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Skin wounds typically heal with dysfunctional scarring, a
fibrotic process largely driven by Engrailed-1 (En1) lineage-pos-
itive fibroblasts (EPFs). However, the potential reversibility of
EPFs’ profibrotic effects and corresponding therapeutic strate-
gies remain elusive. Here, we develop a nanoscale fibroblast-
mimic carrier (FibroMC) for targeted delivery of Enl-specific
small interfering RNA (siEnl) to fibroblasts, aiming to inhibit
Enl expression and reverse their profibrotic effects. FibroMC
was constructed by functionalizing Food and Drug Administra-
tion-approved ionizable lipid nanoparticles with fibroblast cell
membrane. With incorporated cell membrane proteins (e.g.,
Integrin p1 and N-cadherin), FibroMC was preferentially taken
up by fibroblasts, leading to potent silencing of Enl in all EPF
populations both in vitro and in vive. Consequently, FibroMC
treatment significantly inhibited collagen I expression and my-
ofibroblast differentiation. A single dose of topical application
of FibroMC to the wound effectively restored collagen architec-
ture, regenerated skin appendages, recovered skin mechanical
property, and ultimately prevented scar formation. Our find-
ings demonstrate that FibroMC-mediated Enl silencing can
reverse the profibrotic effect of EPFs, offering a promising ther-
apeutic strategy for scarless wound healing.

INTRODUCTION

Skin wounds generally heal with scarring, which differs from normal
skin in structure and function." Unlike healthy skin, scar tissue com-
prises excessive fibrotic tissue and lacks dermal appendages (e.g., hair
follicles and sweat glands), often resulting in disfigurement, impaired
mobility, and permanent loss of skin function, significantly impact-
ing the quality of patients’ lives. The socioeconomic impact of scar is
substantial, with over 100 million new scars forming annually in the
United States alone.” The global economic burden of scarring is
estimated to exceed $64 billion by 2032.% However, current clinical
practices, such as laser therapy and cryotherapy, among others, pri-
marily address scar appearance with limited efficacy in restoring
normal skin function. Moreover, ongoing clinical trials for scar
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management exhibit limited efficacy and raise concerns of potential
adverse effects, including tumorigenesis and immune dysregula-
tion.” Developing effective strategies for scar prevention remains
an unmet clinical need.

Fibroblasts are key mediators of scarring, which produce and
remodel the extracellular matrix during wound healing.” Based on
Engrailed-1 (Enl) expression, two distinct fibroblast subtypes with
opposing roles in wound repair have been identified in the dermis.
Enl lineage-negative fibroblasts (ENFs) are pro-regenerative, depos-
iting a provisional fibronectin-rich matrix and activating Wnt/Trps1
pathways to restore normal skin structure and appendages.”®
Conversely, Enl lineage-positive fibroblasts (EPFs) are profibrotic,
mainly by depositing excessive, dense, and parallel collagen I fibers
that form scars. EPFs can originate embryonically from ENFs
(eEPFs), constituting ca. 75% of dermal fibroblasts in adult skin.”
Additionally, Enl can be postnatally activated in ENFs following
injury, leading to the conversion into postnatally derived EPFs
(pEPFs).10 This conversion, along with existing eEPFs, results in
EPF dominance at the wound site, subsequent excessive collagen I
deposition, and scar formation.'"'*The current work primarily fo-
cuses on promoting ENF-mediated scarless wound healing by sup-
pressing postnatal Enl transition through the Yes-associated protein
(YAP) inhibitor, verteporfin.'” "> However, this approach overlooks
the significant contribution of eEPFs to the fibrotic process, yielding
limited therapeutic effect.'® Alternatively, complete ablation of the
EPF (eEPFs and pEPFs) is not a viable solution either. While this
approach prevents scarring, it is accompanied by delayed wound
healing and comparable tensile strength to scar tissue, suggesting
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Figure 1. lllustration of scarless wound healing via fibroblast-mimic nanocarriers (FibroMC)-mediated Engrailed-1 silencing and reverse the profibrotic

effects of EPFs

En1, Engrailed-1; ENFs, En1 lineage-negative fibroblasts; eEPFs, embryonically En1 lineage-positive fibroblasts; pEPFs, postnatally En1 lineage-positive fibroblasts; siEni,

En1-specific SiRNA; MC-3, lipid nanoparticle-containing ionizable DLin-MC3-DMA.

EPFs are profibrotic yet also contribute to wound repair and regen-
eration.'’ Reversing the profibrotic effects of EPFs represents an
appealing strategy for scarless wound healing.

Small interfering RNA (siRNA) offers a powerful approach to
achieve this goal. By specifically silencing the target genes, siRNA
has demonstrated the ability to alleviate or reverse pathological pro-
cesses in various diseases, including transthyretin amyloidosis, and
acute hepatic porphyria.'” Given the distinct function of ENFs and
EPFs, we hypothesized that silencing Enl could reverse the profi-
brotic effects of EPFs and prevent scar formation. Here, we propose
a nanoscale fibroblast-mimic carrier (FibroMC), composed of fibro-
blast cell membrane-functionalized ionizable lipid nanoparticles, for
efficient delivery of Enl-specific siRNA (siEnl) to EPFs (Figure 1).
FibroMC-mediated siEnl delivery significantly silences Enl expres-
sion in all EPF populations, decreasing collagen I expression and my-
ofibroblast differentiation both in vitro and in vivo. These findings
suggest that FibroMC-mediated Enl silencing can reverse the profi-
brotic effect of EPFs and prevent scarring.

RESULTS

Engineering FibroMC for efficient siRNA delivery to fibroblasts
Efficient siRNA delivery to fibroblasts is hindered by their inherently
low transfection efficiency, diverse fibroblast subtype, and poor cell
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uptake.'®'? To address these challenges, we engineered FibroMC, a
novel siRNA delivery system inspired by the cell membrane-derived
biomimic vesicles.”” FibroMC is fabricated by incorporating fibro-
blast cell membranes (FCM) into ionizable lipid nanoparticles
(Figure 2A). The fibroblast cell membrane is expected to inherit
the homing effect for the enhanced siRNA delivery to fibroblasts.
DLin-MC3-DMA-based ionizable lipid nanoparticle (MC-3) was
chosen to achieve efficient siRNA encapsulation and lysosomal
escape. MC-3 was formulated using the same composition through
mimicking the Food and Drug Administration (FDA)-approved
siRNA medicine, patisiran (Onpattro).

The Forster resonance energy transfer (FRET) technique was
employed to screen the optimal fusion conditions. In detail, Dil-
labeled FCM and DiO-labeled MC-3 were fused at different ratios
(Figure 2B). The 1:2 (w/w) ratio of fibroblast cell membrane protein
to DLin-MC3-DMA ionizable lipid displayed the highest FRET effi-
ciency, indicating the optimal fusion of MC-3 and fibroblast cell
membrane. Hence, the ratio of 1:2 was fixed for the subsequent ex-
periments. Super-resolution microscopy was employed to visualize
the fusion of FCM and MC-3. The colocalization of the red fluores-
cence (FCM) and green fluorescence (MC-3) was also observed in
FibroMC post extrusion (Figure 2C), illustrating the excellent fusion
of lipid films and fibroblast membranes, which is similar to previous



www.moleculartherapy.org

ADAM17

7 0)
-7 @ 000 60
Microfludics MC-3 000

Ultrasound {§ "?'3 O 8 O
‘é. 'j‘: Extrusion

5
™

Intensity
N
o

X

FibroMC

Fibroblast cell 0.

Protocadherin Fat 3

Intercellular adhesion molecule 1
Protein kinase C alpha type
IQGAP1

Cell surface glycoprotein MUC18
ADAM9

Cadherin-2

Desmoplakin

PACSIN2

CD151

Cadherin-11

Cell division control protein 42 homolog

MC-3 : FCM
— 1.0 —41—21
— 11 —12—01

Primary murine
dermal fibroblast

membranes
(FCM)

Cc

——
500

Catenin beta-1

Src

Integrin alpha-2

Integrin alpha-5

E Matrix metalloproteinase-14
Epidermal growth factor receptor

"550 600
Wavelength (nm)

N
o
o
o

P <0.0001
150-

N
o
T

N}
<

o o
o o
1 1
Zeta potential (mV)

Hydrodynamic size (nm)

o
'
w
o

Ras-related protein Rab-10
Fascin

PPP1CA

Flotillin-2

Neuroplastin

Nectin-2

Basigin

Caveolin-1

Integrin beta-3

Thy-1 membrane glycoprotein
Integrin alpha-V/

Vascular cell adhesion protein 1

TTTIA

F
1600 100.0%

1200 80.9%

13.8% 33.2%

8004

19 0%

\
N
R

400+

Protein numbers

Figure 2. Engineering FibroMC for efficient siRNA delivery to fibroblasts
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(A) Schematic illustration describing the design of fibroblast-mimic nanocarrier (FibroMC). (B) The screening of the optimal weight-based fusion ratio between DLin-MC3-
DMA-based ionizable lipid nanoparticle (MC-3) and fibroblast cell membrane (FCM) in FibroMC through the Férster resonance energy transfer (FRET) technique. MC-3
and FCM were labeled with DiO and Dil, respectively (Ex = 440 nm). (C) Super-resolution microscopy images of FiboroMC fused by FCM (red) and MC-3 (green). Scale
bar, 200 nm. (D) Average hydrodynamic size (left) and zeta potential (right) of MC-3, FCM, and FibroMC. (E) SDS-PAGE analysis of MC-3, FCM, and FibroMC to assess
membrane protein retention. (F) The proportion of identified 1,402 proteins (total) in FioroMC. Functional proteins referred to those associated with “cell adhesion” or

“junction.”

(G) Apie chart of the functional proteins identified in (F) according to UniProt/GO information. (H) Membrane proteins on FibroMC associated with “cell adhesion” or

“cell-cell junction” were detected using tandem mass tag (TMT) based proteomic analysis. Batch1, Batch2, and Batch3 represent three batches of FiboroMC samples.

Statistical analysis was calculated using the Student’s t test (n > 3).

studies.”"”> Moreover, the hydrodynamic size of FibroMC was
significantly larger than that of MC-3 upon fusion, accompanied
by the reversal of the surface charge (Figure 2D).

To verify the retention of membrane proteins during the fusion pro-
cess, the FibroMC was assessed by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie
brilliant blue staining (Figure 2E). The protein profile of FibroMC
closely resembled that of the FCM, indicating the successful incorpo-
ration of fibroblast membrane proteins. Additionally, three indepen-
dent batches of FibroMC were examined by proteomic profiling us-
ing the tandem mass tag (TMT) strategy. Only minor batch-to-batch
variations were observed (Figure S1A). Across all these batches,
1,402 proteins were identified with varying molecular weights
(Figures 2F and S1B). Gene ontology (GO) enrichment analysis sug-
gested that 268 of these proteins (19.1% of the 1,402 proteins, marked

as functional proteins, Figure 2F) are associated with cell adhesion or
junction (Figure S1C). These proteins include integral and lipid-
anchored (9.3%), secreted (13.8%), peripheral (19.0%), cell surface
or cell/plasma membrane (24.6%), and cytoskeletal or junctional
proteins (33.2%), which is similar to what was reported for other
types of cells®** (Figure 2G). The top 50 relative proteins are
visualized in the heatmap (Figure 2H). Several proteins involved in
cell-cell interaction, such as Integrin o2, f1, B3, N-cadherin, and
OB-cadherin, were detected in FibroMC, which may contribute to
efficient siRNA delivery to fibroblasts.

Moreover, the components of clinically approved lipid nanoparticles
were used to load siRNA and fuse with cell membranes for active tar-
geting. We found that different N/P ratios (3-9) do not affect siRNA
encapsulation (Figure S2A). Therefore, we adopted the FDA-approved
formulation ratio for subsequent studies. The obtained FibroMC
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Figure 3. Cell membrane proteins enhanced the affinity between FibroMC and fibroblasts

(A) Viability of fibroblasts upon incubation with siCtrl-FAM-loaded MC-3 (MC-3/siCtrl-FAM) and siCtrl-FAM-loaded FibroMC (FiboroMC/siCtrl-FAM) for 48 h. (B) Representative
confocal microscopy images of fibroblasts after 1-h incubation with MC-3/siCtrl-FAM and FibroMC/siCtrl-FAM. Scale bar, 40 um. (C and D) Flow cytometry analysis of
indicated siCtrl-FAM-loaded nanocarriers in fibroblasts after incubation for 1 h or 3 h, and the corresponding quantification of the mean fluorescence intensity. (E) Flow
cytometry comparison and statistical comparison of indicated siCtl-FAM-loaded nanocarriers on keratinocytes, RAW264.7 cells, and fibroblasts after incubation for 1 h.
(F) The influence of endocytosis inhibitors on FibroMC/siCtrl-FAM nanocarrier uptake by fibroblasts. The relative fluorescence intensity of FAM was quantified by flow
cytometry and normalized to FibroMC/siCtrl-FAM without treatment after treatment with the following conditions or inhibitors: 4°C (energy-dependent endocytosis),
amiloride (macropinocytosis), cytochalasin D (phagocytosis), colchicine (microtubules depolymerization), MBCD (caveolae-mediated endocytosis), and chlorpromazine/CPZ

(legend continued on next page)
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nanocarrier exhibited a spherical morphology (Figure S2B) with a high
encapsulation efficiency 0f 99.3% (Figure S2C), robust protection of the
encapsulated siRNA from degradation (Figure S2D), and good stability
(Figure S2E), which is comparable to siRNA-loaded MC-3 lipid
nanoparticles. Collectively, these results suggested that FibroMCs
were successfully constructed with the surface deposition of functional
fibroblast cell membrane proteins, and the siRNA encapsulation
through MC-3. This suggests the potential of FibroMCs for highly effi-
cient siRNA delivery to fibroblasts.

Cell membrane proteins enhanced the affinity between FibroMC
and fibroblasts

The potency of FibroMC depends on its affinity with fibroblasts. To
assess the interaction between FibroMC and fibroblasts, fluorescent
probe (FAM)-labeled control siRNA was loaded into MC-3 (MC-3/
siCtrl-FAM) and FibroMC (FibroMC/siCtrl-FAM) nanocarriers.
FibroMC/siCtrl-FAM displayed no cytotoxicity in primary mouse
dermal fibroblasts at concentrations up to 100 pg/pL, whereas
MC-3/siCtrl-FAM significantly reduced the cell viability under the
same conditions (Figure 3A). This can be explained by the presence
of ionizable lipids (DLin-MC3-DMA). Next, the cellular uptake of
FibroMC/siCtrl-FAM by fibroblasts was analyzed by flow cytometry
(FACS). FibroMC/siCtrl-FAM displayed enhanced fluorescence
intensity (1.7-fold) compared with MC-3/siCtrl-FAM at 1 h post
incubation with fibroblasts (Figures 3B and 3C). Quantitative
FACS results were consistent with the above conclusion; the extent
of uptake was 35.6% + 1.3% (FibroMC/siCtrl-FAM) and 5.9% =+
1.6% (MC-3/siCtrl-FAM), respectively (Figure S3A). Meanwhile,
the internalization of FibroMC/siCtrl-FAM in fibroblasts was
time-dependent; at 3 h post incubation, the intracellular fluorescence
intensity of FibroMC/siCtrl-FAM in reference to MC-3/siCtrl-FAM
increased to 2.2 (Figure 3D). Furthermore, we investigated the influ-
ence of fibroblast membrane composition on the uptake of FibroMC
by keratinocytes and macrophages in the skin. In contrast to fibro-
blasts, these cells exhibited minimal uptake of FibroMC/siCtl-
FAM, as evidenced by the low fluorescence intensity determined
by FACS (Figures 3E and S3B), demonstrating the preferential
uptake of FibroMC by fibroblasts.

Co-treatment with cytochalasin D (a phagocytosis inhibitor) or
MBCD (caveolae-mediated endocytosis inhibitor) significantly
decreased the mean fluorescence intensity (MFI); likewise, reducing
the culturing temperature to 4°C showed the same phenomena
(Figure 3F). These data indicate that caveolae/raft-mediated en-
ergy-dependent endocytosis and phagocytosis are the primary mech-
anisms contributing to the cellular uptake of FibroMC in fibroblasts.
Subsequently, we investigated the role of membrane proteins in
FibroMC internalization through the approach of antibody-targeted
protein blocking.”> We selected Integrin o2, B1, p3, N-cadherin,

Cadherin-11, Catenin f1, deltal, Caveolin-1, and Talin-1, all of
which are typical proteins involved in cell-cell interaction
(Figure 3G). Trypsin treatment served as a positive control to exten-
sively digest the membrane proteins. Among these selected proteins,
blocking Integrin p1, B3, N-cadherin, and Talin-1 significantly
reduced the fluorescence intensity of fibroblasts, suggesting the col-
lective contribution of multiple proteins to the affinity between
FibroMC and fibroblasts (Figure S3C). Beyond the high affinity be-
tween FibroMC and fibroblasts, potent gene silencing also requires
efficient siRNA escape from lysosomes.”® Both MC-3 and
FibroMC nanocarriers exhibited time-dependent lysosomal escape,
evidenced by the reduced Pearson’s correlation coefficient (R)
(Figures 3H, 31, and S4). After a 9-h incubation, the negative R value
regarding FibroMC suggested that siCtrl-FAM almost wholly
escaped from the lysosome, indicating their promising capability
for effective gene silencing.

FibroMC-mediated En1 silencing reverses the profibrotic effect
of EPFs in vitro

Efficient EPF sorting is essential to assess the in vitro efficacy of Enl
silencing. Previous studies identified CD26 as a surface marker for
EPFs,” based on which we specifically sorted eEPFs and ENFs ac-
cording to the level of CD26 expression (Figures 4A, S5A, and
S5B). pEPFs were generated via activating ENFs with a YAP acti-
vator, PY-60.%” Verteporfin, a YAP inhibitor, was used as the positive
control. siEnl was loaded in MC-3 (MC-3/siEnl) and FibroMC
(FibroMC/siEnl) nanocarriers, respectively. Next, EPFs were incu-
bated with either FibroMC/siEnl or MC-3/siEnl. Quantitative
reverse transcription polymerase chain reaction (RT-qPCR) and
western blotting were employed to quantify Enl mRNA and protein
expression. At 12 h post treatment, FibroMC/siEnl significantly
downregulated Enl mRNA level in all EPF populations (eEPFs and
pEPFs) compared with MC-3/siEn1 (Figures 4B and 4D), confirming
its superior uptake efficiency by fibroblasts. At 48 h, although mRNA
levels were similar between the two groups (Figure S6), western blot-
ting revealed that FibroMC/siEnl induced a marked reduction in
Enl protein levels in all EPFs (Figures 4F and 4G), indicating its sus-
tained silencing efficacy.

We next examined whether siRNA-mediated Enl silencing could
attenuate the profibrotic effects of EPFs. The fibrotic response was
evaluated using collagen I and a-smooth muscle actin (a-SMA), a
marker of myofibroblasts. Both markers are critical indices of
fibrosis. Collagen I represents the main component of scar tissue,
and a-SMA is associated with myofibroblast activation, which is a vi-
tal mediator of excessive tissue contraction and extracellular matrix
deposition during scarring.”® siRNA-mediated En1 silencing signif-
icantly decreased collagen I expression in EPFs, as indicated by lower
levels of Collal and Colla2 mRNA, and decreased collagen I protein

(clathrin-mediated inhibitor). (G) Representative western blots of membrane proteins in the fibroblast cell membrane and FibroMC nanocarrier. (H) Intracellular distribution of
FibroMC/siCtrl-FAM nanocarrier (green) in fibroblasts. Nuclei were stained with DAPI (blue), and lysosomes were labeled with LysoTracker Red DND-99 (red), respectively.
Scale bar, 10 pm. (l) Pearson’s correlation coefficient of the fluorescence colocalization between FAM and LysoTracker Red DND-99 in fibroblasts, as calculated using
Imaged software. Data are presented as the mean + standard deviation (SD). Statistical analysis was calculated using the Student’s t test (n > 3).
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Figure 4. FibroMC-mediated En1 silencing reverses the profibrotic effect of EPFs in vitro

(A) Schematic of embryonic EPF (€EPF) isolation and postnatal EPF (pEPF) induction. Lineage-negative cells (Lin~: CD31~, CD45~, Ter119™~, Tie2~ EpCam ™). (B) Relative
En1 mRNA expression levels in eéEPFs following a 12-h treatment with three formulations (verteporfin, MC-3/siEn1, and FiboroMC/siEn1). (C) Relative Col7a1, Col1a2, and
Acta2 mRNA and collagen | protein levels in eEPFs post treatment with three formulations. (D) Relative En7 mRNA levels in pEPFs following a 12-h treatment with three
formulations. (E) Relative Col7a1, Col1a2, and Acta2 mRNA and collagen | protein levels in pEPFs post treatment with three formulations. (F) Representative western blots of
En1 and a-SMA in eEPFs after treatment with different formulations for 48 h. (G) Representative western blots of En1 and a-SMA in pEPFs after treatment with different
formulations for 48 h. (H) Schematic illustration showing that En1 knockdown promotes ENF-mediated myofibroblast differentiation. Statistical analysis was calculated using

the Student’s t test (n > 3).

following treatment with FibroMC/siEnl. Moreover, Enl silencing
prevented the fibroblast-to-myofibroblast transition in EPFs, as evi-
denced by the reduced levels of Acta2 mRNA and a-SMA protein
(Figures 4C and 4E-4G). However, Enl silencing exerted negligible
effects on ENFs, as evidenced by their unaltered viability, migration
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capacity, and fibronectin expression (Figure S7). Furthermore,
FibroMC/siEnl treatment did not affect the differentiation of fibro-
blasts into myofibroblasts (Figure S8). This suggests the potential of
ENFs-mediated myofibroblast differentiation upon Enl silencing
(Figure 4H). Additionally, verteporfin exhibited an unexpected
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impact on EPFs. It did not affect Enl expression and myofibroblast
activation in eEPFs and pEPFs, while showing a more potent inhib-
itory effect in collagen I expression compared with siRNA treatment.
Regarding eEPFs, we presumed that YAP-dependent activation of
Enl had already occurred during the embryonic stage of these cells.
As for pEPFs, this might be due to verteporfin’s pleiotropic action
beyond Enl.”’ These findings demonstrated that FibroMC/siEnl
could efficiently knockdown Enl and reverse the profibrotic effects
of EPFs, as evidenced by the diminishment of collagen I expression
and myofibroblast differentiation. These in vitro data suggested a
promising therapeutic effect of FibroMC/siEnl in skin scarring pre-
vention in vivo.

FibroMC-mediated En1 silencing reverses the profibrotic effect
of EPFs in vivo

Encouraged by the promising in vitro therapeutic effects of Enl
silencing, we further investigated the in vivo performance of
FibroMC nanocarrier. Full-thickness skin wounds were established
on the back of C57BL/6 mice and the skin was splinted with silicone
rings to prevent contraction.’’ Subsequently, the wounds were
treated with a single dose of phosphate-buffered saline (PBS;
Blank), verteporfin, MC-3/siEnl, or FibroMC/siEnl on day 0, fol-
lowed by the efficacy assessment for a time course of 2 weeks
(Figure 5A). On day 14, immunofluorescence staining was per-
formed to evaluate Enl silencing in the wound area. FibroMC/
siEnl remarkably knocked down Enl, as proved by the significant
reduction of Enl-positive fluorescence signals (Figures 5B and 5E).
Although MC-3/siEnl and FibroMC/siEnl exhibited similar po-
tency in silencing Enl in vitro, the latter was significantly more
potent in vivo than the counterpart. Such discrepancy can be ex-
plained by the FibroMC-mediated efficient delivery of siEnl to
the fibroblasts.

Consequently, FibroMC/siEnl significantly decreased collagen I
expression and myofibroblast differentiation in vivo. The presence
and concentration of type I (yellow) and type III (green) collagen
were determined by the Sirius red staining. The ratio of type
I/IIT collagen significantly decreased from 9.5 (Control) to 2.2
(FibroMC/siEnl) upon Enl silencing (Figures 5C and 5F). More-
over, treatment by FibroMC/siEnl exhibited a randomly aligned
collagen structure akin to the typical basket weave-like collagen fiber
network in normal skin (Figure 5G). Double immunofluorescence
staining of a-SMA (myofibroblasts) and vimentin (fibroblasts) was
further performed to assess the influence of Enl knockdown in my-
ofibroblasts.”’ Analysis of the colocalized areas revealed that fewer
myofibroblasts were present in the skin tissue treated by FibroMC/
siEnl (Figures 5D and 5H). Collectively, these results demonstrated
that FibroMC-mediated En1 silencing can reverse the profibrotic ef-
fect of EPFs and decrease collagen I expression and myofibroblast
differentiation in vivo.

FibroMC/siEn1 promotes scarless wound healing in vivo
Given the potency of FibroMC/siEn1 in mitigating fibrosis, its ther-
apeutic efficacy on wound healing was investigated. The gloss

appearance of wound sites across various groups on days 0, 3, 7,
and 14 all exhibited gradual healing over the experimental period
(Figure S9A). The relative wound area analysis revealed no signifi-
cant difference among all groups, indicating that FibroMC/siEnl
did not impede wound healing (Figure 6A). FibroMC/siEnl treat-
ment significantly reduced the scar area on day 14 compared with
other formulations (Figures 6B and S9B).

Hematoxylin and eosin (H&E) and Masson’s trichrome staining
were used to analyze the thickness of the dermis and epidermis,
the amount of collagen, and the number of hair follicles and glands.
FibroMC/siEn1 treatment increased the thickness of the dermis layer
and decreased the epidermal thickness, indicative of effective tissue
repair (Figures 6C-6E). This balanced healing response is crucial
for preventing the development of functionally and aesthetically
problematic keloid scars.”* Quantitative evaluation of collagen vol-
ume fraction corroborated the observed dermal thickness, confirm-
ing the enhanced capability of FibroMC/siEnl to deposit collagen
(Figure 6F). Moreover, PBS and verteporfin treatment resulted in
thick and densely packed collagen bundles. In contrast, upon
FibroMC/siEnl treatment, we observed thinner and randomly
aligned collagen fibers that closely resemble the standard skin archi-
tecture (Figures 5G and 6G).

An effective scarless therapy should not only restore normal matrix
structure, but also promote the regeneration of skin appendages and
skin mechanical property recovery, which is hardly achieved by the
current therapies.”” The increased number of newly formed hair
follicles (Figures 6B, 6D, and 6H) and glands (Figures 6D and 6I)
underscores the improved regenerative healing facilitated by
FibroMC/siEnl. Post FibroMC/siEnl treatment, an increased blood
vessel regeneration was observed compared with the control, as evi-
denced by the CD31 staining images (Figures 6] and 6K). Addition-
ally, immunohistochemistry staining of vascular endothelial growth
factor (VEGF) was carried out to assess the mechanism of blood
vessel regeneration.”* VEGF expression was significantly higher in
the FibroMC/siEnl-treated skin compared with other groups
(Figures 6] and 6L). This finding concurred well with the in vitro
data that Enl-silenced eEPFs secreted more VEGF protein than
eEPFs (Figure S10). Collectively, Enl silencing promotes blood
vessel regeneration via enhanced VEGF secretion. The enhanced
neovascularization may enable a sufficient supply of nutrients and
oxygen, promoting hair follicle and sweat gland regeneration.’
FibroMC/siEnl also promotes the recovery of skin mechanical prop-
erty. The tensile strength of healed skin treated with FibroMC/siEn1l
recovers to 53.5% of unwounded skin by day 14 and substantially re-
covers to 73.8% by day 28 (Figure S11). Meanwhile, all the tested mi-
ce’s body weights increased throughout the experimental period
(Figure S12A). There was no pathological change in the major organs
of the tested mice based on the H&E staining images (Figure S12B).
At the local wound site, key inflammatory cytokines in skin tissues
were quantified. The levels of interleukin (IL)-4 and IL-6 remained
unchanged in the FibroMC/siEnl-treated group compared with
controls. Importantly, the level of the pro-inflammatory cytokine
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Figure 5. FibroMC-mediated En1 silencing reverses the profibrotic effect of EPFs in vivo

(A) Schematic of the in vivo experimental process. (B) Immunofluorescence staining of En1 of wound skin on day 14. Scale bar, 50 pm. (C) Sirius red staining of wounds on day
14. Yellow indicates collagen | and green indicates collagen lll. Scale bar, 25 pm. (D) Double immunofluorescence staining (up) and colocalized area (bottom) of a-SMA and
vimentin of wound skin on day 14. Scale bar, 20 pm. (E-H) Statistical analysis of the positive area of En1 (E); type I/lll collagen ratio (F); collagen alignment (G); and colocalized
area indicates the myofibroblast-positive area of CD31 (H). Statistical analysis was calculated using the Student’s t test (n > 3).
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Figure 6. FibroMC/siEn1 promotes scarless wound healing in vivo

(A) Quantitative evaluation and statistical analysis of relative wound size in Blank, Verteporfin, MC-3/siEn1, and FibroMC/siEN1 from day O to day 14. (B) Gloss appearance
images of the wound sites on days 14 and 28. Black arrow indicates scar area. (C) Statistical analysis of epidermal thickness. (D) Representative H&E staining of wounds on
day 14. Scale bar, 625 pm (top), 100 pm (enlarged). Black arrow indicates hair follicles. (E) Statistical analysis of dermal thickness. (F) Statistical analysis of the collagen level.
(G) Representative Masson trichrome staining of wounds on day 14. Scale bar, 625 pm (top), 100 pm (enlarged). Statistical analysis of (H) hair follicles and (I) glands. (J)
Immunofluorescence staining of CD31 (top) and immunohistochemical staining of VEGF (bottom) of wound skin on day 14. Scale bar, 100 pm. Comparison of (K) CD31 and
(L) VEGF-positive area. Statistical analysis was performed using the Student’s t test (n > 3).

TNF-o was found to be significantly decreased in skin tissues
following FibroMC/siEnl treatment, indicating a potential anti-in-
flammatory effect (Figure S13). Collectively, these results demon-
strated the biocompatibility of FibroMC/siEnl for the in vivo man-
agement of skin disorders.

DISCUSSION

Skin scarring remains a significant clinical challenge.* EPFs play
a crucial role in the scarring process, and reversing the profibrotic
effects of EPFs represents an appealing strategy for scarless
wound healing. Current research primarily focuses on promoting
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ENF-mediated wound healing for scarless regeneration. Verteporfin
has been formulated into nanogels, nanoparticles, and liposomes to
prevent scar formation by blocking the conversion from ENF to
pEPE.">'>*%%" However, the therapeutic efficacy of verteporfin is
limited as it only partially inhibits pEPF formation (by 40%-50%)
and largely neglects the role of eEPFs.'® Moreover, verteporfin treat-
ment improves skin structure within 14 days, whereas it exhibits a
limited effect on skin appendage regeneration that usually takes
months or longer.

In this study, we demonstrate that the profibrotic effect of EPFs can
be attenuated via RNA interference, thereby facilitating scarless
wound healing. We developed FibroMC, a novel siRNA delivery sys-
tem for efficient Enl silencing in fibroblasts. By functionalizing
FDA-approved ionizable lipid nanoparticles with fibroblast cell
membrane, the enhanced siRNA delivery to fibroblasts and lyso-
somal escape were realized. Mechanistic analysis revealed that
enhanced siRNA delivery was attributed to the presence of various
cell adhesion proteins in the FibroMC, including, but not limited
to, Integrins a2, B1, and P3, as well as N-cadherin. Enl expression
was significantly knocked down in all EPF populations by
FibroMC/siEnl, resulting in decreased collagen I expression and
myofibroblast differentiation in vitro and in vivo.

Remarkably, topical application of a single dose of FibroMC/siEnl
to the skin wound potently silenced Enl, restored the collagen
architecture of newly formed skin, and promoted skin appendage
regeneration within 14 days. In contrast, it takes up to 90 days to
attenuate the scarring during the process of wound healing by using
verteporfin therapies combined with microneedles and photother-
mal approaches.'* Previous research has also combined verteporfin
with macrophage regulation and bacterial inhibition, which
increased the therapeutic effect to a certain extent compared with
the monotherapy of verteporfin.”* However, the clinical translation
of combinational therapies is very challenging due to the increased
complexity and associated difficulty in quality control. FibroMC/
siEnl also promoted the recovery of skin mechanical property,
with tensile strength restored to ~73.8% of normal levels. While
reduced collagen content may limit full recovery, the improved
collagen architecture (Figure 5G) likely contributes to the mechani-
cal improvement.”>*’ Optimizing dosage and frequency may further
enhance outcomes by restoring collagen balance.

Besides, our work indicates that verteporfin may inhibit collagen I
and a-SMA through the mechanism(s) beyond Enl regulation.
In vitro, verteporfin did not affect Enl expression and myofibroblast
activation in either eEPFs or pEPFs, but potently inhibited collagen I
expression more effectively than siEnl treatment. However, in vivo,
verteporfin reduced Enl expression, decreased myofibroblast
activation, and inhibited collagen I expression. Similar results of ver-
teporfin-induced myofibroblast differentiation inhibition have been
reported previously.'>*® These discrepant results between in vitro
and in vivo data might be due to the pleiotropic effect of verteporfin
in vivo; verteporfin may act on YAP and hence stimulate multiple
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signaling pathways, e.g., transforming growth factor (TGF)-f and
connective tissue growth factor (CTGF), which are crucial for
wound healing.*' *** The similar phenomenon was also observed in
Figure 6C. These results suggest that verteporfin promotes scarless
wound healing through a more complex mechanism other than
solely preventing Enl activation.

Moreover, verteporfin has been demonstrated to inhibit angiogen-
esis through the suppression of the YAP/TEAD complex.** Consis-
tent with this, we confirmed the anti-angiogenic effect of verteporfin,
as indicated by the reduction of CD31 fluorescence upon verteporfin
treatment. Conversely, FibroMC/siEnl treatment enhanced blood
vessel regeneration, accompanied with elevated VEGF secretion
in vitro and in vivo (Figures 6], 6L, and S10). Previous studies showed
that ENF transplantation could enhance neovascularization’; like-
wise, the data in the current work corroborated that ENF transplan-
tation promoted neovascularization, suggesting that Enl-silenced
EPFs might adopt ENF-like pro-angiogenic properties. The
enhanced neovascularization further provides a more abundant
supply of nutrients and oxygen, which would be beneficial for hair

follicle** and sweat gland regeneration.*®

Our study has some limitations. Identifying the proteins that exhibit
the highest affinity for fibroblasts could optimize the FibroMC
formulation and enhance targeting efficiency. Nevertheless, it is
highly challenging because of the potential synergistic effects be-
tween multiple cell membrane-derived proteins. Furthermore, our
study demonstrated that the profibrotic effect of EPFs could be
modulated, but the mechanism of skin appendage regeneration still
requires further investigation. In conclusion, our results demon-
strate that FibroMC-mediated Enl silencing can reverse the profi-
brotic effects of EPFs and promote scarless wound healing. These
findings offer a novel approach to scar prevention with potential
clinical translation. Given that fibroblast heterogeneity has also
been identified in other organs,”’ this strategy may also apply to
other fibrotic diseases.

MATERIALS AND METHODS

Isolation of primary murine dermal fibroblasts and keratinocytes
The dorsal skin of C57BL6/] neonates was harvested and washed
with Hank’s balanced salt solution (HBSS, Solarbio). The skin was
minced into small pieces with surgical scissors and washed again
with HBSS. After digesting it with Dispase II solution (0.5% in
PBS, Yeasen) overnight at 4°C, two curved forceps were used to sepa-
rate the dermis and epidermis carefully. The murine dermal fibro-
blasts were generated as follows. The dermis was incubated with
Trypsin-EDTA solution for 30 min at 37°C, 5% CO, followed by reg-
ular shaking. The digested sample was filtered using a 100-pm nylon
filter and centrifuged at 300 x g for 5 min. The pellet was resus-
pended in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and
put in culture flasks. The keratinocytes were obtained by incubating
the epidermis on a Petri dish in Trypsin-EDTA solution at ambient
temperature on a horizontal shaker with gentle agitation for 20 min.
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Then, the epidermis was collected using forceps, followed by
vigorous rubbing back and forth to release cells from the epidermal
sheet. Then the cell suspension was filtered through a 100-pm filter
and centrifuged at 300 x g for 5 min. The pellet was resuspended in
EpiLife medium (Gibco) with supplement of EpiLife Defined
Growth Supplement (EDGS, Gibco) in culture dishes (NEST
Biotechnology) that were pre-coated with attachment factor
(Thermo Fisher) to promote cell attachment.*®

Isolation of eéEPFs and ENFs

The isolation of eEPFs and ENFs was carried out based on the pub-
lished protocols.7’9 Briefly, the dorsal skin of C57BL6/] neonates
was harvested and washed with HBSS. The skin was minced into
small pieces with surgical scissors and washed again with HBSS.
Samples were resuspended in 2 mL of digestion solution containing
1 mg mL™" of collagenase I (Solarbio), 0.5 mg mL™" of hyaluroni-
dase (Absin), and 25 U mL™" of DNase I (Thermo Fisher), followed
by incubation at 37°C for 30 min with agitation. DMEM (10 mL)
containing 10% FBS was added to stop the enzymatic reaction,
and the suspension was sequentially filtered through a 100-pm
and then 40-pm cell strainer. After centrifugation at 300 x g for
5 min, the cell pellet was resuspended in 1 mL of stain buffer (BD
Pharmingen) and incubated with 1 pg of PE-conjugated anti-
mouse CD31 (PECAM-1), CD45, Terl19, Tie2 (CD202b), EpCam
(CD326), or FITC-conjugated anti-mouse CD26 antibodies (BD
Pharmingen) on ice for 30 min. A small aliquot of cells was incu-
bated with the respective PE-conjugated isotype controls (BD Phar-
mingen). After washing with 5 mL stain buffer, the cell pellet was
resuspended in 1 mL stain buffer containing 1 pL of Nuclear Blue
(AAT Bioquest). The cells were sorted on a CytoFLEX SRT-2 cell
sorter (Beckman) with a 100-pm nozzle. The viable (Nuclear
blue™), lineage-negative cells (Lin": CD31~, CD45", Terll9,
Tie2” EpCam™) were sorted into ENFs (Lin~ CD26~) and eEPFs
(Lin"CD26").

Isolation of primary murine dermal fibroblast cell membrane

To isolate cell membrane from primary murine dermal fibroblasts,
fibroblasts were washed with PBS, followed by gentle scraping and
centrifugation at 300 x g for 3 min at 25°C.>* The pellet was sus-
pended in 4 mL of ice-cold isolation buffer (75 mM sucrose,
225 mM mannitol, 30 mM tris-HCI [pH 7.4], 0.5% [w/v] bovine
serum albumin, 0.5 mM EGTA, and phosphatase and protease inhib-
itor cocktail). The suspension was dispersed by ultrasonication
(30 W, 1 Hz) in an ice water bath for 3 min to disrupt the cells. After
that, the sample was centrifuged at 700 x g for 10 min at 4°C to re-
move the nuclei and intact cells, followed by supernatant collection.
To remove the mitochondria, the supernatant was centrifuged at
10,000 x g for 10 min at 4°C. The precipitate was discarded, and
the resulting supernatant was further ultracentrifuged at
100,000 x g for 2 h at 4°C. Last, the fibroblast cell membrane-con-
taining pellet was collected and resuspended in PBS, and the protein
in the plasma membrane was assessed using a bicinchoninic acid
(BCA) protein assay kit. The obtained fibroblast plasma membrane
was stored at —80°C ready for use.

Preparation of FibroMC

FibroMC and FibroMC/siRNA nanocarriers were fabricated by
infusing FCM with MC-3 or MC-3/siRNA nanocarrier through mi-
crofluidic and extrusion approaches.”’ The INano L microfluidic
mixing instrument (Micro&Nano Biologics) was used to mix the
organic and aqueous solution and make the MC-3 or MC-3/
siRNA. The organic solution consisted of MC-3 formulation, which
is same as the FDA-approved siRNA drug, patisiran (Onpattro), with
DLin-MC3-DMA, cholesterol, DSPC, and DMG-PEG,, in a mole
ratio of 50:38.5:10:1.5.* The aqueous solution consisted of siRNA
and 10 mM citrate buffer (pH 4.0). Next, MC-3 or MC-3/siRNA
were fabricated in a microfluidic mixing chip at a flow rate of
12 mL/min, with a 1:3 ratio of organic phase to aqueous phase.
The resulting nanocarriers were then dialyzed in 3,500-Da MWCO
dialysis tubing (Sigma-Aldrich) against PBS buffer (pH 7.4,
10 mM). Then MC-3 or MC-3/siRNA was mixed with FCM, fol-
lowed by sequential extrusion through the polycarbonate membrane
with a pore size of 400 nm and 200 nm to get FibroMC or FibroMC/
siRNA nanocarrier. To determine the optimal fusion ratio between
MC-3 and FCM in FibroMC, MC-3 and FCM were separately labeled
with DiO and Dil. The preparation of DiO-labeled MC-3 was similar
to that of unlabeled MC-3, with the incorporation of DiO (1% w/w of
total lipids) into the lipid phase. FCM was labeled with Dil via incu-
bation at 37°C for 30 min. Then, FibroMC containing a series of
different weight ratios of MC-3 to primary mouse dermal fibroblast
membrane protein was fabricated, followed by the Forster resonance
energy transfer (FRET) analysis.”” The emission spectrum of dual
fluorescence-labeled FibroMC was recorded from 470 to 650 nm us-
ing a microplate reader (Thermo Fisher); the excitation wavelength
was 440 nm.

Characterization of FiboroMC

To confirm the successful fusion of MC-3 and FCM, they were
labeled by DiO (MC-3) and Dil (FCM), respectively. The produced
FibroMC nanocarrier was imaged using an Ultra-high Resolution
Confocal Microscope (Leica Stellaris 8). The morphology of siEnl-
loaded MC-3 and FibroMC nanocarriers was observed by a cryo-
transmission electron microscope (TEM) (200 kV, FEI Tecnai G2
F20, USA). The hydrodynamic size and zeta potential of MC-3 and
FibroMC nanocarriers were measured by dynamic light scattering
(DLS) using a Zetasizer Nano ZS (Malvern Instruments). The siRNA
binding ratio was confirmed by a gel retardation assay. MC-3/siCtrl-
FAM and FibroMC/siCtrl-FAM at different N/P ratios were loaded
in 1% agarose gel, followed by electrophoresis at 140 V for 30 min.
To further evaluate the protection of FibroMC on siEnl, the stability
of FibroMC/siEn1 against serum enzyme degradation was evaluated
by gel electrophoresis. Free siEnl, MC-3/siEnl, and FibroMC/siEnl
nanocarriers were incubated with 50% FBS at 37°C, and aliquots
were collected at different time points. Triton X-100 was then added
to release the siEnl, and the mixture was loaded on a 1% agarose gel.
RNA fractions were visualized by staining with GelRed. To investi-
gate the stability of FibroMC/siCtrl-FAM, the nanoparticles
were maintained in PBS (pH 7.4) at 4°C and analyzed by DLS over
7 days.
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Cell viability

Cells were inoculated into 96-well plates at 5 x 10° cells/well,
cultured under 5% CO, at 37°C for 12 h, and then treated with
MC-3/siCtrl-FAM or FibroMC/siCtrl-FAM. After 24 h, the medium
was discarded, and the cells were treated with 10 pL of cell counting
kit-8 reagent (Beyotime) per well. Then, the absorbance was deter-
mined with a microplate reader at a wavelength of 450 nm.

Proteomics analysis of FibroMC

TMT mass spectrometry was used to analyze the proteins in the
FibroMC nanocarrier. Briefly, FibroMC nanocarrier, containing
0.1 mg of membrane protein, were lysed with 300 pL of RIPA supple-
mented with 1 mM phenylmethanesulfonyl fluoride (Beyotime), fol-
lowed by ultrasonic treatment on ice (30 W, 1 Hz) for 3 min. Then
the samples were centrifuged at 10,000 x g for 10 min, which was
repeated twice prior to supernatant collection. The protein concen-
tration was determined by the BCA method (Beyotime). Then 10 pg
of protein in each sample was separated by 12% SDS-PAGE, and
Coomassie brilliant blue staining was performed using the
L00760C eStain LG instrument (Genscript Biotech Corp., Nanjing,
Jiangsu, China), and imaged with a Tanon-1600 analysis system
(Shanghai Tanon Technology Co., Ltd., Shanghai, China). Next,
50 pg of protein per sample was diluted with a lysis buffer, incubated
with 5 mM dithiothreitol at 55°C for 30 min, and cooled on ice to
25°C. The obtained sample was further incubated with 10 mM ioda-
cetamide for 15 min in the dark, followed by acetone supplement
(6x) and storage at —20°C. After12 h, the precipitate was collected
by centrifugation at 8,000 x g at 4°C for 10 min and reconstituted
in triethylammonium bicarbonate (100 pL, 200 mM). Then the sam-
ple was mixed with 1 mg/mL trypsin-TPCK (1:50, w/w), followed by
incubation at 37°C for 12 h, lyophilization, and then mixing with
triethylammonium bicarbonate (50 pL, 100 mM) before treatment
with 10 pL of TMTpro label reagent. The reaction was terminated
with 5 pL of 5% hydroxylamine for 15 min, followed by sample
lyophilization and storage at —80°C. The protein was separated by
Agilent 1100 HPLC with an Agilent Zorbax Extend-C18 column.
Then, the samples were loaded into Evotip, separated by a 15-cm
analytical column, and analyzed using an Orbitrap LC-MS/MS sys-
tem (Thermo Scientific) with 30 spd.”*

Bioinformatics analysis

The identified proteins were annotated using the UniProt knowledge
base (Swissprot/TrEMBL, http://www.uniprot.org/). The multi-
omics data analysis tool (OmicsBean) was used to analyze the ob-
tained proteomics data, in which distribution in biological process
(BP), cellular components (CCs), and molecular functions (MFs)
were assigned to each protein based on GO categories. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was performed to enrich high-level functions in the defined biolog-
ical system.

Cell uptake and affinity
To evaluate the cellular uptake of FibroMC nanocarriers, fibroblasts
were seeded on a confocal dish and incubated with FibroMC/siCtrl-
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FAM (0.5 pg/mL) for 1 h. The cells were then fixed with 4% parafor-
maldehyde and stained with DAPI, followed by imaging using a laser
scanning confocal microscope (LSM 980, Zeiss). For flow cytometry
analysis, fibroblasts were seeded in six-well plates and incubated with
FibroMC/siCtrl-FAM (0.5 pg/mL) for 1 h or 3 h. Next, the cells were
washed, detached, and analyzed using a flow cytometer (CytoFLEX,
Beckman). To explore the cell selectivity of FibroMC nanocarriers,
keratinocytes and macrophages (Raw 264.7) were seeded in six-
well plates and incubated with siCtrl-FAM loaded FibroMC
(0.5 pg/mL) for 1 h. Next, the cells were washed detached, and
analyzed using the same flow cytometer.

Cell uptake mechanism

To explore the mechanism of cell affinity of FibroMC to fibroblasts,
western blot analysis was conducted to determine the presence of
specific proteins from FibroMC. Proteins resolved by SDS-PAGE
were transferred from the gel to polyvinylidene difluoride (PVDF)
membranes (Millipore), which were then blocked with 5% BSA for
1 h and incubated overnight with primary antibodies at 4°C. After
being rinsed three times for 5 min in Tris-buffered saline containing
0.02% (w/v) Tween 20, PVDF membranes were incubated with goat
anti-rabbit IgG-horseradish peroxidase (HRP) secondary antibodies
for 1 h. The blots were finally visualized using a Bio-Rad ChemiDoc
Touch Imaging System (Bio-Rad). Next, excess (1:100) anti-integrin
o2, anti-integrin p1, anti-integrin B3, anti-N-cadherin, anti-Cad-
herin-11, anti-Catenin p1, anti-Catenin deltal, anti-Caveolin-1, or
anti-Talin-1 antibodies were applied to block the corresponding re-
ceptors on the surface of FibroMC/siCtrl-FAM nanocarrier. Trypsin
was applied to non-specifically digest membrane proteins.> After in-
cubation at 37°C for 1 h, FibroMC/siCtrl-FAM suspensions were
washed three times with PBS buffer (10 mM, pH 7.4, 4,500 x g,
10 min per wash) in a centrifugal filter (Pall, 300-kDa molecular
weight cutoff) at 4°C, followed by incubation with fibroblasts and
analysis by flow cytometry. Regarding chemical inhibition of endo-
cytosis pathways, primary murine fibroblasts were seeded into six-
well culture plates at a density of 1 x 10° cells/well and incubated
overnight. Pharmacological inhibitors (1 mM amiloride, 50 pg/mL
cytochalasin D, 10 pM colchicine, 10 mM MBCD, 200 nM monensin,
or 10 pg/mL chlorpromazine) were added to the cells at 37°C. After
0.5 h, MC-3/siCtrl-FAM or FibroMC/siCtrl-FAM nanocarriers at a
concentration of 0.5 pg/mL were separately added to the wells, which
were incubated for another 1 h.>® The cells treated with MC-3/siCtrl-
FAM or FibroMC/siCtrl-FAM at 4°C were used to evaluate the effect
of temperature on nanocarrier uptake; samples cultured at 37°C
without inhibitors were employed as positive controls. The treated
fibroblasts were then washed thoroughly with PBS, and FAM-posi-
tive cells (1 x 10* cells) were evaluated by flow cytometry. The
data were analyzed using Flow]Jo (v.10.5).

Lysosomal escape

For investigation of the lysosomal escape of FibroMC, MC-3/siCtrl-
FAM or FibroMC/siCtrl-FAM nanocarriers (0.5 pg/mL) were incu-
bated with fibroblasts seeded on confocal dish for 1, 3, 6, and 9 h.
Next, lysosomes were labeled with LysoTracker red DND-99
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(Thermo Fisher) and the nuclei were stained with Hoechst (Thermo
Fisher), followed by CLSM imaging. Pearson’s correlation coefficient
was calculated using ZEN 3.6.

En1 silencing and profibrotic effect inhibition

To investigate gene silencing efficiency in all EPF populations, pEPFs
were generated by the stimulation of ENFs with PY-60 (10 pM,
MCE) for 24 h. Next, eEPFs and pEPFs cells were seeded in six-
well plates for 24 h. MC-3/siEnl or FibroMC/siEnl nanocarriers
with an siRNA concentration of 1 pg/mL were added to each well.
Verteporfin (2 pg/mL) was set as a positive control."> After incuba-
tion for 12 h and 48 h, total RNA was extracted from cell pellets using
TRIzol reagent (Invitrogen, USA) according to the manufacturer’s
instruction. Reverse transcription was performed using the
PrimeScript RT Reagent Kit (Takara, Japan). RT-qPCR was per-
formed using the TB Green Fast QPCR Mix Kit (Takara Biomedical
Technology Co., Ltd) and the samples were processed through 40 cy-
cles of 95°C for 5 s and 60°C for 30 s after a preheating step of 95°C
for 30 s. The relative mRNA expression (AACt) of targeted genes was
normalized by the expression of f-actin. The primer sequences used
for real-time PCR analysis in this study are provided in Table S1.”*
To investigate the downstream mechanisms following En1 silencing,
eEPF and pEPF cells were cultured as described above. MC-3/siEnl
or FibroMC/siEnl nanocarrier with an siRNA concentration of
1 pg/mL were added to each well. Verteporfin (2 pg/mL) was set as
a positive control. After incubating for 48 h, the total RNA was
extracted and the relative mRNA expression was quantified by
RT-qPCR as detailed above. For protein analysis, cell lysates were
collected, and the expression of a-SMA was measured by western
blot. Secreted Collagen I and VEGF in the culture supernatant
were quantified using ELISA kits (Jiangsu Meimian Industrial
Co., Ltd).

Scar prevention evaluation

All animal experiments were conducted following the guidelines for
the care and use of laboratory animals. The experimental protocols
were reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) at the School of Engineering, Westlake
University (AP#21-051).

Twenty male C57Bl6/] (6-8 weeks) mice were purchased from
Jiangsu GemPharmatech. All animals were maintained under con-
stant conditions (25 + 1°C) with free access to standard diet and
drinking water. The animal study referred to the method of a previ-
ous study with minor modification. The animals were anesthetized
with an intraperitoneal injection of 5% sodium pentobarbital
(200 pL). A full-thickness excision wound was made symmetrically
by biopsy (6 mm) and splinted with silicone rings to prevent contrac-
tion.” Mice with skin wounds were randomly divided into four
experimental groups (n = 5 mice per group). The wounds were
treated with 10 pL of PBS (Control group), 10 puL of 3 mg/mL Ver-
teporﬁn,lo’3 8 MC-3/siEnl, or FibroMC/siEnl, respectively (siEnl:
20 pg). After treatments, all groups were dressed with transparent
Tegaderm (3M) to prevent infection and rehydrate the wounds.

The mice were individually housed in cages to prevent interference
among mice. The development of wound healing was recorded by
taking a picture on days 3, 7, 10, and14 and measuring the wound
area. The weight of the rat was also recorded. The wound healing
rate was calculated by dividing the area on day 0 minus area on
day n by the area on day 0.

Histological analysis

Histological analysis was performed for the healed skin tissues and or-
gans. Collected samples were fixed in 4% buffered paraformaldehyde,
dehydrated, and then embedded in paraffin or OCT compound for
slice preparation. The slice sections (5-pm thick) were stained with
Masson’s trichrome staining (Keygen Biotech), hematoxylin and eosin
(H&E, Keygen Biotech), and Sirus red staining according to the man-
ufactures’ protocol. The stained skin sections were observed and pho-
tographed under an inverted microscope. For Sirius red, polarized
light microscopy (Zeiss Axio Scan7) was used to obtain 40 x magnifi-
cation images and analysis of fiber alignment was performed using
CurveAlign.”>® The strength of alignment ranges from a value of
0 (completely random fiber alignment) to 1 (completely aligned fi-
bers). Additionally, the organs were extracted. The heart, liver, spleen,
lung, and kidney were cut into smaller sections, fixed in 4% parafor-
maldehyde, embedded in paraffin, and sectioned into 5-pm slices.
The organ sections were stained with H&E and were visualized by light
microscopy for the histological study of toxicity.””

Tissue immunofluorescence staining

Healed skin tissues were collected and in 4% buffered paraformalde-
hyde, dehydrated, and then embedded in paraffin or OCT com-
pound for slice preparation. The embedded skins were sectioned
to 4 um thick and stained with primary antibodies against Enl
(1:1,000, Santa Cruz), a-SMA (1:1,000, Abcam), CD31 (1:1,000, Ab-
cam), and vimentin (1:10,00, Abcam), respectively. Enl, a-SMA,
CD31, and vimentin signals were visualized using the FITC and
Cy3-conjugated secondary antibodies, respectively. Next, the slides
were stained with DAPI to visualize the nuclei. All images were ac-
quired on Zeiss Axio Scan7.

Tensile strength testing

Tensile strength tests for unwounded skin and healed skin in
different groups were conducted at day 14 and day 28 using a univer-
sal testing machine (Cell Scale, UniVert, Canada) equipped with a
20 N load cell. Dorsal skin was harvested and cut into 4-mm by
15-mm strips. Tissue strips were then secured and preloaded to a
force of 0.02 N and measured using digital calipers. Finally, the
skin was subjected to an extension test to failure, defined by a sharp
decrease in stress with increasing strain, at a rate of 18 mm/min. True
strain was calculated as the change in length divided by the original
gauge length, and true stress was calculated as the force divided by
the original cross-sectional area.

Statistical analysis
Unless otherwise stated, data are expressed as mean + standard de-
viation. Statistical analyses were performed using GraphPad Prism
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version 8 (GraphPad Software Inc.) or Image]J software. For compar-
isons between two groups, means were compared using Student’s t
test (unpaired and two-tailed).
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