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ABSTRACT: We report the development of a theranostic
collagen targeted cell penetrating drug delivery system toward
treatment of cardiovascular disease. Caused by the action of matrix
metalloproteinases (MMP), degraded collagen is a hallmark of
unstable atherosclerotic plaques that are highly susceptible toward
rupture. Targeting unstable plaques and delivering MMP blockers
directly to plaque to inhibit MMP activity is a promising new
strategy that requires the benefits and possibilities of nanodelivery
approaches. The presented delivery system is designed to (a)
target and bind to a cryptic epitope on collagen IV exposed
through the degradative action of matrix metalloproteinase 2
(MMP2), (b) to image the targeting and cell uptake, and (c) to
deliver the MMP14 inhibitor naphthofluorescein. In detail, the
novel targeting unit is composed of a collagen-homing T-peptide and bound to a MMP2-cleavable activatable cell penetrating
peptide (ACPP) which upon cleavage by MMP2 deposits the MMP14 blocker drug into cells, directly into contact with MMP 14
activating enzymes. To selectively attach both the targeting peptide and a reporting imaging dye, a nanosponge nanoparticle network
is modified to present orthogonal aldehyde and thiol functional groups as surface units. The MMP14 inhibitor naphthofluorescein is
loaded into the nanoparticle delivery system after postconjugation chemistries and finalizes the synthesis of this novel theranostic
delivery system. The ability to evade phagocytosis is confirmed in vitro by using murine RAW cell line and effective cell uptake in
vitro by using the MMP2 producing the HT1080 cell line is demonstrated. In this work, we have combined a highly specific targeting
peptide directed against degraded collagen and a tailorable nanosystem that is deemed to deliver its potent drug load directly into
cells, to inhibit the cascade for MMP activation which breaks down collagen structures leading to plaque rupture, the underlying
cause of myocardial infarction and strokes.

Cardiovascular disease is a major health burden and
leading cause of mortality and morbidity in developed

countries.1 It is associated with atherosclerosis, or thickening of
artery walls as a result of the accumulation of calcium and fatty
materials. Unstable plaque rupture in a major coronary artery is
responsible for more than two-thirds of fatal myocardial
infarctions.2

One possibility to develop efficient therapies to stabilize the
plaque is to suppress the activity of plaque matrix metal-
loproteinase (MMP). MMP activity has been associated with
reduced collagen content3 of plaques with thin, rupture-prone
fibrous caps.4 MMP14, a membrane type MMP, has been
associated with unstable plaques5 and plays a pivotal role in
activating collagen degradative activity of several other MMPs,
such as MMP26 and MMP9.7 Previous human trials that
systemically delivered broad spectrum MMP inhibitors,
potentially targeting all 23 groups of MMPs, produced
unacceptable side effects from indiscriminate MMP inhibition

and off-site effects.8,9 The limitation with broad spectrum
inhibition of MMPs in atherosclerotic plaques stems from a
current incomplete understanding of the roles of MMPs in
plaque stability.10 MMP14, MMP2, and MMP9 have been
studied previously and associated with plaque instability, but
other MMPs are believed to be potentially beneficial for stable
plaque remodelling.11 Consequently, there is an urgent need to
deliver specific MMP blockers directly into the unstable
plaque. Tailored nanomedicine in the form of targeted smart
delivery nanoparticles has significant potential for this purpose
with the goal to specifically deliver large quantities of drugs
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over a prolonged period of time, potentially providing long-
term protections from plaque rupture.12−17

Advantages of biodegradable polymeric nanoparticles for
drug delivery include the ability to formulate insoluble
pharmaceutical agents and to improve the bioavailability of
therapeutics.18−21 Studies indicate that physical characteristics
including nanoparticle size influence biological interactions,
such as cell trafficking and accumulation,22,24 and the ability to
control the nanoscopic size range is therefore one of the critical
parameters to develop viable candidates for drug delivery
applications.25−27 For example, 200 nm particles with narrow
distribution can take advantage of the enhanced permeation
and retention (EPR) effect,28 and nanoparticles of 60−80 nm
in size have shown optimum cell uptake and sustained
retention time.22,29 For the presented work, we selected a
polyester based nanosponge delivery system. It showed in
previous applications a high targeting ability toward cancer cell
lines and an increased bioavailability of cancer therapeutics and
could be produced in a nanoscopic range of ∼100 nm.30,31

Another reason for the selection of the nanosponge delivery
system was due to the ease of the targeting peptide attachment
and the postloading with drugs after post modification of the
carrier.32−35 In addition, the particle release kinetics can be
tailored for long-term drug delivery to enable a constant
suppression of MMP degrading activity and to give the vessel
time to recover. The implementation of these nanosponges as a
targeted theranostic nanocarrier utilizing peptide homing to
deliver a drug with specific MMP inhibition into athero-
sclerotic plaques is envisioned to have advantages over
systemic approaches and to reduce off-target side effects,
increase drug bioavailability at target sites, and reduce drug
administration frequencies. In this contribution, we report the
synthesis and proof-of-concept experiments of a peptide-
conjugated, dye-labeled nanosponge loaded with a specific
MMP14 inhibitor drug for the targeting and delivery to MMP
degraded collagen and demonstrate the successful uptake into
MMP2 producing macrophages (RAW cells) both found
abundantly in unstable atherosclerotic plaques.

■ EXPERIMENTAL SECTION
Materials. All reagents, chemicals, antibodies, and solvents were

purchased by Bio-Rad (Hercules, CA), EMD Millipore Cooperation
(Billerica, MA), Fisher Chemicals (Princeton, NJ), R&D Systems
(Minneapolis, MN), Invitrogen (Carlsbad, CA) Merck (Branch-
burg,NJ), Pierce (Rockford, IL), and Sigma-Aldrich (St. Louis, MO)
and were used per the manufacturer’s instructions. Other consum-
ables were from the following commercial sources: Eppendorf
(Westbury, NY), BD Bioscience (Bedford, MA), and ThermoScien-
tific (Waltham, MA). Buffers and solutions were prepared per
standard protocols.
Methods. Synthesis of T-Peptide_ACPP. H-Cys-2Cl-Trt-Cl-Resin

was allowed to swell in dichloromethane (DCM) and then dried in
vacuo. The first Fmoc-protected amino acid and 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate were dissolved
in dimethylformamide (DMF) and added to the resin N-methyl-
morpholine (NMM). The resin was agitated by using a stream of N2.
The reaction solution was removed from the resin by suction, and the
resin was washed with DMF. To perform the Kaiser test, a small
amount of resin was placed in a test tube, and the Kaiser test solution
was added. The resin solution was heated to 110 °C for 3 min. For
Fmoc deprotection, the resin was treated with the deprotection
solution during agitation by a N2 stream, then washed with DMF, and
dried in vacuo. This procedure was repeated for each amino acid in
the peptide sequence. For the final wash, the resin was rinsed with
methanol (MeOH), DCM, and then MeOH and dried in vacuo for 12

h prior to cleavage. A mixture of resin and cleavage solution was
placed on a shaker table at 25 °C for 2 h. The resultant cleavage
solution was filtered to remove the resin. To the filtrate, diethyl ether
was added while stirring to precipitate the crude peptide. The ether
mixture was centrifuged, and the supernatant was decanted. The
peptide was washed with fresh ether and centrifuged again, and the
supernatant was discarded. The crude peptide was collected as a white
powder and dried in vacuo for 24 h. Final purification was performed
by HPLC and characterized by MS (Figure S6).

Synthesis of the SHIP Probe. The following SHIP constructs were
synthesized by Integrated DNA Technologies, Inc., with the indicated
properties and the azido compound conjugated to the ACPP with Cu-
catalyzed click chemistry. Purification was performed by HPLC.

Synthesis of Linear Poly(δ-valerolactone-co-α-allylvalerolac-
tone). A 25 mL round-bottom flask equipped with a stir bar was
flame-dried and purged with N2 followed by addition of tin
trifluoromethanesulfonate (Sn(OTf)2). Isoamyl alcohol and DCM
were added to the flask, and α-allyl-δ-valerolactone and δ-
valerolactone, purified through vacuum distillation, were added
sequentially and stirred at room temperature. The polymerization
was quenched via addition of excess MeOH and then precipitated
into cold MeOH to produce a white solid and dried under vacuum
(50% yield). VL: 90.78%; AVL: 9.22%; Mn,NMR: 3165.75 g mol−1. In
step 2, the poly(VL-AVL) (200 mg, 63.2 mmol, 117.6 mmol of allyl)
was dissolved in DCM and mixed with m-chloroporoxybenzoic acid
dissolved in DCM. The reaction stirred at room temperature. The
organic layer was washed with saturated sodium bicarbonate
(NaHCO3) solution and then dried over magnesium sulfate. The
polymer was dried under vacuum to collect a white waxy solid (85%
yield). VL: 89.05%, AVL: 6.53%; epoxide-δ-valerolactone (EVL):
4.41%; Mn,NMR: 2972.00 g mol−1.

Synthesis of Nanosponge. Into a 100 mL round-bottom flask
equipped with a stir bar, poly(VL-AVL-EVL) and DCM were added.
The reaction flask was heated to 46 °C, and 2,2-(ethylenedioxy)bis-
(ethylamine) was added dropwise to the stirring solution. The flask
was capped with a water-jacketed condenser and stirred. The solvent
was removed in a vacuum; the nanosponges were transferred to 10K
MWCO dialysis tubing and dialyzed against DCM, then collected,
and dried under vacuum (67%). Nanoparticle size (∼70 nm) was
confirmed by TEM (Figure S3) and DLS analysis (Figure S4).

Aldehyde Functionalization of Nanosponge. Under an inert N2
atmosphere, nanosponges were dissolved in a minimal amount of
dimethyl sulfoxide. N-Succinimidyl p-formylbenzoate was added to
the solution via a microsyringe, and the reaction was stirred at room
temperature. The product was purified by dialysis using 10K MWCO
dialysis tubing against DCM. The contents of the dialysis tubing were
collected and dried under vacuum (56% yield).

T-Peptide_ACPP Conjugation to Nanosponge. Under an inert N2
atmosphere, aldehyde-functionalized nanosponge peptide_ACPP
were dissolved in minimal d-DMSO. 2,2-Dimethoxy-2-phenylaceto-
phenone (DMPA) was added to the reaction mixture via a
microsyringe. The solution was irradiated at 365 nm and stirred at
room temperature. Peptide conjugation was quantified via reduction
in resonance signal of protons associated with an allyl functionality
(5.01 and 5.70 ppm) through crude 1H NMR and calculated to be
7.88 peptides per particle as described in eq S1/S2 of the Supporting
Information.

Cyanine3 Hydrazide Dye Conjugation to Peptide-Conjugated
Nanosponge. Under an inert N2 atmosphere, peptide-functionalized
nanosponges were dissolved in d-DMSO. Cyanine3 monohydrazide
imaging dye was added to the reaction vial via a syringe, and the
reaction was stirred at room temperature in the absence of light. The
resulting mixture was purified by dialysis against a 50:50 v/v mixture
acetonitrile:MeOH in 10K MWCO dialysis tubing, then diluted in
water, and lyophilized to collect a powder (80% yield). Successful
attachment of the dye at an equivalence of 9 dye molecules per
nanosponge was verified by the absence of the aldehyde peak at 10.20
ppm. The concentrations of the peptide and dye in the fully
constructed material were determined to be 243.8 and 281.3 μg mg−1

of material, respectively.
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Encapsulation of Naphthofluorescein into Peptide- and Dye-
Conjugated Nanosponge. In a conical centrifuge tube, naphtho-
fluorescein along with nanosponges was dissolved in DMSO. The
solution was vortexed until a homogeneous solution was achieved.
Cell culture water containing 0.1 wt % D-α-tocopherol poly(ethylene
glycol) 1000 succinate was added, vortexed, and centrifuged. The
supernatant was decanted, and cell culture water was added to the
tube and vortexed again. The mixture was centrifuged, the
supernatant was decanted, and cell culture water was added. The
resulting solution was lyophilized. HPLC analysis (Figure S9)
indicated an average drug loading of 23.5 wt %, corresponding to a
94% drug loading efficiency.
T-Peptide_ACPP-Nanosponge Associated Cell Toxicity. A six-well

plate was seeded with RAW cells and HT1080 cells and topped up
with complete DMEM media. A T-peptide_ACPP-Cy3 labeled
nanosponge (1 mg/mL construct concentration) was added per
well, and the cells were cultured in a cell incubator at 37 °C for 5 days.
Without discarding used media in the wells, adherent cells were
scraped gently to dislodge, aspirated, and spun down at 400 rcf for 5
min. Then the supernatant was discarded, and the cell pellet was
suspended with fresh DMEM. Cell counting was performed by using a
hemocytometer, and 50000 of each type of cell were put into each
well on a 96-well plate. After addition of alamarBlue reagent into each
well, the microplate was incubated for 2 h at 37 °C. The plate was
scanned in a colorimetric plate reader at 570 nm absorbance.
Assay of MMP14 Activity. We used a peptide sequence that is

preferentially cleaved by MMP14 to create a FRET probe with N
terminal Cy3.5 and C terminal BHQ (Black Hole Quencher). The
presence of MMP14 activity will cleave the peptide sequence and
separate the Cy3.5 from its BHQ. Cells were dislodged from the flask
without the use of trypsin by using a cell scraper. This is to prevent
trypsin, a broad-spectrum protease, from digesting the MMP14 FRET
peptide indiscriminately. The cells were centrifuged at 4000 rcf for 5
min; the cell pellet was suspended in PBS and counted with a
hemocytometer. About 50000 cells were seeded into each test well in
a microplate. The microplate was incubated at 37 °C inside a
fluorescent microplate reader for 2 h while Cy3.5 signal readings in

the (Ex544, Em590) channel were taken every 10 min. The increase
in Cy 3.5 signal from time zero to time 120 min is taken as the
quantum increase in MMP14 activity on the FRET probe.

Confocal Imaging of Live Cells Treated with Targeted Construct.
HT1080 murine fibrosarcoma cells and RAW murine macrophage
cells were grown on coverslips with DMEM. Cells were incubated
with the targeted nanosponge labeled with Cy3 dye and loaded with
naphthofluorescein overnight at 37 °C with 5% CO2. The next day,
cells were counter-stained with Cell Tracker Green for 30 min and
Lysotracker Blue and Hoechst 5 min prior to confocal imaging.
Fluorescent and transmitted light images were collected by using a
Nikon A1r+ confocal microscope equipped with a 60× water
immersion objective. Images were collected with the 405, 488, and
568 nm lasers sequentially to minimize bleed-through.

Live Cell Imaging of RAW Cells with Targeted Nanosponges.
RAW cells were seeded in an 8-well chambered coverslip overnight
and stained with Lysotracker Blue for 30 min and Cell Tracker Green
for 10 min prior to three washes with PBS. Cy3-labeled nanosponges
were first sonicated for 10 min, mixed with MMP2 at 37 °C, and
shaken at 500 rpm for 2 h. The Cy3-labeled nanosponge particles
were then added to the culture immediately prior to live imaging. The
time-lapse experiments were conducted with a Nikon A1R confocal
microscope in resonant scanning mode to prevent photobleaching.
Images were collected sequentially by utilizing 405, 488, and 561 nm
solid-state lasers. Z-series images were collected at multiple positions
by utilizing a motorized XY stage. A Nikon Apo LWD 40× WI, 1.15
NA objective was used.

Blood Clearance and Biodistribution.Mice were housed on a 12 h
light/dark cycle with ad libitum access to food and water. Male
C57Bl6 mice aged 8 weeks were injected with nanosponge through
tail veins, and blood samples were taken from the tails at different
time points. Blood samples were collected and measured at 800 nm by
using an Odyssey infrared imaging system. For biodistribution, organs
including heart, spleen, liver, kidney, and lung were collected, and
measurements were performed at 800 nm.

Degradation Assay. Nanosponges labeled with NP-Cy7 were
dissolved and resuspended in PBS and platelet poor plasma (PPP) at

Scheme 1. Mechanism of Action of the Targeted Nanosponge Drug Delivery Systema

aThe collagen-homing peptide binds the MMP2-degraded collagen, followed by the cleavage of the peptide linker by MMP2. The cell penetrating
polycationic peptide carries the nanosponge into the foam cells, releases the MMP14 conversion inhibitor naphthofluorescein, thereby inhibiting
activation of proMMP14 and reducing the levels of plaque destabilizing MMP2 and MMP9 through preventing their activation.
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0.7 mg/mL, respectively. The nanosponge solution was incubated
under a water bath at 37 °C and centrifuged by using a 10kD spin
column at 10K rcf for 10 min. The fluorescence intensity of the
supernatant was measured and quantified at 800 nm by using Odyssey
infrared imaging system. Triplicate of samples were collected at 1, 4,
and 24 h.
Statistical Analysis. All quantitative data are analyzed by PRISM 6

(GraphPad Software Inc.) and reported as mean ± 1 standard
deviation. Statistical analysis was performed by using ANOVA
followed by Tukey’s multiple comparison test, with p < 0.05
considered statistically significant.

■ RESULTS

Collagen is a major component of the extracellular matrix of
plaques and forms the structural framework for stability.36

Plaques are formed within the intima layer of the artery,37 and
collagen IV is present in abundance in the basement
membrane of intima cells38 very close to the plaque, making
collagen IV an ideal target. We sought to capitalize on a
peptide known to bind to a cryptic epitope on collagen IV
exposed through degradative action of MMP2 and investigate
its ability as the homing agent for the delivery system.39 This
approach has the ability to provide specific homing and
delivery to areas of the plaque with collagen IV, the structural
integrity of which has been weakened as a result of MMP2
activity. It was necessary to design a peptide that not only
targets but also upon successful binding acts as a cell
penetrating unit to shuttle the delivery system effectively into
the cell to deliver the MMP inhibitor. As a result, we linked the
collagen-homing T-peptide (TLTYTWS) to an activatable cell
penetrating peptide (ACPP) that is specifically cleaved by
MMP2.40−42 The ACPP comprises a polycationic sequence of
9 D-arginine zippered to a polyanionic sequence of 8 D-
glutamic acid held together by a U-shaped peptide linker (5-
amino-3-oxapentanoyl flexible hydrophilic linker) that contains
an amino acid sequence of PLGC(Me)AG that is preferentially
cleaved by MMP2. In this manner, the ACPP is cleaved at its
peptide linker unit and releases the polycationic chain of the
D-amino arginine sequence to penetrate cell membranes by its
net positivity. If any payload, such as drug loaded particles, is
attached to this polycationic arm, it is carried along into cells.

Unlike other MMPs, MMP14 activation is an intracellular
process that requires furin activation. In an attempt to spare
unrelated MMPs, we chose naphthofluorescein as the drug
payload for the nanocarrier, a hydrophobic small molecule
near-infrared fluorophore that inhibits furin,43 as a drug to
specifically stop MMP14 activation.
With this, the desired nanocarrier required the integration of

three functional componentsthe targeting peptide, imaging
dye, and naphthofluorescein MMP14 inhibitorto achieve
plaque-targeting specificity, environment triggered entry of
payload into plaque cells, and a controlled delivery of the drug
payload (Scheme 1). Conjugating both peptide and imaging
dye to the nanosponge surface without compromising the
function of either molecule coupled with the complexity and
number of functional groups present on the targeting peptide
sequence presented synthetic challenges. An orthogonal design
was implemented to retain the activity of the peptide and dye
and perform a sequential conjugation to orthogonal function-
alities integrated to the particle backbone. The nanocarrier was
synthesized by following a reported intermolecular cross-
linking technique to yield nanoparticles in desired sizes of 60−
80 nm.31 The cross-linking chemistry involves the reaction of
linear polyvalerolactone functionalized with pendant allyl and
epoxide groups (Scheme 2) with diamine units.30 The
epoxide:amine cross-linking ratio determines the size of the
resulting particle and yields a particle with amine and allyl
functionalities on the surface as all epoxides have been
consumed (Figure S1). This successful reaction was confirmed
by NMR spectroscopy analysis (Figure S2) and is in agreement
with reported results for the synthesis of these nanosponge
materials.30,33,44−46 Transmission electron microscopy (TEM)
and dynamic light scattering (DLS) confirmed the synthesized
particle for the planned study to be 70 ± 14 nm (Figures S3
and S4). The solubility of the particle in organic solvents and
the ability to follow conjugations to the polymer backbone by
NMR spectroscopy make the nanoparticle an ideal candidate
for the proposed postmodification chemistries (Scheme 2). For
example, the allyl functionality provided a pathway to
conjugate the cysteine-functionalized polycationic arm of the

Scheme 2. Synthesis Scheme for the Formation of Peptide-Conjugated, Dye-Labeled, Naphthofluorescein-Loaded
Nanosponges
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T-peptide_ACPP sequence through thiol−ene click chem-
istry.34

The attachment of imaging dyes is often achieved by
conjugation to amine groups through NHS ester chemistries.
However, the T-peptide ACPP sequence contains amine
groups, and this attachment chemistry would result in labeling
the particle and also the targeting peptide. Off-target dye
labeling of the peptide could potentially interfere with peptide
confirmation and bioactivity, but it was avoided by strategically
transforming the amine functionality into an aldehyde to
provide an orthogonal surface unit for the attachment of
imaging dyes possessing a hydrazide functionality for
conjugation. N-Succinimidyl p-formylbenzoate was added in
an NHS ester reaction to transform amines to aldehyde entities
where the selected cyanine3 monohydrazide dye (Cy3) will
form a hydrazone bond to exclusively label the surface of the
particle (Figure S5 and Scheme 2). The synthetic pathway of
the theranostic drug delivery system after nanoparticle
formation was performed by first modifying the amine
functionality, followed by the attachment of the peptide and
then conjugation of the dye to the installed aldehyde
functionality as detailed below. In the final step, we loaded
the naphthofluorescein into the postmodified particle via a
developed nanosolubilization method (see the Supporting
Information).
The collagen binding peptide and the ACPP were

synthesized by solid phase peptide synthesis and purified by
high-performance liquid chromatography (HPLC) (Figure
S6). Next, the successful attachment of T-peptide_ACPP to
the nanosponges was confirmed via 1H NMR, and
quantification was determined via reduction in chemical shift
at 5.04 and 5.73 ppm (Figure S7) associated with the allyl
protons. The T-peptide_ACPP loading was determined to be
7.88 peptides per particle. For particle tracking in vitro,
fluorescent cyanine3 monohydrazide (Cy3 dye) was con-
jugated to the nanosponge surface via aldehyde−hydrazide
click chemistry using the previously installed aldehyde moiety.
The attachment of the dye to the nanosponge surface was

confirmed via absence of the aldehyde chemical shift in the 1H
NMR spectra (Figure S8). Lastly, the drug of interest,
naphthofluorescein, was loaded by entrapment into the fully
functionalized nanosponges conjugated with T-peptide_ACPP
and Cy3 dye. Because of the small experimental scale, we did
not precipitate the particle into water but rather washed the
particle with excess cell culture water during the encapsulation
procedure and determined a drug loading of 23 wt % and 94%
drug loading efficiency using HPLC detection (Figure S9).
The resulting solution was lyophilized to obtain the full
construct of peptide-targeted, ACPP-functionalized, drug-
loaded, Cy3 fluorescent nanosponges.
To validate the collagen-homing ability of the peptide

separately, FITC was conjugated to the peptide, and in vitro
binding on glass slides coated with MMP2 digested collagen IV
was demonstrated (Figure 1a−d). Effective cell penetration of
ACPP in the presence but not the absence of active MMP2
was demonstrated (Figure S10) by using the specific
hybridization internalization probe (SHIP) technology.47 We
generated an ACPP variant with a C terminal alkyne functional
handle for click chemistry. The SHIP technique uses two 20-
mer ssDNA sequences, a fluorescent probe (FIP) with a 5′
fluorophore (Cy5), and a 3′ azide that is “clicked” onto the
ACPP by using copper-catalyzed azide−alkyne cycloaddition.
The FIP-functionalized ACPP was incubated with non-
phagocytic similian virus endothelial cells (SVEC4-10) over-
night. A quencher probe (QPC) comprising a complementary
ssDNA sequence with a 3′ Black Hole Quencher 2 (BHQ2)
was then added to the cell culture and incubated for 30 min at
4 °C to hybridize to any extracellular FIP, quenching its
fluorescence, while the fluorescence of the internalized FIP is
maintained because the QPC cannot access any internalized
material.
Next, using the murine fibrosarcoma HT1080 cell line, we

investigated cellular uptake of the drug-loaded peptide and
dye-conjugated nanosponge construct. HT1080 cells naturally
produce MMPs including MMP2.48 Cells were incubated
overnight with the T-peptide_ACPP-nanosponge construct at

Figure 1. Confirmation of specific binding of FITC collagen peptide to in vitro digested collagen. (a) Collagen peptide-FITC binds to MMP2
digested collagen IV. (b) Scrambled peptide-FITC does not bind to MMP2 digested collagen IV. (c) Collagen peptide-FITC does not bind to
MMP2 digested collagen IV that was preblocked with nonlabeled collagen peptide. (d) Collagen peptide-FITC does not bind to collagen IV
without MMP2 digestion. Scale bar = 500 μm. (e) Confocal image of HT1080 cell uptake of Cy3 (red) labeled nanosponge. Image is taken in the
Z stack middle of the cell layer showing intracellular signal. (f) Confocal microscopy of RAW cells to investigate lysosomes location. 2D
reconstruction of Z stack confocal images of RAW cells with uptake of Cy3 (red) labeled nanosponge are shown as red dots while the lysosomes are
in blue. (g) 3D snapshot showing that the red and blue dots are spatially apart. Scale bar = 8 μm. Representative images for n = 3 are shown.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.9b02840
Chem. Mater. 2020, 32, 3707−3714

3711

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02840/suppl_file/cm9b02840_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b02840?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b02840?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b02840?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b02840?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b02840?ref=pdf


37 °C; the cell cytoplasm was stained green the next day and
examined with confocal live cell microscopy (Nikon A1) in the
FITC and TRITC channels. Figure 1e shows that the construct
had been internalized by the cells.
Furthermore, we investigated whether the nanoparticle

construct entered lysosomes when incubated with murine
macrophage RAW cells which represent our in vivo target cells
(plaque resident macrophages and foam cells). Murine RAW
cells are naturally phagocytic, and they also secrete MMPs,
including MMP2. Both cell lines also produce MMP14 which
can be efficiently inhibited with naphthofluorescein (Figure
S11). By incorporating the ACPP that is cleaved by MMP2, we
are in fact creating a nanosponge payload that has a net
positive charge from the polycationic D-arginine arm attached
to it once the peptide linker of the ACPP is cleaved. In this
manner, it provides a way for “lysosomal escape” of the drug-
loaded nanosponge by the proton sponge effect,49 allowing the
nanosponge to escape back into the cell cytoplasm through the
endosomal membrane, avoiding acid degradation of the
nanosponge and drug. After an overnight incubation of the
Cy3 conjugated nanoparticle construct with RAW cells, the cell
cytoplasm was stained with Cell Tracker Green and
Lysotracker Blue/or Hoechst to stain the nucleus (Invitrogen).
As shown in Figure 1f,g, we observed no colocalization of the
red and blue fluorescent signals in the RAW cells, indicating
that the nanoparticle constructs have successfully escaped the
cell lysosomes and are not associated or have entered the
nucleus (Figure S12). We also witnessed the internalization of
nanosponge particles at 15 min after the particles had been in
contact with RAW cells in culture (Figure S13). We also
demonstrated that the nanosponges were nontoxic to both cell
lines (Figure S14) before testing the material in vivo.
Nanoparticle drug delivery systems may be diverted from

their target due to uptake by macrophage cells during blood
circulation,50 depositing them in the liver and spleen. To
investigate this, we performed in vivo biodistribution experi-
ments as well as in vitro stability testing. As shown in Figure 2a,
9.35% of the injected nanosponges were still detected in the
blood after 2.5 min, which dropped down to 0.5% after 30 min,
showing a long enough blood circulation to reach the
biological target in vivo. One hour after the tail injection,
21.8% of the nanosponges accumulated in the spleen, 7.3% in
the lung, 3.7% in the liver, and negligible amounts in the
kidney and heart (Figure 2b). The high lung uptake is likely an
unspecific entrapment which is only seen at this early time
point. By 4 h, the accumulated nanosponges dropped to 7.1%
in the spleen, 1.4% in the lung, and similar amounts in the

liver, kidney, and heart compared to 1 h. In the following 24 h
after injection, most accumulated nanosponges were cleared
from the organs including lung, kidney, heart, and liver, and
only 8% were left in the spleen (Figure 2b,c). The results
indicated that most of nanosponges were sequestrated in the
spleen and cleared within 24 h. To investigate the degradation
profile in buffer and plasma, we incubated the nanosponges in
phosphate-buffered saline (PBS) and platelet poor plasma
(PPP), respectively, and filtered the supernatant at different
time points including 0, 1, 4, and 24 h. No fluorescence was
observed in the supernatant, indicating there was no
degradation of the nanosponge and confirming good stability
over 24 h (Figures S15 and S16).
In summary, we demonstrated the generation of peptide-

labeled and drug-loaded nanosponges targeted toward MMP2-
degraded collagen IV as seen in unstable plaques with the
potential ability to enhance the collagen content of plaques
through delivery of nanosponge drug cargo. Our study paves
the way for future translational work on peptide-directed
nanotechnology in biological applications, and our designed
construct presents great potential for the development of
biological targeted drug delivery therapeutics in humans for the
prevention of heart attacks.
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