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ABSTRACT: Critical limb ischemia (CLI) is a severe form of
peripheral artery disease (PAD). It is featured by degenerated
skeletal muscle and poor vascularization. During the development
of CLI, the upregulated matrix metalloproteinase-2 (MMP-2)
degrades muscle extracellular matrix to initiate the degeneration.
Meanwhile, MMP-2 is necessary for blood vessel formation. It is
thus hypothesized that appropriate MMP-2 bioactivity in ischemic
limbs will not only attenuate muscle degeneration but also promote
blood vessel formation. Herein, we developed ischemia-targeting
poly(N-isopropylacrylamide)-based nanogels to specifically deliver
an MMP-2 inhibitor CTTHWGFTLC (CTT) into ischemic limbs
to tailor MMP-2 bioactivity. Besides acting as an MMP-2 inhibitor,
CTT promoted endothelial cell migration under conditions
mimicking the ischemic limbs. The nanogels were sensitive to the pH of ischemic tissues, allowing them to largely aggregate in
the injured area. To help reduce nanogel uptake by macrophages and increase circulation time, the nanogels were cloaked with a
platelet membrane. An ischemia-targeting peptide CSTSMLKA (CST) was further conjugated on the platelet membrane for targeted
delivery of nanogels into the ischemic area. CTT gradually released from the nanogels for 4 weeks. The nanogels mostly accumulated
in the ischemic area for 28 days. The released CTT preserved collagen in the muscle and promoted its regeneration. In addition,
CTT stimulated angiogenesis. Four weeks after CLI, the blood flow and vessel density of the ischemic limbs treated with the
nanogels were remarkably higher than the control groups without CTT release. These results demonstrate that the developed
nanogel-based CTT release system has the potential to stimulate ischemic limb regeneration.
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■ INTRODUCTION

Peripheral artery disease (PAD) is a pathological condition
caused by the narrowing of blood vessels. It affects ∼27 million
people in North America.1 Critical limb ischemia (CLI)
represents the most severe case of PAD. It is characterized by
degenerated skeletal muscle and poor vascularization. Regen-
eration of skeletal muscle and vasculature is crucial to prevent
limb amputation.1−4 However, current endovascular and
surgical approaches and pharmacological treatments show
limited efficacy.3−9 Therefore, superior alternatives to current
treatments are critically needed for CLI treatment. Herein, we
aim to target matrix metalloproteinase-2 (MMP-2) in the
ischemic limbs to simultaneously attenuate skeletal muscle
degeneration and promote vessel regeneration.
Following PAD, MMPs, especially MMP-2, are upregu-

lated.3 The resulting imbalance between MMPs and the tissue
inhibitors of metalloproteinase (TIMPs) leads to the extensive
degradation of extracellular matrix (ECM) mainly collagens in
the skeletal muscle. This initiates the skeletal muscle

degeneration.10 Therefore, a decrease of MMP-2 bioactivity
will attenuate the degradation and preserve ECM architecture.
In ischemic limb, MMP-2 is associated with angiogenesis.
Knockout of MMP-2 in mice led to delayed angiogenesis.11−13

An appropriate amount of MMP-2 allows to partially degrade
ECM to give a path to endothelial cells for vessel formation.
The ECM degradation also releases matrix-bound angiogenic
growth factors such as vascular endothelial growth factor to
facilitate vessel formation.14−16 Thus, control of MMP-2
bioactivity will not only delay skeletal muscle degeneration
but also promote vessel regeneration.
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To specifically modulate MMP-2 bioactivity, the use of
MMP-2-specific inhibitors is an attractive approach as
bioactivity of other MMPs will not be affected. Current

MMP-2 specific inhibitors are predominately small organic
molecules with reactive zinc-chelating groups.17,18 One of the
major concerns of these inhibitors is toxicity as the effective

Figure 1. (A) (i) Preparation of poly(NIPAAm-co-NAS-co-HEMA-HB4-co-PAA-co-MAPEG) via free radical polymerization. (ii) Reaction between
PNNHPM and CTT. (iii) Degradation process of PNNHPM-CTT. (B) 1H NMR spectrum of poly(NIPAAm-co-NAS-co-HEMA-HB4-co-PAA-co-
MAPEG). (C) Copolymer feed ratio, actual composition, LCST, water content, and LCST of degradation product. (*Ratio of NIPAAm/NAS/
HEMA-HB4/PAA/MAPEG.) (D) Degradation of PNNHPM hydrogels over 4 weeks. (E) Cell cytotoxicity of supernatant from hydrogel polymers
after 4 weeks’ degradation (NS: p > 0.05).
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dosage may exceed toxicity level.19,20 This can be addressed
using recombinant TIMPs and MMP-2 specific peptides.21−23

It has recently been demonstrated that the MMP-2-specific
peptide CTTHWGFTLC (CTT) successfully reduced MMP-2
bioactivity in the infarcted hearts and preserved cardiac
ECM.24 Unlike many other MMP-2-specific inhibitors, CTT
does not affect cell attachment and spreading on the matrix.23

We found in this work that CTT even promoted endothelial
cell migration under TGFβ condition. TGFβ is upregulated in
ischemic limbs, which inhibits endothelial cell migration.25,26

We therefore encapsulated CTT into nanogels (NGs) for
sustained release of CTT to control MMP-2 bioactivity. The
nanogels were designed to specifically target ischemic skeletal
muscle to decrease off-target effects. Systemic delivery without
targeting capability may lead to CTT distributing to healthy
tissue causing deleterious effects.
Nanogels have been extensively employed as delivery

vehicles for small molecules, peptides, and proteins.27,28

Because of their relatively high hydrophilicity, small and
large molecules readily diffuse within the nanogels and release
out. Nanogels can be administrated by minimally invasive
intravenous (IV) injection and specifically accumulate in
tissues of interest when designed to have targeting
property.29,30 Nanogels based on poly(N-isopropylacrylamide)
(NIPAAm) and its derivatives have been widely used for drug
delivery applications.31−34 These polymers are not only
thermosensitive but also highly biocompatible. The thermo-
sensitivity allows to conveniently load drugs into nanogels at
temperatures below their lower critical solution temperatures
(LCSTs), although the drugs can also be loaded during
nanogel fabrication.35,36 In addition, the thermosensitivity
enables to manipulate nanogel core−shell structure.37 A
potential disadvantage of these nanogels is that they cannot
be readily removed from the body after drug release as most of
them are not degradable or bioeliminable, and their LCSTs are
typically lower than body temperature.38−40 In this work, we
have designed bioeliminable poly(N-isopropylacrylamide)-
based nanogels with degradable side chains (Figure 1A(i)).
The LCSTs were lower than 37 °C before the degradation of
side chain and higher than 37 °C after degradation. Therefore,
the thermosensitivity allows the nanogel to assume stable
nanostructure at 37 °C before side-chain degradation.
Following degradation (Figure 1A(iii)), the elevated LCSTs
allow the nanogels to dissolve in body fluid and be eliminated
from the body.
In this work, nanogels were also designed to be pH-sensitive

with pH sensitivity between 6 and 7. This enables nanogels to
aggregate specifically at the pH condition of ischemic areas
(pH ∼ 6−7).41 The platelet membrane was used to cloak
nanogels to increase their circulation time and reduce the
uptake of nanogels by cells like macrophages. A peptide
CSTSMLKA (CST) that can specifically target ischemic
regions was also conjugated on the surface of the platelet
membrane. The in vitro results showed that the encapsulated
CTT can release sustainably for 28 days. The in vivo results
demonstrated that multifunctional nanogels exhibited excellent
targeting capability, had a long retention time, attenuated
muscle degeneration, and accelerated revascularization in the
ischemic limbs.

■ MATERIALS AND METHODS
Materials. N-Isopropylacrylamide (NIPAAm) was purchased from

TCI America and was recrystallized three times in hexane before use.

Poly(ethylene glycol) methacrylate (MAPEG) and 2-hydroxyethyl
methacrylate (HEMA) were purchased from VWR. NH2-C-T-T-H-
W-G-F-T-L-C-K (FITC)-COOH (CTT) and NH2-K (rhodamine B)-
C-S-T-S-M-L-K-A-COOH (CST) were synthesized by Celtek
Bioscience, LLC. Bovine blood was purchased from Quad Five.

Synthesis of Hydrogels. N-Acryloxysuccinimide (NAS), 2-
hydroxyethyl methacrylate-oligo(β-hydroxybutyrate) (HEMAOHB),
and propylacrylic acid (PAA) were synthesized following previously
established procedures.32,42,43 Oligo(β-hydroxybutyrate) had average
of four β-hydroxybutyrate units. Poly(NIPAAm-co-NAS-co-HE-
MAOHB-co-PAA-co-MAPEG) (PNNHPM) was synthesized using
benzoyl peroxide (BPO) as an initiator (Figure 1A). Monomers with
designated feed ratios (NIPAAm/NAS/HEMAOHB/PAA/MAPEG
= 50/15/25/5/5, 50/10/25/10/5, or 45/15/25/5/10) were first
dissolved in dioxane under nitrogen. BPO (0.2 mol %) was then
added, and the mixture was heated at 70 °C for 20 h. Upon
completion, the reaction mixture was poured into a large volume of
cold hexane to precipitate the polymer. The crude product was
purified by dissolving in tetrahydrofuran (THF) and precipitating into
cold ethyl ether. The final product was collected by filtration and
dried in a vacuum oven. 1H NMR spectrum was used to confirm the
polymer structure and calculate the composition. The degradation
product of the hydrogel polymer Poly(NIPAAm-co-NAS-co-HEMA-
co-PAA-co-MAPEG) was synthesized using the same method as
described above.

Characterization of Hydrogels. The lower critical solution
temperature (LCST) of the hydrogel solution and the degradation
product of hydrogel were characterized using differential scanning
calorimetry (DSC) with a temperature range of 0−60 and 30−80 °C
and a heating rate of 10 °C/min. Water content was measured by first
dissolving the hydrogels in dichloromethane (DCM) to make a 10%
solution, and then 0.2 mL of the solution was transferred to each
small centrifuge tube. After the solvent evaporation, 0.2 mL of
Dulbecco’s phosphate-buffered saline (DPBS) was added to each
sample, and the samples (n = 3) were incubated at 37 °C for 24 h.
The samples were decanted and lyophilized. The water content was
determined by calculating the weight difference between lyophilized
mass (w1) and wet mass (w2).

w w
w

water content 100%2 1

1
=

−
×

(1)

The degradation study was conducted in a 37 °C water bath for 8
weeks. The solid hydrogel membranes that formed after evaporation
of the DCM were weighed (w4) and then immersed in DPBS.
Samples (n = 4) were taken out at designated intervals, lyophilized,
and weighed (w3). The weight remaining was calculated as follows

w
w

weight remaining 100%3

4
= ×

(2)

Hydrogel Degradation Product Cytotoxicity. To test the
cytotoxicity of the degradation product of the hydrogels, the
degradation medium during the degradation test was collected and
sterilized by UV light and filtered through 220 nm sterile filters. Rat
cardiac fibroblast cells were seeded in a 96-well plate at a density of
50 000 cells/well. After 24 h of culture in an incubator (37 °C, 5%
CO2), 20 μL of degradation medium was added to 200 μL of culture
medium. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution was then added after another 24 h of culture.
The medium was then discarded after 4 h of incubation, and 200 μL
of dimethyl sulfoxide (DMSO) was added to each well. An optical
density (OD) reading was obtained using a SpectraMax iD3
multimode microplate reader after all of the precipitates in the well
were fully dissolved. The results were normalized to the control
group, where 20 μL of DPBS was added instead of degradation
medium.

Fabrication of Nanogels. Nanogels based on the synthesized
hydrogels were fabricated following an adapted procedure.44 The
hydrogel was first dissolved in THF at a concentration of 0.1% w/v.
The solution was quickly dropped into a solution of THF and DPBS,
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then maintained under constant ultrasonication for 10 min. The THF
was removed by air blowing, and the nanogel emulsion was
concentrated to 1 mg/mL. The pH sensitivity of the nanogel was
tested using dynamic light scattering (DLS) (Malvern Panalytical)
under pH 7.4 and 6.5, respectively.
Isolation of the Platelet Membrane and Fabrication of

Platelet Membrane-Coated Nanogels (PMNG). The platelet
membrane was extracted from fresh bovine blood through at least
three repeated freeze−thaw cycles.45 After being washed with DPBS
containing protease inhibitor followed by centrifugation, the platelet
membrane pellet was suspended in DPBS and sonicated using a
sonicator (Fisher Scientific). For platelet membrane cloaking, ∼2 ×
109 platelets were mixed with 1 mg of nanogel under sonication for 2
min. The structure of platelet membrane-coated nanogels (abbre-
viated as PMNG) was examined by transmission electron microscopy
(TEM) (FEI Tecnai G2 Spirit TEM) after negative staining with
uranyl acetate. The size and ζ potential change after platelet
membrane cloaking were monitored using DLS.
The ischemia-targeting peptide, CST, was conjugated onto the

surface of PMNG using a crosslinker, disuccinimidyl suberate (DSS,
ThermoFisher Scientific). CST and PMNG were first mixed in
monosodium phosphate buffer. DSS solution in DMSO (50 mM) was
then added. The mixture was incubated at room temperature for 30
min with constant stirring. The reaction was quenched with excess
glycine for 15 min, and the nonreacted reagent was removed by
dialysis.
Testing Cell Uptake of PMNG. Human cardiac microvascular

endothelial cells (HMVECs) and bone marrow-derived macrophages
(BMMs) were seeded onto glass slides in 24-well plates with a density
of 5.0 × 104 cells/well. The cells were incubated for 24 h before the
addition of PMNG. To image the PMNG, rhodamine-B-labeled CST
was conjugated to the PMNG surface. After 2 h of incubation, the
samples (n = 3) were fixed with 4% paraformaldehyde solution. F-
actin and 4′,6-diamidino-2-phenylindole (DAPI) stainings were then
performed. The images were taken by a confocal microscope
(Olympus FV 1000). The cellular uptake in each image was
quantified as follows

cell uptake rate
no. of cells with PMNP

no. of total cells
100%= ×

(3)

Blood Compatibility of PMNG. The blood compatibility of
PMNG was tested following the kinetic method with modifica-
tion.46,47 Bovine blood (0.2 mL) and 0.1 M CaCl2 (0.03 mL) were
placed in a 1.5 mL centrifuge tube at 37 °C. Typically, 1 mg/mL
PMNG (0.125 mL) or phosphate-buffered saline (PBS) (0.125 mL)
was then added followed by mixing using a vortex mixer. At each
predetermined time point, the specimen (n = 3) was transferred into
50 mL of DI water and incubated for 5 min. The concentration of
hemoglobin in the water that was released from free red blood cells
not trapped in a thrombus was measured by a SpectraMax iD3
multimode microplate reader at 540 nm.
Loading CTT into Nanogels and Monitoring CTT Release.

CTT was loaded in nanogels during the fabrication. CTT was first
dissolved in DMSO to make a 3 mg/mL solution and then added into
the hydrogel solution. After mixing, 300 μgCTT/mgHydrogel solution was
quickly added to a mixture of THF and DPBS with constant
ultrasonication for 10 min. The remaining THF in the nanogel
emulsion was removed by air blowing, and the excessive CTT was
removed by Vivaspin molecular weight cutoff (MWCO) 5000
centrifuge tubes. The CTT release study was performed by dialyzing
400 μL of CTT nanogel emulsion, using 3.5k MWCO Slide-A-Lyzers
against DPBS for 28 days. Fluorescein isothiocyanate (FITC)-labeled
CTT was used to spectrometrically determine the release kinetics of
CTT peptide encapsulated in nanogels. At each time point, 1.2 mL of
dialysate was collected and the same amount of fresh release medium
(PBS) was added. The fluorescent intensity of released CTT was
measured by a SpectraMax iD3 multimode microplate reader. An
excitation wavelength of 495 nm and an emission wavelength of 518
nm were used. The CTT concentrations before and after dialysis at
each time point were determined according to a standard curve

established using the same fluorescence reading parameters (n = 4).
The CTT loading efficiency was calculated as follows

C V
w

CTT loading efficiency 100%CTT NP

total,0
= ×

(4)

where CCTT is the CTT concentration before dialysis, VNP is the
volume of the nanoparticle solution, and wtotal,0 is the total weight of
CTT used initially.

In Vitro HMVEC Migration. To study the migration of HMVEC
in response to CTT, the cells were seeded into six-well plates (n = 3
for each group). The cells were cultured to high confluency, and the
cell monolayer was scratched with a sterile 200 μL pipette tip. The
culture medium was replaced with serum-free media. TGFβ1 and
CTT were added to the medium at 5 ng/mL and 100 μg/mL,
respectively. The images of HMVECs were taken at 0 and 24 h after
treatment. The migrated area was quantified using ImageJ.

Ischemic Limb Surgery and the Intravenous (IV) Injection
of Nanogels. Animal surgeries were performed following guidelines
approved by the Institutional Animal Care and Use Committee of
The Ohio State University. Eight-week-old female C57BL/6 mice
were first anesthetized using 2% isoflurane, and then hindlimb
ischemia was induced by surgical ligation of the unilateral femoral
artery and vein according to our previous study.34 The contralateral
hindlimb was used as control. One day after the induction of ischemia,
IV injections were made through the tail vein (150 μL/injection, 3
mg/mL PMNG (or PMNG/CTT) in sterile PBS). The injected
groups included PMNG and PMNG loaded with CTT (PMNG/CTT
group). Mice with surgically induced hindlimb ischemia were used as
the control (surgery group). Four mice were used for laser Doppler
perfusion imaging in each group, and three mice were used for IVIS
imaging at each time point.

Laser Doppler Perfusion Imaging. Blood perfusion in the
ischemic limbs was monitored using a laser Doppler perfusion imager
(Perimed) at 1, 7, 14, 21, and 28 days after IV injection (n = 4). The
blood flow ratio of ischemia/normal limb was calculated by
comparing the perfusion intensity in the ischemic region to the
intensity in a contralateral normal limb region with the same area.48

IVIS Imaging for Tracking Nanaogels. To monitor the
targeting capability of the PMNG, an in vivo imaging system
(IVIS) (Lumina II, PerkinElmer) was used. At days 1, 7, 14, 21, and
28 after IV injection, three mice were euthanized. The hindlimbs,
heart, liver, lung, spleen, and kidneys were harvested. Fluorescent
images were taken with an excitation of 535 nm and a DsRed
emission filter to collect the fluorescence signal of rhodamine. The
fluorescent intensity at each limb was calculated using PerkinElmer
Living Image software.49

Histological Analyses. Four weeks after IV injection, healthy and
ischemic hindlimbs, liver, lung, and kidney of the mice were harvested
and fixed using 4% paraformaldehyde. The tissues were embedded in
paraffin and sectioned with a thickness of 5 μm. The hindlimb
sections were stained with hematoxylin and eosin (H&E) and
Picrosirius red (PSR). The total collagen, type I collagen, and type III
collagen content were quantified from PSR staining imaged under
polarized light. Type I collagen was determined as the yellow-red area
in PSR staining under polarized light, and type III collagen was
determined as the green area in PSR staining under polarized light.
Masson’s trichrome staining was used for liver, lung, and kidney.

To perform immunohistochemical staining, deparaffinized tissue
sections were blocked with serum and incubated with primary
antibodies against F4/80, α-smooth muscle actin (α-SMA), or
isolectin. F4/80 and α-SMA were used to stain macrophage and
smooth muscle cells, respectively. Isolectin, a dye that specifically
binds to terminal α-galactosyl residues expressed by endothelial cells,
was used to stain endothelial cells in the blood vessels.50 Alexa Fluor
488 and Alexa Fluor 647 were used as secondary antibodies. Cell
nuclei were stained with Hoechst 33342 or DAPI. Images of stained
sections were taken using an Olympus FV 1000 confocal microscope.
Isolectin positive lumens were recognized as blood vessels. The
mature vessels were α-SMA and isolectin positive lumens.
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Statistical Analyses. Statistical analysis was performed using one-
way analysis of variance (ANOVA) with post hoc Tukey test.
Statistical significance was defined as p < 0.05.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Thermo- and pH-
Sensitive Hydrogels. The hydrogels used for nanogel
fabrication were synthesized by free radical polymerization of
N-isopropylacrylamide (NIPAAm), N-acryloxysuccinimide
(NAS), 2-hydroxyethyl methacrylate-oligo(β-hydroxybutyrate)
(HEMAOHB), propylacrylic acid (PAA), and poly(ethylene
glycol) methacrylate (MAPEG). 1H NMR spectra confirmed
the structure of the hydrogels. A representative spectrum
shown in Figure 1B exhibited characteristic peaks correspond-
ing to NIPAAm (a), NAS (b), HEMAOHB (g), PAA (d), and
MAPEG (e and f). The calculated composition of each
hydrogel was consistent with the feed ratio (Figure 1C). The
NIPAAm component provided the hydrogels with thermal
sensitivity, allowing the fabricated nanogels to be stable at 37
°C without the need for chemical crosslinking. NAS
component in the hydrogels was used to react with CTT
(Figure 1A(ii)). The immobilized CTT can interact with free
CTT so as to increase its interaction with nanogel, facilitating
long-term CTT release. The HEMAOHB component had a
degradable and hydrophobic side-chain oligo(β-hydroxybuty-
rate). This can be used to tune hydrogel LCST before and after
degradation. Before degradation, the hydrophobic oligomer
imparted hydrogels with low LCSTs, ∼10 °C (Figure 1C),
enabling the nanogels to be stable at 37 °C. Following the
degradation of oligomer, the hydrogels became more hydro-

philic (Figure 1A(iii)). This elevated the LCSTs well above 37
°C (Figure 1C). Thus, the final degradation products can
dissolve in body fluid and be removed from the body. The
PAA has a pKa value of ∼6.3,51 allowing the hydrogels to have
pH-responsive range of 6−7, within the range of ischemic
tissue.41 The MAPEG component was used to adjust the
overall hydrophilicity of the hydrogel.
The water content of the hydrogels was in the range of 41−

92% depending on the ratio of hydrophilic MAPEG (Figure
1C). The hydrogels (PNNHPM1 and PNNHPM2) with a
MAPEG ratio of 5% had similar water content, ∼40%. The
increase of the ratio to 10% (hydrogel PNNHPM3)
significantly augmented the water content to 92%. The
hydrogels gradually lost weight after being incubated in the
37 °C PBS for 4 weeks (Figure 1D). The remaining weights
were above 80%. The hydrogel with the highest water content
exhibited the greatest weight loss, possibly because the higher
water content accelerated the hydrolytic degradation process.52

To determine biocompatibility of the degradation products,
the degradation medium at week 4 was added to the cardiac
fibroblast culture medium. After 24 h, the cell viability (MTT
assay) in groups with degradation products did not show a
significant difference from the control group without
degradation products (p > 0.05), demonstrating that the
hydrogels were biocompatible (Figure 1E).

Fabrication and Characterization of Nanogels. Three
types of nanogels encapsulated with CTT were fabricated
using the three hydrogels synthesized above. To reduce
immune rejection following intravenous injection of nanogels,
and increase their circulation time, the platelet membrane was

Figure 2. (A) TEM image of NG, and (B) TEM image of PMNG, both negatively stained with 1% uranyl acetate (scale bar = 50 nm). (C) DLS
results showing size and ζ potential of nanogels (NG), platelet membrane (PM), and PMNG. (D) DLS results showing size change of NG under
different pH. (E) Weighted average diameter of NG under different pH. (F) Cell uptake of PMNG in HMVEC. (G) Cell uptake of PMNG in
BMDM (scale bar = 50 μm). (H) Quantification of cell uptake rate. (I) Blood compatibility test of PMNG. (J) Release kinetics of CTT-FITC
encapsulated in different types of hydrogel NGs (CTT concentration 300 μg/mg). (K) In vitro cell migration study of HMVEC using wound
closure model. (L) Quantified migrated area during the first 24 h of the migration study. (*: p < 0.05, **: p < 0.01).
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cloaked onto the nanogel surface. Previous studies have
demonstrated that platelet membrane (not live prothrombotic
platelet) increases nanoparticles’ circulation time.45,53 The
platelet membrane also has the innate ability to find injured
endothelial cells by binding motifs on the membrane.54,55

Therefore, the platelet membrane-cloaked nanogels can target
ischemic tissues. To enhance the targeting capability, ischemia-
targeting peptide CST56,57 (labeled with rhodamine) was
conjugated on the platelet membrane. The TEM images of the
nanogel (NG) and platelet membrane-cloaked nanogel
(PMNG) confirmed the successful cloaking of the platelet
membrane (Figure 2A,B). After cloaking, the size remained
almost the same (Figure 2C). Meanwhile, the ζ potential
increased from ∼−34 to ∼−29 mV, tending to carry the same
electrical charge as the platelet membrane (Figure 2C).
After the platelet membrane-cloaked nanogels are accumu-

lated at the ischemic region, the platelet membrane may be
dissolved by enzymatic digestion and/or lipid transport58,59

and left with bare nanogels. To ensure that these nanogels
remain in the ischemic area for a long period, the hydrogels
used for nanogels were designed to have a PAA component. It
becomes more hydrophobic at the pH of the ischemic tissue
(6−7), leading to the nanogel aggregation in the tissue. Larger-
size aggregates can retain in the tissue longer, resulting from
decreased cellular uptake and reduced possibility of being
flushed away.60 At pH 7.4, the nanogels exhibited a diameter of
∼120 nm (Figure 2D,E). At pH 6.5, the nanogels were
aggregated, and the diameter was increased significantly to
∼5000 nm (p < 0.0001, Figure 2D,E).

Cellular Uptake and Blood Compatibility of Nano-
gels. After being delivered in vivo, the nanogels may be
uptaken by cells in the ischemic limb. To determine the
cellular uptake of PMNGs, human cardiac microvascular
endothelial cell (HMVEC) and bone marrow-derived macro-
phage (BMM) were used. PMNGs exhibited relatively low
cellular uptake in both cell types where 16.8% of HMVECs and
7.5% of BMMs had nanogels inside after 2 h of incubation
(Figure 2F−H). These results were consistent with previous
studies that demonstrated that platelet membrane cloaking can
decrease cellular uptake.45 One of the concerns when using the
platelet membrane is that it may promote blood clot,
preventing the nanogels from accumulating in the ischemic
limbs. To determine the blood compatibility of PMNGs,
bovine blood and PMNGs were incubated together, and the
concentration of hemoglobin released from free red blood cells
was measured spectroscopically (n = 3). The bovine blood
incubated with PBS was used as control. Higher absorbance
reading of hemoglobin (540 nm) indicates better thrombore-
sistance.47 The PMNG group displayed similar absorbance as
the PBS group (Figure 2I), demonstrating that PMNGs
possessed excellent thromboresistance.

CTT Loading Efficiency and In Vitro CTT Release from
Nanogels. CTT was encapsulated in the nanogels with a
loading efficiency of 41.0% for PNNHPM1, 42.5% for
PNNHPM2, and 41.7% for PNNHPM3. The nanogels
fabricated using three different hydrogels showed similar
loading efficiency. CTT was able to gradually and continuously
release from PMNGs over the course of 4 weeks (Figure 2J).

Figure 3. (A) IVIS images of ischemic mouse hindlimb at different time points for PMNG/CTT group. (B) Quantification of IVIS rhodamine
fluorescence intensity ratio in PMNG/CTT group. (C) Ex vivo whole organ IVIS imaging of rhodamine B signal on day 1 and day 28 post
injection. (D) Relative fluorescence intensity of liver and kidneys from PMNG/CTT group normalized to the tissues from healthy mice.
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To determine how nanogels’ water content affected CTT
release, PMNGs fabricated from hydrogels with largely
different water content (PNNHPM2 and PNNHPM3) were
used. CTT underwent a burst release for the first 2 days,
followed by a slower and sustained release from day 2 to day
28. The sustained release is possibly due to hydrogen bonding
between the hydrogel and CTT, and the interaction between
CTT immobilized to the hydrogel and free CTT. The CTT
release kinetics was related to the water content of the
hydrogel used for nanogel fabrication (Figure 2J). The
PMNGs fabricated from higher water content PNNHPM3
released significantly greater CTT than those fabricated from
lower water content PNNHPM2 from day 5 to day 28 (p <
0.05 at each time point). It is possible that higher water
content promoted faster diffusion of CTT to the surrounding
environment.
CTT Promoted Endothelial Cell Migration in the

TGFβ-Rich Environment. Besides acting as a MMP-2
inhibitor, CTT had a positive effect on endothelial cell
migration under TGFβ condition existing in the ischemic limbs
(Figure 2K,L). TGFβ expression is upregulated in ischemic
limbs.25,26 A monolayer scratch assay was used to determine
HMVEC migration (n = 3 for each group). Compared with the
control group without TGFβ, the group with TGFβ exhibited
slower cell migration at 24 h (p < 0.05), indicating that TGFβ
inhibited HMVEC migration. The addition of CTT reversed
the inhibitive effect of TGFβ. The cell migration was
significantly increased at 24 h (p < 0.01). No significant
difference was found between the group with CTT and TGFβ
and the control group without TGFβ (p > 0.05). The above
results demonstrate that CTT has the potential to promote
angiogenesis in ischemic limbs. CTT has been found
previously to inhibit endothelial cell migration in the absence
of TGFβ.23 The finding in this work reveals that the
combination of CTT and TGFβ can promote endothelial
cell migration.
Targeting Capability of Nanogels. To test the efficacy of

the PMNG-based CTT delivery system in vivo, we induced
hindlimb ischemia in mice, and PMNGs were injected through
the tail vein after 24 h (150 μL per animal, n = 4 for the

control group, n = 19 for PMNG and PMNG/CTT groups,
respectively). IVIS imaging was used to determine the
accumulation of nanoparticles in hindlimbs with or without
ischemia (Figure 3A,B). In nanogels, both CST and platelet
membrane had targeting capability. CST targets the ischemic
environment.56,57 It was initially discovered by in vivo phage
display although the precise mechanism by which it targets
ischemia is still unclear.56 Platelet membrane targets injured
endothelial cells.54,55 After 1 day of IV injection, PMNG/CTT
nanogels mostly accumulated in the ischemic hindlimb (right)
instead of healthy hindlimb (left), proving that nanogels had
the excellent capability of targeting ischemic area. The
nanogels remained predominately in the ischemic hindlimbs
after 7, 14, 21, and 28 days of post injection. These results
demonstrate that PMNG/CTT nanogels had long-term
retention capability. Previous studies have shown that nanogels
with sizes ranging from 15 to 350 nm are often cleared from
the body within 24 h.61 In this work, nanogels had a similar
size. The long retention time of the PMNG/CTT nanogels is
likely resulted from dual targeting properties (ischemia and
injured endothelial cells).
To investigate the possible accumulation of off-target

nanogels in major organs, IVIS images of heart, liver, lungs,
kidney, and spleen were taken ex vivo 1 and 28 days post
injection for the PMNG/CTT group (Figure 3C). The heart,
lung, and spleen from healthy mice (no injection) and the
PMNG/CTT group showed similar fluorescence signals at
both time points. Notably, the liver and kidney in the PMNG/
CTT group had lower fluorescence intensities than those from
the healthy mice at both time points (Figure 3D). These
results demonstrate that nanogels had minimum off-target
effect.

Released CTT Preserved ECM in Ischemic Limbs. To
evaluate the efficacy of CTT delivery in preserving ECM in the
ischemic hindlimbs, Picrosirius red (PSR) staining was
performed on the ischemic limbs 4 weeks after treatment to
determine total collagen content and ratio of types I and III
collagen (Figure 4A−F). The total collagen content in the
PMNG/CTT group was ∼5.5%, similar to that in the normal
hindlimbs (p > 0.05, Figure 4E). In addition, collagen type III/

Figure 4. Picrosirius red staining of ischemic limbs 28 days after injection: (A) ischemic limb from surgery group (Surgery), (B) normal limb from
surgery group (Normal), (C) PMNG group, and (D) PMNG/CTT group. (E) Quantification of total collagen content. (F) Quantification of type
III/I ratio (scale bar = 50 μm) (***p <0.0001, NS: p > 0.05).
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I ratio was similar in the PMNG/CTT group and the normal
hindlimb tissue (p > 0.05, Figure 4F). Types I and III collagen
are two abundant components of the ECM in the hindlimbs.62

The adverse tissue remodeling in the ischemic hindlimbs leads
to the formation of scar tissue rich in type I collagen and with
lower type III/I ratio.63 In this work, the PMNG/CTT group
had a similar type III/I ratio as the normal hindlimbs (∼40%).
The surgery group and PMNG group exhibited a much lower
type III/I ratio (<10%). The above results demonstrate that
the delivered CTT successfully preserved ECM in the ischemic
limbs, while scar tissue was formed in the surgery and PMNG
groups. One of the concerns to use MMP-2 inhibitors is the
possible occurrence of fibrosis. First, MMP-2 inhibitors may
stimulate the differentiation of fibroblasts into myofibro-
blasts,24 which are known as the predominant contributor of
type I collagen.64 Second, the inhibition of MMP-2 by the
delivered CTT may break the local balance of MMP-2 and the
TIMPs in the ischemic limbs, leading to overproduction of
collagen. Our results demonstrate that the dosage of delivered
CTT was appropriate, and it did not induce fibrosis.
The ischemic limbs without treatment (surgery group) and

treated with PMNGs (PMNG group) exhibited similar total
collagen content at day 28 (p > 0.05, Figure 4E). These values
were significantly greater than those in the ischemic limbs
treated with CTT (p < 0.0001). In addition, the type III/I
collagen ratio in the surgery and PMNG groups were similar
and significantly lower than that in the PMNG/CTT group (p
< 0.0001, Figure 4F). These results demonstrate that ischemic
limbs without CTT treatment developed fibrosis at day 28.
Fibrotic tissue is rich in type I collagen. The above results are
consistent with a previous report using a mouse ischemic
hindlimb model.65 Active MMP-2 is upregulated in ischemic

limbs during the first 2 weeks.66 It is possible that the
upregulated MMP-2 degraded ECM initially. The collagen I
was then oversecreted when the MMP-2 expression was not
upregulated.

Released CTT Ameliorated Angiogenesis in Ischemic
Limbs. CTT was able to promote endothelial cell migration
under TGFβ condition existing in ischemic limbs (Figure
2K,L). To determine whether delivered CTT promoted
angiogenesis, a Perimed laser Doppler perfusion imager was
used to measure blood perfusion (Figure 5A). In the surgery
group and PMNG group, the blood perfusion was slowly
increased with ∼50% recovery after 4 weeks. The injection of
CTT encapsulated PMNGs (PMNG/CTT group) signifi-
cantly increased blood perfusion, achieving 81.3% of recovery
(p < 0.0001, Figure 5B). The recovery rate in the first 2 weeks
was faster than that in the weeks 2−4. This is possibly related
to the higher release rate of CTT in the first 2 weeks.
The ameliorated angiogenesis was further confirmed by

vessel density in ischemic limbs (Figure 5C−G). Four weeks
after injection, the blood vessel density in the surgery and
PMNG groups was similar (p > 0.05). The delivery of CTT
remarkably increased blood vessel density. The density was
more than 2.2 times of the surgery and PMNG groups (p <
0.0001, Figure 5F). The delivered CTT also promoted vessel
maturation (Figure 5G). The αSMA + and Isolectin + mature
vessel density in the PMNG/CTT group was ∼5.8 times of the
surgery and PMNG groups (p < 0.0001, PMNG/CTT vs
PMNG, PMNG/CTT vs surgery). The above results
demonstrate that the use of CTT to stimulate endothelial
cell migration and attenuate MMP-2 bioactivity successfully
stimulated vessel regeneration in ischemic limbs. MMPs and
TIMPs often play complex roles in angiogenesis. The

Figure 5. Blood perfusion tests of ischemic limbs at day 1, day 14, and day 28 for Surgery group, PMNG group, and PMNG/CTT group,
respectively. (A) Laser Doppler perfusion images and (B) ratios of blood perfusion at different time points. α-SMA and isolectin staining of
ischemic limb from (C) Surgery group, (D) PMNG group, (E) PMNG/CTT group (scale bar = 50 μm), (F) quantification of total blood vessels,
and (G) quantification of mature blood vessels (***p < 0.0001).
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degradation of ECM by MMPs is crucial for the migration of
endothelial cells.16 On the other hand, excessive proteolytic
cleavage of ECM has been shown to inhibit angiogenesis.67,68

Our results show that the PMNG/CTT released appropriate
amount of CTT to modulate MMP-2 bioactivity and
angiogenesis.
Released CTT Promoted Skeletal Muscle Regener-

ation in Ischemic Limbs. Skeletal muscle regeneration was
enhanced along with accelerated angiogenesis in ischemic
limbs. The H&E image of ischemic limbs at day 28
demonstrated that remarkable muscle degeneration occurred
in the surgery group without treatment, where the muscle
fibers were highly isolated (Figure 6A). Injection of PMNGs
without CTT did not inhibit degeneration (Figure 6B). In
contrast, the injection of PMNG/CTT largely prevented the
muscle fiber from separation (Figure 6C). The number of

central nuclei and changes in muscle fiber diameter are
important indicators of muscle regeneration. The PMNG/
CTT group exhibited remarkably higher numbers of central
nuclei (Figure 6D) and significantly larger muscle fiber
diameters (Figure 6E) than the surgery and PMNG groups
(p < 0.0001). The enhanced muscle regeneration is likely
resulted from the decreased MMP-2 bioactivity by released
CTT. This led to the preservation of ECM (Figure 4), which
provides three-dimensional (3D) structural support for skeletal
muscle cells to proliferate and differentiate.10 The muscle
regeneration can also be attributed to the accelerated
angiogenesis. The functional blood vessels supply oxygen and
nutrient for the survival and proliferation of skeletal muscle
cells.69 Overall, the controlled delivery of CTT stimulated not
only angiogenesis but also skeletal muscle regeneration in
ischemic limbs.

Figure 6. H&E staining of ischemic limbs 28 days after injection: (A) Surgery group, (B) PMNG group, and (C) PMNG/CTT group. Scale bar =
50 μm. (D) quantification of central nuclei numbers. (E) quantification of muscle fiber diameters. F4/80 staining of (F) ischemic limb from surgery
group (Surgery), (G) normal limb from surgery group (Normal), (H) ischemic limb from PMNG group, (G) ischemic limb from PMNG/CTT
group (scale bar = 50 μm), and (J) quantification of F4/80 positive cells (%) (***p < 0.0001, NS: p > 0.05).

Figure 7. (A) Masson’s trichrome staining images of liver (a), kidney (b), and lung (c) from surgery, PMNG, and PMNG/CTT groups,
respectively (Scale bar = 50 μm). Quantification of collagen/muscle ratios for (B) liver, (C) kidney, and (D) lung (NS: p > 0.05).
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Released CTT Mitigated Inflammation in Ischemic
Limbs. Tissue inflammation was characterized in terms of the
presence of F4/80 + macrophages in ischemic limbs (Figure
6F−J). After 28 days of injection, ischemic limbs without
treatment (surgery group) and treated with PMNGs (PMNG
group) had similar F4/80 + macrophage density (p > 0.05).
This value was significantly greater than that in the normal
limbs without surgery (normal group; p < 0.0001 for surgery vs
normal, and PMNG vs normal). The PMNG/CTT group
displayed a decreased amount of F4/80 + cells (p < 0.0001 for
PMNG/CTT vs surgery, and PMNG/CTT vs PMNG),
similar to the level in the normal limb (p > 0.05). These
results demonstrate that the CTT released from PMNG/CTT
largely reduced tissue inflammation. The attenuation of
macrophage density in ischemic limbs is possibly the result
of decreased MMP-9 bioactivity. CTT is specific to both
MMP-2 and MMP-9. A previous study found that MMP-9
deficiency impaired the recruitment of proinflammatory
macrophages into kidney.70 In this work, the bovine platelet
membrane was used in mice. However, it did not induce
substantial inflammation (Figure 6F−J). In the future clinical
studies, platelet membranes may be extracted from the
patient’s own blood, thus eliminating the potential risk of an
immune response.
Released CTT Did Not Cause Fibrosis in Liver, Kidney,

and Lung. One of the concerns when systemically delivering
CTT is that off-targeted CTT may accumulate in the healthy
organs and decrease their MMP-2 bioactivity, leading to tissue
fibrosis. To determine whether major organs such as liver,
kidney, and lung developed fibrosis after 4 weeks of injection
of nanogels with or without CTT, Masson’s trichrome staining
was performed (Figure 7A−D). No significant difference in the
collagen/tissue ratio was found among the surgery, PMNG,
and PMNG/CTT groups for all three organs (p > 0.05),
indicating that these organs did not develop fibrosis. These
results also demonstrate that the off-target effect of the CTT
was minimal if any. It is likely resulted from targeting capability
of the developed nanogels.

■ CONCLUSIONS

Thermal- and pH-sensitive nanogels camouflaged with the
platelet membrane and conjugated with ischemia-targeting
peptide were developed to deliver MMP-2 inhibitor CTT into
ischemic limbs. The sustained release of CTT in nanogels was
achieved for 28 days. The nanogels were able to target the
ischemic region and remained in the tissue for at least 28 days.
The amount of released CTT was appropriate for the
simultaneous preservation of ECM in ischemic limbs,
acceleration of angiogenesis and skeletal muscle regeneration,
and decrease of tissue inflammation.
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