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HIGHLIGHTS

•	 A universal bio-hybrid stem cell backpack platform shifts regenerative nanomedicine from passive cell delivery to active microenvi-
ronmental modulation.

•	 The modular nano-depot endows stem cells with dual synergistic capabilities: robust reactive oxygen species scavenging for cellular 
resilience and localized factor release for amplified paracrine signaling.

•	 Demonstrated in a rigorous corneal injury model, the system promotes multi-lineage regeneration and tissue repair, potentially via 
NF-κB/MAPK pathway modulation, offering a scalable strategy for diverse clinical applications.

ABSTRACT  The therapeutic potential of mesenchymal stem cells (MSCs) in regenerative medicine is frequently thwarted by hostile post-
injury microenvironments characterized by oxidative stress, 
inflammation, and rapid clearance, which compromise cell 
survival and paracrine efficacy. Herein, we establish a uni-
versal bio-hybrid “stem cell backpack” platform designed 
to fundamentally overcome these bottlenecks through pre-
cise surface interface engineering. By tethering drug-loaded 
mesoporous silica nanoparticles onto the MSCs membrane 
via mild, biocompatible click chemistry, we create a program-
mable nanotherapeutic depot that endows host cells with dual, 
synergistic capabilities: (1) robust scavenging of reactive 
oxygen species (ROS) to ensure cellular resilience and (2) 
sustained, localized release of regenerative factors to amplify 
paracrine signaling. Using corneal chemical injury as a rigor-
ous proof-of-concept model, this platform demonstrated unprecedented regenerative potency. The engineered cells markedly outperformed 
conventional therapies by simultaneously suppressing inflammatory cascades, preventing fibrosis and neovascularization, and orchestrating 
multi-lineage regeneration, including epithelial restoration, nerve reinnervation, and limbal stem cell reactivation. Quantitatively, this approach 
achieved a 63.6% enhancement in transparency restoration and a 76.9% greater reduction in tissue defects compared to cell monotherapy. 
Crucially, the modular design of this backpack system allows for the interchangeable loading of diverse therapeutics, extending its applicabil-
ity beyond ophthalmology to other tissues facing similar microenvironmental challenges. This work presents a transformative paradigm in 
nanomedicine, shifting the focus from passive cell delivery to active microenvironmental modulation, thereby offering a versatile and scalable 
strategy for next-generation regenerative therapies across diverse clinical indications.
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Corneal chemical injury (CCI) represents a notably rig-
orous proof-of-concept model for assessing such a strat-
egy [18–20]. As a severe form of ocular surface damage, 
CCI induces acute oxidative stress, excessive inflamma-
tion, epithelial and stromal disruption, neovascularization, 
fibrosis, and profound impairment of corneal homeostasis 
[21, 22]. Consequently, effective therapy requires more 
than rapid wound closure. Full functional recovery neces-
sitates coordinated regeneration of multiple tissue compo-
nents, including epithelial restoration, barrier reconstruc-
tion, suppression of inflammation and fibrosis, corneal 
transparency recovery, nerve reinnervation, and activa-
tion of limbal stem cells (LSCs) [23, 24]. Adipose tissue-
derived mesenchymal stem cells (ADSCs), owing to their 
accessibility, low immunogenicity, and reparative poten-
tial, have shown promise in ocular surface repair [25–27]. 
Nevertheless, ADSC monotherapy often fails to achieve 
complete restoration under severe injury conditions, as the 
hostile microenvironment limits cell survival and compro-
mises paracrine signaling [28, 29]. Thus, CCI represents 
not only a clinically relevant injury model, but also a rig-
orous model for evaluating whether an engineered stem 
cell system can orchestrate multidimensional regeneration 
under hostile microenvironmental conditions.

Herein, we present a universal bio-hybrid stem cell 
backpack platform established through precise cell sur-
face nanoengineering to actively program therapeutic 
cells against hostile microenvironments. In this design, 
dendritic mesoporous silica nanoparticles (DMSNs) act as 
modular nanoscale depots for cargo loading and sustained 
release [30–32], while ADSCs serve as NF-κB/MAPK 
responsive cellular chassis and biological effectors [33]. 
IGF-1 is anchored to the ADSC membrane through mild 
bioorthogonal click chemistry, thereby enhancing cellular 
resilience to oxidative stress while sustaining localized 
factor release and strengthening paracrine signaling [34, 
35]. Using CCI as a rigorous proof-of-concept model, 
we demonstrate that this engineered system promotes 

1  Introduction

Mesenchymal stem cells (MSCs)-based therapy has 
emerged as a promising strategy for regenerative medi-
cine due to its immunomodulatory capacity, trophic sup-
port, and ability to respond to injury-associated cues 
[1–3]. However, the therapeutic efficacy of MSCs is often 
substantially thwarted after transplantation, not simply 
by insufficient delivery, but by the hostile post-injury 
microenvironment itself [4, 5]. Oxidative stress, excessive 
inflammatory signaling, and rapid clearance collectively 
impair stem cell survival, persistence, and paracrine activ-
ity, limiting the reparative capacity of cell-based therapies 
[6, 7]. Therefore, a major challenge in regenerative medi-
cine is to develop strategies that not only deliver MSCs to 
injured tissues, but also preserve their functionality and 
amplify their instructive signaling within damaged micro-
environments [8].

To improve stem cell therapies, researchers have explored 
various biomaterial-assisted approaches, including hydro-
gels, scaffolds, and nanodevices designed to enhance cell 
retention or drug delivery [9–12]. Although these strategies 
have yielded significant progress, they still face notable limi-
tations. Soluble therapeutic factors are frequently limited 
by poor local bioavailability and rapid clearance, whereas 
nanomaterials alone often lack the adaptive biological com-
munication, tissue responsiveness, and injury homing poten-
tial of living cells [7, 13]. Conversely, unmodified MSCs 
can migrate toward inflamed tissues and provide endogenous 
paracrine support, but they remain highly susceptible to oxi-
dative and inflammatory damage following administration 
[14]. Based on these considerations, an effective solution 
should integrate the biological adaptability of stem cells with 
the programmability of nanomaterials at the cell-microen-
vironment interface [15–17]. In principle, this bio-hybrid 
design can enhance the resilience of therapeutic cells in 
hostile microenvironments while enabling sustained local 
delivery of regenerative signals.
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multidimensional corneal regeneration. Specifically, it 
enhances epithelial repair, restores transparency, supports 
corneal nerve reinnervation, and activates limbal stem 
cells. Concurrently, it suppresses inflammation, fibrosis, 
neovascularization, and lymphangiogenesis. Mechanisti-
cally, these effects are linked to attenuation of NF-κB/
MAPK-driven inflammatory cascades and establishment 
of a pro-regenerative niche. More broadly, the modular and 
cargo-interchangeable nature of this platform positions it 
as a versatile strategy that shifts regenerative cell therapy 
from passive delivery to active microenvironmental modu-
lation (Fig. 1).

2 � Experimental Section

See the Supporting Information for the experimental 
details.

3 � Results and Discussion

3.1 � Construction and Interfacial Engineering 
of a Modular Stem Cell Backpack Platform

To realize a universal bio-hybrid platform capable of pro-
tecting therapeutic cells while enabling sustained local 
signal delivery, we first built a modular stem cell surface 
“backpack” that enables sustained and localized IGF-1 
delivery by combining a DBCO-functionalized dendritic 
mesoporous silica carrier via a click reaction under mild 
conditions (Fig. 2a). In this design, DMSN were synthe-
sized in a one-pot process using CTAB/NaSal as the struc-
ture-directing system, TEOS as the silica precursor, and 
TEA as the catalyst. The as-prepared DMSNs serves as the 
main scaffold of the “backpack”, providing a porous chan-
nel network for IGF-1 loading and protection. DMSNs was 
then aminated with APTES, followed by conjugation with 
NHS-DBCO to yield DBCO-functionalized “backpacks” 
for subsequent cell surface click coupling. TEM revealed 
that the DMSNs were highly uniform, with a characteris-
tic dendritic architecture and an average size of ~ 200 nm 
(Fig. 2b). The open pore network provides sufficient capac-
ity for IGF-1 loading, and elemental mapping confirmed 
the silica-based framework (Fig. 2b). Consistent with sur-
face modification, pristine DMSNs showed a negative zeta 

potential of approximately − 20 mV, which shifted to a pos-
itive value after surface amine functionalization by APTES, 
supporting successful introduction of amino groups. After 
DBCO grafting, the surface potential became slightly less 
positive, likely because a fraction of the amines was con-
sumed during conjugation (Fig. 2c). The experimentally 
determined DBCO loading (0.065 µmol mg−1) corresponds 
to a conjugation efficiency of 84.4%. This high efficiency 
indicates a successful conjugation under the employed con-
ditions (Figs. S1 and S2). ELISA measurements gave an 
IGF-1 encapsulation efficiency of 5.8%. To functionalize 
the cell surface with the backpacks, we first introduced 
azide groups onto ADSCs using NHS-PEG-N3 and then 
incubated the azide-presenting cells with IGF1@DMSN-
DBCO to obtain IGF1@DMSN-decorated ADSCs via 
strain-promoted azide-alkyne cycloaddition (Fig. 2d). SEM 
images showed that the backpacks were readily anchored 
on the cell surface, and confocal microscopy further indi-
cated good co-localization with the plasma membrane 
(Fig. 2e, f). Additionally, we adapted flow cytometry to 
optimize and quantify surface grafting levels (Fig. S3). 
We next examined how long the backpacks remained on 
the cell surface: Flow cytometry suggested minimal loss 
within 6 h (Fig. S4), and confocal imaging showed stable 
surface attachment for at least 6 h, whereas obvious inter-
nalization was observed by 8 h (Fig. 2g). DMSNs were 
stably anchored on the ADSC surface via bioorthogonal 
click chemistry for at least 6 h, covering the critical early 
phase for oxidative stress protection and paracrine signal-
ing. Subsequently, gradual internalization of DMSNs ena-
bles intracellular release of IGF-1, which can further acti-
vate survival and proliferative pathways such as PI3K/AKT 
and reinforce paracrine activity. This dual mechanism of 
surface-bound and internalized delivery ensures sustained 
therapeutic signaling, contributing to the enhanced regener-
ative performance of ADSC-IGF1@DMSN. To verify that 
backpack conjugation did not adversely affect the viability 
or function of ADSC, we evaluated cell viability across 
a range of grafting densities and no significant reduction 
in viability was observed (Figs. S5 and S6). Intracellular 
reactive oxygen species (ROS) levels were comparable 
before and after backpack conjugation, suggesting that the 
modification does not elicit oxidative stress in ADSCs (Fig. 
S7). In addition, we assessed the tri-lineage differentiation 
potential of ADSCs and confirmed that backpack decora-
tion did not impair their differentiation capacity, indicating 
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preserved stem cell functionality (Fig. S8). Collectively, 
these findings demonstrate that the IGF1@DMSN-ADSCs 
retain fundamental stem cell properties while acquiring a 
modular and stable nanoscale interface, thereby establish-
ing a robust platform for subsequent functional enhance-
ment and regenerative evaluation.

3.2 � Engineered Stem Cell Backpacks Reinforce ADSC 
Resilience and Regenerative Responsiveness 
under Oxidative Stress

After confirming the structural stability and biocompatibility 
of the backpack platform, we next investigated whether this 
interface engineering strategy could functionally reinforce 
ADSCs against hostile microenvironmental stress. Since 
oxidative stress is the primary factor limiting MSCs sur-
vival and their paracrine efficacy after transplantation, we 

first evaluated the ability of ADSC-IGF1@DMSN to reduce 
ROS levels under conditions of oxidative damage induced 
by hydrogen peroxide. Initial analysis of ADSCs by flow 
cytometry demonstrated positivity for stem cell markers 
such as CD44, CD73, and CD105 (Fig. S9). To elucidate 
the protective and enhancing effects of engineered modifica-
tion on ADSCs proliferation and migration, we first estab-
lished a H2O2 induced oxidative stress model to assess the 
ROS scavenging capacity of ADSC-IGF1@DMSN. ADSC-
IGF1@DMSN effectively removed excess ROS (Figs. 3a 
and S10), indicating that the engineered nano-backpack 
endows ADSCs with enhanced microenvironmental resil-
ience. In addition, we examined whether this cytoprotec-
tive effect was accompanied by improved regenerative cell 
performance. Compared with unmodified ADSCs, ADSC-
IGF1@DMSN exhibited significantly enhanced prolifera-
tion (P < 0.05; Fig. 3b, e). In parallel, transwell and scratch-
wound assays consistently showed that engineered ADSCs 

Fig. 1   Schematic diagram of the universal bio-hybrid stem cell backpack platform and its therapeutic mechanism in corneal injury repair
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Fig. 2   Fabrication and characterization of the engineered stem cell backpack platform. a Scheme illustrating the fabrication of the stem cell backpack (IGF1@
DMSN-DBCO). b TEM image and elemental distribution of DMSN. c Zeta potentials of DMSN, DMSN-NH2, and DMSN-DBCO nanoparticles. d Schematic of 
cell surface conjugation of backpacks onto ADSCs. e SEM images of ADSC-IGF1@DMSN. f Confocal images of ADSCs conjugated with Cy5-labeled backpacks. 
(Nucleus: Hoechst 33,342; Plasma membrane: Chol-PEG-FITC). g Time-dependent distribution of backpacks on ADSCs
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possessed superior migratory activity relative to the ADSCs 
group (P < 0.05; Fig. 3c, d, f, g). Consistently, the intracellu-
lar AKT signaling pathway was activated in ADSC-IGF1@
DMSN as shown by western blot analysis (P < 0.05; Fig. 3h), 
a pathway implicated in regulating cell survival, prolifera-
tion, and tissue repair. The results demonstrated that the 
backpack strategy does not merely preserve cell viability 
under oxidative stress, but actively strengthens core repara-
tive behaviors of therapeutic cells. Altogether, these results 
support the central design principle of the platform, show-
ing that surface-anchored nano-backpack protects ADSCs 
from hostile microenvironmental stress while enhancing 
their regenerative capacity. The dual functional reinforce-
ment provides a mechanistic basis for the enhanced in vivo 
therapeutic efficacy observed in subsequent corneal repair 
studies.

3.3 � Engineered Stem Cell Backpacks Enhance Corneal 
Epithelial Resilience and Reparative Responses 
In Vitro

To confirm whether the stem cell backpack platform can 
transfer its protective and regenerative effects to injured epi-
thelial target cells, we next examined the response of human 
corneal epithelial cells (HCEs) under conditions of oxidative 
stress and co-culture. Since excessive production of ROS is a 
primary cause of corneal epithelial damage, we first investi-
gated the ROS scavenging capacity of ADSC-IGF1@DMSN 
in vitro using a cell model for oxidative stress induced by 
H2O2. Using DCFH-DA, we confirmed that ADSC-IGF1@
DMSN effectively removed excess ROS within the HCEs 
(Figs. 4a and S11). ADSCs also showed some antioxidant 
activity, but its effect was less than that of ADSC-IGF1@
DMSN, suggesting the engineered platform not only pro-
tects the carrier cells themselves, but also improves the 
local epithelial microenvironment through enhanced ROS 
buffering. We then assessed whether this improved micro-
environmental conditioning could affect functional epithelial 
repair. We analyzed changes in the proliferation rate and 
migratory ability of HCEs after co-culture using a series of 
experiments. In particular, co-culture with ADSCs promoted 
the proliferation of HCEs, with HCEs in the ADSC-IGF1@
DMSN co-culture group exhibiting the highest proliferation 
rate of all groups (P < 0.05; Fig. 4b, e). Subsequently, the 
migratory ability of HCEs was examined under different 

co-culture conditions using Transwell and scratch assays. 
The results showed that ADSCs alone, IGF-1, and ADSC-
IGF1@DMSN promoted the migration of HCEs, with the 
ADSC-IGF1@DMSN co-culture group showing the most 
significant improvement in migration (P < 0.05; Fig. 4c, 
d, f, g). Since corneal epithelial healing following CCI 
depends both on the maintenance of epithelial viability and 
on active corneal re-epithelialization, these findings suggest 
that the backpack platform enhances the paracrine activity 
of ADSCs, thereby enhancing the reparative responsiveness 
of the corneal epithelium in vitro. To directly assess the par-
acrine effect of ADSC-IGF1@DMSN, conditioned media 
(CM) from each group were applied to HCEs. Scratch assays 
demonstrated that media from ADSC-IGF1@DMSN signifi-
cantly accelerated wound closure compared with controls, 
and ELISA quantification revealed elevated HGF levels, 
confirming enhanced paracrine signaling (Fig. S12). Taken 
together, the in vitro findings in HCEs suggest that the bio-
hybrid stem cell backpacks improve the damaged epithelial 
microenvironment by reducing oxidative stress and promot-
ing epithelial proliferation and migration. This dual action 
bridges a critical mechanistic link between the engineered 
stem cell platform and its subsequent in vivo regenerative 
efficacy.

3.4 � Backpack Platform Drives Structural 
and Functional Recovery in a Rigorous CCI 
Proof‑of‑Concept Model

Having established that ADSC-IGF1@DMSN reinforces 
stem cell fitness and epithelial support in vitro, we next 
assessed whether this platform could deliver superior ther-
apeutic benefit in vivo using CCI as a rigorous proof-of-
concept model. A mouse model for CCI was developed to 
evaluate the therapeutic efficacy of ADSC-IGF1@DMSN. In 
addition to the normal control group, the injured mice were 
divided randomly into four treatment groups and adminis-
tered subconjunctival injection or multiple topical adminis-
trations of phosphate-buffered saline (PBS), IGF-1, ADSC, 
or ADSC-IGF1@DMSN (Fig. 5a). Previous studies have 
shown that chemical injuries of the cornea compromise tear 
film stability and often lead to persistent dry eye, corneal 
erosion, and even corneal perforations in severe cases [20]. 
Therefore, we evaluated tear secretion using the phenol red 
test 14 days after the injury. The results showed that the 
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ADSC-IGF1@DMSN group had a significantly higher tear 
volume than all other groups (Fig. S13). These results sug-
gest that IGF-1, ADSC, and ADSC-IGF1@DMSN each 
restore tear film stability, with ADSC-IGF1@DMSN show-
ing the strongest therapeutic effect.

To monitor corneal healing, corneal transparency was 
assessed using a slit-lamp microscope at 0, 3, 7, and 14 days 
after treatment (Fig. 5b). No significant differences were 
observed among groups of corneal transparency scores or 
fluorescein staining-based epithelial defect scores at Day 0 
(Fig. S14). Quantitative analysis showed that the cornea treated 
with ADSC-IGF1@DMSN exhibited the highest degree of 

transparency and the greatest recovery (P < 0.05; Fig. 5d–f). 
Specifically, compared with the group treated with ADSC 
alone, the ADSC-IGF1@DMSN group reduced corneal opac-
ity from 1.375 to 0.5, with a 63.6% higher rate of improve-
ment in corneal transparency than the ADSC group. Fluores-
cein sodium staining was used to evaluate epithelial defects 
(Fig. 5c), and the area of the epithelial defect and National 
Eye Institute (NEI) scores were analyzed on days 3, 7, and 14 
(P < 0.05; Fig. 5g–i). Compared to the PBS group, all three 
treatments contributed to significantly accelerated epithelial 
regeneration. Interestingly, the cornea of the ADSC-IGF1@
DMSN group achieved almost complete epithelial closure, 

Fig. 3   Engineered stem cell backpacks reinforce ADSCs microenvironmental resilience and regenerative behaviors. a Representative image 
of ADSC-IGF1@DMSN and ADSCs eliminating ROS under H₂O₂ stimulation. Scale bar, 100 μm. b Representative EdU staining images of 
ADSCs. Scale bar, 100  μm. c Representative images of migrated ADSCs in the two groups. Scale bar, 100  µm. d Representative image of 
scratch assay after 24 h among two different groups. Dotted lines indicate the interfaces. Scale bar, 200 µm. e Comparison of the relative num-
ber of proliferating ADSCs by EdU. f Comparison of the relative number of migrating cells by crystal violet staining. g Comparative analysis 
of wound healing rates. h Protein levels of Akt pathway-related markers in ADSCs from the two groups, and the comparison of Akt signaling 
pathway gene expression levels between two different groups. Student’s t-test or One-way analysis of variance (ANOVA) was performed for the 
comparison between groups. n = 3 (e, f, g, h)
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Fig. 4   Engineered ADSC-IGF1@DMSN enhances corneal epithelial resilience and reparative responses in  vitro. a Representative image of HCEs eliminating ROS 
under H₂O₂ stimulation across different treatment groups. Scale bar, 100 μm. b Representative EdU staining images of HCEs after 24 h co-culture. Scale bar, 100 μm. c 
Images of migrating HCEs obtained from Transwell assays depicting HCEs motility after 24 h of co-culture with ADSCs from the four groups. Scale bar, 100 µm. d Rep-
resentative images of scratch assay after 24 h for four groups. Dotted lines indicate the interfaces. Scale bar, 200 µm. e Comparison of the relative numbers of proliferating 
HCEs by EdU. f Quantification of migrating cells based on crystal violet staining. g Comparative analysis of wound healing rates. One-way ANOVA was performed for 
comparison among the groups. n = 3 (e, f, g)
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with corneal morphology very similar to that of uninjured 
tissue. Compared with the ADSC treatment group, the engi-
neered ADSC treatment group reduced the corneal defect score 
from 1.625 to 0.375, which is equivalent to a 76.9% improve-
ment in corneal repair efficacy. Histological analysis confirmed 
these findings. Following chemical injury, partial detachment 
of corneal epithelial cells, mild edema of the connective tissue, 
and significant collagen disruption were observed (Fig. S15). 
Collectively, these data demonstrate that the bio-hybrid stem 
cell backpack platform substantially outperforms conventional 
factor delivery or stem cell monotherapy in this rigorous injury 
model, supporting the concept that active microenvironmental 
conditioning can translate into superior structural and func-
tional recovery in vivo. A 14-day observation period was suf-
ficient to assess the acute-to-subacute regenerative outcomes 
in our study, including epithelial closure, transparency restora-
tion, barrier reconstruction, nerve regeneration, and suppres-
sion of inflammation and fibrosis. However, longer follow-up, 
such as 28 days, will be necessary in future studies to evaluate 
long-term tissue stability and biosafety.

3.5 � Backpack Platform Orchestrates Epithelial Barrier 
Reconstruction and Limbal Stem Cell Reactivation

To clarify how ADSC-IGF1@DMSN restores corneal sur-
face integrity, we next examined epithelial barrier markers 
and regenerative epithelial programs in injured corneas. 
Immunohistochemical staining was performed using the 
ZO-1 marker for the tight junctions of the cornea [36]. The 
cornea after treatment with ADSC-IGF1@DMSN showed 
a distinct and continuous ZO-1 staining pattern, similar to 
that observed in a normal cornea, while the other groups 
showed a weaker and discontinuous staining pattern. These 
results suggest that treatment with ADSC-IGF1@DMSN 
helps maintain corneal epithelial barrier integrity (P < 0.05; 
Fig. 6a, e). In addition, we also examined the E-cadherin 
expression, another important marker of the epithelial barrier 
[37]. The results revealed that treatment with ADSC-IGF1@
DMSN markedly promoted the recovery of corneal epithelial 
barrier function (P < 0.05; Fig. 6b, f). These findings dem-
onstrate that the engineered platform not only accelerates 
wound closure macroscopically, but also promotes functional 
barrier reconstruction on the tissue level.

We then investigated whether this structural repair was 
accompanied by activation of corneal epithelial regenerative 

programs. The expression and distribution of PAX6, an impor-
tant transcription factor for maintaining the balance and prop-
erties of the corneal epithelium, were analyzed [38]. Staining 
of the entire cornea showed a significant increase in PAX6-
positive cells in the ADSC-IGF1@DMSN-treated group 
(P < 0.05; Fig. 6c, g). Most epithelial cells showed strong 
PAX6 expression in the cell nucleus. This result suggests that 
the engineered system specifically activates epithelial cells to 
promote corneal regeneration. In comparison, corneas from 
the PBS group exhibited significantly reduced PAX6 fluores-
cence intensity, indicating impaired epithelial integrity.

With the rapid advancement of stem cell biology, it is widely 
recognized that LSCs are critical for corneal epithelial repair 
and regeneration [39, 40]. LSCs mainly reside within the basal 
epithelial layer of the limbal region, where the cornea and 
sclera meet. Under normal physiological conditions, these stem 
cells remain largely inactive to maintain epithelial homeostasis. 
However, when exposed to environmental influences or inju-
ries to the cornea, LSCs are activated and undergo symmetric 
or asymmetric cell division to initiate regeneration of the epi-
thelium [41–43]. Through coordinated migration to the center 
of the cornea and stepwise differentiation, LSCs continuously 
regenerate corneal epithelial cells, ensuring dynamic epithe-
lial renewal, tissue homeostasis, corneal transparency, and the 
maintenance of long-term visual function. P63 acts as a marker 
of LSCs in basal layers, while Ki67 indicates proliferating cells. 
Based on this, we examined the cell proliferation activity in 
basal layers using immunofluorescence double staining for 
P63 and Ki67. Compared to the other three injured groups, the 
group treated with ADSC-IGF1@DMSN exhibits a consider-
ably higher number of P63⁺/Ki67⁺ cells in limbal basal layers 
(P < 0.05; Fig. 6d, h). Together, these results indicate that the 
backpack platform promotes corneal repair at multiple levels, 
including barrier reassembly, epithelial lineage maintenance, 
and endogenous stem cell reactivation. Such coordinated regu-
lation is consistent with the concept that ADSC-IGF1@DMSN 
orchestrates multidimensional regeneration rather than deliver-
ing a single function wound healing effect.

3.6 � Engineered Platform Supports Corneal Nerve 
Reinnervation as Part of Multidimensional 
Regeneration

True functional recovery after CCI requires restoration not 
only of the epithelial surface but also of corneal innervation, 



	 Nano-Micro Lett.          (2026) 18:441   441   Page 10 of 18

https://doi.org/10.1007/s40820-026-02308-3© The authors

which is essential for trophic support, epithelial homeostasis, 
and long-term ocular surface stability. To clarify the mor-
phological distribution of corneal nerve fibers after injury 
and different treatments, fluorescent immunostaining of the 
entire cornea for tubulin β-III and whole cornea photog-
raphy were performed. Representative images of corneal 
nerve fibers at the center of the chemical lesion showed 

that ADSC-IGF1@DMSN treatment plays a crucial role 
in corneal nerve regeneration and recovery after chemi-
cal injury (Fig. 6i). Quantitative analysis of nerve fibers in 
middle cornea demonstrated that the nerve fiber density in 
the ADSC-IGF1@DMSN-treated group was significantly 
greater than all other treatment groups (P < 0.05; Fig. 6j). 
Corneal nerves secrete neurotransmitters, which are critical 

Fig. 5   Stem cell backpack platform promotes structural and functional recovery in a corneal chemical injury proof-of-concept model. a Sche-
matic illustration showing the establishment of the corneal chemical injury model and corresponding treatment strategies, including subconjunc-
tival injection of PBS, ADSCs, or ADSC-IGF1@DMSN, whereas an additional group received topical IGF-1 eyedrops. b Representative images 
in the bright field at 0, 3, 7, and 14 days after chemical injury showing the dynamic changes in corneal opacity and transparency during corneal 
healing in normal and injured eyes. c Representative images obtained via fluorescein staining demonstrate the epithelial defect area and the pro-
gression of re-epithelialization across treatment groups at 0, 3, 7, and 14-day post-chemical injury. d–f Quantifications of corneal transparency 
scores at different time points. g-i Quantifications of fluorescein staining-based epithelial defect scores across different groups at 0, 3, 7, and 
14-day post-chemical injury. One-way ANOVA was performed for comparison among the groups. n = 8 (d–i)
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factors for maintenance of epithelial homeostasis [44]. The 
damage to corneal nerves causes a decrease in trophic sup-
port and disrupts the balance of the epithelium. In addition, 
neurotransmitters and proinflammatory cytokines induce 
apoptosis in the epithelium and weaken the cornea’s sup-
port for nerve regeneration [45]. Ultimately, the cascade 
leads to degeneration and dysfunction of the corneal nerves, 
thereby exacerbating ocular surface disorders. The robust 
reinnervation observed after ADSC-IGF1@DMSN treat-
ment therefore suggests that the platform interrupts this 
degenerative feedback loop and reestablishes a regenerative 
microenvironment favorable for neuroepithelial recovery. 
In the context of the overall study, nerve regeneration fur-
ther underscores that the therapeutic benefit of this system 
extends beyond surface closure to coordinated restoration of 
multiple functional corneal compartments.

3.7 � ADSC‑IGF1@DMSN Suppresses Pathological 
Angiogenic and Lymphangiogenic Remodeling

Since persistent inflammation after CCI commonly drives 
pathological neovascularization and lymphangiogenesis, we 
next examined whether the backpack platform could restrain 
this maladaptive remodeling. Immunohistochemical staining 
for VEGF-A showed strong staining in the cornea of the PBS 
group, while it was significantly attenuated after treatment 
with ADSC-IGF1@DMSN (P < 0.05; Fig. 7a, f). Immuno-
histochemical analysis of the CD31 and LYVE1 revealed 
that treatment with ADSC-IGF1@DMSN significantly 
suppressed the formation of new capillaries and lymphatic 
vessels in comparison with the PBS group (Fig. 7b, c). 
The mean number of new capillaries in the PBS group was 
11.75 ± 3.40/visual field, while it was only 1.00 ± 0.82/visual 
field in the ADSC-IGF1@DMSN group (P < 0.05; Fig. 7g). 
Similarly, the density of lymphatic vessels decreased from 
5.00 ± 0.82/visual field in the PBS group to 0.75 ± 0.50/
visual field in the ADSC-IGF1@DMSN-treated cornea 
(P < 0.05; Fig. 7h). Treatment with ADSC alone or with 
IGF-1 eyedrops also resulted in a partial reduction in capil-
lary and lymphatic vessel formation, but the effect was less 
pronounced. These data demonstrate that ADSC-IGF1@
DMSN more effectively restrains inflammatory vascular 
remodeling, which is critical for preserving corneal avascu-
larity and optical clarity after injury.

3.8 � ADSC‑IGF1@DMSN Attenuates Fibrotic 
Remodeling and Preserves Corneal Transparency

In addition to abnormal vessel growth, excessive inflamma-
tory responses not only induce new blood vessel formation 
in the cornea, but also promote corneal fibrosis. The result 
is a rapid deterioration of vision, which in severe cases can 
lead to blindness [46]. PBS-treated corneas showed strong 
expression of α-SMA (a marker of myofibroblasts) and 
type III collagen (a marker of excessive extracellular matrix 
deposition) (Fig. 7d, e). In contrast, α-SMA and collagen III 
expression was significantly reduced in all treated groups, 
with the greatest suppression of fibrosis observed in the 
ADSC-IGF1@DMSN group (P < 0.05; Fig. 7i, j). These 
antifibrotic effects are mechanistically and functionally 
meaningful. By suppressing stromal scarring, the engineered 
platform helps preserve the structural basis of transparency, 
which is consistent with the superior slit-lamp recovery and 
lower opacity scores observed in the same group (Fig. 5b). 
Thus, beyond improving epithelial healing, ADSC-IGF1@
DMSN also suppresses long-term maladaptive remodeling, 
further supporting its role as an active niche-modulating 
therapeutic platform rather than a passive cell delivery 
vehicle.

3.9 � ADSC‑IGF1@DMSN Remodels the Inflammatory 
Niche through Suppression of NF‑κB/MAPK 
Signaling

To gain mechanistic insight into how the engineered platform 
coordinates these broad regenerative outcomes, we performed 
transcriptomic analysis of corneas from normal mice, PBS-
treated CCI mice, and ADSC-IGF1@DMSN-treated CCI 
mice. Hierarchical cluster analysis identified genes related to 
inflammation, fibrosis, and neovascularization (Ccr1, Ccr7, 
Cxcr2, Ccl22, Mmp9, Mmp13, Saa3, and Tnfsf14) after 
CCI, but all of these genes were significantly reduced after 
treatment with ADSC-IGF1@DMSN (Fig. 8a). The sup-
pression of chemokine receptors (Ccr1, Ccr7, and Cxcr2) 
suggests reduced leukocyte mobilization and inflammation 
[47], while reduced metalloproteinase levels (Mmp2, Mmp3, 
Mmp9, and Mmp13) suggest extracellular matrix (ECM) 
remodeling and suppression of excessive fibrosis [48–50]. 
In addition, genes associated with acute inflammation and 
programmed cell death regulation (Saa3, Tnfsf14) were also 
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Fig. 6   Backpack platform orchestrates epithelial barrier reconstruction, limbal stem cell activation, and corneal nerve regeneration after chemi-
cal injury. (a–d) Representative immunofluorescence images of corneal sections from the indicated groups stained for ZO-1 (a: tight-junction 
reassembly and barrier integrity), E-cadherin (b: epithelial cell–cell adhesion), PAX6 (c: corneal epithelial proliferation and differentiation), and 
p63/Ki67 (d: the activity and proliferative response of LSCs). Scale bar, 50 μm. e Relative fluorescence intensity of ZO-1 expression from each 
group was compared. f Relative fluorescence intensity of E-cadherin expression from each group was compared. g Quantification of PAX6+ cells 
per field in corneas of each group. h Quantification of p63+ Ki67+ per field in corneas of each group. i Representative images of whole cornea 
of tubulin b-III staining and the respective images of central corneal nerve fibers within each group are shown. Scale bar, 500 μm and 100 μm. 
j Quantification of central corneal nerve coverage, representing the percentage areas covered by nerve fibers, with comparisons across groups. 
One-way ANOVA was performed for comparison among the groups. n = 3 (e–h, j)
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downregulated [51–53], confirming that ADSC-IGF1@
DMSN reduces inflammation in the cornea and promotes an 
optimal balance for healing. Meanwhile, the high expression 
of Calb1 (calbindin 1), the calcium-binding protein involved 
in the protection and regeneration of nerve cells [54, 55], sug-
gests the activation of neuroprotective signaling pathways that 
could promote corneal nerve recovery. Gene set enrichment 
analysis revealed that the NF-κB and chemokine signaling 
pathways are highly activated in the CCI cornea but are sig-
nificantly inhibited after treatment with ADSC-IGF1@DMSN 
(Fig. 8b). GO analysis revealed enrichment of biological pro-
cesses related to neurogenesis, chemotaxis, angiogenesis, 
and stem cell differentiation, indicating that ADSC-IGF1@
DMSN simultaneously modulates inflammation and activates 
endogenous regenerative programs (Fig. S16). The findings 
indicate that ADSC-IGF1@DMSN does not act through a 
single downstream target, but instead broadly reprograms the 
post-injury niche toward a regenerative state.

We then validated this inflammatory remodeling at the 
protein level. CCI caused strong phosphorylation of NF-κB 
p65, and MAPK signaling, which was significantly reduced 
after treatment, especially in the ADSC-IGF1@DMSN 
group (Fig. 8c). Consistent with this, IL-1β and IL-6 levels, 
which had previously increased significantly after injury, also 
decreased (P < 0.05; Fig. 8d-i). These results indicate that 
ADSC-IGF1@DMSN treatment is associated with downregu-
lation of NF-κB/MAPK inflammatory signaling and improved 
corneal repair, concomitant with attenuated pathological vas-
cular and fibrotic remodeling, as well as enhanced epithelial 
regeneration, stem cell activation, and nerve reinnervation. 
In this sense, ADSC-IGF1@DMSN functions as an active 
microenvironmental modulator that converts an inflammatory, 
degeneration-prone niche into a pro-regenerative therapeutic 
landscape. It should be noted, however, that in the absence of 
specific NF-κB/MAPK modulation experiments, the observed 
changes in these signaling pathways can only be interpreted 
as correlative rather than causative. Future studies employ-
ing pathway-specific inhibition or activation will be necessary 
to directly elucidate the role of NF-κB/MAPK signaling in 
ADSC-IGF1@DMSN-mediated corneal repair.

3.9.1 � In Vivo Safety Evaluation

After subconjunctival injection of ADSCs and engineered 
ADSCs for 14 days, we collected major organs from the 

mice for toxicity assessment. H&E staining revealed no his-
tological abnormalities in the eyeball, heart, liver, spleen, 
lung, or kidney tissues of the injection group compared to 
the control group. CD45 immunohistochemical staining 
further showed that none of the treatment groups exhibited 
increased immune cell infiltration in eyeballs compared with 
the control group (Fig. S17). In addition, the biochemical 
indicators RBC, WBC, HGB, PLT, ALT, AST, BUN, and 
CREA were all within normal ranges (Fig. S18). While our 
study assessed short-term safety in major organs and corneal 
tissues, MSNs are known to gradually degrade into soluble 
silicic acid in vivo and are primarily excreted renally [56]. 
Their systemic accumulation is minimal at doses compara-
ble to those used here, with negligible long-term toxicity 
reported. These properties support the favorable biosafety of 
the ADSC-IGF1@DMSN platform and its potential applica-
bility in other regenerative therapies. In summary, the engi-
neered ADSCs exhibited excellent biocompatibility in vivo 
and did not induce any detectable toxicity.

4 � Conclusion

In summary, we report a universal bio-hybrid stem cell 
backpack platform that enables precise cell surface nano-
engineering to convert mesenchymal stem cells into active 
therapeutics for microenvironmental modulation. By mildly 
anchoring IGF-1-loaded dendritic mesoporous silica nano-
particles onto ADSCs through bioorthogonal chemistry, this 
strategy endows the engineered cells with two synergistic 
properties, namely enhanced microenvironmental resilience 
and sustained paracrine signaling, thereby overcoming key 
barriers that constrain stem cell therapy in regenerative 
medicine. In a rigorous corneal chemical injury model, 
ADSC-IGF1@DMSN suppresses ROS accumulation and 
NF-κB/MAPK-associated inflammatory signaling, reshapes 
a pro-regenerative niche, and promotes multidimensional 
tissue repair, including epithelial regeneration, restoration 
of transparency, corneal nerve reinnervation, limbal stem 
cell activation, and inhibition of fibrosis, neovasculariza-
tion, and lymphangiogenesis. Combined with its favorable 
in vivo biocompatibility and modular, cargo-interchangeable 
design, this platform defines a versatile and scalable thera-
peutic framework for diverse tissue injuries that face simi-
lar microenvironmental challenges. More broadly, this study 
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Fig. 7   Backpack platform suppresses pathological angiogenic, lymphangiogenic, and fibrotic remodeling in injured corneas. a Representative 
immunofluorescence image of VEGF-A in cornea from the designated group, reflecting the pro-angiogenic signaling after injury and treatments. 
Scale bar, 50 μm. b, c Representative immunohistochemical staining images for CD31(b; blood vessel endothelium) and LYVE1 (c; lymphatic 
endothelium). The red arrow denotes representative micro-vessels and lymphatic structures. Scale bar, 50 μm. d A representative immunofluo-
rescence image of α-SMA to assess myofibroblast activation in corneal tissues from the indicated groups. Scale bar, 50 μm. e Representative 
immunofluorescence staining images of Collagen Ⅲ to assess fibrotic responses in corneas from each group. Scale bar, 50 μm. f Quantification 
of VEGF-A fluorescence intensity from each group. g, h Quantitative of CD31+ capillary density and LYVE1.+ lymphatic vessel density per 
field among groups. i Relative fluorescence intensity of α-SMA expression from each group was compared. j Relative fluorescence intensity of 
Collagen Ⅲ expression from each group was compared. One-way ANOVA was performed for comparison among the groups. n = 3 (f, i, j), n = 4 
(g, h)
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Fig. 8   Backpack platform remodels the inflammatory niche and promotes regeneration through suppression of NF-κB/MAPK signaling. a Heat-
map of transcriptomic sequencing results from normal mice, PBS-injected CCI mice, and ADSC-IGF1@DMSN-injected CCI mice. b Gene set 
enrichment analysis (GSEA) for gene sets altered between the ADSC-IGF1@DMSN group and PBS group. c Protein levels of NF-κB/MAPK 
signaling pathway and inflammatory markers in corneas among all treatment groups. d-i Quantitative analysis of NF-κB/MAPK signaling path-
way and inflammatory gene expression levels among all treatment groups. One-way ANOVA was performed for comparison among the groups. 
n = 3 (d–i)
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highlights a conceptual shift from passive stem cell delivery 
to active programming of the injury microenvironment.

Acknowledgements  This study was supported by the 
National Natural Science Foundation of China (82371100, 
T2495260-T2495263, 22575175).

Author Contributions  YC and YXZ conceived the study and 
designed experiments. YC, YXZ, YY, and SY conducted experi-
ments; XS, ZL, and JS assisted in experiments and data analysis. 
RW, JS, YXZ, and HL did fund acquisition and supervision.

Declarations 

Conflict of interest  The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
s40820-​026-​02308-3.

References

	 1.	 H. Zhang, D. Liu, T. Wu, C. Chen, J. Jiang et al., Explor-
ing mesenchymal stem cell niches for regeneration. Sci. Bull. 
70(9), 1389–1393 (2025). https://​doi.​org/​10.​1016/j.​scib.​2025.​
03.​011

	 2.	 Y. Han, J. Yang, J. Fang, Y. Zhou, E. Candi et al., The secretion 
profile of mesenchymal stem cells and potential applications 
in treating human diseases. Signal Transduct. Target. Ther. 7, 
92 (2022). https://​doi.​org/​10.​1038/​s41392-​022-​00932-0

	 3.	 X. Wu, J. Jiang, Z. Gu, J. Zhang, Y. Chen et al., Mesenchymal 
stromal cell therapies: immunomodulatory properties and clin-
ical progress. Stem Cell Res. Ther. 11(1), 345 (2020). https://​
doi.​org/​10.​1186/​s13287-​020-​01855-9

	 4.	 O. Levy, R. Kuai, E.M.J. Siren, D. Bhere, Y. Milton et al., 
Shattering barriers toward clinically meaningful MSC thera-
pies. Sci. Adv. 6(30), eaba6884 (2020). https://​doi.​org/​10.​
1126/​sciadv.​aba68​84

	 5.	 M.B. Murphy, K. Moncivais, A.I. Caplan, Mesenchymal stem 
cells: environmentally responsive therapeutics for regenerative 
medicine. Exp. Mol. Med. 45(11), e54 (2013). https://​doi.​org/​
10.​1038/​emm.​2013.​94

	 6.	 S. Yu, S. Yu, H. Liu, N. Liao, X. Liu, Enhancing mes-
enchymal stem cell survival and homing capability to 
improve cell engraftment efficacy for liver diseases. Stem 
Cell Res. Ther. 14(1), 235 (2023). https://​doi.​org/​10.​1186/​
s13287-​023-​03476-4

	 7.	 B.N. Kharbikar, P. Mohindra, T.A. Desai, Biomaterials to 
enhance stem cell transplantation. Cell Stem Cell 29(5), 692–
721 (2022). https://​doi.​org/​10.​1016/j.​stem.​2022.​04.​002

	 8.	 N. Lagneau, P. Tournier, F. Nativel, Y. Maugars, J. Guicheux 
et al., Harnessing cell-material interactions to control stem 
cell secretion for osteoarthritis treatment. Biomaterials 296, 
122091 (2023). https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2023.​
122091

	 9.	 L. Xuan, Y. Hou, L. Liang, J. Wu, K. Fan et al., Microgels for 
cell delivery in tissue engineering and regenerative medicine. 
Nano-Micro Lett. 16(1), 218 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01421-5

	10.	 Y. Zhong, L. Xu, C. Yang, L. Xu, G. Wang et al., Site-selected 
in situ polymerization for living cell surface engineering. 
Nat. Commun. 14, 7285 (2023). https://​doi.​org/​10.​1038/​
s41467-​023-​43161-x

	11.	 T. Ye, X. Liu, X. Zhong, R. Yan, P. Shi, Nongenetic surface 
engineering of mesenchymal stromal cells with polyvalent 
antibodies to enhance targeting efficiency. Nat. Commun. 14, 
5806 (2023). https://​doi.​org/​10.​1038/​s41467-​023-​41609-8

	12.	 T. Cui, S. Chen, S. Liu, X. Niu, J. Wang et al., A biohybrid 
chiral hydrogel enhances preclinical postoperative glio-
blastoma therapy by multi-pronged inhibition of tumour 
stemness. Nat. Nanotechnol. 21(1), 140–155 (2026). https://​
doi.​org/​10.​1038/​s41565-​025-​02064-2

	13.	 M.J. Mitchell, M.M. Billingsley, R.M. Haley, M.E. 
Wechsler, N.A. Peppas et al., Engineering precision nano-
particles for drug delivery. Nat. Rev. Drug Discov. 20(2), 
101–124 (2021). https://​doi.​org/​10.​1038/​s41573-​020-​0090-8

	14.	 S. Zhang, K.Y.W. Teo, S.J. Chuah, R.C. Lai, S.K. Lim et al., 
MSC exosomes alleviate temporomandibular joint osteoar-
thritis by attenuating inflammation and restoring matrix 
homeostasis. Biomaterials 200, 35–47 (2019). https://​doi.​
org/​10.​1016/j.​bioma​teria​ls.​2019.​02.​006

	15.	 X. Wang, X. Song, W. Feng, M. Chang, J. Yang et  al., 
Advanced nanomedicines for treating refractory inflamma-
tion-related diseases. Nano-Micro Lett. 17(1), 323 (2025). 
https://​doi.​org/​10.​1007/​s40820-​025-​01829-7

	16.	 M. Hao, Y. Chen, J. Leisen et al., Multifunctional Janus 
nanoparticles capable of anchoring to the cell membrane and 
serving as “cellular backpacks” for advanced theranostics. 
J. Am. Chem. Soc. 147(15), 12973–12981 (2025). https://​
doi.​org/​10.​1021/​jacs.​5c025​87

	17.	 Y. Liu, J. Luo, X. Chen, W. Liu, T. Chen, Cell membrane 
coating technology: a promising strategy for biomedical 
applications. Nano-Micro Lett. 11(1), 100 (2019). https://​
doi.​org/​10.​1007/​s40820-​019-​0330-9

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-026-02308-3
https://doi.org/10.1007/s40820-026-02308-3
https://doi.org/10.1016/j.scib.2025.03.011
https://doi.org/10.1016/j.scib.2025.03.011
https://doi.org/10.1038/s41392-022-00932-0
https://doi.org/10.1186/s13287-020-01855-9
https://doi.org/10.1186/s13287-020-01855-9
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1038/emm.2013.94
https://doi.org/10.1038/emm.2013.94
https://doi.org/10.1186/s13287-023-03476-4
https://doi.org/10.1186/s13287-023-03476-4
https://doi.org/10.1016/j.stem.2022.04.002
https://doi.org/10.1016/j.biomaterials.2023.122091
https://doi.org/10.1016/j.biomaterials.2023.122091
https://doi.org/10.1007/s40820-024-01421-5
https://doi.org/10.1007/s40820-024-01421-5
https://doi.org/10.1038/s41467-023-43161-x
https://doi.org/10.1038/s41467-023-43161-x
https://doi.org/10.1038/s41467-023-41609-8
https://doi.org/10.1038/s41565-025-02064-2
https://doi.org/10.1038/s41565-025-02064-2
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://doi.org/10.1007/s40820-025-01829-7
https://doi.org/10.1021/jacs.5c02587
https://doi.org/10.1021/jacs.5c02587
https://doi.org/10.1007/s40820-019-0330-9
https://doi.org/10.1007/s40820-019-0330-9


Nano-Micro Lett.          (2026) 18:441 	 Page 17 of 18    441 

	18.	 A. Kumar, H. Yun, M.L. Funderburgh, Y. Du, Regenerative 
therapy for the cornea. Prog. Retin. Eye Res. 87, 101011 
(2022). https://​doi.​org/​10.​1016/j.​prete​yeres.​2021.​101011

	19.	 A.R. Kethiri, V.K. Singh, M. Damala, S. Basu, C.M. Rao 
et al., Long term observation of ocular surface alkali burn in 
rabbit models: quantitative analysis of corneal haze, vascu-
larity and self-recovery. Exp. Eye Res. 205, 108526 (2021). 
https://​doi.​org/​10.​1016/j.​exer.​2021.​108526

	20.	 N. Sharma, M. Kaur, T. Agarwal, V.S. Sangwan, R.B. Vaj-
payee, Treatment of acute ocular chemical burns. Surv. Oph-
thalmol. 63(2), 214–235 (2018). https://​doi.​org/​10.​1016/j.​
survo​phthal.​2017.​09.​005

	21.	 S. Ghosh, B. Salvador-Culla, A. Kotagiri, S. Pushpoth, A. 
Tey et al., Acute chemical eye injury and limbal stem cell 
deficiency: a prospective study in the United Kingdom. Cor-
nea 38(1), 8–12 (2019). https://​doi.​org/​10.​1097/​ico.​00000​
00000​001739

	22.	 M. Bizrah, A. Yusuf, S. Ahmad, An update on chemical 
eye burns. Eye 33(9), 1362–1377 (2019). https://​doi.​org/​10.​
1038/​s41433-​019-​0456-5

	23.	 R.R. Mohan, D. Kempuraj, S. D’Souza, A. Ghosh, Corneal 
stromal repair and regeneration. Prog. Retin. Eye Res. 91, 
101090 (2022). https://​doi.​org/​10.​1016/j.​prete​yeres.​2022.​
101090

	24.	 A. Baradaran-Rafii, M. Eslani, Z. Haq, E. Shirzadeh, M.J. 
Huvard et al., Current and upcoming therapies for ocular 
surface chemical injuries. Ocul. Surf. 15(1), 48–64 (2017). 
https://​doi.​org/​10.​1016/j.​jtos.​2016.​09.​002

	25.	 Q. Shang, Y. Chu, Y. Li, Y. Han, D. Yu et  al., Adipose-
derived mesenchymal stromal cells promote corneal wound 
healing by accelerating the clearance of neutrophils in Cor-
nea. Cell Death Dis. 11, 707 (2020). https://​doi.​org/​10.​1038/​
s41419-​020-​02914-y

	26.	 N. Bertheuil, B. Chaput, C. Ménard, A. Varin, J. Laloze et al., 
Adipose mesenchymal stromal cells: definition, immunomodu-
latory properties, mechanical isolation and interest for plastic 
surgery. Ann. De Chir. Plast. Esthétique 64(1), 1–10 (2019). 
https://​doi.​org/​10.​1016/j.​anplas.​2018.​07.​005

	27.	 S. Galindo, J.M. Herreras, M. López-Paniagua, E. Rey, A. 
de la Mata et al., Therapeutic effect of human adipose tissue-
derived mesenchymal stem cells in experimental corneal fail-
ure due to limbal stem cell niche damage. Stem Cells 35(10), 
2160–2174 (2017). https://​doi.​org/​10.​1002/​stem.​2672

	28.	 X. Yuan, L. Li, H. Liu, J. Luo, Y. Zhao et al., Strategies for 
improving adipose-derived stem cells for tissue regeneration. 
Burns Trauma 10, tkac028 (2022). https://​doi.​org/​10.​1093/​
burnst/​tkac0​28

	29.	 D.G. Phinney, M. Di Giuseppe, J. Njah, E. Sala, S. Shiva et al., 
Mesenchymal stem cells use extracellular vesicles to outsource 
mitophagy and shuttle microRNAs. Nat. Commun. 6, 8472 
(2015). https://​doi.​org/​10.​1038/​ncomm​s9472

	30.	 B. Escriche-Navarro, A. Escudero, E. Lucena-Sánchez, F. San-
cenón, A. García-Fernández et al., Mesoporous silica materi-
als as an emerging tool for cancer immunotherapy. Adv. Sci. 
9(26), 2200756 (2022). https://​doi.​org/​10.​1002/​advs.​20220​
0756

	31.	 T.L. Nguyen, Y. Choi, J. Kim, Mesoporous silica as a versa-
tile platform for cancer immunotherapy. Adv. Mater. 31(34), 
e1803953 (2019). https://​doi.​org/​10.​1002/​adma.​20180​3953

	32.	 G. Gao, J. Li, Y. Ma, M. Xie, J. Luo et al., Dual-responsive 
multi-functional silica nanoparticles with repaired mitochon-
drial functions for efficient alleviation of spinal cord injury. 
Exploration 5(3), 270012 (2025). https://​doi.​org/​10.​1002/​exp.​
70012

	33.	 H. Zhang, X. Xiao, L. Wang, X. Shi, N. Fu et al., Human 
adipose and umbilical cord mesenchymal stem cell-derived 
extracellular vesicles mitigate photoaging via TIMP1/Notch1. 
Signal Transduct. Target. Ther. 9, 294 (2024). https://​doi.​org/​
10.​1038/​s41392-​024-​01993-z

	34.	 C.-L. Kuo, A. Ponneri Babuharisankar, Y.-C. Lin, H.-W. Lien, 
Y.K. Lo et al., Mitochondrial oxidative stress in the tumor 
microenvironment and cancer immunoescape: foe or friend? 
J. Biomed. Sci. 29(1), 74 (2022). https://​doi.​org/​10.​1186/​
s12929-​022-​00859-2

	35.	 K.J. Allahdadi, T.A. de Santana, G.C. Santos, C.M. Azevedo, 
R.A. Mota et al., IGF-1 overexpression improves mesenchy-
mal stem cell survival and promotes neurological recovery 
after spinal cord injury. Stem Cell Res. Ther. 10(1), 146 
(2019). https://​doi.​org/​10.​1186/​s13287-​019-​1223-z

	36.	 L. Contreras-Ruiz, U. Schulze, L. García-Posadas, I. Arranz-
Valsero, A. López-García et al., Structural and functional 
alteration of corneal epithelial barrier under inflammatory 
conditions. Curr. Eye Res. 37(11), 971–981 (2012). https://​
doi.​org/​10.​3109/​02713​683.​2012.​700756

	37.	 L. Li, R. Hartley, B. Reiss, Y. Sun, J. Pu et al., E-cadherin 
plays an essential role in collective directional migration of 
large epithelial sheets. Cell. Mol. Life Sci. 69(16), 2779–2789 
(2012). https://​doi.​org/​10.​1007/​s00018-​012-​0951-3

	38.	 H. Ouyang, Y. Xue, Y. Lin, X. Zhang, L. Xi et al., WNT7A 
and PAX6 define corneal epithelium homeostasis and patho-
genesis. Nature 511(7509), 358–361 (2014). https://​doi.​org/​
10.​1038/​natur​e13465

	39.	 F.E. Kruse, Stem cells and corneal epithelial regeneration. Eye 
8(2), 170–183 (1994). https://​doi.​org/​10.​1038/​eye.​1994.​42

	40.	 S.C.G. Tseng, Concept and application of limbal stem cells. 
Eye 3(2), 141–157 (1989). https://​doi.​org/​10.​1038/​eye.​1989.​
22

	41.	 C. Bonnet, S. González, J.S. Roberts, S.Y.T. Robertson, M. 
Ruiz et al., Human limbal epithelial stem cell regulation, bio-
engineering and function. Prog. Retin. Eye Res. 85, 100956 
(2021). https://​doi.​org/​10.​1016/j.​prete​yeres.​2021.​100956

	42.	 M.A. Dziasko, J.T. Daniels, Anatomical features and cell-cell 
interactions in the human limbal epithelial stem cell niche. 
Ocul. Surf. 14(3), 322–330 (2016). https://​doi.​org/​10.​1016/j.​
jtos.​2016.​04.​002

	43.	 F. Castro-Muñozledo, E. Gómez-Flores, Challenges to the 
study of asymmetric cell division in corneal and limbal epi-
thelia. Exp. Eye Res. 92(1), 4–9 (2011). https://​doi.​org/​10.​
1016/j.​exer.​2010.​11.​002

	44.	 R.W. Beuerman, B. Schimmelpfennig, Sensory denervation 
of the rabbit cornea affects epithelial properties. Exp. Neurol. 

https://doi.org/10.1016/j.preteyeres.2021.101011
https://doi.org/10.1016/j.exer.2021.108526
https://doi.org/10.1016/j.survophthal.2017.09.005
https://doi.org/10.1016/j.survophthal.2017.09.005
https://doi.org/10.1097/ico.0000000000001739
https://doi.org/10.1097/ico.0000000000001739
https://doi.org/10.1038/s41433-019-0456-5
https://doi.org/10.1038/s41433-019-0456-5
https://doi.org/10.1016/j.preteyeres.2022.101090
https://doi.org/10.1016/j.preteyeres.2022.101090
https://doi.org/10.1016/j.jtos.2016.09.002
https://doi.org/10.1038/s41419-020-02914-y
https://doi.org/10.1038/s41419-020-02914-y
https://doi.org/10.1016/j.anplas.2018.07.005
https://doi.org/10.1002/stem.2672
https://doi.org/10.1093/burnst/tkac028
https://doi.org/10.1093/burnst/tkac028
https://doi.org/10.1038/ncomms9472
https://doi.org/10.1002/advs.202200756
https://doi.org/10.1002/advs.202200756
https://doi.org/10.1002/adma.201803953
https://doi.org/10.1002/exp.70012
https://doi.org/10.1002/exp.70012
https://doi.org/10.1038/s41392-024-01993-z
https://doi.org/10.1038/s41392-024-01993-z
https://doi.org/10.1186/s12929-022-00859-2
https://doi.org/10.1186/s12929-022-00859-2
https://doi.org/10.1186/s13287-019-1223-z
https://doi.org/10.3109/02713683.2012.700756
https://doi.org/10.3109/02713683.2012.700756
https://doi.org/10.1007/s00018-012-0951-3
https://doi.org/10.1038/nature13465
https://doi.org/10.1038/nature13465
https://doi.org/10.1038/eye.1994.42
https://doi.org/10.1038/eye.1989.22
https://doi.org/10.1038/eye.1989.22
https://doi.org/10.1016/j.preteyeres.2021.100956
https://doi.org/10.1016/j.jtos.2016.04.002
https://doi.org/10.1016/j.jtos.2016.04.002
https://doi.org/10.1016/j.exer.2010.11.002
https://doi.org/10.1016/j.exer.2010.11.002


	 Nano-Micro Lett.          (2026) 18:441   441   Page 18 of 18

https://doi.org/10.1007/s40820-026-02308-3© The authors

69(1), 196–201 (1980). https://​doi.​org/​10.​1016/​0014-​4886(80)​
90154-5

	45.	 A. Vereertbrugghen, M. Pizzano, F. Sabbione, I.A. Keitel-
man, C.M. Shiromizu et al., An ocular Th1 immune response 
promotes corneal nerve damage independently of the develop-
ment of corneal epitheliopathy. J. Neuroinflammation 20(1), 
120 (2023). https://​doi.​org/​10.​1186/​s12974-​023-​02800-2

	46.	 H. Zhou, W. Zhang, M. Bi, J. Wu, The molecular mechanisms 
of action of PPAR-γ agonists in the treatment of corneal alkali 
burns? (Review). Int. J. Mol. Med. 38, 1003–1011 (2016). 
https://​doi.​org/​10.​3892/​ijmm.​2016.​2699

	47.	 I.F. Charo, R.M. Ransohoff, The many roles of chemokines and 
chemokine receptors in inflammation. N. Engl. J. Med. 354(6), 
610–621 (2006). https://​doi.​org/​10.​1056/​nejmr​a0527​23

	48.	 C. García-López, M. Rodríguez-Calvo-de-Mora, D. Borroni, 
J.-M. Sánchez-González, V. Romano et al., The role of matrix 
metalloproteinases in infectious corneal ulcers. Surv. Ophthal-
mol. 68(5), 929–939 (2023). https://​doi.​org/​10.​1016/j.​survo​
phthal.​2023.​06.​007

	49.	 H. Iwanami, M. Ishizaki, Y. Fukuda, H. Takahashi, Expression 
of matrix metalloproteinases (MMP)-12 by myofibroblasts 
during alkali-burned corneal wound healing. Curr. Eye Res. 
34(3), 207–214 (2009). https://​doi.​org/​10.​1080/​02713​68080​
26878​09

	50.	 J.D. Zieske, M. Assouline, I.K. Gipson, Matrix metallopro-
teinases in epithelia from human recurrent corneal erosion. 
Invest. Ophthalmol. Vis. Sci. 40(6), 1266–1270 (1999). https://​
pubmed.​ncbi.​nlm.​nih.​gov/​10235​563/

	51.	 M.C. Manresa, H. Miki, J. Miller, K. Okamoto, K. Dobacze-
wska et al., A deficiency in the cytokine TNFSF14/LIGHT 

limits inflammation and remodeling in murine eosinophilic 
esophagitis. J. Immunol. 209(12), 2341–2351 (2022). https://​
doi.​org/​10.​4049/​jimmu​nol.​22003​26

	52.	 O.D. Witkowska-Piłaszewicz, M. Żmigrodzka, A. Winnicka, 
A. Miśkiewicz, K. Strzelec et al., Serum amyloid A in equine 
health and disease. Equine Vet. J. 51(3), 293–298 (2019). 
https://​doi.​org/​10.​1111/​evj.​13062

	53.	 N. Yu, S. Zhang, J. Lu, Y. Li, X. Yi et al., Serum amyloid A, 
an acute phase protein, stimulates proliferative and proinflam-
matory responses of keratinocytes. Cell Prolif. 50(3), e12320 
(2017). https://​doi.​org/​10.​1111/​cpr.​12320

	54.	 M. Ohno, H. Nakamura, N. Sakai, M. Nammoku, K. Suzuki 
et al., Functional role of dentate gyrus calbindin-D28K in sup-
porting neurogenesis and emotional-social behavior relevant 
to antidepressant action. Pharmacol. Biochem. Behav. 255, 
174076 (2025). https://​doi.​org/​10.​1016/j.​pbb.​2025.​174076

	55.	 D.C. German, M.C. Ng, C.L. Liang, A. McMahon, A.M. 
Iacopino, Calbindin-D28k in nerve cell nuclei. Neurosci-
ence 81(3), 735–743 (1997). https://​doi.​org/​10.​1016/​S0306-​
4522(97)​00206-6

	56.	 J.G. Croissant, Y. Fatieiev, A. Almalik, N.M. Khashab, 
Mesoporous silica and organosilica nanoparticles: physical 
chemistry, biosafety, delivery strategies, and biomedical appli-
cations. Adv. Healthc. Mater. 7(4), 1700831 (2018). https://​
doi.​org/​10.​1002/​adhm.​20170​0831

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/0014-4886(80)90154-5
https://doi.org/10.1016/0014-4886(80)90154-5
https://doi.org/10.1186/s12974-023-02800-2
https://doi.org/10.3892/ijmm.2016.2699
https://doi.org/10.1056/nejmra052723
https://doi.org/10.1016/j.survophthal.2023.06.007
https://doi.org/10.1016/j.survophthal.2023.06.007
https://doi.org/10.1080/02713680802687809
https://doi.org/10.1080/02713680802687809
https://pubmed.ncbi.nlm.nih.gov/10235563/
https://pubmed.ncbi.nlm.nih.gov/10235563/
https://doi.org/10.4049/jimmunol.2200326
https://doi.org/10.4049/jimmunol.2200326
https://doi.org/10.1111/evj.13062
https://doi.org/10.1111/cpr.12320
https://doi.org/10.1016/j.pbb.2025.174076
https://doi.org/10.1016/S0306-4522(97)00206-6
https://doi.org/10.1016/S0306-4522(97)00206-6
https://doi.org/10.1002/adhm.201700831
https://doi.org/10.1002/adhm.201700831

	A Universal Bio-Hybrid Nanoparticle Backpack Platform Endows Stem Cells with Microenvironmental Resilience and Sustained Paracrine Signaling
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	3 Results and Discussion
	3.1 Construction and Interfacial Engineering of a Modular Stem Cell Backpack Platform
	3.2 Engineered Stem Cell Backpacks Reinforce ADSC Resilience and Regenerative Responsiveness under Oxidative Stress
	3.3 Engineered Stem Cell Backpacks Enhance Corneal Epithelial Resilience and Reparative Responses In Vitro
	3.4 Backpack Platform Drives Structural and Functional Recovery in a Rigorous CCI Proof-of-Concept Model
	3.5 Backpack Platform Orchestrates Epithelial Barrier Reconstruction and Limbal Stem Cell Reactivation
	3.6 Engineered Platform Supports Corneal Nerve Reinnervation as Part of Multidimensional Regeneration
	3.7 ADSC-IGF1@DMSN Suppresses Pathological Angiogenic and Lymphangiogenic Remodeling
	3.8 ADSC-IGF1@DMSN Attenuates Fibrotic Remodeling and Preserves Corneal Transparency
	3.9 ADSC-IGF1@DMSN Remodels the Inflammatory Niche through Suppression of NF-κBMAPK Signaling
	3.9.1 In Vivo Safety Evaluation


	4 Conclusion
	Acknowledgements 
	References


