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Abstract

The wide array of proteases, including matrix metalloproteinases, produced in response to many pathogenic insults, confers a
unique proteolytic signature which is often disease specific and provides a potential therapeutic target for drug delivery. Here we
propose the use of collagen-based nanoenhanced matrix metalloproteinase-responsive delivery vehicles that display matrix
metalloproteinase-specific degradation in diverse in vitro models of proteolysis. We demonstrate that collagen particles com-
prised of protease substrates (primarily collagen) can be made of uniform size and loaded efficiently with assorted cargo including
fluorescently labeled mesoporous silica, magnetic nanoparticles, proteins and antioxidants. We also demonstrate that pathologic
concentrations of proteases produced in situ or in vitro display protease-specific cargo release. Additionally, we show that the
collagen-based particles display bright fluorescence when loaded with a fluorophore, and have the potential to be used as

vehicles for targeted delivery of drugs or imaging agents to regions of high proteolytic activity.
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Introduction

Matrix metalloproteinases (MMPs) are extracellular endo-
peptidases that can have both beneficial and deleterious
effects in their environment. The MMP family includes at
least 25 zinc-dependent extracellular endopeptidases
involved in tissue remodeling.” The MMP family members
coordinate to modify the extracellular environment, and
when unregulated, drive ECM destruction in a wide array
of pathologic conditions, such as arthritic disorders, athero-
sclerotic plaque rupture, chronic obstructive pulmonary
disease, metastatic cancer progression, infection, and
tissue injury.”® MMP-1 is a member of the collagenase sub-
family of metalloproteinases capable of hydrolyzing the
triple helical domain of fibrillar collagen and is required
for normal collagen turnover.”™® Once cleaved, other
MMP family members including the gelatinases (MMP-2,
MMP-9) and stromelysins (MMP-3) further break down col-
lagen. Collagen is a crucial structural protein of connective
tissue in mammals'' and is the main component of ECM in
humans."? There are at least 16 types of collagen, with types
I, I and I comprising 80-90% of the collagen in the
body.">'* Considering the effects that MMPs have over
structural proteins such as collagen, efforts to impair
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MMP activity have been naturally targeted for disease inter-
vention. Early work demonstrated that MMP inhibitors
(MMPI) were extremely successful in limiting metastatic
disease in numerous animal models of cancer.'>'
Unfortunately, MMPIs have failed in the clinic as a result
of the accompanying musculoskeletal syndrome (MSS) that
reduces the overall quality of life for patients.'” Studies to
decrease MMPI concentration to a level that limited MSS
failed to display drug efficacy.'” While efforts have contin-
ued to refine MMPI, their use in the clinic has not been
forthcoming because MMPs have complex roles and can
both be protective or accelerate disease progression.
Considering this, an alternative is to harness the proteolytic
activity of MMPs for selective therapeutic cargo release that
does not target inhibition of MMPs that promote disease
resolution. A strategy for utilizing the proteolytic tumor
microenvironment through MMP targeting, to achieve
higher tumor penetration and increased treatment efficacy,
was described by Wong et al.'® In their design, through acti-
vation of endogenous MMPs, a nanoparticle delivery
system was degraded into even smaller particles to be
able to penetrate deeper into the tumor, thus creating a
more effective therapy and reducing systemic side effects.
In the same context, we propose a collagen-based
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nanoenhanced MMP-responsive delivery vehicle (NMRDV)
that allows for selective release of therapeutic or diagnostic
agents only at sites of aberrant proteolysis associated with
specific disease processes. Taking into account that senescent
cells produce nearly 3-5ug/mL of MMP-1 compared to
normal levels between 0.1 and 1ng/ mL," we used this as
our MMP-targeting model. Additionally, we will summarize
a number of potential therapeutic avenues for the use of
NMRDVs and provide experimental evidence for their suc-
cessful implementation.

Materials and methods

Collagen-based nanoenhanced-MMP responsive
delivery vehicle synthesis

In a glass tube, 10mg of 1,2-Dimyristoyl-sn-Glycero-3-
Phosphocholine (DMPC) was dissolved in 1mL of chloro-
form and vortexed for 2min. The tube was then purged
with nitrogen gas to evaporate the chloroform and create
a multilayered lipid on the inside surface of the tube. The
multilayered lipid was then rehydrated with a solution of
0.1mg/mL type I collagen in phosphate buffered saline
(PBS) pH 7.4 at 28°C. Where the antioxidant catalase was
loaded, the solution was 20 uL of collagen and 980 pL of
2000U/mL of catalase dissolved in PBS. Collagen was
loaded with fluorescent nanoparticles (FNPs) that were
either magnetic iron oxide nanoparticles (FeOx-NPs),
Green Fluorescent Protein (GFP), or TRITC-labeled meso-
porous silica Cespec® Nanoparticles (TRITC-NPs). For
Collagen-FNPs, the solution was 20 uL of collagen with
930 uL. PBS and 50 pL. FNPs. Keeping the solution at 28°C,
it was then vortexed for 5 min every 20 min over the course
of 1h. After 1h, the solution was diluted in 2 mL of PBS and
incubated at 37°C for 2h to polymerize the type I collagen.
Following the 2-h incubation, a 60 mM Triton-X solution
was added in equal volume (3mL) to the solution and
mixed vigorously to remove the lipid. The solution was
then centrifuged for 30 min at 1000 g, pelleting the collagen
particles. The pellets were re-suspended in 4 mL PBS fol-
lowed by centrifugation for 30 min at 1000 g. After the final
centrifugation, the pellet was re-suspended in 500 uL. PBS.

Cell culture

All cell lines were maintained in 75 cm? flasks at 37°C and
incubated at 5% CO,.

Antioxidant model

Primary human dermal fibroblasts (HDFs) were pre-treated
with antioxidant, trolox (100 um) for 18 h. HDFs were then
subjected to a total dose of 120] (2]/ cm?) of UV-A. Then
24-h post-radiation RNA was extracted to be followed by
real-time PCR using MMP-1 specific primers. All values
were normalized to the non-treated/radiated control
(n=3).

Senescent model

IMR-90 primary human fetal lung fibroblasts were cultured
in minimal essential medium with 10% FBS. Presenescent

cells were considered from passage <15 while senescent
cells were considered from passage > 25.

Infection model

Mouse lung alveolar macrophage (MH-S) were cultured
in RPMI with a final concentration of 0.05mM of
2-mercaptoethanol and 10% FBS. MH-S cells were plated
in cell culture plates at a density of 4 x 10° cells/mL and
incubated for 24h at 37°C. The cells were treated with
RPMI, 50ng/mL, or 150ng/mL of LPS for an incubation
period of 24 h.

Western blot analysis

Samples prepared from various treatments were analyzed
for protein concentration using the BCA assay according to
the manufacturer’s instructions (Pierce/ Thermo Scientific,
Rockford, IL, USA). Electrophoresis was performed on 10%
SDS-polyacrylamide gels. After electrophoresis, the pro-
teins were transferred to a nitrocellulose membrane and
blocked by incubation for 1h in 1 x Tween-TBS (TTBS pH
7.6) containing 5% nonfat dry milk. The membranes were
incubated with the desired primary antibody in milk with
5% bovine serum albumin (BSA), followed by washing with
1 x TBBS and incubation with the desired dilution of the
secondary antibody. Protein detection was performed by
the addition of Pierce/Thermo Scientific SuperSignal
chemiluminescent substrate for 5min and exposure to
Kodak MS radiographic film (Kodak, Rochester, NY,
USA). Data were plotted as the mean relative densitometric
intensity via ImageJ] and normalized to the loading control.
For collagen particles incubated with and without MMP
(3 ng/mL) for four days, samples were performed on 10%
SDS-Polyacrylamide gels and the above protocol was
followed.

Extracellular MMP-1 pulldown

Samples were stored on ice and then spun at 1000 r/min for
10min at 4°C, with the supernatant being aspirated.
Followed by three washes with 1mL of cold Hank’s
Balanced Salt Solution (HBSS), 40 uLL of mix (150 uL. HBSS,
50 puL loading dye, and 5puL DTT) was added to each tube
allowing it be boiled for 10 min. Tubes were spun down at
14,000r/min for 10 min at 4°C. The supernatant was col-
lected and subsequently electrophoresed.

AMNIS ImageStream

Collagen particles were synthesized and loaded with FNPs
or PBS. Data were collected utilizing an ImageStream
Imaging Flow Cytometer from Amnis Corp, ~40,000
events and ~10,000 events were collected, respectively, for
each sample after gating out debris. Data files were ana-
lyzed using IDEAS statistical analysis software (Amnis).
Utilizing a 488 laser, bright field and GFP channels were
collected.



Scanning electron microscopy

Collagen particles were synthesized and washed 3 x in dis-
tilled water. They were then dried on a silicon wafer for
enhanced contrast. Once dry, the particles were sputter
coated with 5nm of gold palladium to protect the organic
polymer from the electron beam, and subsequently imaged
using a Hitachi SEM.

BCA assay

Collagen particles were incubated with 0.1, 0.3, 1 and
3 ug/mL of collagenase at 37°C overnight. After incubation,
samples were spun down at 10,000 r/ min for 10 min and the
supernatant was removed for protein determination follow-
ing the manufacturers protocol from Pierce/Thermo
Scientific, Rockford, IL, USA.

Enhanced darkfield microscopy and
hyperspectral imaging

Collagen particles were suspended in PBS, placed onto an
ultrasonically cleaned glass slide, and covered with a cover
slip. The same process was used for FNPs suspended in
PBS. All samples were imaged and analyzed with enhanced
darkfield microscopy (EDFM) and hyperspectral imaging
(HSI). For EDFM, and Olympus BX-43 microscope
with an EDFM condenser was utilized. A CytoViva
Hyperspectral Imaging (HSI) Microscopy system
(Auburn, AL, USA) was then utilized for hyperspectral ana-
lysis through its ENVI 4.8 HSI software. Images were
obtained with a DAGE optical camera system for EDFM,
and with a Pixelfly camera system for HSI. For scanning
and imaging purposes, exposure settings remained con-
stant. First, spectral libraries were created from datacubes
(HSI images) obtained from a blank glass slide (negative
control), collagen particles, or FNPs alone. Next, the spec-
tral libraries were optimized by filtering against the nega-
tive control and pulling spectral lines that were deemed a
match. This iterative process was applied to all libraries
used in this study. Finally, spectral libraries for collagen
particles and for FNPs were mapped against experimental
datacubes for content analysis via HSI's feature Spectral
Angle Mapping (SAM). All positive mapping results were
merged into one representative color and the resulting
mapped datacubes were saved as images.

Quantitative RTPCR

Total RNA was extracted from cells using an RNeasy isola-
tion kit (Qiagen) per manufacturer’s instructions and stored
at —80°C until use. cDNA was synthesized utilizing a
Maxima* Universal First Strand c¢DNA Synthesis kit
(Fisher) with random hexamers. Real-time PCR was per-
formed with an Applied Biosystems 7500 real time thermo-
cycler with SYBR green. Specific primers were used for each
target: MMP-1, MMP-9, MMP-13 as previously reported in
the literatures.>?! PCR conditions were as follows: 95°C for
10 min, followed by 40 cycles of melting at 95°C for 15, and
annealing and elongation at 60°C for 1 min. Product speci-
ficity was determined by melt curve CT values were

normalized to a control housekeeping gene, GAPDH, and
the fold change was found using the AACT method of
analysis.

Statistical analysis

All statistical analyses were performed with the GraphPad
5.04 statistical software package. Statistical significance was
assessed using the two-tailed Student’s t-test or one-way
ANOVA with Tukey-Kramer post-test. P values of <0.05
were considered significant.

NMRDV cargo release kinetics

To monitor NMRDV cargo release kinetics, we first evalu-
ated the ability of pathologic concentrations of MMP-1 to
degrade cargo-free NMRDV or TRITC-NP. To this end,
cargo-free and TRITC-NP-loaded NMRDV were synthe-
sized and subsequently incubated overnight with increas-
ing concentrations of recombinant MMP-1 at 37°C. After
incubation, intact particles were pelleted and supernatants
collected. MMP-1-dependent decay of cargo-free and
TRITC-NP NMRDV was monitored using spectrophoto-
metric and fluorescence assays, respectively.

Results

General nanoenhanced MMP-responsive delivery
vehicle design

The collagen-based NMRDVs are composed of building
blocks that are either biocompatible or generally regarded
as safe: MMP substrates are the primary building blocks
and can be composed of the many individual collagen
types, as well as other matrix components and a diverse
array of engineered nanoparticles (Figure 1). The methodol-
ogies for the effective production of the NMRDV were
based on well-established protocols.”> Cargo loading is
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Figure 1 Components of nanoenhanced MMP-responsive delivery vehicle
(NMRDV). The image depicts the basic components of NMRDVs. In this study,
the matrix components were type | collagen particles, the cargo was either
antioxidants (Trolox, Didox, pomegranate extract, apple peel extract, catalase) or
the MMPI llomostat, and the enhancing FNPs were either GFP-NP, FeOx-NPs, or
TRITC-NP. (A color version of this figure is available in the online journal.)
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integrated at the collagen polymerization step and release
of even small drugs is limited with the majority of cargo
released only after protease digestion. Collagen-based
NMRDV were produced essentially as described by
Swatschek et al.>> with slight modification to incorporate
cargo loading at the rehydration step. Our NMRDVs were
type I collagen-based, enhanced with FNP, and loaded with
different cargo depending on the experiment. To maintain
particle integrity, solutions were normally placed in PBS
with the exception of those used for SEM analysis.

During FNP incorporation to NMRDYV, particle dye com-
position was optimized to ensure that there was minimal
spectral overlap of fluorescence emission when more than
one individual fluorescent particle was combined into a
single NMRDV. The carrier particle size is sufficiently
large (>50nm) and the design of the loaded nanoparticle
allowed for thorough characterization of release kinetics
in vitro.

NMRDV characterization

Collagen particles were produced and imaged using SEM
(Figure 2(a)). The observed diameter range was between 1
and 20 pm with the majority falling in the 5 pm range. To
more quantitatively assess the size distribution and phys-
ical characteristics of these particles, they were loaded
with FNPs and analyzed using imaging flow cytometry
(Figure 2(b)). Over 40,000 events were imaged and charac-
terized, and several physical parameters monitored indicat-
ing that NMRDV containing FNPs ranged in size from 1 to
10 um. Loading of the antioxidant enzyme catalase did not
affect circularity (aspect ratio) but did increase NMRDV
size which was consistently observed in distinct NMRDV
preparations (Figure 2(c)). Collagen-based NMRDV were
also loaded with FITC-BSA (Figure 2(d)) and CY5.5 FeOx-
NPs (Figure 2(e)). Fluorescence microscopic analyses of
FITC-BSA loaded NMRDV support that collagen encapsu-
lates the FITC-BSA (depicted as the corona in merged image
Figure 2(e)). Moreover, collagen particles loaded with CY5.5
FeOx-NPs demonstrates cellular enrichment relative to
naked CY5.5 FeOx-NPs (Figure 2(e), compare FeOx-NP
with Col-FeOx NP).

Hyperspectral properties of FNP and
FNP-loaded collagen

CytoViva® HSI system allows for analysis of particles and
nanomaterials using enhanced darkfield illumination. This
enables fast analysis of Rayleigh scatter which provides a
unique signature for distinct elemental materials. We used
CytoViva® to demonstrate the hyperspectral properties of
free FNP and FNP-loaded collagen-NMRDVs (Figure 3).
Free FNP display darkfield illumination properties that
can be clearly distinguished when bulk loaded into the col-
lagen-NMRDV. The SAM feature allowed to determine the
presence or absence of FNP and/or collagen particles
(Figure 3). Interestingly, FNP-loaded collagen particles
appeared to display more uniform polymerization proper-
ties. Based on these results, HSI could be potentially used to
monitor FNP release and NMRDV deposition in both histo-
logical sections and in vitro systems.

NMRDV cargo release kinetics in senescent model

To determine if NMRDV can be used to limit the MMP-
producing senescent phenotype, we evaluated the cargo
release properties of NMRDV comprised entirely of type I
collagen in response to collagenase.

Considering that senescent cells produce abnormally
high levels of MMP-1 compared to normal cells,'® cargo
release kinetics were evaluated in a senescent model.
Increasing concentrations of MMP-1 caused a dose-depen-
dent increase decay of both cargo free and TRITC-NP
loaded NMRDV (Figure 4(a) and (b)). We next tested the
release of cargo from catalase-loaded NMRDYV in response
to MMP-1 exposure. Catalase release from protease-treated
NMRDYV was dramatically enhanced relative to untreated
NMRDV (Figure 4(c)).

The above data indicate that the NMRDV is dose-depen-
dently sensitive to pathologic concentrations of purified
collagenase. We next evaluated the ability of MMP-1-pro-
ducing fibroblasts to selectively degrade Catalase-NMRDV
and deliver cargo. We chose to load the antioxidant enzyme
catalase as we have previously shown that the secretory
phenotype of proteolytically active senescent fibroblasts is
inhibited by antioxidant treatment.”® Analysis of MMP-1
levels indicates that young or pre-senescent cells show
little MMP-1 production when compared to aged or senes-
cent fibroblasts (Figure 5, upper inset). Treatment of young
and old cells with catalase-loaded NMRDV indicates that
only the aged cells which produce abundant MMP-1 are
able to selectively take up catalase (Figure 5, particle-
dependent). When catalase was added directly to both
cell types, they displayed equivalent levels of uptake
(Figure 5, particle-independent). We next inhibited MMP
activity using an ICsy of the MMP-1 specific inhibitor
llomostat and observed a near 50% inhibition of cargo
uptake in the aged cells (Figure 5, lower inset). These find-
ings establish the protease-sensing capacity of the NMRDV
and that cargo release is dependent on cellular protease
activity.

Effects of NMRDV in infection model

The MMPs produced in response to a pathological condi-
tion may vary and often display a signature that is disease-
specific.?* To test if NMRDVs were capable of responding to
proteases produced from infected cells, we evaluated the
capacity of bacterial lipopolysaccharide (LPS) activated
macrophages to degrade NMRDV in a protease-dependent
fashion. We first monitored the MMP-producing capacity of
murine alveolar macrophages (MHS) exposed to LPS using
RTPCR analysis and immunoblotting. A robust increase in
both MMP-9 and MMP-13 from MHS cell lines treated with
LPS was observed (Figure 6(a)). We next incubated catalase-
NMRDV with media from LPS-treated MHS cells and
observed a dose-dependent increase in the release of cata-
lase from the NMRDV when incubated with media from
LPS-treated macrophages that was attenuated by the
broad spectrum MMP inhibitor, GM6001 (Figure 6(b)).
These observations suggest that the infection-induced
secretion of MMPs is capable of proteolytically degrading
NMRDYV and releasing collagen encapsulated cargo.
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Figure 2 Physical features and characterization of NMRDV. (a) Scanning Electron Microscopy (SEM) of type | collagen particles dried on a silicon wafer and sputter
coated with a layer of gold/palladium alloy. (b) Collagen particles loaded with GFP-labeled BSA were analyzed using imaging flow cytometry and particle size
characteristics determined. (c) Left panel, Radius of unloaded and catalase loaded particles across different batches. Right Panel, Aspect ratios of unloaded (0.817 um)
and catalase-loaded particles (0.7958 um) averaged (n =4). (d) Immunofluorescent image of FITC-BSA-loaded collagen particles. (e) Cellular distribution of Collagen-
FeOx-NPs. IMR-90 primary human fibroblasts Cells were untreated or exposed to FeOx-NPs or Col- FeOx-NPs. Cells were fixed and then probed with FITC-phalloidin
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Discussion harnessed for selective cargo release. Similarly, we believe
Here, we summarize a generalized strategy for the use of that our strategies for targeting NMRDV towards senescent
NMRDV in targeted drug delivery utilizing disease-specific ~ cells and infections will increase efficacy, decrease systemic
proteolytic signatures. We report that the high level produc-  toxicity, and increase cargo delivery at proteolytic active
tion of matrix remodeling enzymes such as MMP-1 can be  disease sites.
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Figure 3 Hyperspectral imaging of collagen and FNP-loaded collagen. Upper panels, DNV display distinct spectral angle mapping (SAM) characteristics that can
be used to interrogate absence or presence of FNP. Middle panels, SAM of collagen particles display presence of collagen but not FNP. Lower panels, SAM of
Collagen-FNP display both collagen and FNP fingerprint. (A color version of this figure is available in the online journal.)

Our findings indicate the feasibility of using a NMRDV
to target the proteolytic microenvironment. We have
demonstrated that NMRDVs maintain batch to batch uni-
formity and the ability to load a diverse set of FNPs and
proteins as cargo. Additionally, the ability to load catalase
into the collagen particles represents an avenue in the use of
targeting sites of reactive oxygen species production.

We have demonstrated that to allow for a more localized
effect of NMRDVs, the right matrix substrates should be
tailored according to the MMP signature of the pathologic
condition to be treated. During the NMRDV design, the
general approach should be to develop it with differing
ratios of the substrate for the MMP to be targeted. For exam-
ple, if MMP-7 and MMP-13 are the desired protease targets,
the NMRDV will be comprised of type I gelatin and type 11
collagen (4:1, 2:1, 1:1, 1:2, 1:4), respectively. MMP-7 and
MMP-13 target a broad array of substrates; however,
MMP-13 displays 5-6X more activity toward collagen type
II than type I and II.' MMP-7 does not readily degrade
collagen substrates in the absence of organomercurial acti-
vating compounds? and shows preferential activity toward
type I gelatin® Thus, degradation kinetics can be

determined by monitoring release of FNP with or without
added commercially available proteases, and FNP fluores-
cence would be evaluated by flow cytometric analysis or
with the use of microplate based assay systems. We took
this approach to evaluate BSA-FITC-loaded collagen-based
NMRDV which allowed for rapid assessment of cargo
incorporation and size distribution of the particles. FNP
fluorescence can be evaluated pre- and post-protease treat-
ment, and fluorescence intensity monitored as a function of
time and in response to differing concentrations of protease.
MMPs can be added to NMRDV containing FNP, and stand-
ard curves are generated based on unincorporated FNP.
In the absence of protease digestion the FNP, reported
fluorescence is retained in the NMRDV. Incubation of
NMRDV with MMPs releases FNP reported fluorescence
in an MMP- and collagen-dependent fashion. NMRDV
mixtures with more Type II collagen content will display
MMP-13-selective degradation with little MMP-7 proteoly-
sis and the reverse for mixtures with high Type I gelatin
content. Thus, the appropriate ratio of matrix substrates
can be tailored to allow for discrete protease-specific
degradation.
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experiments

The overall objective is to create NMRDYV out of a diverse
set of protease substrates. Various groups have demon-
strated the ability to target diseases through the array of
proteases such as MMPs.?**® These modifications allow
for more specific targeting by creating requirements for
multiple proteases to be present within the tissue for effect-
ive cargo release. However, due to the significant degree of
MMP substrate overlap, the design will need to go beyond
that which occurs naturally. That is, biochemical modifica-
tions may be necessary to change the rates at which sub-
strates are degraded by the different types of MMP. This can
potentially be accomplished by post-translational bioconju-
gation methods or by cloning genetic variants that result in

senescent fibroblasts incubated with collagen particles loaded with 500 U/mL
recombinant catalase in the presence or absence of a broad spectrum MMP
inhibitor GM6001 (25 um). Lower Graph — All data normalized to GAPDH controls
and expressed as a percentage of maximal loading that was observed in sen-
escent cells as a result of exposure to catalase-loaded particles. Relative
densitometric analysis of immunoblots in inset was performed using NIH ImageJ

different three-dimensional folding properties of the colla-
gen fibril. Genetic alterations at the cleavage sites or at the
binding sites have the potential to increase proteolytic spe-
cificity. Altering the regions on the fibril that MMPs phys-
ically associate with may be more useful to this end, since
there exists less overlap among the various MMP’s binding
sites. This will further allow the collagen nanoparticles to be
selectively targeted to the area of interest. We refer the
reader to recent review on this topic in Vandooren et al.*®
Degradation kinetics and cargo release properties of
NMRDV can be performed in a cellular or in vitro system
whose proteolytic signature mirrors that of the disease-
specific MMP profile. Nanoparticles have been used exten-
sively for controlled release of pharmaceuticals. However,
some iteration is necessary to determine (i) the optimum
conditions for adequate FNP loading, (ii) the molar ratios
of FNP-collagen conjugate to form stable NMRDV, and
(iii) the maximum loading of cargo into the core. The time
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Figure 6 Infection NMRDV. (a) gRT-PCR of muMMP-9 and muMMP-13
transcripts from LPS treated and untreated murine alveolar macrophage cell line
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scale of proteolytic disintegration of the NMRDYV to release
the cargo and FNP needs to be determined experimentally.
Overall, NMRDVs have the potential to be used for a var-
iety of disease intervention strategies, and several scenarios
for their use are described in our experiments and as
explained below.

Senescence intervention

Several landmark studies indicate that senescent cells play a
causal role in disease, and therapies directed at limiting
their activity will restrict severity and onset of many
age-associated degenerative diseases.””*® The detrimental
activity of senescent cells is attributed to their senescence
associated secretory phenotype and the production of inter-
leukins, MMPs and chemokines.?"*> We have established
that senescence associated MMP expression is regulated
by shifts in steady state [H,O,] and blocked by limiting
metabolic oxidant production or antioxidant treatment.”
The ability of antioxidants to limit age and UV-associated
MMP expression has been established by many. Age-
associated increases in MMP expression have been attribu-
ted to deficits in H,O, detoxification resulting from
age-associated decreases in catalase activity.”® Studies by
Haqqgi and coworkers have established that both the
inflammatory and proteolytic activity of osteoarthritic

chondrocytes can be attenuated by a diverse set of polyphe-
nolic-antioxidant compounds.>*> These observations
suggest that antioxidants may prove useful in limiting
age-associated disease processes driven by populations of
senescent cells. Senescent concentrations of MMP-1
approach those observed in arthritic patients, suggesting
this approach may be useful for diseases that are accompa-
nied by high levels of proteolytic activity.’**” It is estimated
that more that 70 million baby-boomers will reach retire-
ment in the next 20 years. Thus, compounds that limit
degenerative disease have the potential to extend the work-
ing lifespan, decrease medical visits, and significantly
reduce burden on the rapidly depleting social retirement
system. Traditional antioxidant-based therapeutic strate-
gies offer no specificity in terms of delivery and have
been shown to have unwanted side effects as exemplified
by the failure of several major antioxidant-based prevention
strategies to treat disease. It is clear that the cellular-redox
state controls cell function and signaling and that the redox-
balance can vary in distinct cell types. Thus, it is not sur-
prising that general antioxidant administration fails to limit
disease through off-target radical scavenging mechanisms.
NMRDYV strategies can be used to restrict redox-based acti-
vation of the senescence-associated secretory phenotype.
The selective antioxidant release NMRDV, would also be
suitable for treatment of disease states that involve aberrant
MMP-dependent proteolysis, including rheumatoid and
osteoarthritic disorders, atherosclerosis, pulmonary fibro-
sis, periodontal disease, and tumor growth and metastasis.

Infection intervention

MMPs generated in response to any pathogenic insult can
vary and often display a disease-specific signature.** For
example, infection of synoviocytes with Staphylococcus
aureus induces both MMP-1 and MMP-3 while infection
with Brucella abortus generates a predominant MMP-2
response. The distinct MMP profiles produced by these
infectious agents are likely due to the diverse nature of
toll-like receptor ligands that are presented by either patho-
gen. Monitoring the protease fingerprint produced by any
individual infection or combination thereof can be used to
design personalized NMRDYV particles. Thus, in the context
of the above bacterial infections, the NMRDYV platform can
be engineered to match cargo delivery with a particular
target infection. This approach would limit emergence of
bacterial antibiotic resistance as high concentrations of
therapeutic will be delivered only at the focal infectious site.

Limitations

While the studies presented have addressed some hurdles
of early stage development, several questions still remain.
One potentially problematic possibility is the biodistribu-
tion of the NMRDV. For example, NMRDV size may cause
them to accumulate in particular regions within the body™®
as there exists a clear association with particle size and
accumulation in the liver and lung.** Thus, it remains pos-
sible that NMRDV will be rapidly cleared before they have
performed their intended function, and thus studies that
thoroughly explore these in vivo characteristics are lacking,



especially for biologically derived particles. However,
nanoparticle biodistribution and pharmacokinetics of
drug payloads have been well examined. For example,
encapsulating platinum-based anti-cancer drugs can dimin-
ish their accumulation in the kidneys, increase their blood
circulation time, and increase overall efﬁcacy.‘m'41
Circulation time and organ accumulation of magnetite
nanoparticles is similarly affected by encapsulation.*?
Results like these underline the importance of finding
new ways of delivering drugs. Furthermore, encapsulation
has the ability to impact the possible routes of delivery.
Recent work indicates that orally administered, drug-
loaded nanocapsules are more efficiently absorbed by the
body.*> Overall, these studies demonstrate the importance
of drug delivery systems and our findings suggest that with
careful design, delivery systems can be tailored for use in
protease targeting.

Conclusions

Here we establish the feasibility of using collagen-based
NMRDVs to target proteolytic environments and provide
rationale for future studies aimed at tailoring the design
and functionality of these delivery vehicles. Ultimately,
the use of NMRDV as a platform technology that enables
the targeting of a wide array of diseases is desirable.
A possible in vivo validation of this approach will be pivotal
in moving these approaches forward. While we have
focused on a select few disease-specific MMP signatures,
these approaches have broad applicability. For example,
plaque stability is highly dependent on proteases, and
NMRDV would serve to target these regions with thera-
peutics for plaque stabilization. Furthermore, as a diagnos-
ticc, NMRDV may be useful for the loading with contrast
agents that would allow clinicians to identify regions
where potentially dangerous plaques are located.

Many diseases present with unique protease signatures
and therefore exploiting a particular signature may open up
therapeutic avenues for disease intervention. Coupling a
proteolytic targeting strategy with a biological assay cap-
able of detecting a patient’s proteolytic signature will reflect
translational medicine based on personalized medicine.
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