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Meniscal injuries are common in the knee joint. Minor meniscal injuries usually respond well to conservative
treatment, while severe cases often require complete meniscal replacement. Meniscal injuries cause
inflammatory responses that importantly hinder meniscal tissue regeneration. Despite ongoing advances
inresearch, considerable breakthroughs in meniscal regeneration remain out of reach. This study introduces
programmable macrophage mimics (PMMs), which enable sequential regulation from anti-inflammatory
responses to meniscal fibrocartilage regeneration. PMMs were prepared by encapsulating the transforming
growth factor-B3 and insulin-like growth factor-1 growth factors within mesoporous silica nanoparticles
modified with branched polyethyleneimine via disulfide bonding. This design allows the initial adsorption
of proinflammatory cytokines followed by the controlled release of growth factors that promote adipose-
derived stem cell (ADSC) differentiation into fibrochondrocytes. The PMMs were integrated into meniscus-
specific acellular matrix hydrogels (mGC), which provided suitable mechanical properties critical for
effective regeneration. In rabbit osteoarthritis models, ADSC-loaded PMMs@mGC hydrogels showed marked
fibrocartilage regeneration. Additionally, the team developed an advanced biofabrication approach that
combines a 3-dimensionally printed polycaprolactone framework designed for total meniscus replacement.
This research suggests that PMMs act as a bifunctional “core—shell” nano-delivery system, offering a
promising therapeutic strategy for managing inflammatory meniscal conditions.
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Introduction

The meniscus is a fibrocartilaginous tissue and organ in the human
knee joint that serves critical functions, including load transmis-
sion, shock absorption, joint stability, and lubrication. Meniscal
injuries are among the most common knee injuries, typically
caused by acute trauma or age-related degeneration [1-3]. Minor
meniscal injuries are usually treated with in situ arthroscopic pro-
cedures or conservative methods, whereas larger or more severe
injuries often necessitate total meniscus replacement. Recent
advances in materials science and manufacturing techniques have
enabled transformative tissue-engineering strategies for meniscal
therapy [4,5]. Several stem cell types, including synovium-derived
mesenchymal stem cells, bone-marrow-derived mesenchymal
stem cells, and adipose-derived stem cells (ADSCs), have been
investigated as candidate seed cells for meniscal regeneration and
repair. Notably, ADSC:s are clinically promising because of their
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ease of harvest, high inducibility, innate anti-inflammatory prop-
erties, and potential to promote fibrocartilage regeneration [6-8].
Our group has developed a series of decellularized matrix scaffolds
for auricular, nasal, tracheal, and articular cartilage repair using
3-dimensional (3D) bioprinting techniques, successfully repairing
meniscus defects and restoring physiological function [9-12].
However, current tissue-engineering strategies for meniscus defect
repair commonly rely on a favorable regenerative microenviron-
ment. Pathological conditions such as osteoarthritis (OA) [13-16],
the most prevalent joint disorder, often create inflammatory envi-
ronments that severely hinder meniscus regeneration [17-21].
Moreover, meniscal injury exacerbates the local inflammatory
milieu, further impeding tissue healing and inevitably accelerating
OA progression. Therefore, there is an urgent need to establish
a cartilaginous immune microenvironment that first mitigates
early-stage inflammation after meniscal injury and then sequen-
tially promotes later-stage fibrocartilage regeneration [22-25].
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Currently, targeted regulation using small-molecule drug
injections is commonly employed to treat inflammatory condi-
tions in sports medicine [26,27]. Most of these drugs exhibit
broad-spectrum anti-inflammatory effects and inevitably cause
varying degrees of side effects by activating nonspecific signaling
pathways. Polyethyleneimine is a highly cationic polymer. It is
widely used to modulate inflammation by adsorbing and remov-
ing negatively charged proinflammatory cytokines, including
tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p), and
interleukin-6 (IL-6), via electrostatic interactions [28-31]. Notably,
modifying polyethyleneimine into its branched form (branched
polyethyleneimine [BPEI]) has been shown to improve cyto-
compatibility and enhance in vivo metabolic cycling. Regarding
fibrocartilage regeneration, growth factors such as transform-
ing growth factor-p3 (TGFp3) and insulin-like growth factor-1
(IGF1) are key inducers that drive stem cell differentiation toward
ameniscus-specific fibrochondrocyte phenotype [32-34]. However,
current drug delivery systems often fail to achieve controlled
release of these growth factors, resulting in unsatisfactory long-
term induction of differentiation and regenerative repair out-
comes [35-37]. Recently, the artificial cell-based design concept
has drawn significant attention as a promising direction for
next-generation innovative, responsive materials [38-41]. In
essence, whole biological cell mimics with cell-like structures
can replicate the essential characteristics and biological func-
tions of various living cells. In contrast, traditional engineered
materials typically mimic only certain physical or structural
traits [42-46]. To date, there have been few reports on creating
cell mimics with immune-cell-related functions via nanotech-
nology. Recent studies have demonstrated that nanotherapeutic
strategies incorporating immune-cell-mimicking designs can
effectively suppress inflammatory responses and synergisti-
cally promote tissue regeneration [47-49]. Macrophages, which
are key immune cells that regulate early-stage inflammation,
play a central role in clearing proinflammatory cytokines.
Accordingly, cell mimics with macrophage-like functions may
offer therapeutic benefit for the treatment of inflammatory
meniscal injury [50-52].

Here, we propose an emerging nanotherapeutic concept of
programmable macrophage mimics (PMMs) that enable cascade
regulation from anti-inflammation to meniscal fibrocartilage
regeneration (Fig. 1). In this study, PMMs were constructed by
encapsulating the fibrochondrogenic growth factors TGFf3 and
IGF1 within mesoporous silica nanoparticles (MSNs) and fur-
ther modifying the outer layers with BPEI via disulfide bonding.
The reversible grafting of BPEI allowed for responsive detach-
ment in the inflammatory microenvironment, facilitating early-
stage adsorption and clearance of proinflammatory cytokines.
Subsequently, the TGFB3/IGF1 composite growth factors were
released promptly during the later regenerative period, inducing
ADSC differentiation into fibrochondrocytes and promoting
meniscus fibrocartilage regeneration. PMMs were further
incorporated into meniscus-specific acellular matrix (mGC)
hydrogels, providing suitable rheological and compressive prop-
erties for meniscus repair. In a rabbit OA model, ADSC-loaded
PMMs@mGC hydrogels were rapidly cross-linked in situ to
fill meniscus defects, resulting in satisfactory fibrocartilage
regeneration. Additionally, a biofabrication strategy combining
a crescent-shaped 3D-printed polycaprolactone (PCL) frame-
work with ADSC-loaded PMMs@mGC hydrogels successfully
achieved total meniscus replacement. Overall, the programmable
macrophage effectively mimics early-stage proinflammatory
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cytokines following meniscal injury and subsequently promotes
fibrocartilage regeneration, offering a promising strategy for
comprehensive inflammatory meniscus therapy.

Results
Designing the PMMs

Inspired by artificial cell-mimicking materials, we envisioned
that it is essential to sequentially eliminate proinflammatory fac-
tors and induce fibrocartilage differentiation for effective regen-
erative therapy of the meniscus. To achieve this, we developed a
cell-mimicking nanotherapeutic strategy (PMMs). We created
PMMs that enable sequential regulation, beginning with inflam-
mation suppression and culminating in meniscal fibrocartilage
regeneration. As shown in Fig. 2A, PMMs were fabricated by
encapsulating fibrocartilage-specific growth factors, TGFp3
and IGF1, into MSN cores via ultrasonic treatment. Thiol
modification of the MSN shell was then performed by stirring
with mercaptopropyltrimethoxysilane, yielding MSN;-SH.
Subsequently, bovine serum albumin (BSA), containing free
thiol groups, was reversibly grafted onto the MSNs via disul-
fide bonding to produce MSN;-BSA. This was followed by the
incorporation of the highly cationic polymer BPEI, resulting
in a “core-shell” nanocarrier of MSN;-BPEIL The reversible
modification with BPEI was designed to adsorb and eliminate
negatively charged inflammatory factors in the early period.
Once this was achieved, the encapsulated TGFp3/IGF1 growth
factors were promptly released to promote fibrocartilage dif-
ferentiation of ADSCs.

Furthermore, morphological features were first character-
ized using transmission electron microscopy (TEM) and atomic
force microscopy. As shown in Fig. 2B, TEM images revealed
that MSN,-SH nanoparticles were generally spherical, indicat-
ing a well-developed porous structure suitable for encapsulat-
ing growth factors. Similarly, MSN,-BSA and MSN;-BPEI
nanoparticles maintained a spherical morphology with uni-
form dispersibility, regardless of the outer modifications to the
mesoporous silica surface. Energy-dispersive x-ray spectros-
copy mapping and elemental intensity profiles confirmed that
MSN-BPEI nanoparticles primarily consisted of the O, N, and
S elements, in contrast to MSN,-SH and MSN;-BSA nanopar-
ticles, which indirectly indicates successful BPEI modification
through disulfide bonding (Fig. 2C and D and Fig. S1). For
quantitative particle size analysis, MSN;-BPEI nanoparticles
exhibited the largest average diameter, approximately 118 nm,
while MSN;-SH and MSN-BSA nanoparticles measured
around 86 and 89 nm, respectively (Fig. 2E). The increased size
of MSN,-BPEI nanoparticles was primarily attributed to the
adsorption of the BPEI outer layer. Additionally, atomic force
microscopic images validated the representative morphology
and particle size findings for each group (Fig. 2G and H).
Surface thickness measurements further confirmed a notable
increase in MSN,-BPEI nanoparticles (approximately 8.1 nm)
following BPEI adsorption, compared with MSN,-SH (approx-
imately 3.5 nm) and MSN;-BSA nanoparticles (approximately
2.6 nm) (Fig. 2F). Beyond morphological characterization, we
assessed the nanoparticles’ surface potential, chemical compo-
sition, and growth factor release. Zeta potential analysis showed
that MSN.,-SH and MSN;-BSA nanoparticles were nega-
tively charged. In contrast, MSN;-BPEI nanoparticles became
strongly positive following BPEI modification (Fig. 2I). This
charge shift may facilitate the removal of negatively charged
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Fig. 1. Schematic illustration of PMMs enabling cascade regulation from anti-inflammation to meniscus fibrocartilage regeneration in rabbit models, including both meniscus
defect repair and total meniscus reconstruction. PMMs, programmable macrophage mimics; ADSCs, adipose-derived stem cells; FCs, fibrochondrocytes; PCs, proinflammatory
cytokines; BSA, bovine serum albumin; BPEI, branched polyethylenimine; MSN;-SH, transforming growth factor-g3 (TGFB3)/insulin-like growth factor-1 (IGF1)-loaded thiol-modified
mesoporous silica nanoparticles; GelMA, methacrylated gelatin, mACMMA, methacrylated meniscus cartilage-derived acellular matrix; 3D, 3-dimensional; PCL, polycaprolactone.

inflammatory factors. As shown in Fig. 2J, "H nuclear magnetic
resonance spectra confirmed the structural features of the 3
nanoparticle types. The peak at approximately 2 ppm corre-
sponded to grafted BSA and protein amide bonds, while the
peak near 6 ppm corresponded to silane sulfide bonds formed
by thiol-silicon interactions. Fourier transform infrared spec-
troscopy further characterized the microspheres. As shown in
Fig. 2K, MSN;-SH nanoparticles displayed a peak at 1,080
cm™’, confirming thiol modification. MSN,-BSA and MSN ;-
BPEI nanoparticles showed reduced thiol peaks, likely due to
surface coatings masking siloxane signals, thereby supporting
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successful BPEI attachment. The increased peak at 3,439 cm™

in MSN;-BPEI nanoparticles was attributed to BPEI amino
groups. X-ray photoelectron spectroscopy profiles further con-
firmed surface composition (Fig. 2L and Fig. S2). MSN;-BPEI
nanoparticles exhibited a shift toward the C-O region, likely
due to BPEI adsorption. Strong C-NH, peaks were observed
in both MSN;-BSA and MSN;-BPEI nanoparticles, but not
in MSN;-SH nanoparticles. S 2p doublets corresponding to
—SH were present in MSNy;-SH and MSN.,-BSA nanoparticles
but were attenuated in MSN.,-BPEI nanoparticles, consistent
with surface coverage by BPEIL The 28-d release profiles of
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Fig. 2. Preparation and characterization of PMMs. (A) Schematic illustration of the PMM preparation processes: (a) TGFp3/IGF1 encapsulation, (b) thiol modification,
(c) reversible BSA grafting, and (d) BPEI adsorption. (B) Representative transmission electron microscopy images of MSN-SH, MSN;-BSA, and MSN;-BPEI nanoparticles.
(C) Representative energy-dispersive spectroscopy showing O, N, and S and (D) corresponding elemental percentages of MSN;-BPEI nanoparticles. (E) Particle size
distribution of MSNy-SH, MSNy-BSA, and MSN;-BPEI nanoparticles. (F) Representative atomic force microscopy images of MSNy-SH, MSN;-BSA, and MSNy-BPEI
nanoparticles. (G) Surface thickness spectra and (H) corresponding morphological curves of MSNy-SH, MSNy,-BSA, and MSN+,-BPEI nanoparticles. (I) Zeta potential variations,
(J) solid-state nuclear magnetic resonance (NMR) spectra, (K) Fourier transform infrared spectroscopy, and (L) x-ray photoelectron spectroscopy of MSN+-SH, MSN;-BSA, and
MSN-,-BPEI nanoparticles. X-ray photoelectron spectroscopy analysis includes O 1s,N 1s, and S 2p spectra. (M) Release profiles of TGFp3 and IGF1 growth factors encapsulated
in MSNy,-BPEI nanoparticles. MSN, mesoporous silica nanoparticles; MSNy-SH, TGF33/1GF1-loaded thiol-modified MSN; MSN;-BSA, TGFp3/IGF1-loaded BSA-modified MSN;

MSN;,-BPEI, TGFB3/IGF1-loaded PEI-modified MSN; O, oxygen; N, nitrogen; S, sulfur.

TGFp3 and IGF1 from MSN;-BPEI nanoparticles are shown
in Fig. 2M. Approximately 28% of the growth factors were rap-
idly released during days 0 to 4, likely due to surface-adsorbed
or incompletely encapsulated molecules. A stable release stage
followed from days 5 to 14, attributed to BPEI encapsula-
tion. From days 15 to 22, delayed release was observed as the
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BSA-BPEI interface was cleaved, followed by gradual release
through day 28. These results indicate that MSN;-BPEI nano-
particles efficiently scavenge negatively charged inflammatory
factors and enable the sustained release of growth factors, sup-
porting their role in constructing macrophage mimics for cas-
cade regulation and fibrocartilage repair.
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Preparation and characterization of
meniscus-specific hydrogels

Three-dimensional hydrogel-based cell culture supports stem
cell differentiation and tissue regeneration [53,54]. In this study,
PMM:s were carefully designed to provide essential chemical

meniscus cartilage-derived acellular matrix (mnACMMA). The
mACMMA polymer was combined with methacrylated gelatin
(GelMA) to form mGC, with the addition of PMMs referred
to as PMMs@mGC (Fig. 3A). The preparation of mACMMA
involved these main steps: decellularization, enzymatic diges-

cues for meniscal fibrocartilage regeneration, while hydrogel
scaffolds were used to establish a 3D cell culture environment.
To better mimic the meniscal fibrocartilage microenvironment,
we selected porcine meniscus tissue to prepare a methacrylated

tion, methacrylation, lyophilization, and milling into powder
as depicted in Fig. 3B. Histological and immunohistochemical
analyses of native and acellular meniscal tissue, which included
hematoxylin and eosin (H&E) staining, Masson’s trichrome
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Fig. 3. Preparation and characterization of meniscus-specific hydrogels. (A) Schematic illustration of the main components of the meniscus-specific hydrogels PMMs@
mGC, including GeIMA, mMACMMA, and PMMs. (B) The preparation process of mMACMMA, including (i) acquisition of porcine meniscus, (i) decellularization, (iii) solubilization
treatment, (iv) pepsin hydrolysis and methacrylate modification, and (v) lyophilization and milling into powder. (C) Histological and immunohistochemical analyses of native
and acellular meniscus, including hematoxylin and eosin (H&E), Masson's trichrome (MT), type | collagen (COL I), and type Il collagen (COL Il) staining. Quantitative statistics
of (D) double-stranded DNA (dsDNA), (E) collagen, and (F) glycosaminoglycan (GAG) contents in meniscus tissue before and after decellularization. (G) Sol-to-gel transition
of (i to iii) mGC and (iv to vi) PMMs@mGC hydrogels before and after photopolymerization (365-nm light-emitting diode [LED], 20 mW/cm?), along with scanning electron
microscopy images of the corresponding lyophilized hydrogel scaffolds. (H) Rheological curves of PMMs@mGC hydrogels upon light irradiation (365-nm LED, 20 mW/cm?).
(1) Statistical comparison of storage modulus between mGC and PMMs@mGC hydrogels. (J) Photograph of PMMs@mGC hydrogel under approximately 50% compressive strain,
showing no breakage. (K) Representative compressive stress—strain curves of mGC and PMMs@mGC hydrogels. Statistical data of (L) elastic modulus and (M) compressive
strength between mGC and PMMs@mGC hydrogels. Photographs of (N) water contact angle tests and (O) the corresponding contact angle measurements between mGC and
PMMs@mGC hydrogels. Line graphs illustrating the (P) swelling ratio and (Q) degradation rate of mGC and PMMs@mGC hydrogels. mGC, 8% GelMA/1% mACMMA hydrogels;
PMMs@mGC, 1% MSN--BPEI@8% GelMA/1% mACMMA hydrogels (w/v, weight/volume); UV, ultraviolet. Data are expressed as mean + SD, n = 3. Statistical significance
among various groups was determined by 1-way/2-way analysis of variance (ANOVA) and a t test.*P < 0.05, **P < 0.01, and **##P < 0.0001; ns, no significance.
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(MT) staining, and immunostaining for type I and type II col-
lagen (COL I and COLII), confirmed successful decellulariza-
tion. The acellular group showed no nuclear staining (Fig. 3C).
Importantly, most collagen and fibrous components were rea-
sonably preserved after decellularization, as evidenced by the
positive staining for COL I and COL II proteins. Quantitative
analyses were also conducted before and after decellularization
to assess double-stranded DNA (dsDNA) levels, total collagen
content, and glycosaminoglycan (GAG) content, as shown in
Fig. 3D to F. The decellularized mACMMA retained most
GAGs and collagen components while effectively removing
dsDNA, thereby creating a favorable microenvironment for
meniscal fibrocartilage repair.

Furthermore, the hybrid photo-cross-linkable hydrogels were
characterized for their rheological, mechanical, and other physi-
cochemical properties. As shown in Fig. 3G, both mGC and
PMMs@mGC hydrogels cross-linked rapidly upon light irradia-
tion (365-nm light-emitting diode [LED], 20 mW/ cm”). Scanning
electron microscope images displayed the corresponding lyophi-
lized morphology of the hydrogel scaffolds. Figure 3H shows that
the storage modulus (G') quickly exceeded the loss modulus (G”)
upon irradiation, confirming fast gelation and the formation of
a stable hydrogel network. Comparative analysis of the storage
modulus revealed that PMMs@mGC hydrogels reached 2,817 +
122 Pa, higher than that of mGC hydrogels at 2,379 + 41 Pa (Fig.
3I). This nano-enhancement of shear modulus was mainly attrib-
uted to the incorporation of high-modulus nanoparticles into the
low-modulus hydrogel matrix. Stress—strain compressive testing
demonstrated the elastic nature of both mGC and PMMs@mGC
hydrogels (Fig. 3] to M). While the compressive modulus and
strength of PMMs@mGC hydrogels were slightly lower than
those of mGC hydrogels, they still met the basic mechanical
requirements for meniscal fibrocartilage regeneration. Water
contact angle measurements indicated that both hydrogel types
had contact angles below 90°, suggesting moderate hydrophilicity
conducive to cell adhesion (Fig. 3N and O). Additionally, no sig-
nificant differences were observed in swelling ratio or degrada-
tion rate between mGC and PMMs@mGC hydrogels, regardless
of PMM incorporation (Fig. 3P and Q). Notably, PMMs@mGC
hydrogels degraded to approximately 30% under collagenase
digestion, demonstrating a satisfactory biodegradability profile
for tissue-engineered scaffolds. Overall, these findings indicate
that our hydrogel scaffolds support rapid photopolymerization-
mediated gelation and exhibit suitable rheological and compres-
sive properties for meniscal fibrocartilage regeneration.

Evaluation of inflammatory factor self-clearance and

fibrocartilage induction

Macrophages are known to act as immune defenders by elimi-
nating proinflammatory cytokines, thereby exerting immuno-
regulatory effects that support tissue regeneration [55]. We
hypothesize that PMMs can similarly self-eliminate proinflam-
matory cytokines via electrostatic interactions and sequentially
regulate fibrocartilage regeneration, functioning as macrophage-
mimicking nanomaterials. As shown in Fig. 4A, BPEI-modified
PMMs with an electropositive shell selectively adsorb electro-
negative proinflammatory factors (e.g., IL-1f, IL-6, and TNF-)
and subsequently dissociate from the mesoporous silica core,
allowing adequate clearance of the bound cytokines via meta-
bolic processes. Following this, the TGFB3/IGF1 composite
growth factors encapsulated in the core are promptly released
to induce ADSC differentiation into fibrochondrocytes, triggered
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by the dissociation of the modified outer shell. Before investi-
gating these biological functions, cytocompatibility was first
assessed using the Cell Counting Kit-8 (CCK-8) assay, live/
dead staining, and F-actin staining. As shown in Fig. 4B and
Fig. S3, ADSCs encapsulated in PMMs@mGC hydrogels dem-
onstrated high cell viability and well-defined cytoskeletal struc-
tures after 7 d of culture, indicating that the hydrogel scaffold
provides a favorable environment for 3D cell culture and tissue
regeneration. Additionally, the CCK-8 assay confirmed that
PMMs@mGC hydrogel extracts and their components exhib-
ited no significant cytotoxicity after 1, 4, and 7 d of co-culture
with ADSCs (Fig. 4F).

Furthermore, the anti-inflammatory effects of PMMs were
assessed by polarizing macrophages using lipopolysaccharide
(LPS) induction, followed by co-culture with BPEI or PMM
extracts. Flow cytometry results showed that both BPEI and
PMM:s suppressed M1 macrophage polarization compared with
the LPS group, with the PMMs group exhibiting the lowest
polarization rate (Fig. 4C). Quantitative analysis further con-
firmed that PMMs effectively inhibited the proinflammatory
M1 phenotype (Fig. 4D). As previously reported, meniscal
injury often triggers the release of key inflammatory cytokines,
including TNF-a, IL-1p, IL-6, and COX-2 [30,56]. The cytokine
adsorption and clearance capabilities of the macrophage-
mimicking nanomaterials were verified by quantitative real-
time polymerase chain reaction (qQPCR). The LPS-induced
group showed the highest messenger RNA expression levels of
TNF-a, INOS, IL-1, IL-6, and Cox-2, whereas both the BPEI-
treated and PMM-treated groups showed significantly reduced
expression levels. This reduction is likely due to efficient
removal of proinflammatory cytokines (Fig. 4E). Notably, the
reduction observed in qPCR was more pronounced than that
seen in flow cytometry, likely due to the physical adsorption of
electronegative cytokines by electropositive BPEL rather than
direct inhibition of inflammation. After confirming the cyto-
compatibility and cytokine clearance ability of PMMs, their
fibrochondrogenic induction potential was further evaluated
by gPCR and western blot. In these experiments, ADSCs treated
with the TGFB3/IGF1 composite growth factors served as the
TIinduction group, while untreated ADSCs served as the con-
trol. After 28 d of culture, both qPCR and western blot results
showed significantly elevated expression levels of fibrocartilage-
related genes and proteins (Acan, Sox9, Col2, Coll, and a-smooth
muscle actin [a-SMA]) in the TI group compared with the con-
trol (Fig. 4G and H). These findings confirm that the combined
use of TGFf3 and IGF1 efficiently induces ADSC differentiation
into fibrochondrocytes, as evidenced by the upregulation of
fibrochondrogenic markers. Overall, macrophage-mimicking
nanomaterials demonstrate high cytocompatibility, autono-
mous clearance of proinflammatory cytokines, and induction
of fibrocartilage differentiation. These results support their
ability to modulate the stepwise healing cascade from inflam-
mation resolution to meniscal fibrocartilage regeneration.

In vivo evaluation of inflammatory meniscus

defect repair

To further investigate the feasibility of repairing inflammatory
meniscus defects, a rabbit OA model was first established in
the knee joint cavity, following a previously reported method
[57,58] involving intra-articular injection of a type II collage-
nase solution (1 ml of saline containing 8 mg of type II colla-
genase). Two weeks after inducing early inflammation in the
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Fig. 4. Biological evaluation of proinflammatory factor self-clearance and fibrocartilage induction. (A) Schematic illustration of the “immuno-regenerative” cascade regulation
strategy using macrophage-mimicking nanomaterials, involving 2 stages: () proinflammatory factor self-clearance and (Il) fibrocartilage induction. (B) Live/dead staining and

F-actin staining of ADSCs cultured in PMMs@mGC hydrogels for 7 d. (C) Flow cytome
(LPS)-induced M1 macrophage polarization, treated with BPEI or MSN;-BPEI. (D) H

try analysis of proinflammatory factor self-clearance capacity following lipopolysaccharide
istogram showing the percentage of M1 (CD86") macrophages in each group. (E) Relative

messenger RNA (mRNA) expression levels of proinflammatory factors (TNF-a, iNOS, IL-1B, IL-6, and Cox-2). (F) Cytotoxicity assays of PMMs@mGC hydrogels and their

components after 1,4, and 7 d of co-culture with ADSCs. Relative expression of (G) f

ibrocartilage-related genes (Acan, Sox9, Col2, Col1, and a-smooth muscle actin [a-SMA])

and (H) corresponding proteins in ADSCs treated with TGF3/IGF1 composite growth factors (Tl induction group), with untreated cells as the control group. Data are expressed

as mean + SD, n = 3. Statistical significance among various groups was determine:
significance. DAPI, 4’ 6-diamidino-2-phenylindole; Ctrl, control; Exp, experimental.

articular cavity, a 2-mm-diameter cylindrical defect was created
in the meniscus using a trephine instrument. Meniscus defects
were then repaired by injecting seed-cell-loaded gel precur-
sors, which were rapidly cross-linked under light irradiation
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d by 1-way/2-way ANOVA and a t test.*P < 0.05, **P < 0.01, and ****P < 0.0001; ns, no

(365-nm LED, 20 mW/cm®) to form hydrogel scaffolds
(Fig. 5A and Fig. S4). In this study, meniscus defect repair was
evaluated across 3 groups: (a) auricular-chondrocyte-loaded
mGC hydrogels (ACs/mGC), (b) ADSC-loaded mGC hydrogels
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(ADSCs/mGC), and (c) ADSC-loaded PMMs@mGC hydro-
gels (ADSCs/mGC(+PMMs)). At 8 weeks postsurgery, both
repaired meniscus and articular tissue samples were collected
for further analysis. As shown in Fig. 5B, gross examination
revealed nearly complete macroscopic healing in the ADSCs/
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mGC(+PMMs) group. By contrast, visible cartilage defects
remained in both the ACs/mGC and ADSCs/mGC groups,
likely due to the harsh inflammatory environment within the
joint cavity. On the femoral cartilage surface, OA-related dam-
age was evident in the ACs/mGC and ADSCs/mGC groups. In
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contrast, the ADSCs/mGC(+PMMs) group showed a near-
normal appearance, attributed to PMMs’ self-clearance of pro-
inflammatory factors (Fig. 5C).

Histological and immunohistochemical analyses were per-
formed to assess both meniscus regeneration and joint inflam-
mation suppression. As shown in Fig. 5D and Fig. S5, the ADSCs/
mGC(+PMMs) group exhibited continuous tissue regeneration
and fibrocartilage-specific matrix deposition, with positive carti-
lage staining in H&E and Safranin O, as well as fibrous tissue
staining in MT and a-SMA. By contrast, both the ACs/mGC
and ADSCs/mGC groups showed pronounced tissue deficiency,
consistent with the inflammatory conditions of the OA model.
Further evaluation of the articular cartilage surface, including
immunohistochemical staining for TNF-a, IL-6, and IL-1,
revealed that the ADSCs/mGC(+PMMs) group had the lowest
levels of proinflammatory cytokines compared with the other 2
groups (Fig. 5E). This suggests that PMMs effectively cleared pro-
inflammatory factors in vivo. Notably, this suppression of inflam-
mation also supported cartilage repair, as evidenced by positive
staining for cartilage-specific matrix markers, including Alcian
Blue (AB), SO, and COL II. Figure 5F and G show the Mankin
scores and corresponding histograms for each group. Statistical
analysis demonstrated that the ADSCs/mGC group had the high-
est scores, indicating severe cartilage damage, while the ADSCs/
mGC(+PMMs) group had the lowest scores, reflecting strong
protective effects. Similarly, Osteoarthritis Research Society
International (OARSI) scores confirmed the superior repair effi-
cacy of the ADSCs/mGC(+PMMs) group (Fig. 5H). Therefore,
PMMs@mGC hydrogels effectively eliminated proinflammatory
cytokines and protected articular cartilage from inflammatory
injury in vivo. More importantly, these findings illustrate the suc-
cess of a cascade regulation strategy that transitions from inflam-
mation elimination to meniscal fibrocartilage regeneration.

In vivo evaluation of inflammatory total

meniscus replacement
Beyond small-sized meniscus defect repair, larger injuries typi-
cally require total meniscus replacement. To investigate the fea-
sibility of inflammatory total meniscus replacement, a rabbit
OA model was established as before, using intra-articular injec-
tion of type II collagenase solution (1 ml of saline with 8 mg of
type II collagenase). To enable total meniscus replacement, we
adopted a “steel-concrete” tissue-engineering strategy by com-
bining 3D-printed crescent-shaped PCL frameworks as the
“steel” mechanical support with ADSC-loaded mGC(+PMM:s)
hydrogels as the “concrete” regenerative component (Fig. 6A and
Fig. S5). Two weeks after OA induction, the native meniscus was
surgically removed and replaced with a crescent-shaped ADSC-
loaded PMMs@mGC-PCL scaffold in the experimental (Exp)
groups. In contrast, the control (Ctrl) groups received PCL scaf-
folds alone. At 12 and 16 weeks postsurgery, macroscopic obser-
vation revealed that the Exp groups closely resembled the native
meniscus in both crescent shape and fibrocartilage-like texture
(Fig. 6B and Fig. S6). By contrast, the Ctrl groups showed a softer,
fibrous-like tissue with residual PCL material. Magnetic reso-
nance imaging confirmed that the Exp groups maintained both
crescent morphology and signal intensity comparable to that of
the native meniscus, whereas the Ctrl groups lacked clear evi-
dence of meniscus regeneration (Fig. 6C).

Histological and immunohistochemical analyses were con-
ducted to evaluate meniscal tissue reconstruction in horizontal
and sagittal planes. The staining panel comprised H&E, AB, SO
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with Fast Green, and MT. As shown in Fig. 6D and Fig. S7, the
Exp groups exhibited fibrocartilage-like features, as evidenced
by positive GAG and collagen fiber staining. In contrast, the Ctrl
groups displayed disorganized fibrous tissue and lacked cartilage-
related architecture. Notably, sagittal sections of the regenerated
meniscus in the Exp groups revealed heterogeneous tissue struc-
ture and integration, whereas the Ctrl groups exhibited larger
voids in the central regions. These results suggest that the ADSC-
loaded PMMs@mGC-PCL scaffold effectively restored the
morphology and function of the native meniscus. In addition
to meniscal reconstruction, articular cartilage conditions and
inflammatory cytokine levels were evaluated. As shown in Fig.
6E, histological and immunohistochemical analyses indicate that
the PMMs@mGC-PCL scaffold preserves articular cartilage sur-
face integrity, with a more pronounced effect in the lateral com-
partment. In contrast, the PCL scaffold alone is associated with
greater cartilage wear, likely attributable to friction from the rigid
scaffold. Furthermore, the expression levels of TNF-a, IL-6, and
IL-1p were lower in the PMMs@mGC-PCL group than in the
PCL-alone group, reflecting PMMs’ adequate cytokine clearance
in the OA model. Mankin scoring heatmaps and histograms,
along with OARSI scoring results, confirmed the optimal regen-
erative outcome in the Exp groups (Fig. S8). Overall, the ADSC-
loaded PMMs@mGC-PCL scaffolds successfully reconstructed
the meniscus, restored functional integrity, and provided signifi-
cant protection to the articular cartilage by effectively regulating
inflammation. These results underscore the strong therapeutic
potential of our “steel-concrete” tissue-engineering strategy for
total meniscus reconstruction and joint preservation.

Conclusion

In summary, this study presents a macrophage-mimicking nano-
material capable of cascade regulation for inflammatory meniscus
therapy, facilitating both the clearance of proinflammatory cyto-
kines and fibrocartilage regeneration. The carefully designed
PMMs effectively eliminate proinflammatory factors via physical
adsorption and enable the timely release of TGFf3 and IGF1,
thereby promoting ADSC differentiation into fibrochondrocytes
within the inflammatory environment. For therapeutic applica-
tion, ADSC-loaded PMMs@mGC hydrogels demonstrated satis-
factory outcomes in meniscus defect repair and fibrocartilage
regeneration. Moreover, total meniscus replacement was success-
fully achieved by combining a crescent-shaped PCL framework
with a “steel-concrete” tissue-engineering strategy. Naturally, sev-
eral issues remain to be addressed before clinical translation, includ-
ing the evaluation of nanomaterial biosafety, validation in large
animal models, and the development of standardized production
protocols. Overall, this innovative macrophage-mimicking material
holds strong clinical potential for both meniscal injury repair and
total meniscus replacement in the context of OA.

Materials and Methods

Materials and animals

Unless otherwise stated, all chemicals used in this study were of
reagent grade. Dulbeccos modified Eagle medium (DMEM) and
fetal bovine serum were purchased from Gibco (USA). All other
chemicals were obtained from Sigma-Aldrich (USA). Deionized
water was used in all experiments. New Zealand White rabbits
were procured from Shanghai Jiao Tong University Nongsheng
Experimental Field Co., Ltd. (Shanghai, China).
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Fabrication of MSN;,-BPEI

Synthesis of MSNs

MSNs were synthesized according to previously reported proto-
cols, as described as follows: First, 7.85 ml of ammonium hydrox-
ide and 50 ml of deionized water were added to 357 ml of
anhydrous ethanol with constant stirring. After 10 min, 10 ml of
tetraethyl orthosilicate (TEOS) was slowly added dropwise. The
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mixture was then stirred for an additional hour. Simultaneously,
in a separate container, 40 g of cetyltrimethylammonium chloride
(CTAC) and 4 ml of triethanolamine (TEA) were dissolved in
400 ml of deionized water. The solution was stirred at room tem-
perature for 1.5 h. The TEOS-containing solution was centrifuged
at 12,000 rpm and 4 °C for 20 min. The collected precipitate was
redispersed in anhydrous ethanol and centrifuged 3 additional
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times using the same washing protocol. After washing, the pre-
cipitate was slowly added to the CTAC-TEA solution and stirred
for 1.5 h. The resulting mixture was transferred to a water bath
preheated to 80 °C. Then, 3 ml of TEOS was slowly added drop-
wise, and the reaction was allowed to proceed for an additional
hour. The mixture was cooled to room temperature and then
reheated to 50 °C. At this stage, 12.72 g of sodium carbonate
(Na,CO,) was added, and the mixture was stirred for 30 min.
After the reaction, the mixture was centrifuged at 12,000 rpm
and 4 °C for 20 min. The precipitate was washed 3 times with a
sodium chloride-methanol solution. Finally, the purified product
was freeze-dried and stored at 4 °C.

Functionalization of MSNs

The freeze-dried nanoparticles were weighed and then dis-
persed in deionized water. For each 1 g of nanoparticles, 2 ml
of 3-mercaptopropyltrimethoxysilane was added. The suspen-
sion was stirred overnight at room temperature. After reaction
completion, the mixture was centrifuged at 12,000 rpm and 4 °C
for 20 min. The resulting product was then freeze-dried.
The freeze-dried nanoparticles were redispersed in deionized
water. For each 100 mg of nanoparticles, 10 ug of TGFf3 and
10 pg of IGF1 were added. The suspension was sonicated in
an ultrasonic bath placed in an ice bath for 30 min and then
stirred overnight at room temperature. After stirring, 40 mg
of BSA was added, and the suspension was stirred for a further
8 h. The mixture was centrifuged at 12,000 rpm and 4 °C for
20 min. The precipitate was collected and redispersed in deion-
ized water. For each 100 mg of nanoparticles, 10 ml of BPEI
was added. The suspension was then stirred overnight at room
temperature. Finally, the product was centrifuged at 12,000 rpm
and 4 °C for 20 min. The resulting precipitate was collected
and freeze-dried. The final product, referred to as MSN,-BPEI
nanoparticles, was thus obtained.

Characterization of MSN-BPEI

To systematically analyze the morphology, particle size, ele-
mental composition, surface properties, and sustained-release
performance of MSN;-SH, MSN;-BSA, and MSN,-BPEI
nanoparticles, the following methodologies were employed:
(a) TEM and atomic force microscopy were used to observe
the morphology, particle size distribution, and overall thick-
ness of the nanoparticles. In addition, energy-dispersive x-ray
spectroscopy was used to examine the elemental composition
and relative elemental percentages for each nanoparticle type.
(b) The zeta potential of the nanoparticles was measured using
a zeta potential analyzer to evaluate their surface charge char-
acteristics and stability. (c) Solid-state '"H nuclear magnetic
resonance spectroscopy and Fourier transform infrared spec-
troscopy were employed to assess the composition, structural
features, and physicochemical properties. (d) X-ray photoelec-
tron spectroscopy was used to determine the elemental com-
position of the nanoparticle surfaces, providing further insight
into the binding energies and chemical shifts of the constituent
elements. (e) The sustained-release characteristics of TGFp3
and IGF1 encapsulated within MSN;-BPEI nanoparticles were
evaluated using an enzyme-linked immunosorbent assay kit.
The nanoparticles were incubated in phosphate-buffered saline
(PBS) containing 0.5% dithiothreitol (Yuntian Biotechnology
Co., Ltd.) at specific time points (1, 3, 4, 7, 14, 21, and 28 d).
At each time point, samples were collected and analyzed in
triplicate. Standard curves were generated based on the optical
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density values of calibration samples, and the release profiles
of the growth factors were plotted over time.

Preparation and characterization of ACMMA

In this study, fresh porcine meniscus tissue was commercially
obtained and subjected to decellularization to prepare a meth-
acrylic anhydride-modified acellular meniscus matrix (ACMMA).
The detailed procedure is described as follows: Fresh porcine
menisci were frozen at —80 °C and then thawed to room tem-
perature. This freeze—thaw cycle was repeated 3 times. The thawed
meniscus tissue was cut into uniform fragments approximately
1 mm X 1 mm. The fragments were immersed in deionized water
and 0.1 mol/l Tris-HCl buffer (pH 7.5). The mixture was stirred
at room temperature for 20 h using a magnetic stirrer.

After incubation, the mixture was centrifuged at 3,000 rpm
for 10 min at 4 °C to remove the supernatant. Next, 1% (v/v)
Triton X-100 in PBS was added, and the mixture was stirred at
room temperature for 24 h. After stirring, the mixture was cen-
trifuged at 3,000 rpm for 10 min at 4 °C, and the supernatant
was discarded. The fragments were washed 3 times with PBS.
Subsequently, 157.6 g of Tris-HClI, 16.7 mg of DNase, and 7.15 mg
of RNase were sequentially dissolved in 500 ml of deionized
water. This enzyme solution was mixed with the meniscus frag-
ments and stirred at room temperature for 4 h. The mixture was
then centrifuged at 3,000 rpm for 10 min at 4 °C, and the super-
natant was discarded. The fragments were washed 6 times with
PBS. After washing, the tissues were freeze-dried using a lyophi-
lizer to obtain a dry acellular meniscus matrix (ACM). The
freeze-dried ACM was ground into fine powder using a ball mill
and then sieved through a 300-mesh screen to achieve a uniform
particle size. The sieved ACM powder was weighed and digested
in pepsin solution (2 mg of pepsin per 10 mg of ACM) with
magnetic stirring for 24 h. After digestion, the samples were
freeze-dried to obtain water-soluble ACM powder. To prepare
ACMMA, 100 mg of water-soluble ACM powder was dissolved
in deionized water and cooled in an ice bath. While stirring,
0.1 ml of methacrylic anhydride was slowly added dropwise.

The reaction was allowed to proceed. The pH was adjusted
to 8 to 9 using 5 M NaOH, and stirring was continued overnight
to ensure complete grafting of methacrylic anhydride. After the
reaction, the samples were freeze-dried. The resulting ACMMA
was sealed and stored at —20 °C. To evaluate the decellulariza-
tion efficiency and modification status of ACMMA, histological
analyses were performed on both unmodified and modified
samples. Additionally, GAG content, collagen content, and
residual dsDNA levels were determined. These parameters were
used to evaluate the effectiveness of the decellularization pro-
cess, the retention of essential matrix components, and the
removal of nucleic acids.

Preparation of PMMs@mGC hydrogels

The GelMA hydrogel was prepared following previously reported
methods. Briefly, GeIMA (8% w/v) was mixed with 0.25% (w/v)
lithium phenyl-2,4,6-trimethylbenzoylphosphinate photoinitia-
tor solution, which had been pre-dissolved in deionized water.
The mixture was stirred at room temperature until fully dissolved
to form the GelMA hydrogel. The hydrogel was then stored at
—20 °C until further use.

To fabricate the mGC hydrogel, the GelMA hydrogel (8% w/v)
was homogeneously mixed with 1% (w/v) methacrylated decel-
lularized meniscus extracellular matrix (ACMMA). The PMMs@
mGC hydrogel was prepared by adding 1% (w/v) MSN-BPEI
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to the mGC hydrogel (containing 8% w/v GelMA and 1% w/v
ACMMA), followed by thorough mixing. The resulting PMMs@
mGC hydrogel was used for subsequent experimental analyses.

Characterization of PMMs@mGC

The hydrogels were categorized into 2 groups: the ACMMA
group (mGC) and the nanoparticle group (PMMs@mGC). The
following analyses were performed: the physical states of the
hydrogels were observed before and after photo-cross-linking.
After freeze-drying, microstructural differences between the 2
groups were examined by scanning electron microscopy. The
mechanical properties of the photo-cross-linked hydrogels
were assessed by recording force-displacement curves. Storage
modulus values were presented as bar graphs. Changes in stor-
age modulus (G) and loss modulus (G") before and after photo-
cross-linking were measured using a rheometer. The water
contact angle of the photo-cross-linked hydrogels was calcu-
lated to assess surface wettability. Swelling and degradation
behaviors were evaluated using a gravimetric method, as previ-
ously described in the literature. The initial wet weight (W)
and the wet weight at various time points (W,) were recorded.
The swelling ratio was calculated as (W/W,) X 100%. For the
degradation test, the initial wet weight (W,) and the remaining
wet weight after incubation in 1% (w/v) collagenase solution
(W,) were recorded. The degradation rate was calculated as
(W/W,) X 100%.

Cell culture

In this study, subcutaneous inguinal adipose tissue and auricu-
lar cartilage from New Zealand White rabbits were used as
sources of cells. Fresh adipose tissue was finely minced and
digested in 0.15% type II collagenase at 37 °C for 1 h to isolate
ADSCs. The isolated cells were cultured and expanded in low-
glucose DMEM supplemented with 5% fetal bovine serum and
1% penicillin-streptomycin at 37 °C in a humidified atmo-
sphere containing 5% CO,. Auricular cartilage was carefully
dissected to remove the perichondrium, finely minced, and
digested in 0.15% type II collagenase at 37 °C for 24 h to isolate
chondrocytes.

Cytotoxicity assessment

Cells were seeded at a density of 1,000 cells per well into a
24-well culture plate. The hydrogels were divided into 3 groups,
control, mGC, and PMMs@mGC, and each group was co-
cultured with ADSCs. Five replicate wells were prepared for
each group. At each time point (days 1, 4, and 7), 30 pl of
CCK-8 reagent was added to each well. The plates were incu-
bated in the dark for 2 h. Absorbance was then measured at
450 nm using a microplate reader. For hydrogel preparation,
passage 2 ADSCs were mixed with either mGC or PMMs@
mGC hydrogels at a 1:9 (v/v) ratio. The mixtures were placed
into cylindrical molds (9 mm in diameter, 2.5 mm in height)
and cross-linked under a curing lamp (365-nm LED, 20 mW/
cm?) for 30 s.

Anti-inflammatory assay

RAW264.7 cells (2 x 10° per well) were seeded into a 6-well
culture plate. The cells were stimulated with 1 pg/ml LPS for
12 h. Subsequently, they were incubated with BPEI and PMMs@
mGC for an additional 24 h. After incubation, the cells were
collected and stained with CD86 and CD68 antibodies. Flow
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cytometry was performed to analyze the expression of CD86
and CD68. Cells were collected by repeating the above proce-
dures. Total RNA was extracted using a commercial kit and
then reverse-transcribed. Gene expression was quantified using
SYBR Green-based qPCR. The expression levels of inflamma-
tion-related genes (TNF-q, iNOS, IL-1f, IL-6, and Cox-2) were
calculated using the 27#4“" method.

In vitro chondrogenic induction of ADSCs

ADSCs were seeded at a density of 3 x 10° cells per well and
maintained in a standard cell culture incubator. After 3 d, the
medium was replaced with chondrogenic induction medium
supplemented with 10 ng/ml TGFp3 and 10 ng/ml IGF1. The
induction medium was refreshed every 3 d for a total duration
of 28 d. On day 28, cells were harvested. The expression levels
of chondrocyte-related genes (Acan, Coll, Col2, Sox9, and
a-SMA) in both noninduced ADSCs and chondrogenically
induced ADSCs were evaluated by qPCR and western blot
analysis.

Repair of the rabbit inflammatory meniscus

defect model

In this experiment, healthy 12-week-old New Zealand White rab-
bits were used. An early meniscus inflammation model was estab-
lished by injecting 0.5 ml of type II collagenase solution (4 mg/
ml in PBS) into the right knee joint cavity, followed by a 2-week
incubation period. The animals were randomly divided into 3
groups: ADSCs/mGC, ACs/mGC, and ADSCs/mGC(+PMMs).
After 2 weeks, cell-loaded hydrogel scaffolds were prepared. The
animals then underwent meniscus defect modeling followed by
in situ hydrogel formation. Tissue samples were collected at 4 and
8 weeks postsurgery for further analysis.

Rabbit inflammatory total meniscectomy and

replacement model

An early meniscus inflammation model was established accord-
ing to previously published protocols. The normal rabbit menis-
cus was reconstructed and modeled in 3 dimensions. A porous
PCL scaffold was fabricated using 3D printing. The scaffold was
then coated with PMMs@mGC hydrogels loaded with ADSCs
and subsequently photo-cross-linked. The experimental ani-
mals were randomly assigned to 2 groups: control (Ctrl) and
experimental (Exp). After total meniscectomy, each group
underwent total meniscal replacement using either the PCL
scaffold or the PMMs@mGC hydrogel scaffold loaded with
ADSCs. Tissue samples were collected at 6 and 12 weeks post-
surgery for further analysis.

Histological and immunohistochemical analysis
Meniscus tissue was fixed in 4% paraformaldehyde for 3 d, fol-
lowed by paraffin embedding. Joint tissue was fixed in 4% para-
formaldehyde for 3 d, decalcified in a decalcifying solution for
2 weeks, and then embedded in paraffin. After sectioning, tissue
samples were stained with H&E, SO, MT, and a-SMA to evaluate
meniscus regeneration. The articular cartilage surface was
stained with H&E, SO, AB, and MT to assess cartilage surface
damage. Additionally, immunohistochemical staining for COL I,
COLIJ, IL-1, and IL-6 was performed on the articular cartilage
surface to further evaluate tissue damage and inflammatory
responses. Finally, the Mankin and OARSI histological scoring
systems were used for comprehensive assessment.
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Statistical analysis

Unless otherwise specified, all experiments were conducted in
triplicate. Statistical analyses and data visualization were per-
formed using the GraphPad Prism software (version 10.0). Data
are expressed as mean =+ standard deviation. Statistical signifi-
cance was set as follows: *P < 0.05; **P < 0.01; ***P < 0.005;
*#%%P < 0.001; and ns, no significance.
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