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A B S T R A C T

Achilles tendon rupture is a common sports injury, yet clinical tendon repair remains challenging. Current 
therapeutic approaches lack the ability to temporally regulate the injury microenvironment, hindering the 
synergy between anti-inflammatory defense and tissue regeneration. To address this, an innovative “sequential 
defense nutrition” synergistic strategy based on thermosensitive core-shell microneedles is proposed for efficient 
repair of complex tendon injuries. The study designed and fabricated core-shell microneedles using thermo
sensitive hydroxybutyl chitosan (HBC) as the matrix, with a core encapsulating growth factor-rich platelet-rich 
plasma (PRP) and a shell loaded with a proanthocyanidin-copper metal-phenolic network (PCCu) possessing both 
antioxidant and antibacterial functions. Leveraging the temperature-responsive gelation of HBC, this intelligent 
delivery system achieves stable anchoring and sustained release after implantation, overcoming the limitation of 
conventional delivery systems that are prone to displacement in deep tissue. At the injury site, the PCCu in the 
shell rapidly releases first, clearing reactive oxygen species (ROS) and inhibiting bacterial proliferation to swiftly 
establish an anti-inflammatory and anti-infective microenvironment. Subsequently, the PRP core provides pro
grammed sustained release of growth factors, continuously supplying bioactive signals necessary for the pro
liferation and differentiation of tendon-derived stem cells. In vitro experiments confirmed that the system exhibits 
excellent antioxidant and broad-spectrum antibacterial activities and effectively promotes tenogenic differenti
ation. In a rat Achilles tendon injury model, the microneedle patch significantly reduced inflammation, promoted 
aligned and dense collagen fiber deposition, and consequently enhanced the biomechanical strength of the 
tendon, achieving in situ functional regeneration of the tendon defect. This work is the first to combine ther
mosensitive core-shell microneedles with a “defense-nutrition” sequential delivery strategy, which holds 
promising application prospects in sports medicine and tissue engineering.

1. Introduction

Tendons, which serve as crucial mechanical tissues connecting 
muscles to bones, are frequently damaged due to sports activities or 

repetitive strain [1,2]. Severe tendon injuries affect more than 102.5 
million adults each year [3]. Given the specialized structure of tendon 
tissue and its high-stress physiological environment, extensive tendon 
injuries are often accompanied by complex repair challenges, including 
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slow healing rates, high risk of re-rupture, and suboptimal functional 
recovery, all of which significantly impact patients' quality of life and 
rehabilitation [4,5]. The endogenous healing capacity of tendon tissue is 
inherently limited, primarily due to its unique biological characteristics, 
which include low metabolic activity, along with low cellular and 
vascular density [6,7]. These intrinsic properties impede the initiation of 
effective self-repair mechanisms following injury. Furthermore, 
post-injury inflammatory responses and the risk of infection further 
complicate treatment, thereby restricting high-quality tendon 

regeneration and functional restoration [8,9] (see Scheme 1).
Tendon repair strategies currently encompass surgical suturing, 

physical therapy, and local application of bioactive factors [10]. 
Although conventional conservative treatments and surgical in
terventions can alleviate symptoms to some extent, they often fall short 
of achieving genuine tissue regeneration and functional restoration 
[11]. Clinical observations indicate that tendon tissues after routine 
treatments frequently exhibit disorganized collagen fiber alignment and 
compromised mechanical properties, significantly impairing patients' 

Scheme 1. A sequential defense-nourishment strategy enabled by thermosensitive core-shell microneedles for synergistic tendon repair. (A) Schematic 
flowchart of the fabrication process for HC@PCP microneedles. (B) Schematic diagram illustrating the regulatory mechanism of HC@PCP in promoting high-quality 
tendon healing in a rat Achilles tendon injury model.
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quality of life and functional recovery [12]. In response to the inherent 
limitations of endogenous tendon healing, platelet-rich plasma (PRP) 
therapy has been introduced to promote tendon repair through the 
release of multiple growth factors [13,14]. However, the standalone 
application of PRP at injury sites presents limitations such as instability 
in bioactivity, transient therapeutic effects, and susceptibility to the 
local inflammatory microenvironment, which collectively constrain its 
full therapeutic potential [15]. Moreover, tendon injury sites are typi
cally characterized by persistent inflammatory responses, excessive 
accumulation of reactive oxygen species (ROS), and secondary infection 
risks, all of which constitute an adverse microenvironment that impedes 
effective tissue regeneration [16]. Concurrently, post-injury oxidative 
stress and potential infections further diminish the activity of growth 
factors within PRP, thereby weakening its therapeutic efficacy [17]. An 
ideal tendon repair strategy must address two critical fronts: providing 
growth factors for “nutritional” support, and implementing “defensive” 
measures through early intervention. The latter aims to mitigate 
oxidative stress and inflammation, control infection, and thus clear the 
path for subsequent regeneration [18]. Therefore, developing an intel
ligent delivery system capable of temporally regulating the injury 
microenvironment and synergistically integrating both defensive and 
nutritional functions, simultaneously addressing inflammation, infec
tion, and extracellular matrix reconstruction, holds significant scientific 
merit and application value for achieving efficient tendon repair.

In recent years, microneedle (MN) technology has emerged as a 
minimally invasive and efficient transdermal drug delivery platform, 
demonstrating considerable potential in tissue repair [19]. Traditional 
drug delivery systems often face limitations such as poor tissue pene
tration, uncontrollable drug release, and low bioavailability, which 
hinder their ability to meet the diverse demands of complex tissue injury 
repair [20,21]. Particularly in the field of tendon repair, achieving 
efficient drug delivery to deep tissues while maintaining the bioactivity 
and sustained release of therapeutic factors remains a key technological 
bottleneck that restricts treatment efficacy [22]. Notably, thermosensi
tive material-based microneedles leverage their temperature-responsive 
sol-gel transition properties to achieve in situ solidification and 
long-term retention after administration, ensuring localized sustained 
drug release and thus offering significant application potential for 
tendon-targeted drug delivery [23,24]. Hydroxybutyl chitosan (HBC), as 
an intelligent biomaterial with thermosensitive characteristics, exhibits 
a unique sol-gel transition that enables rapid gelation under physio
logical temperature, allowing the microneedles to achieve stable 
anchoring within tissues [25,26]. This temperature-responsive behavior 
not only ensures mechanical strength during insertion but also forms a 
stable drug reservoir after implantation, facilitating the sustained 
release of therapeutic agents [27,28]. Meanwhile, metal-phenolic net
works (MPNs) have attracted widespread attention in the construction 
of functional biomaterials owing to their straightforward preparation, 
excellent antioxidant and antibacterial properties, and favorable 
biocompatibility [29,30]. Integrating MPNs with thermosensitive 
microneedle systems holds promise for equipping the latter with 
early-stage active defense capabilities against the injury 
microenvironment.

Therefore, this study proposes for the first time an innovative 
sequential defense-nutrition synergistic repair strategy, achieved by 
designing and fabricating a core-shell structured composite microneedle 
patch based on thermosensitive HBC. The patch features a shell loaded 
with a proanthocyanidin-copper metal-phenolic network (PCCu) pos
sessing antioxidant and antibacterial functions, and a core encapsulating 
platelet-rich plasma (PRP) rich in multiple growth factors. This unique 
structural design enables the spatiotemporally separated loading of 
therapeutic agents. Moreover, leveraging the temperature-responsive 
gelation of HBC ensures firm anchoring and sustained release of the 
microneedles within the tissue, thus overcoming the limitations of 
traditional single-modality therapeutic strategies. Through systematic in 
vitro experiments, the physicochemical properties, antioxidant and 

antibacterial activities, and tenogenic differentiation-promoting capac
ity of the composite microneedle patch were evaluated. Furthermore, in 
a rat Achilles tendon defect model, its significant efficacy in reducing 
inflammation, promoting the formation of aligned collagen fibers, and 
accelerating functional tendon recovery through the sequential defense- 
nutrition mechanism was validated. This “defense first, nutrition sec
ond” sequential treatment paradigm effectively addresses the in
adequacy of conventional single-modality strategies in managing 
complex pathological processes, offering a novel technological pathway 
for tendon regenerative medicine.

2. Materials and methods

2.1. Materials

Chitosan (CS), 1,2-buteneoxide, procyanidins (PC), and copper (II) 
sulfate hexahydrate (CuSO4⋅6H2O) were purchased from Shanghai 
Macklin Biochemical Co., Ltd. All chemicals were used without further 
purification. Polydimethylsiloxane (PDMS) molds were purchased from 
Taizhou Microchip Pharmaceutical Technology Co., Ltd. (Taizhou, 
China).

2.2. Synthesis and characterization of hydroxybutyl chitosan

To synthesize hydroxybutyl chitosan, 10 g of chitosan was treated 
with 50 mL of 50% (w/w) sodium hydroxide solution and allowed to 
stand at room temperature for 24 h. The alkalized chitosan was then 
dispersed in 200 mL of a mixed solvent consisting of isopropanol and 
water (1:1, v/v) and reacted for an additional 24 h. The resulting 
mixture was transferred into a three-necked flask, followed by the 
addition of 200 mL of 1,2-epoxybutane. The reaction was carried out 
under constant stirring at 55 ◦C for 12 h. After completion, the pH of the 
system was adjusted to neutral (pH 7) by dropwise addition of 1 mol/L 
hydrochloric acid. The product was then dialyzed against deionized 
water using a dialysis membrane with a molecular weight cut-off of 
3500 Da for 3 days. The dialyzed solution was filtered and subsequently 
freeze-dried to obtain the purified hydroxybutyl chitosan (HBC).

The chemical structure of HBC was characterized by 1H NMR spec
troscopy (Bruker Ascend 400 MHz) and Fourier transform infrared (FT- 
IR) spectroscopy (Thermo Scientific Nicolet iS10). Its solubility behavior 
under different pH conditions was investigated by recording the optical 
density (OD) of hydroxybutyl chitosan solutions at a wavelength of 
600 nm. The thermosensitive cross-linking behavior of the HBC hydro
gel was first verified by vial-inversion tests conducted at room temper
ature and 37 ◦C. Subsequently, the phase transition temperature of the 
HBC hydrogel was determined through temperature-sweep experiments. 
Amplitude sweep measurements were performed by varying shear strain 
at a constant frequency to obtain G′ and G′′. Finally, the morphology of 
the HBC hydrogel was observed using a field-emission scanning electron 
microscope (SEM, ZEISS SIGMA).

2.3. Synthesis of proanthocyanidin-copper (PCCu) nanozymes

To synthesize the PCCu nanozymes, 0.2 g of copper(II) sulfate 
hexahydrate (CuSO4⋅6H2O) was first dissolved in 20 mL of deionized 
water under vigorous stirring. Subsequently, 0.2 g of proanthocyanidin 
was dissolved in another 20 mL of deionized water, and the pH of this 
solution was adjusted to 9 using an appropriate alkaline solution. The 
two solutions were then mixed homogeneously. The resulting reaction 
mixture was centrifuged at 8000 rpm for 10 min to collect the crude 
product. The collected material was further purified by washing with 
deionized water at least three times, followed by freeze-drying to obtain 
the purified PCCu nanozymes.

The morphology of PCCu was first examined using SEM (ZEISS 
SIGMA), and elemental mapping was performed to investigate the dis
tribution of elements. Furthermore, the chemical structure of PCCu was 
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analyzed by FT-IR (Thermo Scientific, Nicolet-iS10). The crystal struc
ture and elemental composition of PCCu were then characterized by X- 
ray diffraction (XRD, Bruker D8) and X-ray photoelectron spectroscopy 
(XPS, Thermo Fisher Scientific, Escalab 250Xi), respectively.

2.4. Extraction of PRP

Platelet-rich plasma (PRP) was isolated from rat whole blood using 
differential centrifugation. To ensure good batch consistency and reli
able quality control, a standardized protocol with fixed centrifugation 
speed, time, temperature, and operational procedures was strictly fol
lowed. All PRP batches were prepared by the same experimenter to 
minimize operational variation. Briefly, whole blood was collected via 
cardiac puncture from anesthetized Sprague-Dawley rats into 
anticoagulant-treated tubes. The blood was first centrifuged at a low 
speed (approximately 1500 rpm) for 15 min to allow for initial separa
tion of blood components. After centrifugation, three distinct layers 
were observed: the upper layer consisted of platelet-poor plasma with a 
small number of leukocytes, while the lower layer contained mainly red 
blood cells. The middle layer, corresponding to platelet-rich plasma, was 
carefully aspirated using a sterile pipette and transferred to a new sterile 
centrifuge tube. Subsequently, the collected plasma was centrifuged at a 
higher speed (approximately 3000 rpm) for 20 min to pellet the plate
lets. Finally, the supernatant was discarded, and the concentrated 
platelet pellet was collected as the PRP sample.

2.5. Release of PCCu from the microneedle shell and growth factors from 
PRP loaded in the microneedle core

To enable real-time monitoring and quantitative assessment of the 
release kinetics of growth factors (platelet-derived growth factor (PDGF) 
and epidermal growth factor (EGF)) from PRP, a core-shell microneedle 
model was fabricated, in which the PRP core was fully encapsulated 
within a polymeric shell. After sterilization under ultraviolet (UV) light, 
the microneedles were placed in a 24-well plate containing PBS solution 
and incubated continuously for 21 days in a humidified incubator at 
37 ◦C with 5% CO2. At predetermined time points (days 1, 3, 5, 7, 10, 14, 
17, and 21), the culture supernatant was collected. The concentrations 
of PDGF and EGF were quantified using enzyme-linked immunosorbent 
assay (ELISA), and the cumulative release profiles were subsequently 
plotted.

Additionally, PCCu was loaded into the shell layer of the core-shell 
microneedles. The release of PC and Cu was investigated at 37 ◦C by 
immersing the microneedles in 0.1 M PBS (pH 7.4). At predetermined 
time points (1, 3, 5, 7, and 10 days), the concentrations of released PC 
and Cu were measured using a UV-Vis spectrophotometer (Shimadzu, 
UV-2600) and inductively coupled plasma-mass spectrometry (ICP-MS, 
iCAP PRO, Thermo Fisher Scientific, MA, USA).

2.6. Preparation and characterization of core-shell microneedles

The HBC, HC@PC, and HC@PCP microneedles were fabricated using 
a polydimethylsiloxane (PDMS) negative-positive mold method. The 
PDMS positive mold consisted of a 13.5 × 13.5 cm base and 225 conical 
microneedles arranged in a 15 × 15 array. For HC@PCP microneedles, 
10% (w/v) PCCu was uniformly dispersed in a 10% (w/v) HBC solution 
to prepare the needle-tip precursor. Then, 500 μL of this precursor so
lution was added into the PDMS negative mold and centrifuged to fully 
fill the microneedle cavities, followed by insertion of the PDMS positive 
mold for imprinting. After drying at room temperature for 24 h, the 
mold was demolded to obtain the microneedle tips containing PCCu. 
Subsequently, 1000 μL of an HBC solution loaded with an equivalent 
volume of PRP was added into the same mold to completely cover the 
base. After centrifugation to remove air bubbles, the system was dried 
for 72 h under constant conditions (25 ◦C, 50% humidity) before final 
demolding, yielding the complete core-shell structured HC@PCP 

microneedles. HC@PC and HBC microneedles were prepared following 
the same procedure. HC@PC microneedles were fabricated with PCCu 
incorporated only in the outer needle-tip layer, while the inner layer 
consisted of HBC solution only. HBC microneedles were prepared using 
pure HBC solution throughout the entire process.

The morphology of HC@PCP microneedles was observed using a 
stereomicroscope (Shuyu SZN71, China) and SEM. Elemental mapping 
was performed to characterize the distribution of key elements. To 
visually demonstrate the core-shell structure, microneedles were fabri
cated with rhodamine B (replacing PCCu) and calcein (replacing PRP) as 
fluorescent markers and examined under a fluorescence microscope 
(Olympus CKX41, Tokyo, Japan). To investigate their temperature- 
responsive behavior, the microneedles loaded with the colorimetric 
agent Rhodamine B were immersed in solutions maintained at 37 ◦C and 
monitored in real time. To evaluate the mechanical performance of the 
microneedles, penetration into rat skin was first examined, followed by 
compressive mechanical testing using an Instron 34TM-10 tensile tester. 
During compression testing, the lower plate was moved vertically 
downward at a constant speed of 0.5 mm/min until the microneedles 
bent or fractured, while the load-displacement curve of the microneedle 
array was recorded in real time.

2.7. In vitro antioxidant ability of core-shell microneedles

2.7.1. DPPH radical scavenging activity
The antioxidant activity of the core-shell microneedles was evalu

ated using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radical scav
enging assay. A microneedle sample (5 mm × 5 mm) was immersed in 
3.0 mL of an ethanolic DPPH solution (100 μM). After thorough mixing, 
the reaction system was incubated in the dark for a predetermined 
period. The absorbance was then measured at a wavelength of 517 nm 
using a UV-Vis spectrophotometer (Shimadzu 2600i, Japan). The DPPH 
scavenging activity was calculated according to the following formula: 

DPPH scavenging (%)=
AB-AS

AB
× 100% (1) 

where AB represents the absorbance of the blank control (DPPH solution 
without sample), and AS represents the absorbance of the sample group 
(DPPH solution containing the microneedle sample).

2.7.2. ABTS+ radical scavenging activity
The ABTS+ radical working solution was prepared according to the 

manufacturer's protocol by mixing 2,2′-azino-bis(3-ethylbenzothiazo
line-6-sulfonic acid) (ABTS) diammonium salt solution with potassium 
persulfate solution, followed by reaction in the dark for 12 h. The 
resulting solution was then diluted with phosphate-buffered saline (PBS, 
pH 7.4) to an appropriate concentration. Subsequently, a microneedle 
sample was added to the diluted ABTS+ working solution and allowed to 
react in the dark for a predetermined duration. The absorbance of each 
reaction system was measured at 750 nm using a UV-Vis spectropho
tometer, and recorded as the sample absorbance (AS). A control without 
the sample was prepared in parallel, and its absorbance was measured as 
the blank absorbance (AB). The ABTS+ radical scavenging activity was 
calculated using Equation (2): 

ABTS scavenging (%)=
AB-AS

AB
× 100% (2) 

2.7.3. Evaluation of POD-enzyme-like activity
The peroxidase-like activity of the core-shell microneedles was 

evaluated based on the catalytic oxidation of substrates TMB (3,3′,5,5′- 
tetramethylbenzidine) and OPD (o-phenylenediamine) to oxTMB 
(oxidized 3,3′,5,5′-tetramethylbenzidine) and oxOPD (2,3-Dia
minophenazine), respectively, in the presence of H2O2 [31]. Briefly, the 
catalytic reaction was initiated by adding the microneedle sample to PBS 
(pH 4.0, 1.0 mL) containing H2O2 (20.0 μL, 0.5 M) and TMB (20.0 μL, 
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16.0 mM). The reaction progress was monitored by measuring the 
absorbance of oxTMB at 652 nm at specified time intervals using a 
UV-Vis spectrophotometer. Additionally, the oxidation product of OPD, 
oxOPD, was quantified by detecting its characteristic absorbance at 
440 nm.

2.7.4. In vitro evaluation of the antioxidant capacity
This study assessed the cellular antioxidant capacity of HC@PCP 

microneedles using a reactive oxygen species (ROS) detection kit, with 
tendon-derived stem cells (TDSCs) selected for the experiment. Cells 
were seeded into a 24-well plate at a density of 10,000 cells per well, 
followed by a 30-min pretreatment with hydrogen peroxide (H2O2). 
Complete DMEM containing HC@PCP microneedle extract was then 
added, and the cells were incubated at 37 ◦C for 24 h. After incubation, 
the cells were washed with PBS. DCFH-DA was diluted at a 1:1000 ratio 
in serum-free medium, and 0.5 mL of the prepared DCFH-DA solution 
was added to each well. After 20 min of treatment, cellular fluorescence 
signals were analyzed using an inverted fluorescence microscope 
(Olympus CKX41, Tokyo, Japan), and fluorescence intensity was 
quantified using ImageJ software.

2.8. In vitro antimicrobial study

The antibacterial performance of the microneedles was evaluated 
against representative bacterial strains, including the Gram-positive 
bacterium Staphylococcus aureus (S. aureus) and the Gram-negative 
bacterium Escherichia coli (E. coli). The sterilized microneedles were 
placed in a 24-well plate, and 1 mL of bacterial suspension (approxi
mately 1 × 106 colony-forming units (CFU)/mL) was added onto the 
surface of each sample. Untreated bacterial suspensions served as the 
control. All groups were incubated at 37 ◦C for 24 h. After incubation, 
the bacterial suspensions were diluted and subjected to a spread plate 
method for quantitative analysis. The plates were further incubated at 
37 ◦C for another 24 h, after which the colonies were counted. To 
examine morphological changes of the bacteria, the co-cultured sus
pensions were dropped onto glass slides, fixed with 2.5% glutaralde
hyde, dehydrated using a graded ethanol series, and finally observed by 
SEM.

To verify the early rapid defense function of HC@PCP microneedles, 
their bactericidal kinetic curves against common pathogenic bacteria in 
tendon injuries (S. aureus and E. coli) were determined. Briefly, 1 mL of 
bacterial suspension (105 CFU/mL) was directly co-cultured with ma
terials from different treatment groups (including blank control and 
HC@PCP microneedle group) under shaking conditions (37 ◦C, 
120 rpm). Samples were collected at 1, 2, 3, and 4 h, and the colony- 
forming units at different time points were quantitatively detected 
using the plate counting method. The relative bacterial growth inhibi
tion rate was then calculated.

2.9. In vitro hemolysis assay

The hemocompatibility of the microneedles was evaluated using an 
in vitro hemolysis assay. Four experimental groups were designed: a 
negative control group (PBS), a positive control group (0.1% Triton X- 
100), an HBC microneedle group, and an HC@PCP microneedle group. 
Each material was co-incubated with fresh anticoagulated whole blood 
at 37 ◦C for 1 h. After incubation, the samples were centrifuged, and the 
supernatant was collected to measure its absorbance at 540 nm for 
subsequent calculation of the hemolysis rate.

2.10. In vitro cell experiments

2.10.1. Isolation and culture of TDSCs
Four-week-old male Sprague-Dawley rats were euthanized by cer

vical dislocation. The Achilles tendons were aseptically isolated and 
minced into approximately 1 mm × 1 mm fragments, followed by 

digestion with type I collagenase for 1 h to isolate tendon-derived stem 
cells (TDSCs). The digested mixture, including undigested tendon tissue, 
was then seeded in alpha-modified Eagle's medium (α-MEM) supple
mented with 10% fetal bovine serum (FBS) and 1 × penicillin-strepto
mycin. After 48 h of culture, non-adherent cells were removed. When 
cells reached 100% confluence, they were passaged for expansion. Cells 
were expanded to passage 1 (P1) and subsequently cultured to passage 3 
(P3), at which point they were used for subsequent experiments.

2.10.2. Biocompatibility of core-shell microneedles in vitro
To evaluate the cytotoxicity of the core-shell microneedles, the 

sterilized microneedles were first immersed in 10 mL of basal medium 
for 7 days to prepare the extraction solution. The cytotoxicity was then 
assessed using a Cell Counting Kit-8 (CCK-8, Servicebio, China). Tendon- 
derived stem cells (TDSCs) were co-cultured with the microneedle 
extract for 24 and 48 h, respectively, and cell viability was measured at 
each time point. Additionally, cells were stained using a Live/Dead 
Viability/Cytotoxicity Assay Kit (L32250, Thermo Fisher Scientific), and 
their morphology was observed under an inverted fluorescence 
microscope.

2.10.3. Cell immunofluorescence of tendon-specific markers
To investigate the effect of core-shell microneedles on the tenogenic 

differentiation of tendon-derived stem cells (TDSCs), the cells were 
cultured for 3 days in complete α-MEM medium containing different 
microneedle extracts. After culture, the cells were washed twice with 
PBS and fixed with 4% paraformaldehyde (PFA). Subsequently, the 
samples were blocked with 1% bovine serum albumin (BSA, Servicebio, 
China) and incubated overnight at 4 ◦C with primary antibodies, 
including anti-SCX (1:200), anti-TNMD (1:200), and anti-Col I (1:200) 
(Abmart, China). The following day, the samples were washed three 
times with PBS and incubated with a secondary antibody (Abcam, USA) 
at 37 ◦C for 2 h. After removal of the secondary antibody, cell nuclei 
were stained with DAPI (Beyotime, China) for 5 min. Finally, immu
nofluorescence images were observed and captured using an inverted 
fluorescence microscope. In addition, the expression levels of SCX, 
TNMD, and Col I in tendon-derived stem cells were quantitatively 
measured according to the instructions of the enzyme-linked immuno
sorbent assay (ELISA) kit.

2.11. In vivo animal studies

Male Sprague-Dawley (SD) rats (weighing 250-300 g) were pur
chased from the Laboratory Animal Center of Southern Medical Uni
versity. All animal experiments were approved by the Animal Ethics 
Committee of the Institute of Biomedical Engineering, Guangdong 
Academy of Sciences (Approval No. 2024-01-157) and were conducted 
in strict accordance with the Guidelines for the Care and Use of Labo
ratory Animals. A total of 60 SD rats were randomly assigned to two 
observation time points (4 weeks and 8 weeks). At each time point, the 
rats were divided into four treatment groups: (1) Control group: Achilles 
tendon injury model was established followed by suture only, (2) HBC 
microneedle group: HBC microneedles were implanted after modeling 
and suture, (3) HC@PC microneedle group: HC@PC microneedles were 
implanted after modeling and suture, (4) HC@PCP microneedle group: 
HC@PCP microneedles were implanted after modeling and suture. The 
Achilles tendon injury model was established based on previously 
published methods. Under adequate analgesia, anesthesia, and surgical 
site disinfection, a longitudinal skin incision (approximately 2 cm in 
length) was made on the lateral aspect of the hind limb to expose the 
Achilles tendon. A 2 mm transverse incision was then made at the 
calcaneal tuberosity to simulate tendon rupture [32]. The severed 
tendon was sutured using a modified Kessler technique with 6-0 silk 
suture. Subsequently, the corresponding microneedles were implanted 
according to the assigned groups for treatment.

At 4 and 8 weeks post-operation, SD rats were euthanized, and the 
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regenerated tendon, along with surrounding tissues, was harvested. The 
samples were fixed in 4% paraformaldehyde and stored at 4 ◦C. After 
dehydration and paraffin embedding, tissue sections of 4 μm thickness 
were prepared and subjected to hematoxylin and eosin (H&E), Masson's 
trichrome, and Sirius red staining. H&E and Masson-stained sections 
were observed under an upright microscope (Olympus IX71SBF-2). In
flammatory cells in defined regions of H&E-stained sections were 
counted, and collagen content in Masson-stained sections was analyzed 
using ImageJ software. Sirius red-stained sections were examined under 
polarized light microscopy, and collagen fiber alignment was quantified 
with ImageJ. For tissues collected at the 8-week time point, immuno
histochemical staining was performed for SCX and TNMD, and the sec
tions were observed using an upright fluorescence microscope. Semi- 
quantitative analysis of SCX- and TNMD-positive cells was conducted 
with ImageJ. Biomechanical analysis was performed on harvested 
muscle-tendon-bone complexes (n = 5) at week 8. The calcaneus (bone) 

and the tendon-muscle junction were securely fixed in custom clamps. 
Following a 0.1 N preload, uniaxial tensile testing was conducted at a 
constant displacement rate of 5 mm/min until failure. The maximum 
force recorded during the test was defined as the failure load. The 
Young's modulus was calculated as the slope of the linear elastic region 
of the stress-strain curve. Failure strain was calculated as the ratio of the 
maximum displacement at rupture to the original gauge length of the 
tendon sample, representing the maximum deformation capacity before 
structural failure. To evaluate in vivo safety, H&E staining was per
formed on major organs (heart, liver, spleen, lung, and kidney) on week 
8 for histological examination.

2.12. Statistical analysis

All quantitative data were statistically analyzed using GraphPad 
Prism 9 (GraphPad Software Inc., USA). Statistical significance between 

Fig. 1. Synthesis and characterization of hydroxybutyl chitosan. (A) Synthetic reaction scheme of hydroxybutyl chitosan (HBC). (B) 1H NMR spectrum of HBC. 
(C) FTIR spectra of chitosan (CS) and HBC. (D) pH-dependent solubility profiles of chitosan and hydroxybutyl chitosan. (E) Macroscopic morphology of the ther
mosensitive HBC hydrogel. (F) Schematic diagram of the thermosensitive HBC hydrogel structure. (G) Temperature-sweep experimental results of HBC and HC@PCP 
hydrogels. (H) SEM image of HC@PCP hydrogel.
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groups was determined by Student's t-test or one-way analysis of vari
ance (ANOVA). A p-value less than 0.05 was considered statistically 
significant and is indicated by the symbol *. Different levels of signifi
cance are denoted as follows: * for p < 0.05, ** for p < 0.01, and *** for 
p < 0.001.

3. Results and discussion

3.1. Synthesis and characterization of hydroxybutyl chitosan

As shown in Fig. 1A, hydroxybutyl chitosan (HBC) was synthesized 
via the etherification of chitosan with 1,2-epoxybutane, resulting in the 
grafting of hydroxybutyl side chains onto the hydroxyl (-OH) and/or 
amino groups of the chitosan backbone [33]. Chitosan contains reactive 
hydroxyl and amino groups, allowing for both hydroxyl and amino 
substitution reactions with hydroxybutyl groups. In this study, the 
synthesis of HBC was conducted under alkaline conditions, favoring 
hydroxyl substitution to form ether linkages. In the 1H NMR spectrum of 
HBC (Fig. 1B), a new signal at 0.91 ppm can be assigned to the methyl 
protons of the hydroxybutyl side chain [34]. FTIR spectral analysis 
revealed that, compared with chitosan, HBC exhibits new characteristic 
absorption peaks at 2922 cm− 1 and 1456 cm− 1, corresponding to the 
C-H stretching and bending vibrations of methyl groups, respectively, 
confirming the successful grafting of hydroxybutyl groups onto the 
chitosan backbone (Fig. 1C) [35]. Moreover, the characteristic peak of 
chitosan at 1053 cm− 1 (attributed to the 6-OH group) was absent in the 
HBC spectrum, suggesting that hydroxybutyl substitution predomi
nantly occurred at the 6-position hydroxyl group [36]. Additionally, the 
absorption peak at 1377 cm− 1 in the HBC infrared spectrum, attributed 
to C-N bending vibrations, also exhibits significant changes, indicating 
that partial hydroxybutyl substitution reactions have occurred at the 
C-NH2 sites of chitosan. Dissolution behavior analysis (Fig. 1D) revealed 
that chitosan was soluble only in dilute acid solutions and formed 
flocculent precipitates when the pH reached 8, with optical density 
stabilizing thereafter. In contrast, the synthesized HBC remained soluble 
over a broader pH range, showing changes in optical density only when 
pH exceeded 11. These results further confirm that the hydroxybutyl 
substitution disrupted the crystalline structure of chitosan and weak
ened its intramolecular and intermolecular hydrogen bonding.

As shown in Fig. 1E, vial-inversion tests visually demonstrated the 
thermosensitive behavior of the HBC solution: it remained flowable at 
room temperature (≈22 ◦C) and rapidly formed a stable non-flowing gel 
upon heating to 37 ◦C, exhibiting a typical sol-gel transition. The ther
mosensitivity of HBC hydrogel originates from the introduction of hy
drophobic hydroxybutyl groups onto its molecular chain. Its 
thermosensitive sol-gel transition is attributed to the synergistic effects 
of hydrophobic interactions, hydrogen bond rearrangement, and 
temperature-dependent micellar assembly [33,37]. At low tempera
tures, HBC chains remain hydrated and dispersed in aqueous solution, 
with intermolecular forces dominating. The system is stabilized by 
extensive hydrogen bonding with water molecules and behaves as a 
highly fluid sol. When the temperature is increased to physiological 
temperature (approximately 37 ◦C), the thermal motion of water mol
ecules intensifies and disrupts the hydration between hydroxybutyl 
groups and water. This shift allows hydrophobic interactions between 
the hydrophobic side chains to become the dominant driving force. 
Through aggregation and association of hydrophobic domains, HBC 
molecular chains rapidly form a physically crosslinked network, leading 
to a sharp increase in solution viscosity and thus transitioning into a 
stable hydrogel. In addition, the abundant hydroxyl and amino groups 
on the HBC backbone also contribute to intermolecular hydrogen 
bonding, which further stabilizes the gel network formed at elevated 
temperatures. These combined driving forces trigger spontaneous gela
tion, enabling in situ solidification without chemical crosslinkers or 
external irradiation. When the temperature decreases, hydration re
sumes, hydrophobic interactions weaken, and the crosslinked network 

dissociates, allowing the gel to reversibly revert to a sol state (Fig. 1F). 
Temperature-sweep experiments further quantitatively determined the 
phase-transition temperature (Tgel) of the HBC hydrogel to be 27.87 ◦C 
(Fig. 1G). Additionally, the amplitude sweep revealed a pronounced 
strain-stiffening behavior followed by strain-thinning/yielding (Fig. S1). 
Both G′ and G″ showed a non-monotonic dependence on shear strain, 
increasing to a maximum before decreasing, indicative of a rearrange
able and yield-stress network [38]. Notably, the incorporation of PCCu 
and PRP did not significantly alter the thermosensitive gelling properties 
of HBC. This result is attributed to the mild physical loading strategy 
used in this system: both PCCu (as metal-phenolic network particles) 
and PRP are distributed within the HBC gel network via physical 
loading, without introducing chemical crosslinking or obvious inter
ference with the hydrophobic interactions and hydrogen bonds between 
HBC molecular chains. Therefore, the key characteristic of HBC to un
dergo in situ gelation near body temperature is well preserved, ensuring 
that the microneedle system can stably complete the sol-gel transition 
and achieve firm tissue anchoring after implantation. Moreover, the 
gelation temperature of HBC, which is above room temperature yet 
below physiological temperature (37 ◦C), indicates that rapid gelation 
can occur under near-physiological conditions, providing a crucial basis 
for its potential biomedical applications. SEM images revealed that the 
HC@PCP hydrogel exhibited a characteristic porous network structure 
(Fig. 1H). This structure possessed continuous pore walls and favorable 
three-dimensional interconnectivity, which not only facilitates the effi
cient diffusion of nutrients and metabolites but also provides a suitable 
physical scaffold for cell migration and tissue ingrowth. Therefore, by 
taking advantage of thermosensitive property of HBC, the HBC matrix 
remains in a pre-gel state at room temperature, which facilitates 
microneedle fabrication and shaping. After the microneedles are 
implanted in vivo, the HBC rapidly undergoes the hydrophobic 
aggregation-driven phase transition triggered by body temperature 
(~37 ◦C), forming a stable physically crosslinked gel network in situ at 
the defect site. This process requires no chemical crosslinkers or external 
energy input, enabling mild and self-sustained anchoring of the micro
needle system. It further provides an ideal and highly biocompatible 
carrier platform for the programmed release of bioactive components in 
subsequent steps.

3.2. Synthesis and characterizations of PCCu nanozymes

As illustrated in Fig. 2A, PCCu was synthesized via the room- 
temperature coordination of proanthocyanidins (PC) with copper ions 
(Cu2+) under alkaline conditions. The elevated reaction pH facilitated 
the deprotonation of catechol groups in PC, while sufficient Cu2+ con
centration ensured the stable formation of the PCCu coordination 
complex. The morphology, structural characteristics, and chemical 
composition of PCCu were characterized using scanning electron mi
croscopy (SEM) combined with energy-dispersive X-ray spectroscopy 
(EDS) mapping (Fig. 2B–D). SEM images revealed that PCCu formed 
nanoparticles with an average diameter of approximately 100 nm 
(Fig. 2B). EDS mapping further confirmed the uniform distribution of Cu 
within the PC matrix, indicating homogeneous coordination between 
Cu2+ and PC (Fig. 2C). Fourier-transform infrared (FTIR) spectroscopy 
was employed to analyze the functional group changes in PC and PCCu 
(Fig. 2E). In the FTIR spectrum of PC, the characteristic peak at 
1610 cm− 1 was assigned to the C=O stretching vibration, while the 
absorption around 1285 cm− 1 originated from the vibration of aromatic 
hydroxyl groups [39]. Notably, the intensities of these peaks were 
significantly reduced or even disappeared in the PCCu spectrum. 
Concurrently, a new absorption peak appeared at 1490 cm− 1 in the 
PCCu spectrum, attributed to the symmetric stretching vibration of 
carboxylate anions (COO− ) formed after coordination [30]. X-ray 
diffraction (XRD) was further utilized to investigate the crystal struc
tures of PC and PCCu (Fig. 2F). The XRD pattern of PCCu exhibited 
characteristic diffraction peaks within the 20-30◦ (2θ) range. Compared 

M. Fu et al.                                                                                                                                                                                                                                       Materials Today Bio 37 (2026) 102964 

7 



with PC, the diffraction peaks of PCCu showed reduced intensity and 
shifts in peak positions, indicating that the formation of PCCu involved 
structural rearrangement and alterations in crystallinity. The crystalline 
structure of PCCu was clearly confirmed by high-resolution transmission 
electron microscopy (HRTEM) and selected area electron diffraction 
(SAED) (Fig. S2). HRTEM images (Fig. S2A and 2B) show that PCCu 
samples exhibit an aggregated morphology at the 100 nm scale, while 
distinct particle boundaries and clear lattice fringes can be observed at 
the 5 nm scale. The corresponding SAED pattern (Fig. S2C) displays 
characteristic diffraction spots and rings, indicating that PCCu is a 
polycrystalline powder. These results are in good agreement with the 
XRD data, jointly verifying the crystalline nature of PCCu. Additionally, 
XPS was used to analyze the chemical state of copper in PCCu (Fig. 2G). 
The binding energy peak at 935 eV was identified as Cu 2p, and the 
presence of satellite peaks further confirmed the existence of Cu2+

species. In comparison with the XPS spectrum of PC, the distinct 
appearance of copper signals in the PCCu spectrum directly verified the 
successful incorporation of Cu2+.

3.3. Release of PRP and PCCu in core-shell HBC hydrogels

As shown in Fig. 2H, platelet-rich plasma (PRP) was successfully 
isolated from rat whole blood via differential centrifugation. 

Subsequently, the release behavior of growth factors from PRP-loaded 
core-shell HBC hydrogel microneedle was systematically evaluated. 
The cumulative release profiles (Fig. 2I and J) revealed that the growth 
factors (represented by PDGF and EGF) exhibited sustained and 
controllable release over a 21-day period. Specifically, the release 
occurred at a relatively slow rate during the initial phase (days 1-7), 
effectively avoiding the burst release of bioactive factors. From day 7 
to day 21, the release rate of growth factors significantly accelerated, 
enabling long-term and stable supply of bioactive factors. This release 
profile is mainly determined by the dual barrier effect of the HBC 
hydrogel network and the core-shell structure. Growth factors encap
sulated in the core are protected by the dense HBC hydrogel network and 
the outer shell layer, which slows down their diffusion rate at an early 
stage. Over time, the HBC hydrogel network gradually relaxes and un
dergoes slight degradation, reducing the diffusion resistance of growth 
factors and thereby achieving sustained and stable release. As for the 
release behavior of PC and Cu (the two components of PCCu), Fig. S3
shows that a distinct burst release pattern was observed. Specifically, 
within the initial 24 h of incubation, the cumulative release percentages 
of PC and Cu reached 50.5% and 48.65%, respectively, and the overall 
release process was nearly completed within 10 days. This rapid release 
behavior is attributed to the core-shell structural design and the ther
mosensitive gelation process of HBC. PCCu is loaded in the outer shell of 

Fig. 2. Preparation and characterization of PCCu and PRP. (A) Schematic illustration of PCCu synthesis. (B) Scanning electron microscopy (SEM) image of PCCu. 
(C) Elemental mapping of PCCu. (D) EDS spectrum of PCCu. (E) Fourier transform infrared (FTIR) spectra of PC and PCCu. (F) X-ray diffraction (XRD) patterns of PC 
and PCCu. (G) X-ray photoelectron spectroscopy (XPS) spectra of PC and PCCu. (H) Schematic diagram of PRP extraction. Cumulative release profile of (I) PDGF and 
(J) EGF from PRP-loaded HBC hydrogel (n = 5).
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the hydrogel, where it directly contacts the release medium. During the 
initial sol-gel transition of HBC, the loose preliminary network formed 
creates abundant diffusion channels, allowing PCCu to diffuse rapidly 
out of the hydrogel matrix without being restricted by the dense core 
structure. The fast release of PCCu ensures that an effective concentra
tion can be rapidly achieved at the injury site in the early stage, laying a 
solid foundation for scavenging reactive oxygen species (ROS) and 

inhibiting bacterial proliferation.
In summary, the release behaviors of PRP and PCCu are mainly 

attributed to the physical encapsulation and diffusion barrier effect of 
the HBC hydrogel network, together with the staged regulation of 
release kinetics by the core-shell structure [40]. The release kinetics of 
PCCu and growth factors show a clear temporal sequence: PCCu is 
released rapidly in the early and middle stages (0-10 days) to exert 

Fig. 3. Preparation and physical characterization of HC@PCP core-shell microneedles. (A) Schematic diagram of the fabrication process for core-shell 
microneedles. (B) Illustration of the polydimethylsiloxane (PDMS) mold. (C) Stereomicroscopy image of the core-shell microneedles. (D) Scanning electron mi
croscopy (SEM) image of the core-shell microneedles. (E) Overlay elemental mapping of the microneedle surface. (F) Elemental distribution maps of C, N, O, and Cu 
elements on the microneedle surface. (G) Fluorescence microscopy image of the core-shell microneedles. (H) Observation of the thermosensitive cross-linking and 
swelling behavior of HBC microneedles. (I) Microscopic observation of microneedle skin penetration into rat skin. (J) Schematic illustration of the compression test 
on the microneedle array. (K) Compression load-displacement curves of the microneedle array.
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anti-inflammatory and antibacterial effects, whereas growth factors are 
released continuously in the middle and late stages (5-21 days), 
providing long-term bioactive signals for tendon regeneration. Such 
coordinated sequential release clearly demonstrates the feasibility of the 
sequential “defense-nutrition” strategy designed in this study, and pro
vides direct experimental support for the subsequent in vitro and in vivo 
functional evaluation of this system.

3.4. Characterization of core-shell microneedles

The fabrication process of the core-shell microneedles is illustrated in 
Fig. 3A. Specifically, the microneedles were prepared using a poly
dimethylsiloxane (PDMS) positive-negative mold method (Fig. 3B and 
S4). After demolding, the obtained HC@PCP microneedle array 
exhibited a regular 15 × 15 arrangement. Stereomicroscopic observa
tion revealed a uniform conical morphology of the microneedles 

(Fig. 3C). Their surface morphology and microstructure were further 
characterized by scanning electron microscopy (SEM). As shown in 
Fig. 3D, the microneedle tips display a well-defined and intact pyramidal 
geometry with sharp apexes and no observable structural defects. The 
microneedle base exhibited a rough surface morphology, which could 
increase the contact area at the tissue interface, enhance frictional 
resistance after insertion, thereby improving mechanical anchoring and 
facilitating sustained drug release and therapeutic efficacy. Further
more, elemental mapping images of HC@PCP (Fig. 3E and F) confirmed 
the homogeneous distribution of Cu2+ on the microneedle surface.

To verify the core-shell structure, microneedles were prepared using 
rhodamine B (simulating PCCu) and calcein (simulating PRP) as fluo
rescent markers. Fluorescence microscopy images showed a red outer 
layer and a green inner layer, indicating the successful construction of 
the core-shell architecture (Fig. 3G). The thermosensitive cross-linking 
behavior was further simulated in vitro. The HBC microneedles loaded 

Fig. 4. In vitro antioxidant activity performance. (A) Photographs of different microneedles in DPPH solution after reaction and schematic of DPPH radical 
scavenging. (B) UV-Vis absorption spectra of DPPH solution treated with different microneedles. (C) Dynamic DPPH radical scavenging profile of HC@PCP. (D) 
Photographs of different microneedles in ABTS+ solution after reaction and schematic of ABTS+ radical scavenging. (E) UV-Vis absorption spectra of ABTS+ solution 
treated with different microneedles. (F) Dynamic ABTS+ radical scavenging profile of HC@PCP. (G) Photographs of different microneedles in TMB + H2O2 solution 
after reaction and schematic of TMB chromogenic reaction (oxidized to oxidized TMB(oxTMB)). (H) UV-Vis absorption spectra of the TMB reaction system with 
different microneedles. (I) Time-dependent UV-Vis spectral changes of the TMB reaction catalyzed by HC@PCP. (J) Photographs of different microneedles in OPD +
H2O2 solution after reaction and schematic of OPD chromogenic reaction (oxidized to oxidized OPD(oxOPD)). (K) UV-Vis absorption spectra of the OPD reaction 
system with different microneedles. (L) Time-dependent UV-Vis spectral changes of the OPD reaction catalyzed by HC@PCP. (O) The fluorescence images and (P) 
relative fluorescence intensities of oxidation inhibition obtained by ROS test kit. *p < 0.05, **p < 0.01, ***p < 0.001.
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with the colorimetric agent Rhodamine B exhibited significant swelling 
instead of dissolution in solution at 37 ◦C (Fig. 3H), confirming their 
potential for in vivo temperature-triggered gelation. In addition, after 
inserting HC@PCP into rat skin for 30 s and subsequent removal, orderly 
arranged micropores were observed on the skin surface, and crystal vi
olet staining clearly demonstrated successful penetration of the micro
needles through the skin tissue (Fig. 3I). Mechanical compression testing 
was performed on the microneedle arrays (Fig. 3J). The maximum 
failure force of the pure HBC microneedle array was about 70 N 
(Fig. 3K). In contrast, no significant change in the maximum failure force 
was observed for HC@PC and HC@PCP microneedle arrays, indicating 
that the incorporated components did not compromise the overall me
chanical strength of the microneedles. These results demonstrate that 
the fabricated microneedles possess sufficient mechanical properties to 
effectively penetrate biological tissues such as skin and tendon [41].

3.5. In vitro antioxidant activity performance

Tendon injury typically triggers a local inflammatory response, 
leading to elevated levels of reactive oxygen species (ROS) that impede 
tendon regeneration [42]. Given the excellent antioxidant capacity of 
proanthocyanidins [16], we systematically characterized the antioxi
dant performance of PCCu. DPPH is a stable nitrogen-centered radical 
that appears purple in ethanol solution and exhibits a characteristic 
absorption peak at 517 nm [43], which can be used to quantitatively 
evaluate reducing capacity (Fig. 4A). As shown in Fig. 4B and S5, pure 
HBC microneedles displayed limited radical scavenging activity, scav
enging only about 10.17% of DPPH radicals within 30 min. In contrast, 
the incorporation of PCCu significantly enhanced DPPH scavenging: 
HC@PC and HC@PCP achieved clearance rates of 78.36% and 83.02%, 
respectively, within 30 min. With prolonged time, the DPPH solution in 
the HC@PCP group became completely decolorized, and the absorption 
peak at 517 nm nearly disappeared, indicating nearly complete elimi
nation of DPPH radicals (Fig. 4C and S6).

ABTS can be oxidized to form a stable bluish-green cationic radical 
(ABTS+) with a characteristic absorption at 750 nm (Fig. 4D) [44]. 
Consistent with the DPPH results, HBC microneedles showed only weak 
ABTS+ scavenging ability (Fig. 4E and S7). In contrast, PCCu-loaded 
HC@PC and HC@PCP exhibited pronounced ABTS+ scavenging, with 
efficiencies reaching 73.36% and 80.16% within 25 min, respectively. 
Furthermore, the ABTS+ scavenging rate of the HC@PCP group 
continued to increase over time (Fig. 4F and S8). These results demon
strate that HC@PCP possesses excellent antioxidant capacity, which is 
primarily derived from proanthocyanidins, while PRP also contributes 
partially to radical scavenging.

Moreover, the peroxidase-like activity of the microneedles was 
evaluated spectrophotometrically using 3,3′,5,5′-tetramethylbenzidine 
(TMB) and H2O2 as substrates (Fig. 4G–I). H2O2 can be catalytically 
converted by the microneedles to generate hydroxyl radicals (⋅OH), 
which subsequently oxidize TMB to oxTMB, producing a characteristic 
absorption peak at 652 nm (Fig. 4G). No significant absorption at 
652 nm was observed in the TMB + H2O2 group or the TMB + H2O2 +

HBC group, whereas both HC@PC and HC@PCP groups showed distinct 
peaks at this wavelength, confirming their peroxidase-like activity 
(Fig. 4H). Time-dependent catalytic experiments revealed that the ab
sorption intensity of HC@PCP at 652 nm increased with time, demon
strating its time-responsive catalytic behavior (Fig. 4I). The peroxidase- 
like activity was further verified using the o-phenylenediamine (OPD) 
and H2O2 system (Fig. 4J–L). In the presence of peroxidase-like cata
lysts, OPD can be oxidized and polymerized by H2O2 to form 2,3-Diami
nophenazine (oxOPD), which exhibits a characteristic absorption at 
440 nm (Fig. 4J). The results were consistent with the TMB assay system: 
HC@PCP showed the highest peak intensity (Fig. 4K), and the absor
bance peak of HC@PCP at 440 nm increased over time (Fig. 4L), con
firming its time-dependent peroxidase-like catalytic activity.

The cellular antioxidant capacity of HC@PCP microneedles was 

evaluated using a reactive oxygen species (ROS) assay kit. In the 
experiment, H2O2 was used to stimulate cells to generate excessive 
intracellular ROS, while 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA) served as the fluorescent probe to detect intracellular ROS 
levels. As shown in Fig. 4O and P, cells without H2O2 treatment 
exhibited almost no fluorescence signal, whereas the H2O2-treated 
group displayed strong fluorescence. Notably, cells treated with HC@PC 
and HC@PCP showed significantly lower DCFH fluorescence intensity 
compared to the H2O2-treated group, indicating effective intracellular 
ROS scavenging. In contrast, the HBC group without PCCu showed only 
a minor difference in fluorescence signal compared to the H2O2 group, 
suggesting that PCCu plays a key role in ROS clearance.

In summary, HC@PC and HC@PCP exhibited significant antioxidant 
and catalytic performance in DPPH/ABTS+ scavenging assays, 
peroxidase-like activity tests and ROS scavenging assays, with PCCu 
serving as the primary active component. This system can effectively 
scavenge excess hydrogen peroxide and mitigate oxidative stress dam
age, providing a functional material basis for promoting tendon 
regeneration.

3.6. Antibacterial ability of the HC@PCP

The antibacterial effect was evaluated by co-incubating micro
needles with bacterial suspensions. As shown in Fig. 5A, Staphylococcus 
aureus treated with HC@PC and HC@PCP exhibited a significant 
reduction in bacterial number and obvious damage to colony 
morphology. Bacterial viability was significantly lower than that of the 
control and HBC groups (Fig. 5B, p < 0.001). No significant difference 
was observed between the HC@PC and HC@PCP groups, while HBC also 
showed a certain inhibitory effect on S. aureus. These results indicate 
that HC@PCP possesses notable bacteriostatic and bactericidal activities 
against Gram-positive bacteria. Similarly, for E. coli, both HC@PC and 
HC@PCP treatment led to a marked decrease in bacterial count, 
accompanied by deformed and ruptured bacterial structures, and 
significantly reduced bacterial viability compared with the control and 
HBC groups, confirming the potent antibacterial activity of HC@PCP 
against Gram-negative bacteria (Fig. 5C and D). Overall comparison 
revealed that HBC itself exhibited a certain degree of antibacterial 
ability, whereas HC@PC and HC@PCP demonstrated the most pro
nounced antibacterial effects, suggesting a synergistic enhancement 
between PCCu and HBC (Fig. 5E). Moreover, the relatively weak anti
bacterial activity of pure HBC microneedles further indicated that PCCu 
serves as the primary active component responsible for the antimicrobial 
function [45].

The early growth inhibition kinetics of HC@PCP microneedles 
against S. aureus and E. coli were evaluated using a co-culture method. 
Both bacterial strains showed rapid proliferation within 4 h in the blank 
control group. In contrast, the HC@PCP microneedle group exhibited 
significant inhibition of bacterial proliferation as early as 1 h of co- 
culture, and the inhibitory effect was maintained continuously over 
4 h. The relative growth inhibition rates reached 75.32% and 71.35% 
against S. aureus and E. coli, respectively (Fig. S9). In conclusion, 
HC@PCP displayed highly effective and broad-spectrum antibacterial 
performance against S. aureus and E. coli, which mainly stems from the 
synergistic antimicrobial activity of copper ions and proanthocyanidins 
in PCCu [30,46]. Furthermore, HC@PCP microneedles can rapidly 
suppress pathogen proliferation at the early injury stage, meeting the 
temporal requirement for early anti-infective defense. These results 
provide experimental evidence for the potential application of the 
sequential “defense-nutrition” strategy in the prevention and treatment 
of bacterial infection after tendon injury.

3.7. Hemocompatibility of HC@PCP

Good hemocompatibility is a prerequisite for the clinical application 
of biomedical materials [47]. To evaluate the biosafety of HC@PCP, an 
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in vitro hemocompatibility test was performed. As shown in Fig. 5F and 
G, the positive control group (0.1% Triton X-100) exhibited strong he
molytic effects with a hemolysis rate of 100%. In contrast, the PBS 
negative control group displayed only a very low background hemolysis 
rate, confirming the reliability of the experimental system. Both the HBC 
microneedle group and the HC@PCP group showed hemolysis rates 
comparable to the PBS group and significantly lower than that of the 
positive control group (Fig. 5G, p < 0.001). Notably, the hemolysis rate 
of HC@PCP was below 5%, meeting the commonly accepted safety 
threshold for hemocompatibility of biomaterials (<5%). In summary, 
these results demonstrate that HC@PCP possesses good hemocompati
bility and fulfills the safety requirements for biomaterials.

3.8. Effects of HC@PCP on the viability and tenogenic differentiation of 
TDSCs

To evaluate the biocompatibility of HC@PCP and its effects on the 
viability and differentiation of tendon-derived stem cells (TDSCs), 
TDSCs were first treated with HC@PCP extract, and cell morphology and 
viability were observed using live/dead cell staining. As shown in 
Fig. 6A, at both 24 h and 48 h, cells in the control and all treatment 
groups (HBC, HC@PC, HC@PCP) maintained good adherence and 

spreading morphology, with no obvious shrinkage, floating, or death. 
CCK-8 quantitative results (Fig. 6B) indicated that after 24 h of culture, 
cell viability in all treatment groups showed no significant difference 
compared with the control. At 48 h, the viability of HC@PC and 
HC@PCP groups was significantly higher than that of the control 
(p < 0.05), with the HC@PCP group showing the most pronounced 
enhancement, suggesting that the combined loading of PCCu and PRP 
promotes TDSC proliferation activity.

The tenogenic differentiation of TDSCs was further assessed by 
immunofluorescence staining of key markers. SCX is an early key tran
scription factor in tendon development [48]. Compared with the con
trol, HC@PC treatment significantly increased SCX fluorescence 
intensity (Fig. 6C and D, p < 0.001), indicating activation of upstream 
tenogenic pathways. The HC@PCP group exhibited even higher SCX 
expression than the HC@PC group (p < 0.05), demonstrating a syner
gistic enhancement effect with PRP incorporation. TNMD is a 
tendon-specific structural protein involved in collagen maturation and 
mechanical function [9]. Both HC@PC and HC@PCP treatments mark
edly enhanced TNMD fluorescence intensity (Fig. 6E and F, p < 0.01), 
indicating that the material system not only initiates differentiation but 
also promotes the synthesis of functional proteins. Meanwhile, expres
sion of type I collagen (Col I), the main component of the tendon 

Fig. 5. Antibacterial ability and hemocompatibility of the HC@PCP. (A) Colony counting results and scanning electron microscopy (SEM) images of S. aureus. 
(B) Survival rates of S. aureus after treatment with different microneedles (n = 5). (C) Colony counting results and SEM images of E. coli. (D) Survival rates of E. coli 
after treatment with different microneedles (n = 5). (E) Schematic illustration of the antibacterial mechanism of HC@PCP microneedles. (F) Photographs of samples 
from the hemocompatibility test. (G) Relative hemolysis rates of different treatment groups (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
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extracellular matrix, was also significantly increased in the HC@PCP 
group (Fig. 6G and H), which contributes to the formation of 
well-aligned collagen fibers and facilitates the restoration of tendon 
mechanical function. At the transcriptional level, qPCR results further 
confirmed these findings (Fig. 6I–K). Compared with the control (set as 
1), the relative expression of SCX in the HC@PCP group increased to 
1.58 (p < 0.001), TNMD increased from 1 to 1.54 (p < 0.001), and Col I 
expression was also significantly upregulated. These results consistently 
demonstrate that HC@PCP effectively promotes the expression of SCX, 
TNMD, and Col I in TDSCs, inducing their tenogenic differentiation. The 

observed tenogenic effects are primarily attributed to the synergistic 
action of PRP and PCCu (Fig. 6L). PRP is rich in various growth factors, 
such as PDGF, TGF-β, and IGF-1, which can upregulate tenogenic gene 
expression by activating signaling pathways such as TGF-β/Smad and 
PI3K/Akt [49]. Meanwhile, copper ions in PCCu serve as cofactors for 
enzymatic reactions involved in collagen cross-linking and energy 
metabolism, while proanthocyanidins alleviate oxidative stress through 
antioxidant activity, together providing a supportive microenvironment 
for the tenogenic differentiation of TDSCs [46,50].

Fig. 6. Effects of HC@PCP on the cellular viability and tenogenic differentiation potential of TDSCs. (A) Representative fluorescence images of live/dead 
staining. (B) Statistical analysis of cell viability based on CCK-8 assay (n = 5). (C) Immunofluorescence staining images of SCX in TDSCs treated with different 
microneedles. (D) Quantitative analysis of SCX immunofluorescence intensity (n = 5). (E) Immunofluorescence staining images of TNMD in TDSCs treated with 
different microneedles. (F) Quantitative analysis of TNMD immunofluorescence intensity (n = 5). (G) Immunofluorescence staining images of Col I in TDSCs treated 
with different microneedles. (H) Quantitative analysis of Col I immunofluorescence intensity (n = 5). The mRNA relative expression levels of SCX (I), TNMD (J), and 
Col I (K) detected by qPCR (n = 5). (L) Schematic illustration of the synergistic mechanism of PRP and PCCu in promoting tenogenic differentiation of TDSCs. *p <
0.05, **p < 0.01, ***p < 0.001.
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3.9. Assessment of in vivo tendon repair efficac

To evaluate the therapeutic efficacy of the developed HC@PCP core- 
shell microneedles, a rat Achilles tendon rupture model was established 
and treated by local microneedle delivery. Tendon samples were 
collected at predetermined time points, and the repair outcomes among 
different groups were systematically compared (Fig. 7A). Histological 
analysis revealed that at 4 weeks post-operation, H&E staining showed 
fibroblast rearrangement and inflammatory cell infiltration in all groups 
(Fig. 7B). However, inflammatory cell counting demonstrated that both 
HC@PC and HC@PCP groups significantly reduced inflammatory cell 
density compared with the control and HBC groups (Fig. 7C). Moreover, 
the HC@PCP group exhibited the densest collagen structure and the 

most aligned collagen fiber orientation. At 8 weeks post-operation, 
tendon repair quality improved in all groups compared with that at 4 
weeks (Fig. 7D), but disorganized and loose collagen fibers were still 
observed in the control and HBC groups, indicating insufficient local 
regeneration. In contrast, the HC@PC group displayed a large amount of 
newly formed, highly aligned collagen fibers. Notably, the HC@PCP 
group showed a more mature, dense, and highly ordered collagen ar
chitecture, which was further confirmed by quantitative statistical 
analysis (Fig. 7E). Sirius red staining indicated that collagen deposition 
became progressively denser over time in all groups (Fig. 7F). At 4 
weeks, collagen fibers were not fully mature, and no significant differ
ences in collagen content or fiber alignment were observed among the 
control, HBC, and HC@PC groups, whereas the HC@PCP group 

Fig. 7. Assessment of in vivo tendon repair efficacy. (A) Schematic diagram of the experimental procedure for microneedle treatment of Achilles tendon injury. 
(B) Representative H&E and Masson's trichrome staining images of Achilles tendon tissues at 4 weeks post-operation (black arrow: inflammatory cells). (C) Statistical 
analysis of inflammatory cell numbers in each group at 4 weeks post-operation (n = 5). (D) Representative H&E and Masson's trichrome staining images of Achilles 
tendon tissues at 8 weeks post-operation. (E) Quantitative analysis of collagen deposition in Achilles tendon tissues at 8 weeks post-operation (n = 5). (F) Repre
sentative Sirius red staining images of Achilles tendon tissues at 4 and 8 weeks post-operation. (G) Statistical analysis of collagen fiber orientation in each group at (G) 
4 weeks post-operation and (H) 8 weeks post-operation.*p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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exhibited higher collagen deposition and more uniform fiber orientation 
(Fig. 7G). By 8 weeks, the HC@PCP group showed abundant, well- 
aligned type I collagen deposition, forming a mature extracellular ma
trix structure, while collagen deposition remained sparse and less 
organized in the control and HBC groups (Fig. 7H). The results above 
demonstrate that HC@PCP core-shell microneedles significantly pro
mote collagen deposition, mature alignment, and regenerative quality in 
injured tendon tissue by establishing a microenvironment conducive to 
tendon regeneration, exhibiting promising therapeutic potential.

3.10. HC@PCP regulates the expression of key tendon regeneration 
markers SCX and TNMD in vivo

To investigate the regulatory role of HC@PCP on key tendon 
regeneration markers in vivo, this study employed immunofluorescence 
staining to evaluate the expression of SCX, an early marker of tendon 
differentiation, and TNMD, a terminal marker, in repaired tissues at 8 
weeks post-surgery. Following tendon injury, early and effective tendon- 
specific differentiation is central to functional recovery. SCX, as a 
tendon-specific transcription factor, regulates the differentiation process 
of tendon stem cells into tendon cells. Compared with the control and 
HBC groups, the HC@PCP treatment group exhibited significantly 
enhanced SCX fluorescence signals in the injured area (Fig. 8A), 

Fig. 8. HC@PCP regulates the expression of key tendon regeneration markers SCX and TNMD in vivo. (A) Representative immunofluorescence images of SCX 
in Achilles tendon tissues at 8 weeks post-operation. (B) Quantitative analysis of SCX immunofluorescence intensity at 8 weeks post-operation (n = 5). (C) 
Representative immunofluorescence images of TNMD in Achilles tendon tissues at 8 weeks post-operation. (D) Quantitative analysis of TNMD immunofluorescence 
intensity at 8 weeks post-operation (n = 5). (E) Schematic diagram illustrating the mechanism by which HC@PCP promotes tendon healing through synergistic 
upregulation of SCX and TNMD expression. *p < 0.05, **p < 0.01, ***p < 0.001.
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indicating that HC@PCP activates endogenous tendon stem cells and 
promotes their directed differentiation toward the tendon lineage. 
Additionally, SCX expression in the HC@PC group was significantly 
elevated compared with the control group (Fig. 8B, p < 0.01). TNMD, a 
maturation marker protein involved in collagen fiber assembly and 
tendon mechanical architecture, exhibited markedly enhanced fluores
cence signals in the injured region of the HC@PCP group compared to 
both the control and HBC groups (Fig. 8C and D, p < 0.01). This suggests 
that HC@PCP not only initiates the tendon differentiation program but 
also propels the newly formed tissue toward functional maturation. 
Collectively, these findings demonstrate that HC@PCP synergistically 
upregulates SCX and TNMD expression within the injured microenvi
ronment, thereby systematically promoting tendon stem cell differenti
ation and the synthesis of functional tendon proteins (Fig. 8E).

Tendon samples were subjected to biomechanical testing to assess 
the effect of HC@PCP microneedles on postoperative tendon regenera
tion. As shown in Figs. S10 and S11, at 8 weeks post-operation, the 
HC@PCP group exhibited the highest maximum load and Young's 
modulus among all groups, which were significantly greater than those 
of the Control group (p < 0.05). Even the HC@PC group without PRP 
showed significantly higher maximum load and Young's modulus than 
the Control group (p < 0.05). In contrast, no significant difference was 
observed between the HBC microneedle group and the Control group. 
Moreover, the HC@PCP treatment group exhibited significantly higher 
failure strain than the control groups (Fig. S12). The improved failure 
strain indicates enhanced deformability and toughness of the repaired 
tendon tissue. These results are consistent with the observed increases in 
failure load and Young's modulus, collectively demonstrating that the 
sequential defense-nutrition strategy effectively enhances the overall 
mechanical integrity and functional performance of injured tendons. In 
summary, PCCu and PRP exerted a synergistic effect in promoting 
tendon healing, and the HC@PCP microneedles co-loaded with PCCu 
and PRP effectively promote tendon healing and restore favorable me
chanical properties. In addition, to assess potential in vivo toxicity during 
long-term intervention with HC@PCP, major organ samples (heart, 
liver, spleen, lungs, and kidneys) were collected from rats at week 8 and 
systematically examined by hematoxylin and eosin (H&E) staining for 
histomorphological analysis. The results showed no significant patho
logical alterations or structural damage in any of the examined organs 
between the control group and the HC@PCP-treated group (Fig. S13), 
indicating that HC@PCP did not induce notable tissue toxicity under the 
experimental conditions and exhibited favorable in vivo biosafety.

The repair results from the rat Achilles tendon injury model in this 
study demonstrate the significant therapeutic advantages of the 
sequential defense-nutrition synergy strategy based on thermosensitive 
core-shell microneedles. In the early postoperative phase, the rapid 
release of PCCu from the microneedle shell effectively suppressed local 
inflammation. Histological analysis revealed that the HC@PCP group 
had a significantly lower inflammatory cell density compared with the 
control group, thereby creating a stable microenvironment for subse
quent repair. Concurrently, the sustained release of PRP from the core 
provided long-term bioactive signaling support to tendon-derived stem 
cells, promoting tenogenic differentiation and extracellular matrix 
synthesis. This was evidenced by upregulation of key markers such as 
SCX and TNMD, along with progressively aligned collagen fibers in the 
injured tissue. At the 8-week endpoint, the HC@PCP group exhibited a 
denser and more regularly aligned collagen architecture. This was 
accompanied by significant upregulation of the key tenogenic markers 
SCX and TNMD in vivo, along with superior biomechanical properties. 
Collectively, these results demonstrate that the temporally controlled 
delivery strategy of PCCu and PRP not only accelerated the tissue repair 
process but also promoted the coordinated structural and functional 
maturation of the regenerated tendon. This “anti-inflammatory first, 
regeneration-promoting afterward” staged intervention matches the 
physiological timeline of tendon healing, thereby achieving synergistic 
enhancement of repair outcomes in deep tissue.

4. Discussion

Tendon repair after injury is a highly time-dependent biological 
process. Imbalanced oxidative stress and infection risk in the early stage 
can aggravate inflammatory tissue damage [51]. In the later stage, 
insufficient bioactive signals lead to disordered collagen arrangement 
and inadequate mechanical properties, which ultimately limit func
tional regeneration [52]. Currently, various biomaterial strategies 
(electrospun scaffolds, 3D-printed constructs, hydrogels, microspheres) 
have been developed for tendon repair, either alone or combined with 
cells/growth factors [53]. However, recent reviews highlight critical 
limitations: most scaffolds are only validated in animals with poor 
clinical translatability, non-degradable scaffolds offer robust mechanics 
but lack biocompatibility, while biodegradable ones fail to withstand 
tendon's dynamic stress [54]. Meanwhile, accelerating angiogenesis to 
ensure sufficient nutrient supply at the tendon injury site is also critical 
for expediting healing [55]. To address these issues, researchers 
emphasize two priorities: optimizing scaffolds for integrated mechanics, 
biocompatibility and safety and clarifying therapeutic mechanisms amid 
the multi-factorial nature of in vivo repair [54]. The sequential “defen
se-nutrition” strategy proposed by the thermosensitive core-shell 
microneedle system constructed in this study is designed to address 
this clinical need, and it is highly consistent with cutting-edge research 
concepts in the field. Compared with traditional single-function repair 
materials, this system achieves precise temporal regulation of the rapid 
early release of PCCu and the sustained late release of PRP through the 
synergistic effect of the core-shell structure and thermosensitive phase 
transition. This design concept has been widely supported by recent 
studies on intelligent delivery systems [56,57]. Existing research shows 
that the sequential release of antioxidants, antibacterial factors and 
growth factors can effectively simulate the physiological tendon repair 
process and significantly improve collagen deposition and mechanical 
reconstruction [58]. The in vivo experimental results of this study also 
confirm that this sequential strategy can effectively reduce inflamma
tory responses and promote ordered collagen arrangement, which is 
consistent with the above key research conclusions. Meanwhile, the 
precise anchoring of this system achieved through thermosensitive in 
situ gelation solves the problem of easy displacement of traditional 
microneedles and hydrogel carriers in dynamic deep soft tissues such as 
the Achilles tendon. It makes up for the deficiency of existing delivery 
systems in tissue adaptability and provides a new solution for spatio
temporally controlled repair of tendon regeneration.

Compared with conventional microneedle technologies based on 
chemical or photo-crosslinking strategies, this system exhibits remark
able distinctions and advantages in terms of application manner, drug 
release behavior, and biological safety [57,59]. The core innovation lies 
in the organic integration of material intelligence, structural engineer
ing, and therapeutic rationale. In terms of application modality, tradi
tional crosslinked microneedles (e.g., UV-cured systems) require 
prefabrication into fixed shapes in vitro. When implanted into deep, 
dynamic, and irregularly shaped soft tissues (such as the Achilles 
tendon), they frequently undergo displacement or exert mechanical 
stress on surrounding tissues due to mismatched mechanical properties, 
thereby impairing long-term retention and therapeutic efficacy. By 
exploiting the thermosensitive sol-gel transition of HBC (LCST ≈ 27 ◦C), 
the present system enables in situ physical gelation of microneedles at 
physiological temperature (37 ◦C) following tissue penetration, forming 
a three-dimensional network with mechanical properties matching 
those of the surrounding tissue. This transition proceeds without 
external energy input or chemical initiators, achieving biomechanical 
interlocking and seamless interfacial integration between the micro
needle matrix and tissue. It effectively solves the problem of poor 
anchoring stability in dynamic soft tissues, a major limitation of tradi
tional delivery systems. Regarding the regulation of drug release, drug 
delivery from conventional microneedles mostly relies on intrinsic ma
terial degradation, leading to simple and fixed release kinetics that 
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cannot well meet the biological needs of different stages during tissue 
repair. In this study, a sequential “defense-nutrition” release profile is 
established by combining core-shell structural design with the dynamic 
phase transition behavior of thermosensitive gels. After implantation, 
the metal-phenolic network (PCCu) loaded in the shell layer is rapidly 
released through diffusion channels formed during the initial gelation 
stage, promptly scavenging reactive oxygen species and inhibiting 
bacterial infection to rapidly establish an anti-inflammatory and 
anti-infective microenvironment. Subsequently, platelet-rich plasma 
(PRP) enriched with growth factors and encapsulated in the core is 
sustainably released after the gel network stabilizes, providing 
long-term biological signals for the proliferation and differentiation of 
tendon stem cells. This spatiotemporally controlled release creates a 
continuous process from microenvironment regulation to cell behavior 
guidance, which is highly consistent with the natural process of tendon 
regeneration. At the level of biocompatibility and translational poten
tial, chemical or photo-crosslinked microneedles may contain residual 
crosslinkers, photoinitiators, or their degradation products. In addition, 
UV irradiation itself may cause cytotoxicity or local inflammation, 
raising long-term safety risks. In contrast, relying on the 
temperature-responsive physical gelation of HBC, this system involves 
no chemical crosslinking reagents or external irradiation. The HBC itself 
exhibits favorable biodegradability and biocompatibility, which signif
icantly enhances the biosafety of the system and provides a crucial 
guarantee for its clinical translation. In addition, the loading dose of 
copper ions in PCCu was strictly controlled within a biosafe range in this 
study to avoid potential toxicity caused by excessive accumulation of 
free copper ions. Results of HE staining of major organs after surgery 
showed that no obvious pathological damage was observed in the heart, 
liver, spleen, lung, or kidney of the HC@PCP-treated group, with intact 
tissue structures. This directly confirms the safety of copper ions at this 
dose for in vivo application. From the perspective of metabolic mecha
nism, PCCu enables the mild and controllable release of copper ions. The 
released low-concentration copper ions can participate in the normal 
copper metabolism process of the body and be gradually eliminated 
through hepatic metabolism, biliary excretion, and renal excretion, 
without long-term accumulation in vivo [60,61]. Numerous studies on 
the application of copper-based biomaterials in tissue repair have 
confirmed that copper ions at an appropriate dose exert antioxidant, 
antibacterial, and pro-repair effects without obvious in vivo toxicity 
[30]. Consistent with the safety results of this study, these findings 
further support the clinical translation potential of the present system.

Notably, the therapeutic efficacy of the core-shell microneedle sys
tem (HC@PCP) was evaluated against a series of control groups, 
including the suture-only injury group, blank HBC microneedle group, 
and single-component HC@PC microneedle group. This allowed for the 
systematic dissection of the contributions from the carrier matrix, 
antioxidant/antibacterial components, and growth factor delivery. Due 
to experimental scope and model limitations, this study did not directly 
perform in vivo comparisons with clinically routine local platelet-rich 
plasma (PRP) injection. However, the rational design and performance 
of the present system offer distinct advantages over traditional high- 
dose injections. First, the thermosensitive in situ gelation property of 
HBC ensures stable anchoring at the tendon defect site, avoiding the 
common issue of rapid diffusion and clearance of bioactive factors in 
free PRP injections, which limits therapeutic efficacy. Second, the core- 
shell structure enables the sequential release of PCCu and PRP-derived 
growth factors, meeting the temporal requirements for early anti- 
inflammatory/anti-infective control and subsequent tendon regenera
tion. In contrast, a single PRP injection lacks such programmable de
livery, often accompanied by burst release and short-term bioactivity 
[62,63]. Third, the co-delivery of defensive (PCCu) and regenerative 
(PRP) signals via a single implant achieves synergistic microenviron
ment regulation, which is difficult to accomplish in clinical practice by 
administering PRP and anti-inflammatory agents separately. These 
design advantages are supported by in vitro release data, as well as in vivo 

histological and biomechanical results, highlighting the potential of this 
core-shell microneedle system as a promising alternative or adjuvant to 
existing clinical strategies for tendon repair.

Compared with recently reported spatiotemporally controlled 
release systems such as bilayer scaffolds, microsphere-integrated 
hydrogels and gradient functional hydrogels, the core-shell micro
needle system (HC@PCP) shows unique design advantages and appli
cation suitability [18,56,64,65]. Bilayer scaffolds are classic sequential 
drug delivery carriers. They mostly achieve stepwise release of bioactive 
substances by building layered structures through in vitro prefabrication 
[66]. However, their macroscopically rigid structure cannot perfectly fit 
deep, irregular and dynamic soft tissue injury sites like Achilles tendons. 
Implantation is relatively invasive. They also tend to shift under dy
namic tissue mechanical forces, making stable local delivery difficult. 
Microsphere-integrated hydrogel systems disperse drug-loaded micro
spheres in a hydrogel matrix [67]. They can regulate multi-component 
release to a certain extent. But they have problems such as uneven 
spatial distribution of bioactive components, insufficient early rapid 
release efficiency and weak anchoring ability of hydrogels in deep tis
sues. These issues prevent them from fully meeting the temporal 
requirement for rapid defense in the early stage of injury. Gradient 
functional hydrogels mostly rely on chemical modification or compo
nent diffusion to build concentration gradients [68]. Their controlled 
release precision is limited. They also lack the ability for minimally 
invasive implantation and in situ adaptive shaping, which reduces 
convenience for clinical translation. In contrast, the HBC-based ther
mosensitive core-shell microneedle system constructed in this study 
integrates multiple technical advantages. First, the solid needle struc
ture enables minimally invasive implantation without complex surgical 
operations. This is consistent with the development trend of clinical 
minimally invasive treatment. Second, relying on the body 
temperature-responsive sol-gel transition of HBC, the microneedles can 
undergo in situ adaptive gelation at the injury site after implantation. 
They form tight mechanical adaptation and stable anchoring with sur
rounding tissues. This completely solves the technical bottleneck of easy 
displacement and detachment of traditional delivery carriers in dynamic 
deep soft tissues. Third, the precise spatial compartmentalization of the 
core-shell structure works synergistically with the phase transition 
behavior of the thermosensitive hydrogel. This achieves programmed 
sequential delivery. PCCu in the shell layer is released rapidly in the 
early stage. PRP in the core layer is released continuously in the later 
stage. This precisely matches the physiological temporal requirement of 
“first defense, then nutrition” for tendon injury repair. Fourth, the 
purely physical thermosensitive gelation process does not require 
chemical crosslinkers or external energy input. It ensures excellent 
biocompatibility and safety for clinical translation. In summary, the 
sequential delivery strategy of this study exhibits significant advantages 
in minimally invasive delivery, in situ precise anchoring, sequential 
controlled release precision and adaptability to deep soft tissues.

5. Conclusion

This study developed an intelligent delivery system based on ther
mosensitive core-shell microneedles. By integrating the physical solidi
fication property of thermosensitive HBC, the antioxidant and 
antibacterial functions of the metal-phenolic network (PCCu), and the 
pro-regenerative effects of multiple growth factors in PRP, an innovative 
“sequential defense-nutrition” synergistic repair strategy was proposed. 
The outer PCCu layer responds rapidly in the early stage of injury, 
effectively scavenging reactive oxygen species and inhibiting bacterial 
proliferation, thereby significantly reducing local inflammation. Mean
while, the inner PRP core, under the controlled sustained-release of the 
HBC hydrogel, continuously releases growth factors, systematically 
promoting tenogenic differentiation of tendon-derived stem cells and 
the orderly synthesis of extracellular matrix. In vitro experiments 
demonstrated that the system possesses excellent antioxidant and broad- 
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spectrum antibacterial activities, and effectively guides tendon-derived 
stem cells toward functional tenocyte differentiation. Animal experi
ments further verified the therapeutic potential of this strategy: in a rat 
Achilles tendon injury model, the microneedle system significantly 
reduced inflammatory cell infiltration, promoted densification and 
alignment of collagen fibers, and concurrently upregulated the expres
sion of key tendon regeneration markers such as SCX and TNMD. These 
results indicate that the time-sequential delivery strategy successfully 
aligns with the physiological stages of tendon healing, achieving a 
synergistic effect between anti-inflammatory microenvironment con
struction and sustained regenerative signaling in deep tissue. This work 
provides a novel therapeutic strategy with minimally invasive charac
teristics, temporal controllability, and bioactivity for the functional 
regeneration of poorly vascularized tissues such as tendons, demon
strating promising translational potential in sports medicine and tissue 
engineering.
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