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1 Introduction

Development of poly(p-coumaric acid) based
nanodrug delivery system incorporating hyaluronic
acid for enhanced wound healing¥

Siying Wu,1? Mengfang Yuan,$? Shuyan Han,® Liying Wang,*® Xinru You*© and
Jun Wy (22

Wound healing is a multifaceted physiological process, often hindered by persistent inflammation,
homeostatic imbalance, and impaired tissue regeneration. Traditional therapies frequently fall short in
addressing these challenges, underscoring the need for advanced therapeutic strategies. In this study, we
designed a novel nanodrug delivery system based on poly(p-coumaric acid) (PCA), a bioactive polymer
derived from natural sources, known for its anti-inflammatory and antioxidant properties. The PCA nano-
particles (NPs) were engineered to encapsulate ibuprofen (IBP), a non-steroidal anti-inflammatory drug,
and subsequently integrated with hyaluronic acid (HA) to enhance wound site adhesion and create a
moist regenerative microenvironment. This multifunctional platform (PCA@IBP NPs/HA) could synergisti-
cally achieve sustained drug release and leverage the intrinsic bioactivity of its components. In vitro assays
demonstrated that the system effectively promoted cell migration and angiogenesis due to the combined
anti-inflammatory effects. In vivo studies using an acute wound model confirmed accelerated wound
closure, superior re-epithelialization, and collagen deposition. This work provided a novel strategy that
synergistically integrated traditional herbal bioactive with nanotechnology, offering a promising platform
for the development of next-generation wound-healing therapeutics.

therapy) frequently yield inadequate therapeutic results for
chronic wound treatment.” These traditional therapeutic

Wound healing is a complex process consisting of four major
stages, which are usually prone to stall in the inflammatory
phase. Effective wound management plays a critical role in
restoring both structural integrity and physiological function
in complex wound healing. However, current -clinical
approaches demonstrate suboptimal efficacy, for example con-
ventional biochemical interventions (such as growth factor
applications) and standard biophysical modalities (including
basic debridement procedures or negative pressure wound
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approaches often fall short in addressing the unique demands
of the wounds, characterized by prolonged inflammation, cel-
lular dysfunction, and impaired tissue regeneration.**
Therefore, growing demands of advanced therapeutic systems
have emerged to address the intricate microenvironment of
wounds, ultimately improving healing outcomes and reducing
patient suffering.”” Recently, natural compounds derived
from Chinese medicinal herbs have gained significant atten-
tion due to their excellent biocompatibility and inherent bioac-
tivities, including anti-inflammatory, antioxidant, and regen-
erative effects.®® Different from the structural singularity of
general natural biomaterials and the limitations of synthetic
biomaterials in terms of function and bioactivity, polymeric
biomaterials based on active ingredients of Chinese herbal
medicine have shown some significant advantages in the
application of nanodrug delivery systems. These natural com-
pounds offer a promising foundation for developing multi-
functional biomaterials that serve not only as drug carriers but
also as active participants in the treatment process.' ™
Herein, a poly(p-coumaric acid) (PCA)-based nanodrug
delivery system encapsulating with ibuprofen (IBP) and com-
bined with hyaluronic acid (HA) was developed as PCA@IBP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NPs/HA for the treatment of acute wounds. The p-coumaric
acid, a bioactive molecule derived from natural sources, exhi-
bits anti-inflammatory and antioxidant properties, making it
an appropriate candidate for enhancing wound healing."*™°
Through a one-step polycondensation reaction, p-coumaric
acid was synthesized into PCA, a biocompatible and bioactive
polymer capable of self-assembling into nanoparticles (PCA
NPs). Additionally, the PCA NPs could further serve as carriers
for loading, delivery and controlled release of active pharma-
ceutical ingredients to synergistically facilitate wound healing.
The IBP was then selected to establish nanodrug systems. As
known, IBP is a widely used non-steroidal anti-inflammatory
drug to mitigate acute inflammation and alleviate pain at the
disease site, which makes it a promising candidate for enhan-
cing wound healing through inflammation modulation and
pain management. However, its clinical translation in wound
care faces significant challenges due to its short half-life, high
hydrophobicity and serious adverse effects after conventional
frequent high-dose systemic administration."”>° Therefore, a
controlled and sustained-release system for topical IBU deliv-
ery is acknowledged as an appropriate alternative to enhance
therapeutic efficacy, which could improve the IBP stability and
accessibility to the wound region and also reduce systemic
exposure. Nanodrug delivery systems platforms offer more pos-
sibilities via effective drug encapsulation, controlled drug
release, and enhanced drug bioavailability.?’* By combining
traditional herbal medicine with advanced nanotechnology, it
is possible to create novel therapeutic strategy that leverage the
wound healing potential of these bioactive compounds. The
incorporation of HA with the PCA@IBP NPs further enhanced
the therapeutic potential of this combined platform.>**> HA, a
naturally occurring polysaccharide, not only improved the bio-
adhesion and retention of the PCA@IBP NPs at the wound site
but also provided a moist environment conducive to tissue
regeneration.”®® The combination of PCA@IBP NPs with HA
could effectively achieve sustained nanodrug release, prolong-
ing the therapeutic effects of IBP and maximizing the benefits
of the bioactive PCA polymers.

The PCA polymeric nanocarriers with additional self-thera-
peutic properties exerted a regulatory effect synergistic with
the loading drugs. In vitro studies indicated that PCA@IBP
NPs effectively improve skin cell activity and functionality
promoting cell migration and angiogenesis due to their
enhanced anti-inflammatory capacity. In vivo experiments
further confirmed that PCA@IBP NPs/HA accelerated wound
closure, optimized re-epithelialization, and collagen depo-
sition in acute wound models, suggesting its potential as a
powerful wound-healing agent. This study developed an inno-
vative approach and strategy to accelerative wound healing
via combining the bioactive properties of natural compounds
with advanced nanodrug delivery systems. By leveraging the
dual therapeutic effects of PCA and IBP, along with the
enhanced retention provided by HA, this multifunctional
system contributed to the development of advanced hybrid
biomaterials for addressing the complex demands during
wound healing (Scheme 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Results and discussion

2.1 Preparation and characterization of PCA NPs and
PCA@IBP NPs

The PCA polymer was produced through a one-step polycon-
densation reaction using p-coumaric acid. The chemical struc-
ture of PCA was characterized by 'H-nuclear magnetic reso-
nance (‘H-NMR) and Fourier transform infrared (FT-IR)
spectra in the ESI (Fig. S1 and S27), confirming the successful
polymerization. The gel permeation chromatography (GPC)
was then used to measure the molecular weight of the PCA
polymer, as depicted in Fig. S3.} In Table S1,} it indicated that
the Mw of PCA polymer was 9223, with a PDI of 1.4651, indi-
cating that the polymerization reaction resulted in approxi-
mately 43 repeating units in the polymer chain.

The PCA NPs and PCA@IBP NPs were prepared using the
nanoprecipitation method. The ratio of drug to carrier, along
with the proportion of organic (oil) phase to aqueous (water)
phase, are critical factors that influence encapsulation
efficiency (EE%) and drug loading (DL%). In this study, the
ratio of the oil phase to the water phase was fixed at 1:10,
while different ratios of IBP to PCA polymer were explored to
optimize the EE% and DL% of the nanoparticles (Table S27).
An HPLC-based standard curve for IBP was established to
quantify EE% and DL% of PCA@IBP NPs at different ratios.
The EE% and DL% were measured for each ratio, allowing the
identification of the most suitable IBP-to-PCA ratio for screen-
ing the optimal nanoparticle formation. As shown in
Table S2,T when the ratio of PCA to IBP was 5 : 1, the PCA@IBP
NPs exhibited the highest drug loading capacity (4.14%) and
encapsulation efficiency (26.47%). Therefore, this ratio was
selected for use in subsequent experiments.

The prepared PCA NPs and PCA@IBP NPs were illustrated
in Fig. 1a. Both of them appeared as uniform, transparent,
light brown solutions and exhibited the Tyndall effect, indicat-
ing the presence of well-dispersed nanoparticles in the solu-
tion. Subsequently, the particle size of PCA NPs and PCA@IBP
NPs was measured using dynamic light scattering (DLS),
which was 128.2 + 4.7 nm and 135.3 + 1.8 nm, respectively,
with PDI of 0.163 + 0.051 and 0.106 + 0.066 (Fig. 1b). The mor-
phology of PCA NPs and PCA@IBP NPs was further character-
ized using transmission electron microscopy (TEM). As shown
in the Fig. 1d, both PCA NPs and PCA@IBP NPs displayed a
spherical shape with high sphericity, confirming their well-
defined nanosphere morphology.

The stability of a nanodrug delivery platform is crucial for
its effectiveness. Therefore, the stability of PCA@IBP NPs in
PBS (pH 7.4) and PBS containing 10% FBS was assessed for 7
days. As shown in Fig. 1c, the particle size of NPs hardly
changed in both PBS (pH 7.4) that mimics the pH of the phys-
iological environment and PBS containing 10% FBS that
mimics the environment when blood circulation during the
test period, with size fluctuating between 120-140 nm. It
demonstrated the excellent stability of PCA@IBP NPs under
physiological conditions. After that, the release profile of IBP
from PCA@IBP NPs was evaluated under pH 7.4 and pH 8.4
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00107b

Open Access Article. Published on 08 July 2025. Downloaded on 12/18/2025 1:19:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Chinese Herb
(Cinnamomum, etc.)

OH OH o
~f o =
Ho” OH NH
04‘\ -
y

Incorporating
Hyaluronic Acid

\ p
X TR .
)
( )

',ic/_/,\.. = 9‘ b “'J
A AT A

Multifunctional PCA@IBP/HA

View Article Online

RSC Applied Polymers

o
Pyridine
—
SOCl, Z
0Jn
PCA Polymer
2 IBP

= +

Self-assemble

DSPE-PEG

u-s;:_

Lz:‘»zi w»

)(zt %

Scheme 1 The ibuprofen (IBP) encapsulated poly(p-coumaric acid) (PCA) nanodrug delivery systems incorporating hyaluronic acid (HA) for

enhanced wound healing.

conditions. A pH of 7.4 closely mimicked normal physiological
conditions, while pH 8.4 represented the alkaline environment
typical of wound microenvironment. The standard curve for
IBP was established using HPLC. As shown in Fig. le, a rapid
drug release (over 35%) was observed within the first 12 h,
which was beneficial for making rapid anti-inflammatory
effects at acute wound sites. Following this initial burst, the
PCA NPs exhibited a more sustained release behavior, indicat-
ing their potential for long-term anti-inflammatory activity
through controlled drug delivery.

2.2 Invitro biocompatibility and cellular uptake of PCA@IBP
NPs

The in vitro hemolysis assay evaluates the integrity of the red
blood cell (RBC) membrane by measuring the release of hemo-
globin from RBCs. As shown in Fig. 1f, after co-incubating
different concentrations of PCA@IBP NPs with RBCs for 3 h
and centrifuging the samples, the supernatant remained clear,
suggesting no RBC lysis. The hemolysis rate was calculated to
be below 5% (Fig. 1g). Although PCA@IBP NPs presented
inherent color, the color of the supernatant after centrifu-
gation with RBCs was consistent with the supernatant from
the group without RBCs, confirming that the color of
PCA®@IBP NPs did not interfere with the results.

1280 | RSC Appl. Polym., 2025, 3,1278-1288

Cytotoxicity assay and live/dead staining were conducted for
evaluating the cytocompatibility of nanodrug delivery systems.
Both the methylthiazolyldiphenyl-tetrazolium bromide (MTT)
assay and 5-ethynyl-2’-deoxyuridine (EdU) assay were used to
assess the cell viability of PCA NPs and PCA@IBP NPs. The
results in Fig. 2a and Fig. S47 indicated that NPs showed good
cytocompatibility to NIH 3T3 cells and cells treated with
varying concentrations of NPs could maintain metabolic
activity without significant cytotoxicity.

Live/dead staining was then performed using calcein-AM
and PI to stain live cells with green fluorescence and dead
cells with red fluorescence. In Fig. 2d, NIH 3T3 cells treated
with PCA NPs and PCA@IBP NPs displayed significant green
fluorescence intensity aligning with the control group, with
only minimal red fluorescence observed. The high cell survival
rate was visualized in all experimental groups, further confirm-
ing the desirable biocompatibility of NPs. These findings all
verified that the potential of PCA NPs and PCA@IBP NPs as
valuable candidates for wound dressings.

Since most nanodrug delivery systems exert their thera-
peutic effects through intracellular uptake, the cellular intern-
alization of PCA NPs was further investigated by both qualitat-
ive analyses using an inverted fluorescence microscope and
quantitative analyses using flow cytometry. As indicated in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation and characterization of PCA NPs and PCA@IBP NPs. (a) Photograph of the PCA NPs and PCA@IBP NPs with Tyndall effect. (b)
Particle size and distribution of PCA NPs and PCA@IBP NPs. (c) Stability of PCA@IBP NPs (n = 3). (d) TEM image of PCA NPs and PCA@IBP NPs. (e) In
vitro release profiles of IBP from PCA@IBP NPs in pH condition at 7.4 and 8.4 (n = 3). (f) Representative images of hemolysis with (down) or without
(up) red blood cells after treated with water (positive), saline (negative), and different concentrations of PCA NPs. (g) Hemolysis ratio analysis based

on (e) (n = 3).

Fig. 2e, after co-incubation with PCA@C6 NPs for several
hours, the intracellular green fluorescence intensity increased
significantly over time, suggesting that the PCA NPs could be
absorbed by cells and it was in a time-dependent manner. The
flow cytometry results further confirmed the observation,
showing a progressive increase in fluorescence intensity with
extended incubation times, consistent with the results
observed under the fluorescence microscope (Fig. 2b and c).

2.3 Invitro anti-inflammatory properties of PCA@IBP NPs

Macrophages are essential to the wound healing process, as
they regulate the inflammatory response and facilitate tissue
repair. In this study, the PCA nanocarriers based on natural
Chinese herbal medicine possessed inherent anti-inflamma-
tory ability. By further loading anti-inflammatory small mole-

© 2025 The Author(s). Published by the Royal Society of Chemistry

cule drugs, it could be expected to achieve a regulatory effect
on the inflammatory microenvironment that is greater than
the sum of its parts.>>' The downregulation of the local high
inflammatory levels was important for alleviating the damaged
vitality of cells and thereby promoting more efficient wound
healing. Therefore, to examine the anti-inflammatory pro-
perties of PCA@IBP NPs, macrophages were served as models.
The focus of this analysis was to determine how PCA@IBP NPs
influenced macrophage activity, particularly in modulating the
release of pro-inflammatory cytokines after the effective cellu-
lar uptake of free drugs or bioactive NPs. RT-PCR was
employed to detect the mRNA expression levels of IL-6, IL-1p,
TNF-a, and iNOS in macrophages (Fig. 3a—c and Fig. S5t). The
results demonstrated that IBP, PCA NPs and PCA@IBP NPs
treatments groups effectively suppressed the fold change of

RSC Appl. Polym., 2025, 3,1278-1288 | 1281
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Fig. 2 In vitro cellular compatibility and cellular uptake of PCA@IBP NPs. (a) Cell viability of NIH 3T3 cells treated with PCA NPs or PCA@IBP NPs at

different concentrations for 24 h by MTT assays (n = 3). (b) Flow cytometry and (c) quantitative analysis of the cellular uptake of PCA@C6 NPs on
NIH 3T3 cells for different time (n = 3). (d) Representative live/dead cell staining images after various treatments. Scale bar, 100 pm. (e) Cellular
uptake images of NIH 3T3 cells treated with PCA@C6 NPs for different times. Scale bar, 100 pm. **p < 0.01, ****p < 0.0001.

pro-inflammatory cytokines as compared to LPS-stimulated
positive groups. Moreover, in comparison to the IBP group,
PCA NPs and PCA@IBP NPs exhibited a more pronounced
downregulation of these cytokines. This phenomenon con-
firmed the remarkable anti-inflammatory property of PCA
itself. Additionally, the anti-inflammatory effects were also
evaluated through ELISA assays (Fig. 3d-f). Consistent with
the RT-PCR data, the secretion of inflammatory factors indi-
cated that both PCA NPs and PCA@IBP NPs lowered the levels
of pro-inflammatory cytokines in macrophages. All these
results indicated that PCA NPs, either alone or combined with
IBP, could play a potent anti-inflammatory role for enhanced
wound healing.

2.4 Invitro cell migration and angiogenesis promotion of
PCA@IBP NPs

Given the ability of PCA NPs and PCA@IBP NPs to maintain
and enhance skin cell activity and reverse the inflammatory
microenvironment, an in vitro scratch assay was employed to
evaluate the effect of PCA@IBP NPs on enhancing cell
migration.**** The representative images of cell migration

1282 | RSC Appl. Polym., 2025, 3,1278-1288

after various treatments were shown in Fig. 4a with the semi-
quantitative data of healing rates at different time point calcu-
lated in Fig. 4b-e. The results demonstrated that IBP group
and PCA NPs group displayed similar levels of wound healing
at 8 h, showing no statistically meaningful differences compa-
tible to control. At 16 h, the PCA NPs and PCA@IBP NPs
groups showed a notable improvement in wound healing as
compared to the control, indicating a significant effect on cell
migration. At 24 and 48 h, the PCA@IBP NPs group exhibited
the highest percentage of wound healing, with statistically sig-
nificant differences from the control and IBP groups.
Meanwhile, PCA NPs also presented a significant impact,
albeit lower than PCA@IBP NPs did. The IBP group exhibited a
notable difference in wound healing only at 48 h, while no sig-
nificant differences were observed at earlier time points. These
findings suggested that both PCA NPs and PCA@IBP NPs were
effective in promoting cell migration and wound healing, with
PCA®@IBP NPs demonstrating superior efficacy, particularly at
later time points. The sustained increase in healing percentage
for PCA@IBP NPs indicated the potential of the nanodrug
delivery system for facilitating wound repair processes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 In vitro anti-inflammatory properties of PCA@IBP NPs. The mRNA expression of TNF-« (a), IL-6 (b), and IL-1p (c) in LPS-activated RAW 264.7

cells treated with IBP, PCA NPs or PCA@IBP NPs (n = 3). Concentration of TNF-« (d), IL-6 (e), IL-1f (f) in LPS-activated RAW 264.7 cells treated with

IBP, PCA NPs or PCA@IBP NPs (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001,

Angiogenesis assay, designed to assess the formation of
capillary-like structures by endothelial cells, is essential for
assessing the pro-angiogenic potential of different treatments,
particularly in wound healing and tissue regeneration con-
texts. Fig. 5a depicts the extent of tube formation (angio-
genesis) at different time. Compared to IBP and control
groups, more pronounced tube-shaped networks were visible
in the PCA NPs and PCA@IBP NPs treated groups. According
to the statistical data of Nb junctions and branches by Image]
software (Fig. 5b-e), it illustrated that both PCA NPs and
PCA®@IBP NPs significantly enhanced angiogenesis compared
to the control and IBP groups. The PCA@IBP NPs group
showed the most pronounced pro-angiogenic effect at both 2
and 4 hours, as indicated by the number of junctions and
branches formed. This suggested that PCA@IBP NPs had the
optimum capacity to promote capillary structure formation,
positioning them as a promising option for boosting vasculari-
zation in wound healing applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry

and ****p < 0.0001.

2.5 Invivo acute wound healing

Grounded in the outstanding in vitro results, we further evalu-
ated the in vivo therapeutic efficacy of PCA@IBP NPs using an
acute wound defect model. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of the Hong Kong University of Science
and Technology (Guangzhou) and approved by the
Institutional Animal Care and Use Committee (IACUC) of the
Hong Kong University of Science and Technology (Guangzhou)
with approval number HKUST(GZ)-IACUC-2024-A0044. Since
the PCA@IBP NPs nanodrug delivery system was in liquid
form, we further combined the PCA@IBP NPs delivery system
with hyaluronic acid (HA), a natural extracellular matrix poly-
saccharide, to enhance its retention and attachment time at
the wound site. Based on the unique viscoelastic properties
and excellent biocompatibility of HA, the addition of HA could
increase the viscosity of the wound dressing, thereby improv-
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00107b

Open Access Article. Published on 08 July 2025. Downloaded on 12/18/2025 1:19:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Applied Polymers
(a) Control PCA NPs PCA@IBP NPs  (b) 70 gm contror  mm 18 (©) -
== pCANPs W8 PCA@IBP NPs @R Control @ IBP
= 60- Bl PCANPs I PCA@IBP NPs
e *ok =607 ok
| I — | > r 1
o § - — £501 'Ll
© =
2 404 g 4 ns
= < 40
: o s f 1
28 - $ 304 @ 30
Z g gso
8h R e §20- gzo.
% o
8 = & 104 & 10
8h 16 h
120+ 120 mm Control WM IBP
(d) 1104 = ﬁéms = :;BCPA@IBP NPs (e) 1m POANPs [ PCA@IBP NPs
< 1004 < 100] Hdokk
904 904 *kk Aok

804
70

804 *
704 f

- ----

Percentage of healing (%)
Percentage of healing (%

60 60+

501 50

40 404

304 304

48 h 20 20
10 104

04 0-

24h 48 h

Fig. 4 In vitro scratch healing promotion of PCA@IBP NPs. (a) Representative images of cell migration of NIH 3T3 cells after specific treatment.
Scale bar is 200 pm. (b—e) Quantitative analysis of wound healing ratio at 8 h, 16 h, 24 h and 48 h (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 and ns means no significant difference.

(a) 4h Phase-contrast Tree (b) 2h () 4h
55 9007 wm Control BN 1B 12001
M Control W IBP
- sio] ™ PCANFs B PCA@'BP"P‘ 1100] B8 PCANPs 5 PCA@IBP NPs
°©
E 700{ X
= ok
O g0 ®
5 s
2 500 =]
g g
.=, 400 .
2 -
Z 3004 <
[
200-
=]
100
> o
(d) 2h (e) 4h
& 8007 mm cControl WM 1BP 9007 mm Control W IBP
Z B PCANPs i PCA@IBP NPs W PCANPs W PCA@IBP NPs
5 700 800- -
1
o 600 . 700+ *
~ — o
_§ 500- E
[*]
@ S 400 g
= g s
Z & s
£ 3004 2
o z z
) 200-
-
®
\<J 100
o
=

Fig. 5 In vitro pro-angiogenesis effects of PCA@IBP NPs. (a) The representative images of tube formation assays and phase-contrast tree analysis of
endothelial network at 4 h. Scar bar = 100 pm. (b—e) Statistical results of Nb junctions and Nb branches in different times (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.

ing the adhesion to the wound surface and extending the drug our requirements for a simple wound dressing, thus it was
retention at the wound location. HA is quite accessible as one selected as the representative of moisturizers and loading
of the commonly used wound dressing candidates and meets matrix in our study. Prolonging the sustained release and
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action time of nanodrugs with the assistance of HA could
better verify the therapeutic outcomes of PCA@IBP NPs in
wound healing.

Here, the mice were categorized into five groups: (i) Saline
treating as control group; (ii) HA group; (iii) IBP/HA group; (iv)
PCA NPs/HA group; (v) PCA@IBP NPs/HA group. Fig. 6a illus-
trates the wound healing progress across five groups at days 7,
14, and 21. The wound area gradually decreased over time in
all groups showing the healing ratio from each treating group.
The treatment groups containing HA showed enhanced wound
healing compared to the control group, consistent with the
statistical analysis (Fig. 6b). Notably, the PCA@IBP NPs/HA
group demonstrated the best healing efficacy at all time
points. After 7 days of treatment, the PCA@IBP NPs/HA group

View Article Online
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showed 76% wound closure, while the control group exhibited
64% closure with significant differences already (p < 0.05). At
day 14, the wounds in the PCA@IBP NPs/HA group had healed
by 94%, also significantly different from that of the control
group with 87% healing achieved (p < 0.05). After 21 days, the
wounds in the PCA@IBP NPs/HA group were almost fully
healed, but the control group still had visible wound areas (p <
0.001). The therapeutic efficacy of PCA@IBP NPs in acute
wound treatment was not only manifested in the differential
wound healing area (reflecting accelerated healing speed), but
also demonstrated superior wound healing efficiency at the
histological level. To further examine the internal tissue
healing, H&E and Masson staining were performed (Fig. 6c
and d), providing insights into the structural tissue repair and
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Fig. 6 The in vivo healing process and histologic analysis of acute wounds after various treatments. (a) Representative images of acute wound
healing in mice. (b) Rates of the closure wound after day 7, day 14, and day 21 (n = 3). (c) Representative H&E staining and (d) Masson staining images
from different groups. The statistical analysis of (e) re-epithelization and (f) collagen deposition according to the tissue section (n = 3). *p < 0.05, **p

< 0.01, ***p < 0.001, and ****p < 0.0001.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Polym., 2025, 3,1278-1288 | 1285


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00107b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 July 2025. Downloaded on 12/18/2025 1:19:39 PM.

[{ec

Paper

collagen accumulation at the wound site. These analyses are
crucial for understanding the extent of tissue repair at the
microscopic level, complementing the visible wound closure
observations. As illustrated in Fig. 6e, the PCA@IBP NPs/HA
treatment group exhibited a significantly higher degree of re-
epithelialization, indicating more advanced wound closure
and tissue regeneration. Additionally, the PCA@IBP NPs/HA

(@) go-
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group showed improved collagen deposition, as evidenced in
Masson staining. The enhanced collagen deposition suggested
better structural integrity and tissue remodeling by PCA@IBP
NPs/HA treatment, critical for effective wound healing
(Fig. 6f). These results further confirmed the superior thera-
peutic potential of the PCA@IBP NPs/HA system, which pro-
moted both re-epithelialization and collagen formation facili-

g
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o
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Fig. 7 The in vivo safety evaluation of NPs. (a) Levels of ALT, AST, ALP, BUN and LDH in serum collected from mice after acute wound healing (n =
3). (b) H&E staining of major organs collected from mice after acute wound healing. Scale bar is 100 pm. ns means no significant difference among

groups.
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tating accelerative wound repair and improved skin tissue
regeneration.

2.6 Invivo safety evaluation

To assess the in vivo biocompatibility of the PCA@IBP NPs
nanodrug delivery system, blood samples were collected
from the mice at the end of the healing process for bio-
chemical analysis. As shown in the Fig. 7a, no significant
differences were observed in liver and kidney function
markers among all the treating groups. At the same time,
major organs including heart, liver, spleen, lungs and kidney
were harvested for H&E staining. Fig. 7b demonstrated that
no lesions or signs of inflammation were detected at the
histological levels. These results reflected that PCA@IBP NPs
exhibited satisfactory in vivo safety with minimal risk of sys-
temic toxicity, indicating their high potential for broader
biomedical applications.

3 Conclusion

In conclusion, the combination of PCA@IBP NPs with HA
exhibited many substantial advantages for addressing acute
wounds. The results from the acute wound model indicated
that PCA®@IBP NPs/HA significantly accelerated wound
healing, promoting a higher degree of re-epithelialization and
enhanced collagen deposition compared to the control and
other groups. These findings aligned with the superior cell be-
havior observed in vitro, confirming the effectiveness of the
PCA-based nanodrug system in supporting tissue regeneration
and optimizing structural integrity mainly via anti-inflam-
mation. The in vivo safety evaluation indicated little systematic
toxicity of PCA@IBP NPs/HA treatment, thereby exhibiting
excellent biocompatibility. Overall, the PCA@IBP NPs/HA
nanodrug delivery system offered a promising and safe thera-
peutic approach for enhancing wound healing in acute
wounds, with benefits in promoting tissue reconstruction and
functional restoration. Furthermore, this novel multifunctional
platform derived from natural bioactive herbal components
would provide a new strategy for the clinical applications of
wound treatment and care.
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