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Precise Diabetic Wound Therapy: PLS Nanospheres
Eliminate Senescent Cells via DPP4 Targeting and PARP1

Activation

Renliang Zhao, Xiangyun Jin, Ang Li, Bitong Xu, Yifan Shen, Wei Wang,

Jinghuan Huang,* Yadong Zhang,* and Xiaolin Li*

Diabetic ulcers, a difficult problem faced by clinicians, are strongly associated
with an increase in cellular senescence. Few empirical studies have focused
on exploring a targeted strategy to cure diabetic wounds by eliminating
senescent fibroblasts (SFs) and reducing side effects. In this study,
poly-L-lysine/sodium alginate (PLS) is modified with talabostat (PT100) and
encapsulates a PARP1 plasmid (PARP1@PLS-PT100) for delivery to target the
dipeptidyl peptidase 4 (DPP4) receptor and eliminate SFs. PARP1@PLS-PT100
releases encapsulated plasmids, displaying high selectivity for SFs over
normal fibroblasts by targeting the DPP4 receptor, decreasing
senescence-associated secretory phenotypes (SASPs), and stimulating the
secretion of anti-inflammatory factors. Furthermore, the increased apoptosis
of SFs and the disappearance of cellular senescence alleviates SASPs,
accelerates re-epithelialization and collagen deposition, and significantly
induces macrophage M2 polarization, which mediates tissue repair and the
inflammatory response. This innovative strategy has revealed the previously
undefined role of PARP1@PLS-PT100 in promoting diabetic wound healing,
suggesting its therapeutic potential in refractory wound repair.

1. Introduction

The dramatic increase in the global in-
cidence of type 2 diabetes (T2D) has
been accompanied by an increase in the
incidence of diabetic foot ulcer (DFU),
a leading cause of disability and limb
amputation in patients with diabetes.[']
Pathophysiological oxidative stress and
inflammatory disorders frequently result
in delayed wound healing.>*] However,
these phenomena of continuous inflam-
mation and oxygen species production in
the early stage and later period of wound
regeneration are not well understood.l>™!
Recently, researchers found that senescent
fibroblasts (SFs) accumulate in inflamma-
tory wounds and affect the inflammatory
microenvironment.'®11l  Pathologically,
cellular senescence results in chronic tis-
sue damage and inflammation because
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of the senescence-associated secretory

phenotype (SASP), which contributes to
tumorigenesis, pulmonary fibrosis, atherosclerosis, diabetes,
and osteoarthritis.!>13] However, cytokines associated with
SASP, including IL-1a, IL-6, and IFN-y, induce M1 macrophage
polarization,['*] thereby activating the inflammatory response in
the early stage of impairment.!’®] Additionally, unrestrained M1
macrophage activation increases the secretion of proinflamma-
tory factors.'¢”] Meanwhile, M1 macrophage polarization and
continuous inflammation induce the senescence program in fi-
broblasts in chronic wounds.['®1% Together, these processes com-
prise a vicious cycle between senescence and inflammation that
impairs wound healing.!?’! Servel studies have contributed to
eliminate senescent,?!! but few studies have reported an alle-
viation of the effects of senescence on wound repair by dis-
rupting the vicious cycle. Thus, studies examining the clear-
ance of senescent cells seem to be a feasible strategy for chronic
wound therapy.?2 However, studies attempting to investigate
these strategies have not been completed successfully to date.[?’]
Lamivudine and ruxolitinib modulate the senescence secretome
and ameliorate several phenotypes of aging, but these com-
pounds have a complicated mechanism, resulting in an un-
satisfactory explanation to prove SASP inhibition.['>?*%] Addi-
tionally, the genetic modification of T cells induces chimeric
antigen receptors (CARs), which suppress SASPs by targeting
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mitochondria.l?) This pathway was also proposed to mitigate
senescence-induced dysregulation in cells, thereby attenuating
the hallmarks of senescence, but the CAR T cell technique does
not eliminate defects, including neurotoxicity, cytokine release
syndrome (CRS), and several severe side effects.'>?’] Various
therapies that rely on eliminating senescence for chronic wound
healing are less effective.[?®] Hence, strategies interfering with
the antiapoptotic pathway might enable the selective clearance
of senescent cells.[223%31] Highly selective targeted drug delivery
systems might target the impaired tissue, achieve better thera-
peutic efficiency and reduce side effects.’?33] Consequently, the
design of a selective targeted drug delivery system loaded with
an effective therapeutic factor for chronic wound healing is still
a challenge for researchers.[*]

Mass spectrometry analyses followed by coimmunoprecipi-
tation showed that the surface of SFs exhibits selective dipep-
tidyl peptidase 4 (DPP4) receptor expression, which was not
observed in proliferating human diploid fibroblasts.**] Recent
evidence obtained from the transcriptome signature of cellu-
lar senescence shows dramatically decreased expression of poly
ADP-ribose polymerase 1 (PARP1) in SFs compared to primary
fibroblasts.*>] The reduced expression of PARP1 might be re-
lated to antiapoptotic effects, immune escape, and other prosur-
vival mechanisms.’¢! The role of PARP1, an NAD+/ADP- ri-
bosyltransferase, in the cell cycle has been widely studied, and
PARP1-mediated apoptosis is a cell death program.”) PARP1 re-
cruitment and activation lead to the depletion of NAD+, which
expedites mitochondrial exhaustion and causes mitochondrial
collapse.[38] PARP1 characteristically protects normal cells from
senescence under physiological conditions and leads to senes-
cent cell apoptosis under pathological conditions to protect
against stress.[*] Transfection of the PARP1 plasmid regulated
the apoptosis of senescent fibroblasts through the direct inter-
ruption of the apoptotic pathway by targeting the DPP4 receptor.
This strategy is an innovative method in the field of targeted drug
delivery systems.[*]

Diabetic wound ulcer is not only a local wound impairment
but also an extensive disorder of the microenvironment charac-
terized by inflammation.*!l Several biomaterials have been de-
signed to improve the tissue regeneration in diabetic wound ul-
cers, such as hydrogels and electrospun nanofibers,[*>*3] which
protect wounds from bacteria and secondary injury but are a
less effective treatment for deep tissue. In recent years, nanocar-
riers and hydrogels have been used to deliver drugs and plas-
mids and have rapidly progressed.**] In therapeutic plasmid-
based approaches, loading a plasmid into a nanosphere hydro-
gel enables more efficient transfection.[”] A selective drug de-
livery system targeting senescent cells might essentially reverse
disease progression, potentially representing an ideal strategy
for eliminating the root cause of diabetic wound recurrence.
However, few selective receptor targets present these proper-
ties. Here, we describe the design and implementation of PLS-
PT100 nanospheres, which show a higher plasmid-loading capac-
ity, higher transfection efficiency, and higher sensitivity than lipo-
somes. In this study, PLS nanospheres were modified with PT100
and designed to transfer the PARP1 plasmid, allowing them to
target SFs and transfer the PARP1 plasmid into SFs to induce
apoptosis. PT100 is a highly selective inhibitor of the DPP4 recep-
tor, which was shown to be abundantly expressed on SFs in a clin-
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ical trial and our experiments.[*¢] Treatment with PARP1@PLS-
PT100 nanospheres improved the inflammatory microenviron-
ment and induced SF apoptosis after plasmid transfection. The
reduction of the SASP reduced M1 polarization and increased
M2 polarization, which benefited wound repair. Meanwhile, the
apoptosis of SFs also promoted the differentiation of fibroblasts
and wound tissue re-epithelialization. This study provides a strat-
egy for eliminating SFs and suggests a potential therapeutic in-
tervention for diabetic wound repair.

2. Results and Discussion

DFU is a leading cause of disability and limb amputation in pa-
tients with diabetes.?] The vicious cycle of senescence and in-
flammation results in delayed wound healing.[??] In our study,
we developed a selective targeted delivery system to transport
plasmids, which benefits chronic diabetic wound healing. The
schematic illustrates therapeutic nanocarriers releasing PARP1
pDNA for wound healing.

2.1. Synthesis of PT100-Modified Sodium Alginate

The schematic illustrates the encapsulation of PARP1@PLS-
PT100 nanospheres (Figure 1A,B) 'H NMR detection indicated
that the catechol group was conjugated to alginate (Figure 1C).
Furthermore, ' NMR detection revealed the successful conju-
gation of catechol groups due to the presence of peaks for the
catechol protons at approximately 7, 2.8, and 3.0 ppm. More-
over, the '"H NMR analysis revealed distinct peaks at 3.5 ppm
(-B-C-) and from 1.9-2.1 ppm (CH,), which were attributed to
PT100 (Figure 1C). On the other hand, the FTIR spectrum of
alginate-dopamine showed characteristic bands corresponding to
aromatic C=C bonds (1517 cm™) and stretching bands at 1080
and 1183 cm™ corresponding to C-N. The peak at 1365 cm™!
was related to the presence of the boric acid group of PT100 (Fig-
ure 1D). These results indicated the successful conjugation of the
small molecule PT100.

2.2. Characterization of PARP1-Loaded PLS-PT100 Complex
Particles

This study aims to synthesize polyelectrolyte complex nanopar-
ticles from sodium alginate and cationic PLL for plasmid deliv-
ery. The formation of PLS nanoparticles depends on the concen-
tration and mixing ratio of the solution. Alg/PLL polyelectrolyte
complex nanoparticles were prepared by simply mixing PLL and
Alg at different masses. The PLS compound was evident from
the turbid appearance when the two solutions were mixed (Fig-
ure 1G). In subsequent experiments, poly-1-lysine was added to
the alginate solution to determine the concentration range ap-
propriate for particle formation. The effect of the increasing solid
content on particle size was evaluated at a fixed alginate/PLL ra-
tio of 5:1 (w/w). Particles were obtained with a Na-alginate solid
content ranging from 0.04 to 0.08%, and higher concentrations
led to solution-like systems with larger aggregates. Actively tar-
geted small particles present advantages over larger passively tar-
geted nanospheres due to the enhanced permeability and reten-
tion (EPR) effect. We obtained particles of approximately 100—
200 nm in size to facilitate cellular phagocytosis; therefore, we
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Figure 1. A,B) Schematic illustration of the encapsulation of PARPT@PLS-PT100 nanospheres; C) NMR analysis confirmed successful sodium alginate
scion grafting of PT100; D) FTIR spectrum results showed characteristic bands of SA-DA-PT100; G) the morphology of a graded concentration ratio of
PLL and SA complex and the E) complex were measured for particle size by NTA. PARP1 encapsulated PLS-PT100 nanospheres were detected with F)

NTA and H)TEM. (n = 3 images per group.)

chose a formula with a constant alginate/PLL ratio of 5:1 (w/w)
and a total solid content of 0.04% for subsequent studies, and the
spherical morphology was maintained even after drug loading
(Figure 1E,H). After modification with the small molecule PT100
and plasmid DNA (pDNA), no obvious change in particle size
was detected (Figure 1F). The transmission electron microscopy
(TEM) analysis showed that both of the complexes formed self-
assembled spheres when dispersed in water (Figure 1H).

Adv. Sci. 2022, 9, 2104128

2.3. The PARP1 Plasmid Was Efficiently Transfected into SFs by
PLS-PT100 Nanospheres

The application of liposomes to deliver plasmid DNA (pDNA)
is limited because of variations in transfection efficiency,*’! and
microcapsules fabricated from nanospheres were designed as
delivery vehicles for engineered bioactive peptides and pDNA.
PLS nanospheres, which exhibit excellent biocompatibility and
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Figure 2. A) GFP expression was indicated by green fluorescence in SFs after transfecting with liposomes, PLS, PLS@PT100. B) The relative PARP1 gene
expression in SFs with the indicated treatment and the C) expression of the protein. (n = 3 per group; * p < 0.05, ns, p > 0.05.)

efficient delivery, show significant potential for clinical diabetic
wound therapy. Nucleic acid electrophoresis was used to deter-
mine the proper loading amounts of nanospheres to pDNA. PLS-
PT100 nanospheres (400 pg) were incubated with various con-
centrations of the PARP1 plasmid, and Lipofectamine solutions
were used to transfect the plasmid as a control. In this case, 1
represents the marker, 2 represents Lipofectamine, and 3-8 rep-
resent a series of pDNA concentrations (50, 40, 30, 20, 10, and
5 pg). The loading amount was obtained from the electrophore-
sis result (Figure S1A, Supporting Information), and 400 pg of
nanospheres containing 40 ug of plasmid were considered an ap-
propriate loading amount. The PARP1 plasmid was transfected
into SFs using Lipofectamine or PLS-PT100 nanospheres, which
were observed by detecting GFP signals. GFP fluorescence im-
ages were collected 24 h after transfection of the GFP-PARP1
plasmid. Transfection efficiency was evaluated by the expression
of GFP protein in SFs after transfections. More fluorescence
was observed in the PARP1@PLS-PT100 group, and the fluores-
cence intensity was the highest compared with the liposomes and
PLS nanocarriers (Figure 2A). Furthermore, the transfection effi-
ciency was determined by performing RT-PCR and Western blot-
ting (WB), and the results showed that significantly more PARP1
mRNA was amplified in the PLS-PT100 group than in the Lipo-
fectamine group (Figure 2B). The Western blot results indicated a
similar trend; more PARP1 plasmid was transfected into SFs by
PARP1@PT100 than Lipofectamine (Figure 2C). More PARP1
plasmid was released from the nanospheres than liposomes and
led to increased expression of PARP1 in SFs in this study. Over-
all, our research successfully reported a selective delivery system
that resolved the inefficient transfection by liposomes.

2.4. Elimination of SFs by PARP1@PLS-PT100 Alleviated
Inflammation and Restored the Physiological Function of HFF-1
Cells In Vitro

Cell viability and physiological functions were measured after

the treatment with nanospheres. The viability of HFF-1 cells
and SFs treated with nanospheres was detected after 1, 3, and
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5 days. The PARP1@PLS-PT100 nanospheres had no signif-
icant effect on the proliferation of HFF-1 cells at each time
point (Figure 3A). In contrast, a different effect on the growth
of the SFs was observed in the PLS group, and the number of
SFs decreased upon PARP1@PLS, PARP1, and PARP1@PLS-
PT100 nanosphere treatment for 3 and 7 days. Furthermore,
the PARP1@PLS-PT100 group contained significantly fewer SFs
than the PARP1@PLS group (Figure 3B), and the results indi-
cated that nanospheres induced the death of SFs due to the trans-
fection of plasmids rather than cytotoxicity. The SASP causes dis-
ordered inflammation and senescence progression.[*8! SFs (5.6 x
10* cells cm~2) were seeded in culture plates, and incubated for 24
h, then the medium was changed to fresh complete medium con-
taining 200 pg of nanospheres, equal valume of PBS were added
as control group. 48 h later, the supernatants were collected and
cultured with HFF-1 cells for 1 day, and then the levels of SASPs
and inflammatory factors were detected with ELISA kits. The ex-
pression levels of IL-6 (Figure 3C), IL-1a (Figure 3D), I[FN-y (Fig-
ure 3E), and TNF-a (Figure 3F) were significantly decreased in
the PARP1@PLS-PT100 group compared with the PLS group.
Moreover, the expression levels of IL-3 (Figure 3G) and G-CSF
(Figure 3H) were higher than those in the PARP1@PLS group.
Additionally, no significant difference in the expression of IFN-
y, IL-1a, IL-6, TNF-a, IL-13, and G-CSF was observed in the
PLS-PT100 group compared with the PLS group and control
group. Nanospheres alleviated inflammation and increased anti-
inflammatory factors by transfecting plasmids. HFF-1 cells and
SFs were distinguished by senescence-related f-galactosidase
staining (Figure 3I), and the DPP4 receptor-positive cell ratio
of the SF group was higher than that of the HFF-1 group (Fig-
ure 31,]). Thus, the DPP4 receptor (red) is selectively expressed on
SFs rather than HFF-1 cells. The targeting ability of microcapsule
nanocarriers relies on the interaction of nanospheres and the cell
surface.*] HFF-1 cells and SFs were used to evaluate the trans-
fection efficiency of the nanospheres labeled with rhodamine
B isothiocyanate (RBITC). PLS nanospheres were added in to
SFs (PLS@SFs), PLS-PT100 nanospheres were added into HFF-
1 (PLS-PT100@HFF-1), and SFs (PLS-PT100@SFs), respectively.
More red fluorescence was detected after 24 hours of incubation

2104128 (4 0f16) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. A) Proliferating human foreskin fibroblasts (HFF-1) and B) senescent fibroblasts (SFs) were incubated with a series of nanospheres. The
expression of SASPs: C) IL-6; D: IL-1a; E: IFN-y; F) TNF-«) and anti-inflammatory factors: G) IL-3; H) G-CSF was detected in HFF-1 cells, which were
incubated with the supernatant collected from SFs after treatment with PBS, PLS, PLS-PT100, PARP1, PARPT@PLS, PARPT@PLS-PT100 nanocarriers.
Selective expression of DPP4 receptor in SFs compared with 1) normal HFF-1, |) quantitative evaluation of the DPP4 positive cell ratio. K) The immunoflu-
orescence staining images indicated that PT100 modified nanospheres could target SFs, and L) the quantitative results were calculated. (n = 3 per group;

*p < 0.05, ns, p > 0.05).
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in the PLS-PT100@SFs group than in the PLS@SFs group and
PLS-PT100@ HFF-1 group (Figure 3L), which confirmed that
the PLS-PT100 nanospheres were an efficient and stable delivery
strategy.

P16™K4 ig an important biomarker of cell cycle arrest and
senescence.’*>!! Senescence was attenuated after the transfec-
tion of the PARP1 plasmid. SFs were seeded in 24-well plates
at a density of 5.6 x 10* SFs cells per well and then stained
after 3 days of treatment with the nanospheres or PBS (Fig-
ure 4A). The number of P16 a.positive SFs was significantly
decreased in the PARP1@PLS group, PARP1@plasmid group,
and PARP1@PLS-PT100 group compared with the PLS group
and control group.(Figure 4C). These results obviously indicated
the relief of senescence. Cell senescence leads to altered differ-
entiation of fibroblasts and impairs wound regeneration. Myofi-
broblasts contribute substantially to tissue regeneration, and the
expression of a-smooth muscle actin (a-SMA) is a characteris-
tic of activated fibroblasts.l’>*3] For this experiment, 2.8 x 10*
HFF-1 cells cm~2 were cultured with supernatant collected from
the SFs after treatment with nanospheres for 24 hours. a-SMA
expression was assayed and was significantly decreased in the
PLS group compared with the PARP1@PLS-PT100 group (Fig-
ure 4B). In the PARP1I@PLS-PT100 group, a-SMA was expressed
at significantly higher levels than that in the control group, PLS
group, and PLS-PT100 group (Figure 4D), and its expression
was not significantly different between the PARP1@PLS-PT100
and PARP1@PLS groups. The preceding stages of the study re-
vealed the effect of PARP1@PLS-PT100 nanospheres on restor-
ing the differentiation of fibroblasts by alleviating inflammatory
stimulation. With the decrease in the number of SFs, the se-
cretion of proinflammatory factors was decreased, and the anti-
inflammatory effects were increased in vitro. The elimination
of senescence and inflammation promotes the differentiation of
myofibroblasts, which contributes substantially to wound heal-
ing.

2.5. The PARP1 Plasmid Promoted the Apoptosis of SFs and
Alleviated the Senescent Phenotype

Several studies have shown that obliterating senescent cells may
alleviate senescence-induced dysfunction and inflammation to
reduce the burden on normal fibroblasts.>*%5] Several studies
have focused on targeting SFs, and existing therapies, such as
CAR T cell therapy, are accompanied by rare side effects. Typi-
cally, SFs displaying increased senescence and reduced apopto-
sis are especially resistant to immune cells.[®] Selective targeting
and elimination of SFs appears necessary and important. In or-
der to evaluated the effection of nanospheres on SFs in the dia-
betic wound, wound tissue were collected for staining. TUNEL
staining is an important phenotype of apoptosis, which was eval-
uated with immunofluorescence staining, and positive TUNEL
staining was visualized using fluorescein isothiocyanate (FITC)
(Figure 5A). The largest area of TUNEL-positive staining was ob-
served in the PARP1@PLS-PT100 group on day 12; additionally,
the number of apoptotic cells in the PARP1@PLS-PT100 group
was lower on day 21 than on day 12 after surgery (Figure S1B,
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Supporting Information). Transfecting PARP1 plasmid into SFs
promoted apoptosis of SFs and alleviated the senescent pheno-
type, relieving the wound healing problem in diabetic wounds
and other refractory chronic wounds.

Diabetic wound healing is an urgent clinical problem, and few
effective methods are available to protect against the incidence
of diabetic ulcers and their recurrence.l®®! Various treatments for
diabetic ulcer healing have been studied, but the disrupted mi-
croenvironment is difficult to resolve through revascularization
and antibacterial agents.’”58] Here, we found that SFs accumus-
late in diabetic wounds and might be a potential target for restor-
ing the self-repair capacity of wound tissue.*®! Senescence-
related f-galactosidase staining of diabetic wound sections was
performed, and the expression of the senescence-related g-
galactosidase protein decreased following PARP1@PLS, PARP1,
and PARP1@PLS-PT100 treatment compared with the PLS
group. No significant difference in the expression of senescence-
related p-galactosidase was detected on days 12 and 21 between
the PLS and PLS-PT100 groups (Figure 5B). In addition, the re-
sults of senescence-related f-galactosidase staining confirmed
the elimination of senescent cells from the wound. Among
the groups, senescence was relieved most significantly in the
PARP1@PLS-PT100 group (Figure 5D). Ki67 represents the re-
covery of impaired tissue when senescence has been eliminated.
Immunohistochemical staining of wounded skin for Ki67 re-
vealed more Ki67-positive cells in the PARP1@PLS, PARP1,
and PARP1@PLS-PT100 groups than in the PLS group, espe-
cially in the PARP1I@PLS-PT100 group (Figure 5C). Further-
more, the quantification of Ki67-positive cells on days 12 and
21 showed more positive cells in the PARP1, PARP1@PLS, and
PARP1@PLS-PT100 groups than in the PLS group (Figure 5E),
indicating that senescence may impair the wound regeneration
and that PARP1@PLS-PT100 nanospheres contributed signifi-
cantly to relieving the inhibition mediated by the elimination of
SFs. Additionally, the flow cytometry analysis of wound tissue
also produced a similar result (Figure S1C,D, Supporting Infor-
mation).

The PARP1 gene is related to DNA damage and apoptosis.[®!]
Senescence may protect cells with DNA damage from neopla-
sia because low PARP1 expression in senescent cells might
be associated with the inhibition of apoptosis and immune
escape.l?®2 Increased PARP1 activity might promote cell death
and ATP depletion,””] and high PARP1 expression promotes
apoptosis-inducing factor (AIF) activation and induces the apop-
tosis of senescent cells.>¥6] In our study, when the PARP1
plasmid was transfected into senescent cells, increased apop-
tosis was observed, and the SASP was also alleviated. In addi-
tion, normal fibroblasts proliferated normally after transfection.
The WB results revealed that overexpressed PARP1 induced the
expression of AIF and SF apoptosis (Figure 5F). Thus, PARP1
is a potential target to regulate the apoptosis of SFs and pro-
tect normal fibroblasts from senescence. Above results revealed
that PARP1@PLS-PT100 nanospheres could efficiently elimi-
nate SFs, and the Ki67 positive cells suggested the beginning
of the regeneration after relif of senescence, thus, more efforts
were to probe the mechanism via detection of immune cells and

fibroblasts.
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2.6. The Elimination of SFs Regulated Inflammation and by cell growth arrest and resistance to apoptosis, a well-known
Promoted Wound Healing senescent phenotype.[%>%%] The progression of senescence causes

the development of inflammation in diabetic wound healing, and
SASPs are severe phenotypes associated with the secretion of IL-  continuous inflammation contributes significantly to senescence
6 and TNF-a from senescent cells.®] SASPs are characterized  induction.[*’]
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The vicious cycle between senescence and inflammation
causes pathological wound healing.*”) Thus, elimination of
senescence is important to regulate the inflammatory microen-
vironment and maintain tissue self-repair integrity. The man-
nose receptor CD206 is a C-type lectin that is primarily found
on the surface of macrophages and human fibroblasts; it con-
tributes substantially to modulating inflammation.>3 CD206 im-
munofluorescence staining was performed to evaluate the level
of inflammation on days 12 and 21, and the results indicated
that CD206 was expressed at a low level in the PLS group on
day 12 but increased with the repair of the wound on day 21.
Furthermore, CD206 expression did not significantly differ be-
tween the PLS and PLS-PT100 groups. Upon PARP1@PLS,
PARP1, and PARP1@PLS-PT100 nanosphere treatment, CD206
expression was significantly increased compared with that in the
other groups, and the largest CD206-positive area was detected
on day 12 in the PARP1I@PLS-PT100 group. On day 21 after
surgery, the expression of CD206 in the PARP1@PLS-PT100
group was slightly lower than that on day 12 (Figure 6A), and
the ratio of CD206-positive cells on day 12 was the highest in
the PARP1@PLS-PT100 group (Figure 6B). The wound tissues
were detected using flow cytometry to assess macrophage po-
larization, and the results confirmed that PARP1@PLS-PT100
nanospheres reduced the polarization of M1 macrophages and
promoted M2 macrophage polarization on day 12 because of
lower levels of CCR7 and higher levels of CD206 (Figure 6C).
After complete healing, the levels of M1 and M2 macrophages
were lower in the PARP1@PLS-PT100 group (Figure 6D-F). Fur-
thermore, RT-PCR analysis of the wound tissue on days 12 and
21 confirmed higher expression of inflammatory factors (IFN-y,
TNF-a, IL-6, and IL-1) in the PLS and PLS-PT100 groups than in
the other three groups. Anti-inflammatory factors (IL-3 and CSF)
were expressed at higher levels on days 12 and 21 after surgery
in the PARP1@PLS-PT100 group than in the PLS group (Fig-
ure 6G,H). The results confirmed that a continuous inflamma-
tory microenvironment had been restored with the delivery of
pDNA by the nanospheres, and the reduction in senescence pro-
moted M2 macrophage polarization and wound regeneration.

Diabetic wound tissue regeneration was accelerated by the
elimination of SFs, and a reduction in SASPs improved the in-
flammatory microenvironment. Injection of the nanospheres in-
duced the apoptosis of SFs and restored the proliferation of fi-
broblasts and immune cells. Overall, previous studies indicated
that overactivation of PARP-1 activated AIF, resulting in the
apoptosis of senescent cells, consistent with several previous
studies.[%®] The vicious cycle between senescence and inflamma-
tion ended with the clearance of senescent cells by nanocarriers.

2.7. Eliminating SF Accumulation Promoted Diabetic Wound
Healing In Vivo

Normally, clearance of senescent cells allows the regeneration of
damaged tissues.!***>°] Wound tissue was collected on days 12
and 21 after surgery. A digital camera was used to collect repre-
sentative images for the direct visualization of wound closure at
the top of the wound on days 0, 3, 7, 12, and 21 after surgery (Fig-
ure 7A). A schematic showing wound closure progression based
on the images is provided (Figure 7B). The wound closure area
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was calculated, and wound healing was significantly enhanced by
the PARP1@PLS-PT100 nanospheres compared with the other
groups. Wound healing did not differ significantly between the
PLS-PT100 and PLS groups (Figure 7D). H&E staining illus-
trated the process of re-epithelialization of the wound tissue in
the PLS, PLS-PT100, PARP1@PLS, PARP1, and PARP1@PLS-
PT100 groups (Figure 7C); the wound healing rate was increased
in the PARP1@PLS-PT100 group compared with the PLS group
(Figure 7E). The wound length was calculated and a similar re-
sult was obtained, consistent with the schematic showing the rate
of wound closure. Collectively, tissue re-epithelialization was re-
stored by clearance of the SFs.

2.8. The Elimination of SFs Promoted Collagen Deposition

The accumulation of collagen benefits wound healing, and the
proportion and alignment of collagen significantly contribute to
differentiating normal wound healing and pathological wound
healing.!®”) Therefore, Masson’s trichrome staining and Sirius
red staining were used to evaluate collagen deposition and align-
ment, respectively. Masson’s trichrome staining indicated colla-
gen deposition on the callus on days 12 and 21 after surgery (Fig-
ure 8A). The PARP1@PLS-PT100 group showed significantly
more collagen accumulation than the PLS group. The align-
ment of collagen bundles was most similar to normal skin in
the PARP1I@PLS-PT100 group, and the collagen structure in
the PLS group was similar to refractory diabetic wounds. Cell
cycle arrest is the main feature of SFs, and inflammation and
abnormal proliferation cause pathological diabetic wound heal-
ing because of SFs. We confirmed the clearance of SFs after
treatment with PARP1@PLS-PT100. As a complement, Sirius
red staining appropriately indicated the alignment of collagen
bundles (Figure 8B), and the collagen alignment and collagen
[/I11I ratio were similar to those of normal skin upon treatment
with the PARP1@PLS-PT100 nanospheres (Figure 8D). Further-
more, An ELISA kit were used to quantitate the collagen I and
I11, its results revealed that the quantitation of collagen I and
IIT in the PARP1@PLS-PT100 is highest than other groups at
day 12, its expression decline in the day 21(Figure S2A-C, Sup-
porting Information). a-SMA expression is also necessary for
the formation of myofibroblasts, which can contract the edges
of the wound and result in the transformation of fibroblasts.!**]
Plastic loops were sutured around the rat wound to inhibit con-
traction of the wound edge and to allow wound repair through
granulation and re-epithelialization, mimicking the repair and
remodeling of chronic wounds in humans. The expression of
a-SMA confirmed the contraction of the wound edges and in-
directly indicated growth of the tissue surrounding the wounds
at different time points. FITC fluorescence was used to indicate
a-SMA expression, and the PARP1@PLS-PT100 group showed
the largest fluorescence area and ratio on day 12 (Figure 8C).
a-SMA expression was increased on day 21 in the PLS, PLS-
PT100, PARP1@PLS, and PARP1 groups, and the results in-
dicated that wound repair was ongoing. A decrease in a-SMA
expression was observed on day 21 compared to day 12 in the
PARP1@PLS-PT100 group (Figure 8E), indicating that wound
repair was accomplished. Therefore, only a small amount of a-
SMA expressed on the blood vessels was observed after complete

2104128 (9 0f16) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. A) Immunofluorescence staining of CD206 and B) quantitative evaluation of CD206-positive cells. E,F) Flow cytometry of wound tissue at days
12 and 21 after surgery, and the C,D) analysis of flow cytometry were calculated. The relative SASP (IL-1a, IL-6, TNF-a, and IFN-y) and anti-inflammatory
factor (IL-3, CSF) gene expression in rat wound tissues at G) day 12 and H) day 21, (n = 3 per group; * p < 0.05, ns, p > 0.05).

repair of the wound. Additionally, a flow cytometry analysis of the
wound tissue was performed on days 12 and 21, and the results
indicated that the expression of fibroblast-specific protein-1 (FSP-
1) was increased on day 12 in the PARP1@PLS, PARP1 groups,
and PARP1@PLS-PT100 group compared with the PLS and PLS-

Adv. Sci. 2022, 9, 2104128

PT100 groups. Moreover, 21 days after wounding, the number of
fibroblasts also decreased in the PARP1@PLS-PT100 group (Fig-
ure S1E,F, Supporting Information).

Senescence is a special cellular state against death.[%] Recently,
interest in the therapeutic targeting of senescence for promot-

2104128 (10 O‘F]G) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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ing tissue regeneration and improving senescence-related dis-
ease has increased.”%”!] Coimmunoprecipitation experiments re-
vealed that DPP4 was selectively expressed in SFs, and PT100-
modified nanospheres might critically bind to SFs through the
DPP4 receptor. Here, we established a full-thickness cutaneous
diabetic wound defect model in which PARP1@PLS-PT100
nanospheres were injected around the wound. In vivo results
showed an increased capacity to repair the tissue in diabetic
wounds. As expected, the PARP1 plasmid was delivered into

Adv. Sci. 2022, 9, 2104128

p < 0.05, ns, p>0.05.)

SFs and resulted in a significant decrease in SASPs. Afterward,
wound healing was accelerated, as indicated by significant in-
creases in wound re-epithelialization, and collagen deposition,
and immunoregulation. In conclusion, our research has revealed
a novel transfection system and selective targeting sites for SFs,
and the strategy presents potential for the therapy of diabetic
wounds. Because of its ability to selectively target SFs, this sys-
tem can deliver proteins and pDNA to treat specific senescence-
associated diseases. Therefore, the present strategy might have

2104128 (11 of 16) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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broader implications in the treatment or prevention of other
senescence-associated diseases, such as age-related osteoporosis
and degenerative arthritis.

3. Conclusions

Methods to manage chronic refractory wounds in patients re-
main a long-standing puzzle.[”?! Here, we designed an injectable
agent based on the targeted delivery of a PARP1 plasmid for the
treatment of this condition. This delivery system facilitated tar-
geting of the therapeutic plasmid to SFs and showed a high ca-
pacity and efficient loading of the PLS plasmid as a therapeu-

Adv. Sci. 2022, 9, 2104128

tic and curative strategy. The continuous inflammatory microen-
vironment and senescence caused by SFs led to reduced pro-
liferation and disordered re-epithelialization. The PARP1 plas-
mid was selectively transfected into SFs by targeting DPP4 re-
ceptors and effectively reduced SASPs, which promoted wound
healing with a decrease in the number of M1 macrophages and
an increase in the number of M2 macrophages by disrupting
the vicious cycle between inflammation and senescence. The in-
jectable nanospheres could easily be customized to carry various
plasmids for the treatment of deep and enclosed wounds in pa-
tients with a wide array of clinical conditions, such as diabetic
retinopathy and diabetic neuropathy, via a minimally invasive

2104128 (12 O‘F]G) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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procedure. PARP1@PLS-PT100 nanospheres mitigate diabetes-
induced dysregulation in cells, thereby attenuating senescence
and restoring tissue repair.

4. Experimental Section

Synthesis of PT100-Modified Alginate: The synthesis of sodium
alginate-PT100 was performed in two steps, as illustrated in Scheme 1.
First, sodium alginate-dopamine was synthesized. Sodium alginate (1.0 g)
was dissolved in distilled water. Then, EDC (191.7 mg) and NHS
(115.09 mg) were added to this solution. The reaction mixture was stirred
at room temperature for 60 min to fully activate the carboxylic groups
on alginate molecules. Then, 189.6 mg of dopamine were added to the
aforementioned mixture and stirred for 12 h at room temperature under
N, protection. The product was dialyzed in water in the dark, followed by
lyophilization. The as-synthesized dopamine-modified alginate (85.0 mg)
was then reacted with the small molecule PT-100 (30 mg) in PBS to syn-
thesize PT-100-modified alginates.

Adv. Sci. 2022, 9, 2104128

Preparation of PARP1-Loaded PT-100-Modified Alg/PLL Polyelectrolyte
Nanoparticles: PLL/sodium alginate polyelectrolyte nanoparticles were
prepared through reaction between carboxyl and amino groups via elec-
trostatic interactions. Solutions of sodium alginate (Alg) and cationic
PLL (Alg/PLL = 5:1) were prepared in distilled water. The polyelectrolyte
complex was prepared by adding an aqueous solution of PLL to Alg at
room temperature with vigorous vortexing for 5 min. Polyelectrolyte com-
plexes of different compositions were prepared by varying the content of
Alg (0.049%-0.08% wt.%). PARP1-loaded PT100-modified Alg/PLL polyelec-
trolyte nanoparticles were prepared using a similar method as mentioned
above, but alginate and PLL were converted into PT100-modified alginate
and PARP1-loaded PLL.

Characterization of PARPT@PLS-PT100 Nanocarriers: Syntheses of
alginate-dopamine and alginate-dopamine-PT-100 were confirmed by
measuring 'H nuclear magnetic resonance (NMR) spectra on a 400 MHz
NMR spectrometer and Fourier transform infrared spectrometer (FTIR,
Nicolet 6700). The hydrodynamic diameter of NPs was determined in an
aqueous solution using dynamic light scattering (Zetasizer Nano ZS) and
transmission electron microscopy (TEM, JEM-2100).

2104128 (13 of 16) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Cells and Reagents: The human foreskin fibroblast cell line (HFF-1
cells) was purchased from the Chinese Academy of Sciences. For senes-
cence induction, 10 uyg mL™" mitomycin C (MMC) was added to confluent
HFF-1 cells and incubated for 3 hours. The cells were rinsed with PBS
and then incubated for 48 hours. SFs were confirmed by f-galactosidase
(SA-p-Gal) staining. HFF-1 cells and SFs were incubated with high glucose
complete DMEM supplemented with 10% FBS (Sigma) and 1% penicillin-
streptomycin at 37°C in an atmosphere containing 5% CO,.

Identification of the SFs:  SFs (2.8x10* cells cm~2) were seeded in 24-
well plates. After treatment with nanospheres for 24 hours, the medium
was removed, and the plates were rinsed three times with PBS. SA-f-Gal
fixation solutions (Solarbio, Beijing, China) were added to the plate to en-
sure that the solution covered the surface completely. The plates were in-
cubated overnight at 37°C in the dark without CO,. The solution was re-
moved completely and the plates were washed with PBS. Cells in each well
were observed and photographed using a Leica bright-field microscope,
and SA-f-Gal-positive cells were calculated.

Cell Viability of Primary Fibroblast and SFs:  The viability of HFF-1 cells
and SFs was detected with a commercial cell counting kit-8 (CCK-8) as-
say kit (Dojindo Laboratories, Kumamoto, Japan). HFF-1 cells and SFs
were seeded at densities of 3 x 10> and 3 x 10* cells cm~2, respectively,
in clear 96-well plates. The cells were incubated with dilutions of various
nanospheres in 10% FBS-containing complete medium, and the medium
was changed every two days. Viability was assessed 1, 3, and 5 days by
incubating the cells with 100 pl of 10% CCK-8 detection solution for 1.5
hours at 37 °C. The absorbance was detected at 450 nm with a multide-
tection microplate reader at the indicated time points (BioTek, USA).

Nanoparticles Targeting to the SFs: HFF-1 cells and SFs(5.6 x 10*
cells per well) were cultured in 24-well plates. Cells were attached to
plates 24 hours after incubation, and 500 uL of culture medium were
replaced with 100 ug mL™" rhodamine B isothiocyanate (RBITC)-labeled
nanosphere-containing medium for 24 hours. Before the staining proce-
dure, the medium was removed from the plates, and the plates were rinsed
with PBS three times. Fixation was performed for 30 min at room temper-
ature (RT) with 4% paraformaldehyde solution. Briefly, 200 uL of SA-4-Gal
fixation solution (Solarbio, Beijing, China) were added to the plate, which
was incubated in the dark for 12 h without CO,. Fluorescence and bright-
field images were observed and captured using a Leica fluorescence mi-
croscope (Leica).

Rat Surgical Procedure: Sprague-Dawley (SD) rats (6-8 weeks old)
were fed at the Experimental Animal Center of Shanghai Jiaotong Uni-
versity Affiliated Sixth People’s Hospital (Shanghai, China). All animal ex-
periments were approved by the ethics committee of the Shanghai Jiao-
tong University Affiliated Sixth People’s Hospital (Shanghai, China). A ge-
netically diabetic rat model that has been well established as a model
for chronic wound healing was prepared as follows: SD rats were fed a
high-fat (HF) diet for 2 weeks before streptozotocin (STZ) (100 mg kg™,
i.p.) injection, and rats continued to be fed a HF diet throughout the ex-
perimental period.I"*] After inducing the type 2 diabetes model, blood
glucose levels were measured 2 weeks after the injection, and a blood
glucose level > 16.7 x 1073 m was defined as a successful diabetic rat
model. Sixty diabetic rats were used to evaluate the effects of PARPT@PLS-
PT100 nanospheres on wound repair. Full-thickness cutaneous wounds (¢
20 mm) were created on the backs of rats, and a plastic loop (¢ 20 mm)
was sutured to the skin around the edges of the wound. All rats were
randomly divided into five groups, and the groups were treated with PLS
(PLS), PLS encapsulating the PARP1 plasmid (PARP1@PLS), PLS scion
grafted PT100 (PLS-PT100), PARP1 plasmid transfected with liposomes
(PARP1), or PLS nanosphere scion grafted with PT100 and encapsulating
the PARP1 plasmid (PARP1@PLS-PT100). The rats were fed an HF diet in
a specific pathogen-free (SPF) animal room. Wound closure was captured
with a digital camera on days 0, 3, 7, 12, and 21 to observe wound repair
progression. After 12 and 21 days, rats were sacrificed, and the wound
tissues were collected for histological analysis.

Wound Healing Rate Assay: Wound closure progression was recorded
with a digital camera on days 0, 3, 7, 12, and 21 after surgery. The wound
closure simulation plots were created from the digital images of healing
wounds captured on days 0, 3, 7, 12, and 21. The area of wound healing
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was calculated with Image] software. From the information, the wound
closure rates were calculated using the following formula: wound closure
rates = (wound area on day 0— wound area at a certain time point) /wound
area on day 0.1

Histology of the Wound Tissue: For the histological assessment of
the wound, wound tissues were fixed and embedded in paraffin. Fixed
wound tissue sections were stained with H&E solutions, Masson’s
trichrome solutions, and Sirius solutions according to the manufacturer’s
instructions.[®0] The images of stained slides were then obtained under a
Leica microscope.

Immunohistochemistry:  Ki67 immunostaining was performed to eval-
uate the proliferative ability of the impaired tissue. The wound tissue was
fixed with 4% paraformaldehyde fixation solution for 24 h at RT and cut
into sections. Immunocytochemistry was performed on the paraffin sec-
tions, and the sections were blocked with immunostaining blocking solu-
tion (Biyuntian, Shanghai, China) at RT for 30 min and then incubated with
an anti-Ki67 antibody (1:200, Abcam, Cambridge, UK) at 4 °C overnight.
Next, the sections were rinsed and incubated with an HRP-conjugated anti-
rabbit IgG (1:600, Servicebio, Wuhan, China), followed by diaminobenzi-
dine (DAB, Servicebio, Wuhan, China) and weak counterstaining with di-
luted hematoxylin (Servicebio, Wuhan, China) for 30 seconds. Images of
immunohistochemical staining in the sections were acquired using a Leica
microscope.

Statistical Analysis:  Statistical analyses were performed as described
in the figure legend for each experiment. Statistical significance was deter-
mined using one- and two-way ANOVA and Student’s t-tests with Graph-
Pad Prism 8 software, as indicated. A p-value less than 0.05 was considered
significant and indicated with asterisks: *p <0.05, ns:p > 0.05.
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