shown in Figure 5b. The patches were secured 
without any additional treatment during the experimental 
period. Macroscopic assessment of the wound size from images 
taken at days 0, 2, 5, 8, and 12 of healing (Figure 5c) indicated 
that the average wound area  was  significantly reduced in the 
wounds treated with C-PCL/DHG patches on days 5 (59.49%) 
and 8 (82.41%). On day 1 of the experiment, the wound sizes 
in all groups  were  similar (wound area, 28  mm2). On day 5, 
scabs formed on the wounds of each group, and the wound size 
began to decrease. On day 8, the C-PCL/DHG group exhibited 
superior healing compared to all other groups. The wounds 
treated with the C-PCL/DHG patch became more homoge-
neous and consistent in texture. By day 12, the wounds treated 
with C-PCL/DHG patches had nearly healed, confirming the 
superior wound healing effects of C-PCL/DHG.

Furthermore, the importance of the continuous exchange 
of harmful gas from the lesions with fresh air  was  verified 
using electrospun DHG patches covered with a PET film that 
inhibited gas permeation. On the other hand, the air perme-
ability of C-PCL/DHG is 78.7 L m−2 s−1 (Figure S10, Supporting 
Information). This result means that the C-PCL/DHG dressing 
patch can continuously circulate harmful gases generated in 
the wound region. Consequently, non-permeable DHG patches 
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hindered gas exchange in the lesion, slowing the wound healing 
progress, and impeding homogenously healing within 12 days. 
The pure C-PCL patches, which enabled gas permeation of 
lesions, but did not contain cell regeneration layers (DHG), 
also resulted in incomplete wound recovery within 12 days. 
The patches containing C-PCL, HA, or HG rapidly reduced the 
wound size owing to cell regeneration and wound protection 
performance; however, they yielded reduced wound healing 
performance compared to those containing C-PCL/DHG. Thus, 
wound healing occurred most readily when the promotion of 
cell regeneration, exudate absorption, gas permeation, and 
wound protection (antimicrobial and superhydrophobic proper-
ties) were all fulfilled.

The occurrence of an initial wound increased the pH of the 
wound site causing the color of the attached dressing patch 
to clearly change to red (Figure 5d). As the wound healed, the 
patch color changed from red to orange and finally to yellow 
owing to the pH decrease. The distinct color change of the 
patch with the change in the pH might indicate the state of 

the affected area as the entire area was homogenous. The pH 
change pattern, according to the recovery of such wounds 
(red points), corresponds to the colorimetric change distribu-
tion results observed using a pH buffer solution (blue points). 
As the wound recovered over 12 days, the R and G values 
decreased, whereas the B value increased (Figure S11, Sup-
porting Information). Moreover, analysis of the RGB values of 
wound dressing patches will facilitate the numerical prediction 
of wound pH values. These results suggest that the C-PCL/
DHG patch facilitates wound healing owing to its rapid cell 
regeneration and protective properties, while also allowing 
the monitoring of wound healing progression via visible 
color changes. Due to its superior flexibility and mechanical 
stability (maximum stress: 7.3  MPa, maximum strain: 600%, 
yield strength: 1.73  MPa, and Young’s modulus: 0.14  MPa), 
this wound dressing patch is easily attached to the wound 
region (or curved surface) and can stably maintain the shape 
of the dressing patch until the wound healing is completed 
(Figure S12, Supporting Information).

Adv. Mater. Technol. 2023, 2201765

Figure 4. Colorimetric sensing performance of the WP/M layer (C-PCL) based on pH values for wound state monitoring. a) The chemical structure 
of curcumin changes with pH by enol-keto tautomerism. Changes in the chemical structure of curcumin in environments over a pH 7 result in color 
changes in the curcumin-based composites (pH = 1–7; H3A, pH = 7–8; H2A-, pH = 8.5 HA2-, pH > 9; A3-). b) Verification of the chemical structure 
variation via FTIR analysis (green: O–H stretching, red: aromatic moiety C = C stretching). Although curcumin increases the O–H and C = C stretching, 
at pH 13, the peak decreases due to loss of phenol groups following changes in the chemical structure. c) C-PCL color variation according to pH (pH 4: 
yellow, pH 7: orange, pH 10: red, pH 13: brown). d) Color of C-PCL according to pH on the CIE 1931 color space. e) RGB values of the C-PCL for pH 4–13.
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3. Conclusion

In this study, an advanced versatile wound dressing capable 
of rapid wound healing, protection, and condition moni-
toring was developed. To ensure improved functionality of these 
aspects, the WHS nanofiber layer in direct contact with the 
wound  was  composed of HA, GE, and DP, which can rapidly 
proliferate cells and effectively absorb exudates from wounds. 
To protect wounds from outside contaminants and prevent 
wound deterioration, the WP/M microfiber layer  was  fab-
ricated with a square mesh pattern to improve its protection 
performance from pollutants such as liquid and microbials. 

Additionally, the pH colorimetric sensing performance of C-PCL 
composite fiber layer proved highly suitable for monitoring the 
wound state owing to the wide range of color changes under 
basic conditions (pH  >  7). The bilayers  were  stacked using an 
electrospinning process and relying on electrical field direction 
and adhesion forces of DHG layer without any adhesive. The 
manufactured wound dressing  was  composed of micro- and 
nanofibers (high porosity) to ensure gas permeability of the 
wound. Although studies on the improvement of each function 
have been reported, this research represents the integration of a 
multifunctional patch using natural materials. Wound dressings 
that integrate various functions help patients to independently 

Adv. Mater. Technol. 2023, 2201765

Figure 5. Wound healing and monitoring performance of the versatile bilayer wound dressing patch containing C-PCL/DHG. a) Mouse with a fabricated 
wound dressing patch attached. b) Comparison of the wound area recovery degree according to the wound dressing patch components over 12 days. 
The experiment included control, non-permeable DHG, C-PCL, C-PCL/HA, C-PCL/HG, and C-PCL/DHG groups. c) Quantitative changes in wound 
size measured over a 12-day period, where the C-PCL/DHG wound dressing patch provides the most rapid wound healing and protection. d) Color 
changes of the wound dressing patch due to the pH variation of the wound on the 1931 CIE color space. When an initial wound occurs, the color of 
the wound dressing patch turns red due to the increase in pH and as the wound heals over time, the color of the dressing patch changes to yellow.
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diagnose and manage their wounds. The superior performance 
of our multifunctional wound dressing patches  was  verified 
by observing the improvement in wound healing performance 
(rapid healing and protection) in a mouse model. Furthermore, 
intelligent wound state monitoring performance was verified by 
observing the colorimetric change of the patch according to the 
wound state. It is expected that the developed wound dressings 
can be applied to various wound situations such as skin injury, 
pressure ulcers, necrosis of organ tissue, and regeneration of 
nerve cuts through the selection of appropriate materials.

4. Experimental Section
Materials: HA (HA-TLM, 10  kDa–1.8  MDa)  was  purchased from 

Bloomage BioTechnology Co., Ltd (Beijing China). GE (type B), DP, 
PCL (Mw = 80 000), and curcumin were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Dichloromethane and dimethylformamide 
(DMF) were purchased from Duksan Chemical (Incheon, Korea).

Fabrication: The C-PCL/DHG fabrication scheme in Figure S1 
(Supporting Information) illustrates the electrospinning process. First, 
HA:GE:DP (1.5  wt% each compared to the whole solution at a 1:1:1 
volume ratio) was poured into DMF and stirred for 10 min. Deionized 
(DI) water was subsequently poured into the DHG solution and stirred 
for 4  h. Next, sonication dispersion  was  conducted for 30  min using 
a sonication bath. The C-PCL solution  was  prepared using a similar 
process. PCL was dissolved in dichloromethane/DMF (1:1 volume ratio) 
for 1 h using a magnetic stirrer. Various contents of curcumin were added 
to the PCL solution (5, 10, 20, and 30 wt% compared to the polymer). 
An additional stirring process was performed for 3 h. Next, the C-PCL 
solution  was  sonicated to homogenously disperse the curcumin. 
The electrospinning process  was  conducted using a copper mesh for 
C-PCL patterning; 40, 60, 80, and 100 mesh were used for various scale 
patterns. The C-PCL solution was injected at 1.5 mL h−1 with 22 kV input 
power and electrospinning process  was  performed for 30  min. After 
C-PCL fabrication, the DHG (or HA or HG) solution  was  electrospun 
onto the backside of the patterned C-PCL. The electrospinning 
process conditions  were  as follows: injection speed of 1.5  mL  h−1, 
input power of 25  kV, and process time of 30  min. After spinning, 
the patch  was  fabricated by cutting the C-PCL/DHG sheet into 
various forms. The process distance between the nozzle and target 
surface was 15 cm.

Characterization: Field emission scanning electron microscopy 
(FE-SEM, Sirion, Thermo Fisher Scientific, Inc., Waltham, MA, 
USA)  was  used to observe the morphology of the C-PCL/DHG 
fibers. An FTIR spectrometer (Nicolet iS50, Thermo Fisher Scientific, 
Inc.)  was  used to verify the composite components. Additionally, 
changes in the chemical structure of C-PCL were confirmed through FTIR 
spectroscopy. Basic color change experiments on C-PCL were conducted 
using buffer solutions (pH 4–13), which were added dropwise onto the 
C-PCL patch. In addition, the color of the C-PCL  was  observed using 
optical microscopy. The hydrophobicity of the C-PCL was measured using 
a DO4010 contact angle meter (Kruss GmbH, Hamburg, Germany). The 
air permeability of C-PCL/DHG dressing patch  were  measured by the 
ISO 9237 (1995) method.[35] The test area and air pressure of C-PCL/
DHG composite sheet for air permeability  were  20  cm2 and 100  Pa, 
respectively. The mechanical properties of C-PCL/DHG  was  measured 
using a universal testing machine (UTM; AGS-X, Shimadzu). The tensile 
speed was 1 mm min−1.

Drug Release: Dexpanthenol release experiment[36,37]  was  conducted 
using UV–visible spectrophotometer (Lambda 1050, wavelength: 
210  nm) analysis. The DHG nanofiber based-layer sheet  was  poured 
to the phosphate-buffered saline (PBS) solution. The PBS solution 
volume was 20 mL. The dexpanthenol release time were 0.5, 1, 2, 4, 6, 
9, and 12  H. The temperature of PBS solution with DHG sheet 37  °C 
(normal body temperature).

Cell Culture: NIH 3T3 cells  were  used for cell assays. 
Cells  were  cultured in Dulbecco’s modified Eagle’s medium (Gibco, 
Waltham, MA, USA) supplemented with 10% fetal bovine serum and 
1% penicillin. All samples were sterilized by soaking in 70% ethanol for  
1 min and washed with phosphate-buffered saline to remove the residual 
ethanol. Subsequently, 5 × 104 cells per sample were seeded and cultured 
at 37 °C in an incubator with 5% CO2.

Cell Viability (Compatibility) Assay: A live/dead kit (LIVE/DEAD 
Viability/Cytotoxicity Kit; Invitrogen, Carlsbad, CA, USA)  was  used 
to investigate the viability of NIH/3T3 cells. Viability  was  confirmed 
1 and 7 days after seeding. Cells  were  stained with a dying solution 
containing calcein-AM and ethidium homodimer-1. Live and dead 
cells  were  investigated using a fluorescence microscope (Eclipse Ti; 
Nikon, Japan).

Antimicrobial Test: The antimicrobial efficacy against E. coli and  
S. aureus  was  assessed according to the JIS Z 2801 standard method. 
A liquid culture medium (nutrient agar plate: Bacto-Peptone 5  g, beef 
extract 3  g, DI water 1000  mL)  was  used for microorganism growth. 
Nutrient agar  was  sterilized by autoclaving (103  kPa, 120  °C). The 
microbes were cultivated in a 10 mL nutrition agar medium at 37 ± 1 °C 
for 24–48  h. They  were  further cultivated for 18  h in a glass container 
with three control test specimens and three processed samples. All 
flat media were cultured at 37 ± 1 °C for 24–48 h, and after incubation, 
the colonies from a Petri dish with 30–300 colonies of probiotic 
water  were  counted and recorded. The number of live microbes 
(M) was calculated according to the following formula:

= × × 20M Z R  (1)

where Z is number of colonies, R is the dilution factor, 20 is the amount 
of saline.

The antimicrobial reduction rates were calculated as:

= −Antimicrobial reductionrates log loga cM M  (2)

where Ma is the initial control live microbial number, Mc is the live 
microbial number after 18 h of incubation.

Animals: The present study  was  performed on 8-week-old male 
BALB/c mice purchased from Dae Han BioLink Co., Ltd. (Chungbuk, 
South Korea). Mice  were  maintained under specific pathogen-free 
conditions at an animal facility at the Korea Research Institute of 
Bioscience and Biotechnology (KRIBB) under controlled standard 
temperature (20–22  °C) and humidity (50–60%). All animal 
experiments  were  approved by the Institutional Animal Care and Use 
Committee of the KRIBB (KRIBB-AEC-21078).

Wound Healing Analysis: An excisional, full-thickness wound 
model  was  used to evaluate the effects of C-PCL/DHG on wound 
healing. Mice were divided into six groups (n = 3 per group) as follows: 
control group (no treatment), C-PCL/DHG, C-PCL/HG, C-PCL/H, 
DHG (non-permeability), and C-PCL-treated groups. Each circular 
dressing patch  was  attached to the edge with skin tape, and the 
central portion  was  exposed for performance evaluation. The dressing 
patches were replaced once a day.

Mice  were  anesthetized using a 2.5% 2,2,2-tribromoethanol 
(Sigma-Aldrich) intraperitoneal injection. Two full-thickness dermal 
wounds (5  mm)  were  created on the dorsum of each mouse using a 
standard biopsy punch (Integra Miltex, Davies Dr, York, PA, USA). 
Patches  were  applied to the excisional wounds immediately after 
wounding. The wound size of each mouse  was  measured on days 0, 
2, 5, 8, and 12 post-surgery. The wound closure  was  calculated as a 
percentage using the following formula:

]
( )( ) = −

×
wound closure % wound area on day 0 wound area on dayn /

wound area on day 0 100  (3)
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