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A two-stage nanoengineered microneedle 
platform for on-demand tumor-microenvironment-
responsive therapy and enhanced wound healing 
against postoperative breast cancer recurrence
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Yining Chenc,*

Abstract 

Postoperative metastatic recurrence and wound infection pose significant threats to survival after breast cancer (BC) surgery. To 
address these challenges, an ideal therapeutic strategy should incorporate minimally invasive multifunctional biomaterials capable 
of simultaneously preventing tumor recurrence and promoting wound healing. Herein, we report a novel 2-stage microneedle 
(MN) platform engineered via the integration of nanotechnology and tumor-microenvironment-responsive design. This system is 
fabricated using a stepwise casting strategy and features tip-to-base architecture equipped with on-demand smart nanocarriers 
for synergistic therapy against postoperative BC recurrence and wound complications. The MN consists of a photo-crosslinked 
hydrogel tip encapsulating chitosan-based self-assembled nanocarriers and a gelatin–polydopamine hydrogel backing layer. Ow-
ing to its hierarchical structural design, the MN exhibits excellent mechanical strength with a compression force of up to 4.48 N 
per needle, sufficient for efficient skin penetration. Moreover, the platform demonstrates sustained pH-responsive behavior and 
specific tumor microenvironment targeting, enabling controlled drug release. The MN also displays outstanding biocompatibility 
and multifunctional therapeutic properties, including antibacterial adhesion, self-healing capability, swelling performance, and 
biodegradability, greatly broadening its potential as a precision medicine tool. Both in vitro and in vivo studies validated the robust 
and integrated therapeutic efficacy of the MN system in suppressing metastatic BC recurrence and enhancing infected wound 
healing. This work provides a significant advance in the design of smart 2-stage MNs with comprehensive functionality for mini-
mally invasive adjuvant therapy after BC surgery.
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1. Introduction
Breast cancer (BC) is the most prevalent malignancy among 
women worldwide[1,2]. Reports indicate that BC affects ap-
proximately 12% of women during their lifetime, with nearly 
420,000 new diagnoses annually in China[3]. Surgical excision 
remains the standard intervention for primary BC[4]. However, a 

significant 10% to 40% risk of BC recurrence persists postsur-
gery[5–7]. Furthermore, severe local immune suppression, coupled 
with substantial wound infection and inflammation in postoper-
ative patients, promotes cancer cell invasion and inhibits cellu-
lar activity. This further increases the incidence of BC recurrence 
and metastasis[8–10], ultimately leading to higher BC-related mor-
tality. To prevent recurrence postsurgery, BC patients often un-
dergo adjuvant chemotherapy, a systemic intervention that can 
substantially reduce local recurrence and mortality rates. Unfor-
tunately, multidrug resistance[11] has emerged as a major chal-
lenge during chemotherapy, contributing to treatment failure in 
over 90% of patients. Moreover, conventional chemotherapeu-
tic agents are cytotoxic, potentially harming normal cells and 
causing side effects such as myelosuppression, nausea, vomit-
ing, and hair loss. Chemotherapy could also result in premature 
menopause, potentially increasing the risk of osteoporosis and 
impaired fertility[12,13]. Despite considerable advancements, a 
complete cancer cure and eradication remain elusive. Addition-
ally, the risks of surgical infections and increased susceptibili-
ty to bacterial infections due to weakened immunity following 
tumor surgery can lead to life-threatening complications[14,15]. 
Given these diverse clinical postoperative challenges, conven-
tional cancer treatments are often insufficient for meeting the 
complex, multifactorial requirements of postoperative tumor 
management[16]. Therefore, developing an intelligent adjuvant 
therapeutic strategy is imperative to prevent tumor recurrence 
and potential wound infections following tumor resection.

Emerging local administration methods that increase drug 
concentration at target sites while minimizing harmful side 
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effects and simplifying application have recently attracted signif-
icant research interest. Topical drug delivery systems—including 
hydrogels[17], micelles[18], liposomes[19], nanoparticles (NPs)[20], 
and microneedles (MNs)[21], demonstrate potential for reducing 
toxicity to healthy tissues and enhancing therapeutic efficacy. 
As a next-generation drug delivery platform[22], on-demand en-
gineered MNs have gained widespread popularity. Compared 
to traditional transdermal systems, MN-based delivery easily 
penetrates the stratum corneum, bypasses the skin barrier, and 
creates micropores in the epidermis. Furthermore, the capillary 
action within these micropores significantly enhances drug per-
meability and penetration across skin layers[23,24]. Moreover, 
MN-delivered drugs avoid dilution in the bloodstream and first-
pass hepatic metabolism by the liver, as they directly enter local 
tissues, substantially accumulating in target sites. This increases 
drug utilization, resulting in more sustained therapeutic effects 
and reduced systemic toxicity[25,26]. Significant biomedical engi-
neering advancements have been realized in MN transdermal 
technologies[27–29]. Specifically for BC patients[30], MNs enable 
relatively noninvasive drug delivery, allowing precise drug level 
regulation in breast tissue based on body weight, tumor size, 
and drug recycling time[31], thereby mitigating the negative ef-
fects of conventional oral or systemic drug administrations. MN 
therapy for BC can also significantly reduce pain during tumor 
detection and drug injection, enable the codelivery of multiple 
drugs, and achieve spatiotemporal drug-release control[32]. Al-
though MN technology and its application in treating other 
cancers have been extensively investigated[33–36], developing MN 
arrays for BC recurrence treatment remains challenging. This 
is primarily because suppressing postoperative recurrence and 
metastasis is a critical focus of BC management. Notably, simple 
drug loading and delivery via MNs can result in rapid release, 
limiting sustained delivery necessary for long-term suppression 
of cancer cell recurrence[37].

From a therapeutic perspective, ideal MNs for BC therapy 
should not only suppress local area recurrence and potential 
wound infections but also stimulate tissue repair. In other words, 
new-generation MNs require subtle intelligence based on the tu-
mor microenvironment (TME), adequate penetration capability, 
biocompatibility, tissue regeneration potential, and integrated 
therapeutic effects combining antitumor and antibacterial ac-
tivities. Beyond the advantages of traditional transdermal tech-
nologies, emerging 2-stage MNs, typically comprising a support 
base and a degradable MN tip, offer unique properties report-
edly superior to other MN modalities. These include enhanced 
efficiency, stability, biosafety, and bioavailability[38,39]. However, 
the current MNs used in BC treatment demonstrate limitations, 
such as skin allergies and reduced drug penetration due to local 
accumulation[40–42]. In contrast, the solid lower-stage structure 
of 2-stage MNs provides inherent mechanical strength. This fa-
cilitates effective skin penetration and allows separation of the 
drug-carrying soluble upper stage from the lower base, improv-
ing drug utilization and delivery precision. Two-stage MN thus 
offer the dual advantages of subcutaneous administration and 
skin patching for BC. Nonetheless, versatile MNs specifically 
designed for BC treatment remain scarcely reported.

Herein, we developed a drug delivery system integrating nov-
el 2-stage MNs and nanocarriers to enhance transdermal drug 
transport. We combined nanotechnology and stimuli-responsive 
strategies to engineer a multifunctional “smart-response” 
MN platform for diverse therapeutic effects against BC re-
currence and wound infection, while also promoting wound 
healing (Figure 1). Figure 1A illustrates the 2-stage MN struc-
ture. Its tip comprises a photo-crosslinked hydrogel contain-
ing chitosan-based self-assembled nanocarriers. Through the 
ionic-crosslinking assembly, the tip forms pH-responsive chi-
tosan nanoparticle drug carriers (CS-β-CD NPs). Crucially, CS-
β-CD NPs remain stable under neutral conditions but rapidly 
disintegrate in weakly acidic environments, enabling long-term 

pH-responsiveness and specific TME recognition, thus resulting 
in targeted doxorubicin (DOX) release (Figure 1B). The MN 
base comprises a gelatin-dopamine hydrogel, providing effective 
tissue puncture, drug delivery, tissue adhesion, and self-healing 
properties. Furthermore, the MN demonstrated good biosafety 
and exerted antimicrobial therapeutic effects via polymyxin and 
basic fibroblast growth factor (bFGF) release, inhibiting tissue 
infection and accelerating wound healing (Figure 1C). There-
fore, in postoperative BC management, our MN significantly 
inhibits BC recurrence and metastasis while reducing the toxic 
side effects of anticancer medications like DOX. Simultaneously, 
it facilitates tissue repair. This 2-stage MN intervention presents 
a novel approach for preventing postoperative BC metastasis 
and recurrence, deterring wound infections, and promoting 
wound healing.

2. Results and discussion

2.1 Synthesis and characterization of CS-β-CD NPs

Figure 2A illustrates the synthesis pathway for chitosan (CS) 
grafted with β-cyclodextrin (CS-β-CD). Specifically, 1-(3- 
d i m e t h y l a m i n o p r o p y l ) - 3 - e t h y l c a r b o d i i m i d e / N -
hydroxysuccinimide activated the carboxyl group of 
carboxymethyl-β-cyclodextrin (CMCD), which reacted with 
the amino group on the CS chain, yielding a CMCD-modified 
CS. According to the Fourier transform infrared spectroscopy 
(FTIR) results (Figure 2B), CS exhibited a characteristic peak of 
the amide I band at 1641 cm−1, attributable to the C=O stretch-
ing vibration. On the other hand, the amide II band showed a 
characteristic peak at 1574 cm−1, reflecting the plane-bending 
vibration of the N-H bond. At the same time, the vibrational 
peak of the amino group was observed at 1155 cm−1. Com-
pared to CS, the amide peak position of CS-β-CD showed a 
slight redshift with a significantly enhanced signal, potentially 
attributable to the formation of a new amide bond between 
the amino and carboxyl groups of CS and CMCD, respectively. 
Furthermore, CS-β-CD showed a carboxymethyl absorption 
peak near 1416 cm−1, corresponding to the carboxymethyl 
group derived from CMCD. According to the X-ray diffrac-
tion (XRD) results (Figure 2C), CS exhibited a strong crystal-
line peak at about 20 °, indicating that it mainly exists in the 
form of type II crystals. Furthermore, the crystalline peaks of 
CMCD appeared at about 20 ° and 10 °, indicating that it 
contains both type I and type II crystals, with the latter being 
slightly more frequent. Conversely, the XRD image of CS-β-
CD revealed that the diffraction peaks of type II crystals were 
significantly broader compared to those of CS. Additionally, 
the XRD map of CS-β-CD revealed that the diffraction peaks 
of type II crystals were significantly broader than those of CS, 
almost covering the entire region of the diffraction peaks of 
type II crystals in both CS and CMCD. It is also noteworthy 
that the crystallographic diffraction peaks of CS-β-CD were 
more shifted compared to those of CMCD, indicating that in-
troducing CMCD not only somewhat maintained the original 
ordered structure of CS but also altered the order of part of the 
CS structure, generating a new ordered structure.

Herein, CS-β-CD NPs were successfully prepared through 
the ionic-crosslinking method. During synthesis, the negatively 
charged TPP interacted with the positively charged CS chains 
in CS-β-CD (Figure 2A). To determine the most suitable mixing 
ratio of CS-β-CD and TPP solutions for constructing CS-β-CD 
NPs with the most suitable particle size, 5 different ratios of 
CS-β-CD to TPP solutions (2:1, 3:1, 4:1, 5:1, and 6:1) (Fig-
ure 2D) were prepared. Particle sizes at different ratios were 
then characterized using a nanoparticle size analyzer. The av-
erage particle size gradually increased with the amount of TPP 
added dropwise (Figure 2E). As the volume ratio of CS to TPP 
decreased, the Zeta potential of CS-β-CD NPs decreased from 
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+ 25.71 to + 15.23 mV (Figure 2F). This trend is attributed to 
the increased TPP concentration, which promotes ion crosslink-
ing between phosphate groups and protonated amino groups, 
resulting in larger NPs and more hydrogen bonding between 
molecules, thereby increasing particle size and decreasing zeta 

potential. Furthermore, scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) images (Figure 2J, 
K) revealed that at low magnification, CS-β-CD NPs exhibited 
aggregated particle morphology with a relatively uniform size 
distribution. At higher magnification, dispersed CS-β-CD NPs 

Figure 1.  Mechanism of action and application of microneedles. (A) Schematic diagram of MN. (B) Mechanism of anticancer action of MN. (C) Mechanism of 
tissue repair of MN.
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Figure 2.  Preparation and characterization of CS-g-CD NPs. (A) Diagram of the synthesis mechanism of CS-β-CD and CS-β-CD NPs. (B) FTIR spectra of CS, 
CMCD, and CS-β-CD. (C) XRD spectra of CS, CMCD, and CS-β-CD. (D) CS-β-CD NPs solutions were prepared with different CS/TPP mass ratios (6:1, 5:1, 
4:1, 3:1, 2:1, 1:1). (E) The particle size distribution of CS-β-CD NPs with different CS/TPP mass ratios (6:1, 5:1, 4:1, 3:1, 2:1, 1:1). (F) Zeta potential of CS-β-CD 
NPs with different CS/TPP mass ratios (6:1, 5:1, 4:1, 3:1, 2:1, 1:1). (G) Dissociation diagram of CS-β-CD NPs pH-sensitive. (H) Stability analysis of CS-β-CD 
NPs in different pH (1.0, 5.5, 7.4, 9.0) and culture media. (I) Zeta potential of CS-β-CD NPs treated with different pH (7.4, 5.0). (J, K) SEM and TEM images of 
CS-β-CD NPs. (L) Photomicrographs of the cell density of the MTT test of the control and CS-β-CD NPs for 5 days. (M) The cell viability of control and CS-β-CD 
NPs were cocultured with cells for 5 days. Data are depicted as mean ± SD (n = 3) and analyzed by one-way ANOVA with Tukey’s multiple comparison test 
compared to the control group. ANOVA, analysis of variance.
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appeared as spherical NPs approximately 450 nm in diameter, 
consistent with the particle size analysis results.

In order to investigate the stability and pH responsiveness of 
CS-β-CD NPs, herein, CS-β-CD NPs were dispersed in PBS at pH 
values of 3.0, 5.5, 7.4, and 9.0 to explore their pH responsive-
ness. Changes in particle size were then measured using a dynam-
ic light scattering particle size analyzer. According to the results 
(Figure 2H, I), the NPs maintained their original size at pH values 
of 7.4 and 9.0, indicating the stability of CS-β-CD NPs under 
slightly and moderately alkaline conditions. Conversely, the origi-
nal peaks disappeared at pH values of 5.5 and 3.0, and new peaks 
with smaller size ranges appeared, suggesting that CS-β-CD NPs 
disintegrated under acidic conditions before decomposing into 
larger molecular chains. This outcome could be attributed to TPP 
protonates losing their negative charge under acidic conditions, 
leading to the dissolution of the crosslinked structure between 
TPP and CS and NP breakdown into large molecular chains 
(Figure 2G) Therefore, CS-β-CD NPs could be widely used in 
nano-loaded drug delivery systems for acidic TMEs.

The cytotoxicity of blank CS-β-CD NPs was evaluated by the 
HeLa cell line and the HUVEC cell line, respectively. Supple-
mentary Figure 2, https://links.lww.com/MEDMAT/A8 shows 
the survival of HeLa cells (A) and HUVEC (B) treated with dif-
ferent concentrations of CS-g-CD NP for 48 hour. In the con-
centration range of 1–200 μg/mL, the survival rate of HeLa cells 
treated with CS-g-CD NP was more than 80 %, and the survival 
rate of HUVEC was more than 90%. The results of cell prolif-
eration/death experiments showed that red cells did not appear 
after the introduction of CS-β-CD NPs (the surviving cells were 
green and the dead cells were red) (Figure 2L), indicating that 
CS-β-CD NPs did not cause cytotoxicity 5 days later, the num-
ber of surviving cells became more, which proved that CS-β-CD 
NPs could promote cell proliferation (Figure 2M).

2.2 Preparation of GelMA and CSMA

By improving the method reported in the literature, methacry-
lated gelatin (GelMA) and methacryloylated chitosan (CSMA) 
were successfully synthesized (Figure 3A, B). A supramolecular 
hydrogel tip matrix, GelMA-CS-β-CD-CSMA, composed of 
GelMA, CSMA, and CS-β-CD NPs, was then prepared (Fig-
ure 3C). Upon adding the dispersed CS-β-CD NP solution 
into the mixed solution containing aromatic amino acids, the 
gel incorporated amino acids such as tyrosine, phenylalanine, 
and tryptophan. These aromatic amino acids subsequently in-
filtrated the β-cyclodextrin cavity, forming host–guest inclusion 
complexes. Figure 3E shows the proton nuclear magnetic res-
onance (1H NMR) spectra of GelMA and CSMA. In GelMA, 
peak “a” represents the proton signals of aromatic amino acid 
residues in gelatin. In contrast, peak “b” corresponds to dis-
tinct signals at 5.62 and 5.48 ppm, attributed to the hydrogen 
peaks of the MA’s C=C double bond[43,44], indicating successful 
grafting of MA onto the gelatin molecular chain. Furthermore, 
the 1H NMR spectrum of CSMA exhibited peaks at chemical 
shifts of 1.84, 1.92, 2.9, and 3.2–3.9 ppm, corresponding to the 
methyl protons of MA residues, methyl protons on CS sugar, 
acetyl-amino protons on CSMA sugar, and sugar ring protons 
on CSMA, respectively. It is also noteworthy that the chemical 
shift at 4.7 ppm corresponds to the proton peak of D2O, while 
those at 5.49 and 5.58 ppm correspond to the 2 proton peaks of 
the MA C=C bond (Figure 3D)[45]. Each material’s infrared spec-
tra are presented in Figure 3D. In the FTIR spectrum of GelMA, 
the absorption peaks at 3483 cm−1 corresponded to the N-H 
and O-H stretching vibrations, whereas the absorption peak at 
1645 cm−1 corresponded to the stretching vibration of the C=C 
bond in the amide I band. Furthermore, the absorption peak at 
1550 cm−1 corresponded to N-H bending vibration in the amide 
II band, implying an interaction between amino groups in gela-
tin molecules and MA through methyl acrylate ester units[46,47]. 

In the FTIR spectrum of CSMA, the telescopic vibrational 
absorption peak of −NH2 at 1699 cm−1 disappeared. Further-
more, the absorption peaks at 3319, 1642, and 1445 cm−1 cor-
responded to the telescopic vibrational peaks of N-H and O-H, 
telescopic vibrational peaks of the amide I band with the C=C 
bond, bending vibrational peaks of the amide II band with the 
N-H bond, and characteristic absorption peak of the amide III 
band, respectively[48]. In summary, the disappearance of the −
NH2 absorption peak and formation of a characteristic peak 
of the amide bond indicate that MA was successfully acylated 
with the amino group of CS and grafted onto the CS molecular 
chain. Finally, in FTIR GelMA-CS-β-CD-CSMA spectra, a car-
boxymethyl absorption peak was observed at 1416 cm−1, which 
originated from CMCD.

The results of the traditional inverted tube method showed 
that the GelMA-CS-β-CD-CSMA aqueous solution had pho-
tocuring gelation properties, that is, under ultraviolet light 
irradiation, GelMA-CS-β-CD-CSMA formed a supramolecular 
hydrogel (Figure 3F). Figure 3G shows the cross-section mor-
phology of GelMA-CS-β-CD-CSMA. It can be seen from the 
figure that its interior is a loose porous structure, which can pro-
vide a convenient transmission channel for nutrients, making it 
easier for cells to adhere, grow, and migrate inside the hydrogel. 
Moreover, based on the rheological behavior graph (Figure 3H), 
the G′ (energy storage modulus) values of the 4 materials were 
greater than the respective G″ (loss modulus) values, indicating 
that the samples formed a stable gel compound. Furthermore, the 
MN had a larger G′ value, indicating that it resulted in a more 
stable network structure with a strong mechanical strength. This 
outcome could be attributed to the fact that the strain capaci-
ty of the final MN significantly improved with the continuous 
modification and crosslinking of the Gel and the addition of the 
Gel-PDA substrate part, resulting in a more stable structure.

2.3 Preparation and morphological characterization of MN

Figure 4A shows the MN preparation process. Herein, 
polydimethylsiloxane (PDMS) MN molds were utilized for 
the preparation of MNs in 4 steps: (1) First, the GelMA-CS-β-
CD-CSMA solution was vacuum-filled into PDMS molds and 
exposed to UV light for gelation (Figure 4Ai); (2) second, the 
solution was naturally dried to form a needle tip structure (Fig-
ure 4Aii); (3) third, the Gel-PDA solution was added as a back-
ing material through vacuum-assisted application (Figure 4Aiii); 
and (4) finally, the Gel-PDA solution was naturally dried and 
demolded to obtain 2-ended MN products (Figure 4Aiv).

To observe the morphology of the MNs, they were character-
ized using SEM, confocal laser scanning microscopy (CLSM), 
and super depth of field microscopy. Figure 4B depicts a mac-
roscopic and microscopic view of an intact MN comprising 
10 × 10 circular MNs with a conical tip portion and tip distance 
of ~500 µm. The tip portion of the MN was not clearly de-
marcated from the basal portion, indicating that the 2 portions 
were well connected. Under the bright-field image of the micro-
scope, a uniformly arranged array of conical spikes in the MN 
can be observed (Figures 4Ci). To more effectively visualize the 
distribution of DOX within the MNs, the red dye rhodamine B 
(RhB) was added to GelMA-CS-β-CD-CSMA to simulate the 
drug. RhB was observed to be tightly attached to the MNs (Fig-
ure 4Ciii). To illustrate the MN’s 2-stage structure, DOX was 
simulated using RhB and examined with a super depth-of-field 
microscope. The MN exhibited a distinct 2-part structure (Fig-
ure 4Cv): a tip (red; height = 800 μm) and a base (thickness 
= 200 μm). Additionally, three-dimensional (3D) imaging (Fig-
ure 4Cvi) and cross-sectional views (Figure 4D) obtained via 
laser confocal microscopy revealed a uniform and continuous 
red fluorescence in the outer layer of the MN + RhB. Over-
all, these results demonstrate the successful fabrication of the 
GelMA-CS-β-CD-CSMA drug-loaded tip and its integration 

https://links.lww.com/MEDMAT/A8
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with the Gel-PDA base to form a 2-part MN. This structural 
design reduces drug wastage commonly associated with conven-
tional 1-piece MNs.

2.4 Performance characterization of the MNs

To verify the puncture performance of the MN, an MN patch 
loaded with Rh B was pierced into the skin tissue of depilated 

rats. The superficial layer of the skin exhibited regular red dim-
ples (Figure 5A). Subsequently, this skin tissue was processed 
by freezing, sectioning, and paraffin embedding before obser-
vation via CLSM. The results (Figure 5A) confirmed that the 
MNs were successfully embedded into the rat skin, showing uni-
form puncture point spacing and clear puncture depth. More-
over, the red RhB localized in the deeper skin layers showed 
minimal diffusion, indicating that the UV-cured crosslinked 3D 

Figure 3.  Preparation and characterization of GelMA-CS-β-CD-CSMA. (A) Synthetic reaction mechanism of GelMA. (B) Synthetic reaction mechanism of 
CSMA. (C) Synthetic reaction mechanism of GelMA-CS-β-CD-CSMA. (D) FTIR spectras of Gel and GelMA, CS and CSMA, GelMA-CSMA, and GelMA-CS-
β-CD-CSMA. (E) 1H NMR spectra of GelMA and CSMA. (F) Optical display diagram of gelling by inverted bottle method of GelMA-CS-β-CD-CSMA. (G) SEM 
images of GelMA, CSMA, and GelMA-CS-β-CD-CSMA. (H) Rheological behavior profiles of Gel, GelMA-CS-β-CD, GelMA-CS-β-CD-CSMA, and MN. Data are 
depicted as mean ± SD (n = 3) and analyzed by one-way ANOVA with Tukey’s multiple comparison test compared to the control group.
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mesh structure limited tissue fluid penetration and inhibited flu-
orescent dye diffusion. This suggests that osmotic pressure could 
facilitate the slow release of the drug after the MNs loaded with 
the drug are inserted into the skin tissue. Next, the mechanical 
properties of the MNs were characterized using a universal test-
ing machine to determine their ability to penetrate the stratum 
corneum (Supplementary Figure 1, https://links.lww.com/MED-
MAT/A8). The stress-strain curves (Figure 5B) demonstrated 
GelMA, synthesized by modifying gelatin macromolecular 
chains with MA and crosslinked via UV curing, exhibited im-
proved mechanical properties due to the dense network struc-
ture formed by the crosslinked molecular chains. Although the 
GelMA-CS-β-CD and GelMA-CS-β-CD-CSMA complexes, 
obtained through further crosslinking with CS-β-CD NPs and 
GelMA, could withstand increased pressure, they were prone 
to fracture under large strains. The addition of a Gel-PDA gel 
matrix significantly enhanced the strain capacity and compres-
sive strength of the MN, greatly improving their mechanical 
properties. Consequently, the MN could endure substantial 
strain without fracturing under higher pressure (Supplementary 

Figure 2, https://links.lww.com/MEDMAT/A8). As shown in 
Supplementary Figure 3, https://links.lww.com/MEDMAT/A8, 
the maximum stress achieved was 4.48 N/needle, which fully 
meets the stress requirements for skin puncture[49,50]. To evaluate 
the mechanical properties of the MN under humid conditions, 
compression tests were conducted in a hydrated environment. 
As shown in Figure 5C, the compressive force of the MNs in-
creased with strain in both dry and wet environments; however, 
the mechanical performance under dry conditions was signifi-
cantly superior to that under wet conditions. This discrepancy 
can be attributed to the swelling of the MN material and the 
disruption of hydrogen bonding networks caused by moisture 
in the wet environment, leading to a reduction in compressive 
modules and mechanical strength. Nevertheless, even under wet 
conditions, the compressive force continued to rise with increas-
ing strain, and the maximum compressive force sustained by the 
MNs reached 100 N (equivalent to 1 N/needle) (Supplementary 
Figure 4, https://links.lww.com/MEDMAT/A8). This demon-
strates that the MNs can provide effective penetration force 
within the strain range required for stratum corneum puncture.

Figure 4.  Preparation and morphological characterization of MN. (A) Schematic illustration of MN preparation. (B) SEM image of MN. The above image is the 
overall morphology, and the following image is locally enlarged. (C) Brightfield micrographs (i, iii, and v), three-dimensional height map images (ii and iv), and 
(vi) laser confocal fluorescence microscope image of GelMA-CS-β-CD-CSMA, GelMA-CS-β-CD-CSMA+Rh B and MN. (D) Laser confocal fluorescence micro-
scope cross-sections of MN. Data are depicted as mean ± SD (n = 3) and analyzed by one-way ANOVA with Tukey’s multiple comparison test compared to 
the control group.

https://links.lww.com/MEDMAT/A8
https://links.lww.com/MEDMAT/A8
https://links.lww.com/MEDMAT/A8
https://links.lww.com/MEDMAT/A8
https://links.lww.com/MEDMAT/A8
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Figure 5.  Basic properties of MN. (A) Schematic diagram of MN puncture into the skin with MN acting on the skin tissue, fluorescence imaging map of the 
thickness of MN puncture into the skin tissue (i). (B) Stress-strain curves of Gel, GelMA, GelMA-CS-β-CD, GelMA-CS-β-CD-CSMA, and MN. (C) The force-strain 
curves of MN in wet and dry states. (D) Contact angle test results of Gel, GelMA, GelMA-CS-β-CD-CSMA, and MN. (E) Test results of swelling properties of Gel, 
GelMA, GelMA-CS-β-CD-CSMA, and MN. (F) The weight retention rate of Gel, GelMA, GelMA-CS-β-CD-CSMA, and MN in different environments (PBS, acid, 
enzyme, acid+enzyme) on the 1, 3, 5, 7, 14, 21, and 28th day. (G) Self-healing properties of Gel-PDA in skin, heart, spleen and liver and the schematic diagram 
of repair. (H) Adhesion effect of Gel-PDA on human hands, elbows, knees, fingers and in vitro skin, heart, spleen and liver. Data are depicted as mean ± SD (n 
= 3) and analyzed by one-way ANOVA with Tukey’s multiple comparison test compared to the control group.
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According to the contact angle results (Figure 5D and Sup-
plementary Figure 5, https://links.lww.com/MEDMAT/A8), the 
droplets in each material showed good penetration attributable 
to the large number of carboxyl and amino groups in the Gel, 
making the materials highly hydrophilic (ie, good wettability 
and liquid absorption). Notably, the MN’s dissolution speed 
will directly affect the drug diffusion rate from the MN to the 
surrounding area. According to the dissolution characterization 
results (Figure 5E), the dissolution rates increased with time. 
However, its swelling rate was relatively slow, which led to slow 
dissolution during tissue fluid infiltration, delaying DOX release 
and preventing sudden release. Furthermore, to assess the swell-
ing state of the MN in vivo, the skin tissue was simulated using 
agarose gel and MN was injected into the agarose. Compared to 
the initial state of the MN, after it was injected into the agar, the 
aqueous solution therein infiltrated the MN hydrogel network, 
increasing the MN’s volume. Although the MN’s increased vol-
ume resulted in an apparent expansion change, the MN retained 
its intact conical structure (Supplementary Figure 6, https://
links.lww.com/MEDMAT/A8), which would facilitate the con-
tinuous release of the drug in the MN into the tissue fluid.

To systematically evaluate the degradation behavior of the 
MN tip materials developed in this study, we prepared Gel, Gel-
MA, GelMA-CS-β-CD-CSMA, and MN samples and conduct-
ed a 28-day in vitro degradation study under both simulated 
physiological conditions (PBS, pH 7.4) and a simulated post-
tumor resection complex microenvironment (pH 6.8+enzymes). 
As shown in Figure 5F, all 4 materials exhibited expected deg-
radation trends in PBS (pH 7.4). Pure gelatin MNs, lacking a 
crosslinked network, degraded rapidly primarily through a 
dissolution mechanism, with the mass remaining dropping to 
(42.8% ± 3.8%) within 7 days, indicating their unsuitability for 
long-term drug delivery. In contrast, GelMA, due to its stable 3D 
network formed by photo-initiated crosslinking, demonstrated 
excellent resistance to dissolution, retaining a high mass remain-
ing of (24.7% ± 3.5%) after 28 days (Supplementary Figure 
7, https://links.lww.com/MEDMAT/A8). However, under the 
composite environment (pH 6.8+enzymes), the degradation be-
haviors of the 4 materials diverged significantly. Gel was rapidly 
disintegrated by the enzymatic action of collagenase, degrading 
(97.3% ± 4%) within just 3 days. Although GelMA could with-
stand acidic dissolution alone, it remained susceptible to enzy-
matic attack, degrading significantly faster than in PBS and being 
almost completely degraded by day 28 (Supplementary Figure 8, 
https://links.lww.com/MEDMAT/A8). Notably, while the MN, 
due to its crosslinked network, exhibited relatively good degra-
dation resistance, it still degraded by approximately 90% over 
28 days (Supplementary Figure 7, https://links.lww.com/MED-
MAT/A8). This is attributed to the protonation of amine groups 
on the chitosan chains under acidic conditions, leading to their 
dissolution and leaching from the gel network, which disrupts 
the material’s microstructure and creates numerous pores and 
channels. Consequently, collagenase can penetrate more deeply 
into the compromised network, accelerating the enzymatic deg-
radation of the GelMA backbone. This synergistic effect of acid 
and enzyme enables the MN composite to respond actively to 
the pathological microenvironment, establishing a solid founda-
tion for targeted and sustained drug release. Figure 5G system-
atically reveals the self-healing properties of gelatin dopamine 
hydrogels from the macro-morphology and micro-molecular 
action levels: macroscopically, the broken interface fused and 
recovered the mechanical load-bearing capacity (Cut) within 
24h after physically cutting the Gel-PDA hydrogel (Original). 
Whether it is Gel-PDA’s own material (“Cut” column), or on 
the surface of biological tissues such as skin, heart, spleen, and 
liver, after cutting treatment, Gel-PDA can achieve effective re-
covery of structural integrity in the “Healed” stage, reflecting 
the universality of its self-healing properties. Microscopically, 
the molecular structure of the cut state (Healed) showed that 

the external force destroys the catechol moiety of dopamine and 
gelatin. The molecular structure of the cut state (Cut) reveals 
that external forces break the hydrogen bonds and weak co-
valent bonds—such as those in the Schiff base precursor—be-
tween the dopamine catechol moiety and gelatin molecules. In 
the healed state, the catechol structure reconstructs the cross-
linking network through the reorganization of reversible hydro-
gen bonds, redox reactions, and the regeneration of dynamic 
covalent bonds with gelatin amino groups, thereby achieving 
interfacial fusion at the molecular level.

To evaluate the bioadhesive performance of Gel-PDA, this 
study conducted adhesion tests across multiple body sites (hand, 
elbow, knee, and finger) and various biological tissues (skin, 
heart, spleen, and liver). By comparing pre- and post-adhesion 
conditions, we systematically analyzed its adhesive adaptability 
and universality (Figure 5H). The results demonstrated that Gel-
PDA maintained effective adhesion during dynamic processes 
such as hand extension and fist clenching, elbow flexion, knee 
morphological changes, and finger movements. This indicates its 
excellent adhesive stability on human soft tissues under dynam-
ic mechanical stimuli, accommodating mechanical deformations 
and stresses induced by body motion. Furthermore, adhesion 
tests on biological tissues revealed that Gel-PDA could tightly 
conform to the surfaces of various tissue types, reflecting its uni-
versal adhesive capability across diverse biological substrates. 
The adhesion mechanism is mainly through the formation of a 
large number of hydrogen bonds, π–π stacking and other nonco-
valent interactions between the catechol group of polydopamine 
and the surface group of the tissue, as well as the formation 
of Schiff base covalent bonds with gelatin and other molecules 
under oxidative conditions to achieve strong wet adhesion. 
These findings provide an experimental basis for its potential 
applications in areas such as organ repair and tissue engineering 
scaffolds.

2.5 Biocompatibility evaluation of MN

Given that bacterial infection is a major contributor to delayed 
wound healing, we assessed the antimicrobial efficacy of MN 
patches. Notably, antimicrobial experiments were conducted 
using MNs composed of different materials. The results showed 
that bacteria grew normally around the Gel patch, as it lacked 
antibacterial components. In contrast, GelMA, GelMA-CSMA, 
GelMA-CS-β-CD-CSMA, and MN patches exhibited varying 
degrees of antimicrobial zones around them (Figure 6B), the 
inhibition zone of MN against Staphylococcus aureus reached 
3.3 cm, which was significantly higher than that of the control 
group and the gelatin group (P < 0.001), confirming the an-
timicrobial properties of each material. Furthermore, the MN 
patch containing polymyxin effectively killed over 95% of S 
aureus and Escherichia coli in the cocultured bacterial suspen-
sion (Figure 6C), significantly higher than the control group (P 
< 0.001), demonstrating its exceptional antibacterial activity. 
This is attributed to the synergistic effect of CS in the tip part 
and polymyxin in the back part of the MN in this study. The 
puncture performance of the tip part physically penetrates the 
skin barrier and directly acts on the infected site. Polymyxin ad-
sorbs and destroys the bacterial cell membrane by electrostatic 
adsorption, resulting in leakage of cell contents and rapid steril-
ization (Figure 6A). The results showed that MN could enhance 
the “breakthrough” and “resident” ability of drugs to the infec-
tion microenvironment in the infection model, showed a good 
preliminary bacteriostatic effect[51].

This efficacy is attributed to the synergistic coordination be-
tween polymyxin and CS, which endows the MNs with strong 
antibacterial effects, effectively inhibiting bacterial reproduction 
and growth.

Figure 6E, F illustrates that after incubation for the same du-
ration, cell viability was comparable between the experimental 
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Figure 6.  MN biocompatibility analysis. (A) Antibacterial Schematic of MN. (B) Plate counting method for E coli and S aureus of Control, Gel, GelMA, Gel-PDA, 
and MN. (C) Inhibition zone for E coli and S aureus of Control, Gel, GelMA, Gel-PDA, and MN. (D) Photomicrographs of the cell density of the MTT test of the 
Control, Gel, GelMA, GelMA-CS-β-CD-CSMA, and MN for 1, 3, and 5 days. (E) Changes in cell viability of Control, Gel, GelMA, GelMA-CS-β-CD-CSMA, and 
MN after 5 days of coculture with CHL cells. (F) Changes in OD45 of Control, Gel, GelMA, GelMA-CS-β-CD-CSMA, and MN after 5 days of coculture with CHL 
cells. Data are depicted as mean ± SD (n = 3) and analyzed by one-way ANOVA with Tukey’s multiple comparison test compared to the control group. *P < 
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 are statistically significant.
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and control groups. On the 5th day, the cell activity in the MN 
group was significantly higher than that of the control group 
and exceeded the activity observed before treatment. This in-
dicates that MN administration enhanced cellular activity and 
promoted cell growth and proliferation. Results from the Tetra-
zolium salt colorimetric assay (MTT) demonstrated that none of 
the experimental groups exhibited significant cytotoxicity (Fig-
ure 6D), as evidenced by robust cell growth and distribution on 
day 3. Notably, there were fewer, red-stained dead cells, and the 
number of green-stained cells in the MN group increased after 
5 days, indicating that MN is biocompatible and promotes cell 
proliferation. These findings underscore the clinical potential of 
MN.

2.6 Evaluation of whole skin defect repair in animals of MN

Researchers have shown that skin lesions caused by BC have 
2 main characteristics; difficulty in healing and long-term 
susceptibility to cancer[51], which necessitates the search for ef-
fective preventive and therapeutic measures. To evaluate the im-
pact of MN on skin wound healing following BC surgery, we 
conducted in vivo testing to monitor the therapeutic efficacy of 
MN. This involved tracking changes in defective skin wounds 
and analyzing the associated histopathological changes in mice 
(Figure 7A). Rats were treated with 3 sets of MN patches, and 
Figure 7B displays the changes in skin wounds in mice after dif-
ferent treatments. When the treatment effects were applied to 
infected wound tissue, wound healing responses in the treatment 
group were less favorable from days 0 to 3. This was likely due 
to hemostatic occlusion caused by the MNs in the early stages, 
as well as minor cytotoxicity from the CS-β-CD NPs. At day 
7, the skin wound area was significantly reduced in all treat-
ment groups, and administration of GelMA, CSMA, and bFGF 
promoted angiogenesis and cell proliferation, enhancing the ex-
pression of wound healing. On day 14, the blank group showed 
the lowest degree of healing with 50.0% of the original wound 
area. Compared with the blank group, the GelMA-treated group 
showed a significant reduction in skin wound area. Notably, The 
healing rate was: MN group > GelMA-CS-β-CD-CSMA group 
> GelMA group > Control group (Figure 7C, D). In addition, 
at any time point, the wound area of rats in the MN group 
was the smallest among all groups, and the wound closure rate 
was higher than 95% after 14 days of treatment. The Gel-PDA 
backing part can reshape the typical inflammatory wound mi-
croenvironment into a repair-oriented immune homeostasis 
during wound healing. Its core is to actively regulate the im-
mune response. bFGF fundamentally reverses the immune state 
that hinders healing by guiding macrophages to polarize from 
pro-inflammatory M1 to anti-inflammatory and pro-repairing 
M2, and reducing the level of local pro-inflammatory M2 and. 
At the same time, the hydrogel, as an “intelligent” delivery sys-
tem, can respond to the wound environment, continuously and 
stably release bFGF, and accurately promote angiogenesis and 
cell proliferation; the dopamine component effectively scaveng-
es reactive oxygen species, alleviates oxidative stress damage, 
and its potential antibacterial properties also prevent infection.

This is due to the fact that bEGF can stimulate the endogenous 
expression of fibroblasts and significantly promote cell prolifer-
ation, and the elevation of fibroblasts can directly promote the 
formation of collagen fibers and increase the connective tissues, 
which can enhance the antitensile strength of the wound and 
accelerate wound healing. Gel, CS, and growth factors syner-
gistically accelerate vascularization in the wound, enabling the 
reconstruction of 90% new skin in a significantly shorter time. 
This indicated significant improvement in skin damage, demon-
strating its effectiveness in repairing BC wounds.

To provide a more detailed comparison of microscopic chang-
es within the wound, tissue sections were analyzed using im-
munofluorescence and pathological staining techniques. These 

included hematoxylin and eosin (H&E) staining, Masson’s 
trichrome staining, and CD31 staining for platelet endothelial 
cell adhesion molecules. Figure 7E exhibits the micrographs of 
wound tissue sections of different treatments on day 14. Wound 
healing is observed by H&E staining. Masson staining reflects 
the growth of collagen fibers in the wound.CD-31 specifically 
stains platelet endothelial cell adhesion molecules and plays an 
important role in the interaction with neutrophils. Key elements 
in the photographic results, such as blood vessels, neutrophils, 
hair follicles, and collagen deposits within the wound area, were 
highlighted to facilitate observation and analysis. Compared 
with the control group, more mature collagen and sustained ep-
ithelial tissue production was observed in the MN group (Figure 
7F, G). H&E staining showed the lowest number of neutrophils 
in the MN treatment group, indicating minimal wound inflam-
mation. Masson staining showed more collagen fiber deposition 
in the treatment groups, especially in the MN treatment group, 
which had the densest collagen fiber deposition, and the deposi-
tion of collagen fibers was almost the same as that of intact skin. 
In addition, the expression of CD31 was higher in the treated 
group, and a higher number of fibroblasts, keratinocytes, gran-
ulation and re-epithelialization processes were observed in the 
area, in agreement with the results of H&E staining and Masson 
staining. Optimal wound repair was achieved through the com-
bined effects of Gel, CS, and bFGF. This further confirms that 
MN demonstrates excellent biosafety and effectively promotes 
cell regeneration. The new smart MN can accelerate wound 
healing providing a new idea for clinical BC wounds that are 
difficult to heal.

2.7 Drug release and in vitro anticancer characterization of 
MN

Given the strong absorption peak of DOX at 481 nm (Fig-
ure 8C), this wavelength was selected for establishing its stan-
dard calibration curve. The linear relationship between the 
absorbance and concentration of DOX standard solutions is 
presented in Figure 8D. As shown in Figure 8E, the initial DOX 
solution exhibited significantly higher absorbance compared 
to the supernatant. Substituting the measured supernatant ab-
sorbance (0.140) into the standard curve yielded a supernatant 
DOX concentration (c1) of 6.5 µg/mL. Subsequently, the DOX 
loading capacity in the MN was calculated as 68.8% using 
Equation. This high loading efficiency is primarily attributed 
to the hydrophilic cyclodextrin structures on the surface of the 
CS-β-CD NPs. These cyclodextrins are closely packed, creating 
a hollow internal cavity that provides efficient space for DOX 
encapsulation.

Loading factor = (1− c1/c2)× 100%

= (1− 6.5/20.83)× 100% = 68.8%

Subsequently, the drug release profiles of DOX-CS-β-CD NPs 
and MN were examined separately in PBS at different pH values 
(Figure 8F, G). In pH 7.4 PBS, DOX-CS-β-CD NPs exhibited a 
sustained release profile, with cumulative release rates of 42% 
at 24 hour and 52% at 48 hour. In contrast, release was sig-
nificantly accelerated in pH 5.5 PBS, reaching cumulative rates 
of 65.2% at 24 hour and 85.5% at 48 hour. This accelerated 
release is attributed to the acid-triggered destabilization of CS-
β-CD NPs and the responsive disassembly of their crosslinked 
CS/TPP core regions (Figure 8A). Similarly, MN displayed 
pH-responsive release behavior, with DOX release significant-
ly faster in pH 5.5 PBS compared to pH 7.4 (Figure 8G, H). 
However, drug release from MN was slightly delayed relative 
to that from the DOX-CS-β-CD NPs. This delay is likely due to 
the requirement for DOX to first be released from the NPs, then 
diffuse through the MN’s 3D network structure driven by os-
motic pressure before entering the release medium (Figure 8B). 
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These results indicate that both DOX-CS-β-CD NPs and MN 
possess favorable pH-responsive drug release properties. MN 
can achieve programmed administration through pH response, 
demonstrating preliminary intelligent intervention in the TME. 

This “adaptive” treatment strategy is highly compatible with the 
cutting-edge nanomedicine concept[52].

The antitumor efficacy of different DOX formulations was eval-
uated using HeLa cells (Figure 8I). After 72-hour incubation, all 

Figure 7.  Repair of full-thickness skin defects in rats. (A) Schematic representation of wound formation and treatment in rats. (B) Representative images and 
description of wound healing on day 0, 3, 7, 14, and 21 after Control, GelMA, GelMA-CS-β-CD-CSMA and MN treatment. (C) Wound closure rate on day 0, 3, 7, 
14, and 21. (D) Wound closure velocity rate on day 0, 3, 7, 14, and 21. (E) H&E staining, Masson staining and CD-31 staining of tissues on day 14. (F) Collagen 
deposition of regenerated skin tissue on day 21. (G) CD31 positive expression on day 14. Data are depicted as mean ± SD (n = 3) and analyzed by one-way 
ANOVA with Tukey’s multiple comparison test compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 are statistically significant.
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Figure 8.  (A) pH-dependent dissociation mechanism of CS-β-CD NPs. (B) Schematic illustration of pH-responsive drug release from GelMA-CS-β-CD-CSMA 
hydrogel. (C) UV-vis absorption spectrum of DOX. (D) DOX concentration calibration curve. (E) Absorbance comparison of CS-β-CD NPs supernatant pre- and 
post-DOX loading. (F) The pH-dependent release profiles of DOX from CS-β-CD NPs in PBS within 96 hour. (G, H) The pH-responsive release kinetics of MN in 
PBS within 96 hour. (I) Comparative anticancer efficacy of DOX formulations under different pH conditions (5.5 and 7) on day 1, 3, and 5. (J) Apoptosis analysis 
of HeLa cells treated with DOX formulations for 48 h (flow cytometry). Data are depicted as mean ± SD (n = 3) and analyzed by one-way ANOVA with Tukey’s 
multiple comparison test compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 are statistically significant.
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treatment groups demonstrated significant proliferation inhibition 
compared to the control. Notably, GelMA/DOX-CS-β-CD NPs 
showed reduced cytotoxicity versus DOX-CS-β-CD NPs solution, 
with significantly enhanced inhibition at pH 5.5 versus pH 7.4. 
This pH-dependent effect correlates with accelerated drug release 
kinetics and higher cumulative release under acidic conditions, re-
sulting in prolonged tumor suppression. The attenuated efficacy 
of GelMA/DOX-CS-β-CD NPs likely stems from: (1) slower drug 
release from the hydrogel matrix, and (2) potential cytoprotective 
effects of gelatin. These observations align with previous release 
profiles and biocompatibility data. Flow cytometry analysis (Fig-
ure 8J) revealed significantly increased apoptotic populations (Q2 
+ Q3 quadrants) at pH 5.5 versus pH 7.4, confirming enhanced 
pH-responsive cytotoxicity. These results collectively demon-
strate the system’s intelligent drug release capability and potent 
anticancer activity. To verify the DOX-specific inhibitory mech-
anism, we analyzed cellular uptake of DOX-CS-β-CD NPs and 
GelMA/DOX-CS-β-CD NPs in HeLa cells (Supplementary Figure 
10, https://links.lww.com/MEDMAT/A8). Fluorescence imaging 
revealed distinct distribution patterns: free DOX showed nuclear 
and cytoplasmic localization, while nanocarrier-loaded DOX ex-
hibited predominant cytoplasmic accumulation. This differential 
localization suggests distinct cellular internalization mechanisms 
– passive diffusion for free DOX versus likely receptor-mediated 
endocytosis for the nanocarrier systems[53]. The observed intra-
cellular DOX accumulation confirms effective cellular entry and 
subsequent growth inhibition, supporting the DOX-dependent 
nature of the cytotoxic effects.

2.8 In vivo assessment of anticancer effects of MN

Next, we established a mouse model of BC to investigate the in 
vivo therapeutic effect of MN (Figure 9A). BC cells were inocu-
lated subcutaneously on the back of the mice, and after 7 days of 
tumor formation, treatment was initiated, and the tumors were 
observed for 14 days. To confirm the protective effect of MN 
transdermal drug delivery on tumor recurrence in vivo, MNs 
without a tip portion (G1) and intact MNs with a tip portion 
(G2) were used to cover the wound for treatment. Figure 9B, C 
reveals that the tumor volume of mice in the blank group in-
creased rapidly in a time-dependent manner, and the tumor 
growth was inhibited to some extent in the G1 group to a certain 
extent after the treatment, but the tumor growth resumed after-
ward. The present study employed DOX, a broad-spectrum an-
thracycline chemotherapeutic agent, In the acidic TME, DOX is 
rapidly released from the MN tips via a pH-triggered mechanism. 
While DOX directly eliminates rapidly proliferating tumor cells 
primarily by intercalating into DNA and inhibiting topoisomer-
ase II, it can also induce immunogenic cell death. During this pro-
cess, DOX prompts the release of damage-associated molecular 
patterns and tumor antigens from the dying cells, which in turn 
activates a systemic antitumor immune response—promoting the 
maturation of dendritic cells and recruiting cytotoxic T lympho-
cytes. Ultimately, this leads to the clearance of tumor cells by 
the activated immune system[54–57]. However, extensive evidence 
indicates that free DOX lacks selectivity in vivo due to its small 
molecular properties, enabling nonspecific systemic distribution 
via the enhanced permeability and retention effect and passive 
diffusion. This nontargeted distribution pattern not only results 
in rapid systemic dissemination but also leads to limited accu-
mulation efficiency and short duration of therapeutic efficacy in 
tumor tissue. Consequently, the free DOX group failed to demon-
strate significant tumor volume reduction in murine models[58–60]. 
Tumor size in the G2 group was significantly smaller relative to 
that of the control group and free DOX, which demonstrated 
that transdermal administration of MN prevented BC recurrence 
by ensuring the sustained release of the drug in the TME. In ad-
dition, the relative tumor volume and weight were recorded after 
14 days (Figure 9D, E), and the tumor in the G2 group was well 

decreased, confirming that the drug-carrying tip of the MN spe-
cifically released DOX in the TME, effectively eliminating resid-
ual tumor and thereby preventing tumor recurrence. The spleen 
is an important site of extramedullary hematopoiesis, producing 
suppressor myeloid cells in tumor-bearing mice[61]. Studies have 
demonstrated a positive correlation between spleen weight and 
liver index and tumor weight[62]. Figure 9F shows that tumor re-
currence was effectively controlled in the G2 group.

All collected tumor tissues and major organs were sectioned 
and stained with HE for histological analysis. In addition, GPX4 
analysis and TUNEL analysis were performed on tumor tissues 
to assess tumor cell apoptosis[63]. The G1 and G2 groups in-
duced more cancer cell damage, including vacuolization, necro-
sis, atrophy and cytoplasmic nuclear separation (Figure 10A). 
Furthermore, the degree of tumor necrosis was significantly 
higher in the G2 group compared to the G1 group. Immuno-
fluorescence staining for GPX4 and TUNEL revealed a marked 
increase in the percentage of apoptotic tumor cells and greater 
cell death in the G1 group (Figure 10B, C). These findings col-
lectively indicate that the growth of both primary and recurrent 
tumors was significantly inhibited.

DOX has been shown to have high antitumor efficacy in the 
treatment of various cancers, but its side effects, especially toxic-
ity to major organs in circulation, should not be overlooked[62]. 
Studies have revealed that both intravenous and locally injected 
free DOX exhibit significant systemic toxicity due to its non-
specific distribution in vivo[64,65]. In contrast, in this experiment, 
the spleens of the treated and control mice were maintained at 
normal levels without significant damage. In addition, no signif-
icant toxicity was detected in major organs such as heart, liver, 
and kidney in the MN group based on histological section stain-
ing observations (Figure 10D). This further suggests that when 
DOX is delivered via MN, the drug is not diluted by entering the 
bloodstream and metabolized by the liver, but rather it enters 
the cancer tissues, which makes it safer by reducing the systemic 
toxicity of the drug. In conclusion, this MN is shown to be a 
promising local drug delivery system for the prevention of recur-
rence and distant metastasis after mastectomy of breast tumors.

3. Conclusions
In summary, we successfully developed a “smart response” MN 
system, which is an all-encompassing multifunctional treatment 
for metastatic BC and associated wound infections. MN com-
bines nanotechnology with stimulus-responsive microneedling 
technology to introduce pH-responsive drug carriers in a photo-
crosslinked gelatin matrix capable of specifically releasing drugs 
for prolonged periods of time in the TME. Our proposed MN 
has a compact fibrous network structure, exhibits the ability 
to deliver therapeutic drugs locally by penetrating skin tissue, 
has excellent mechanical properties, antimicrobial properties, 
repairs damaged tissues, and inhibits the recurrence of BC, and 
can provide comprehensive data to guide clinical practice. Note-
worthy: to improve the application of MN in postoperative 
trauma repair of BC, we designed a 2-stage MN based on the 
structure of MNs. The key advantage of this structure is that the 
needle tip can selectively release anticancer drugs in response to 
the TME, effectively targeting BC recurrence. Meanwhile, the 
substrate gradually releases bFGF and polymyxin over an ex-
tended period, thereby inhibiting inflammation and promoting 
angiogenesis and cell proliferation. Our results suggest that the 
MN can be used as a novel material for skin repair after BC 
surgery and wound infections, with a good safety profile.

4. Experimental
The detailed description of materials and methods can be 
found in the Supplementary Data File, https://links.lww.com/
MEDMAT/A8.

https://links.lww.com/MEDMAT/A8
https://links.lww.com/MEDMAT/A8
https://links.lww.com/MEDMAT/A8


Fei et al. • Volume 3 • Number 1 • 2026	 www.precisionnutritionjournal.com

110

4.1 Data analysis

Materials and methods are described in Supplementary Informa-
tion, https://links.lww.com/MEDMAT/A8. All data are depicted 
as mean ± standard deviation (n = 3), and significant differences 
were analyzed using OriginPro 2018 via one-way analysis of 
variance (ANOVA). The value of P < 0.05 was considered statis-
tically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 10.  (A) On day 14 of treatment, H&E staining of tumor sections from different groups of mice with vacuolization in the cell (red arrowheads), cell necrosis 
(yellow arrowheads), cell atrophy (blue arrowheads), and separation of nucleus and cytoplasm (green arrowheads). (B) Immunohistochemical staining of TUNEL 
and GPX4 after 14 days of tumor treatment. (C) Area of TUNEL-positive zone after the 14th day of tumor treatment. (D) On day 14 of treatment, Cardiac, pul-
monary, and renal toxicity profiles. G1: MN without a tip portion, G2: MN with a tip portion. Data are depicted as mean ± SD (n = 3) and analyzed by one-way 
ANOVA with Tukey’s multiple comparison test compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 are statistically significant.
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