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ABSTRACT: Matrix metalloproteinase enzymes, overex-
pressed in HT-1080 human fibrocarcinoma tumors, were
used to guide the accumulation and retention of an enzyme-
responsive nanoparticle in a xenograft mouse model. The
nanoparticles were prepared as micelles from amphiphilic
block copolymers bearing a simple hydrophobic block and a
hydrophilic peptide brush. The polymers were end-labeled
with Alexa Fluor 647 dyes leading to the formation of
labeled micelles upon dialysis of the polymers from DMSO/
DMEF to aqueous buffer. This dye-labeling strategy allowed
the presence of the retained material to be visualized via
whole animal imaging in vivo and in ex vivo organ analysis
following intratumoral injection into HT-1080 xenograft
tumors. We propose that the material is retained by virtue of
an enzyme-induced accumulation process whereby particles
change morphology from 20 nm spherical micelles to
micrometer-scale aggregates, kinetically trapping them
within the tumor. This hypothesis is tested here via an
unprecedented super-resolution fluorescence analysis of
ex vivo tissue slices confirming a particle size increase occurs
concomitantly with extended retention of responsive
particles compared to unresponsive controls.

In this paper we demonstrate enzyme-driven retention of a
polymeric microscale scaffold within tumor tissue via the
injection of nanoscale, matrix metalloproteinase-responsive
micellar nanoparticles.'™** In recent work from our laboratory,"
we described the first example of an enzyme-programmed tissue-
targeted nanoparticle probe and utilized a Forster resonance
energy transfer (FRET) based assay for monitoring particle
accumulation.”>'* Generation of a FRET signal provided
evidence that the nanoparticles had undergone an enzyme-
directed aggregation process in tumor tissue generating a slow
clearing, self-assembled “implant” of polymeric material within
the tissue." Based on those results, we hypothesized that the
materials had passively diffused into the tumors following
injection and then undergone a size increase, which trapped the
material within the extracellular space within the tissue. To test
this hypothesis, we synthesized a new set of polymeric micellar
nanoparticles, prepared from the self-assembly of amphiphilic
block copolymers consisting of a hydrophilic peptide brush
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generated via graft-through polymerization of peptide-based
monomers'>'® and a simple hydrophobic block (Figure 1). We
term these synthons for generating enzyme-responsive nano-
particles, peptide-polymer amphiphiles (PPAs). The PPAs in this
study were labeled with Alex Fluor 647 to generate micelles
labeled on their periphery with multiple dye molecules. This dye
was chosen for two key reasons: (1) it is known that whole
mouse imaging is facilitated by the long excitation and emission
wavelength of the fluorophore (4., = 635 nm, A, = 670 nm, in
this study), and (2) this photoswitching dye is amenable to
analysis via super-resolution fluorescence microscopy by em?loy-
ing stochastic optical reconstruction microscopy (STORM). 7
The emergence of super-resolution fluorescence microscopy tech-
niques'®***! has allowed researchers to overcome the diffraction
limit and enables the examination of various processes occurring
at the submicrometer scale.”””** Surprisingly, nanomaterials used
in the delivery of therapeutics and diagnostics are rarely char-
acterized via these useful super-resolution techniques,™ >’ in
particular in cellular in vitro or in ex vivo tissue analysis studies.
However, despite this lack of precedence, we determined that
such an approach would be needed to confirm whether nanoscale
particle accumulation into larger aggregates was occurring within
the tumor tissue postinjection.

Two micelles, M and My, were prepared from two different
PPAs (Figures 1 and 1S). M was generated from a PPA
consisting of a peptide prepared with L-amino acids as an active
substrate for matrix metalloproteinases (MMPs), known to
be overexpressed in certain tumor tissues, >~ 81012 Mp was
prepared from a PPA containing a sequence of b-amino acids to
inhibit cleavage of the substrate by the protease. These two
PPAs were synthesized by employing ring-opening metathesis
polymerization (ROMP)**** because ROMP initiators can facil-
itate the highly efficient graft-through polymerization of peptide-
based monomers. Graft-through polymerization of this kind
allows for the predictable synthesis of complex block copolymers
in a single pot, avoiding the need for unpredictable and often
low-yielding post-polymerization modifications with function-
alized oligopeptides.'>'® The polymerization reactions were termi-
nated using a symmetrical olefinic termination agent consisting of
a Boc-protected amino group. Subsequent deprotection and
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Figure 1. Preparation of enzyme-responsive Alexa Fluor 647-labeled micellar nanoparticles. 1-amino acid based norbornyl-peptide substrates were
polymerized to generate PPA-L (L-amino acid PPA) for assembly to give micelle, M. p-amino acid based peptides were utilized to generate PPA-D (p-
amino acid PPA) for the preparation of nonenzyme responsive control micelle, Mp,. Block sizes were determined by SEC-MALS analysis and "H NMR
spectroscopy. Synthesis: (i) 1 was mixed with Grubbs’ third-generation, modified initiator for 30 min, and an aliquot analyzed by SEC-MALS to confirm
degree of polymerization. (i) Peptide monomer was added and stirred for 2 h. Confirmation of 10:3 block copolymer ratio was again determined by SEC-
MALS. (iii) The polymer was terminated with amine termination agent for 1 h followed by addition of ethyl vinyl ether (iv) to quench the catalyst. (v)
The Boc-protecting group was removed by addition of 90% TFA/DMEF for 1.5 h followed by precipitation with ether. (v) 1.2 equiv of Alexa Fluor 647
NHS ester was reacted with amine terminated polymers for 18 h followed by precipitation with ether. Vacuum dried polymers were then dissolved in 1:1
DMF/DMSO and dialyzed against PBS (pH 7.4) buffered water to generate micellar nanoparticles (M shown in TEM inset). Peptide sequences L-amino
acid sequence: GPLGLAGGWGERDGS. p-amino acid sequence: gplglagGWGERDGS (lower case indicates portion of D-amino acids).

reaction with the activated NHS-ester of Alexa Fluor 647 lead
to the formation of Near-IR fluorescently tagged PPAs. These
are subsequently formulated into 25 nm spherical micelles via
dialysis from DMSO/DMF into PBS buffered water over 24 h
with three buffer changes.

The enzyme-responsive nature of M and M, was initially
tested in vitro by mixing micelles with MMP-9 at 37 °C, fol-
lowed by TEM analysis (Figure 2S). These experiments con-
firmed that M and not My underwent an accumulation process
following cleavage of peptides in the shell of the micelles. These
in vitro studies were followed by in vivo experiments conducted
in mouse models inoculated with HT-1080 human cancer cells
to generate xenografts known to contain elevated levels of
MMPs (Figures 2 and 38).>*¢"%'%'> Both M and My, were
intratumorally injected into two different sets of mice and
imaged at eight time points: immediately (1 min) following
injection, at 1, 3, and 6 h, and at 1, 3, 5, and 7 days. That is,
there were eight animals injected at T = 0 with M and eight
animals injected at T = 0 with My, Images are shown for each
animal at given time points, immediately prior to the animal
being sacrificed. These studies clearly reveal the reten-
tion of M within tumors and rapid clearance of the p-amino
acid control particle, Mp. This is confirmed from the whole
mouse scan in live mice (Figures 2 and 3S), ex vivo organ ana-
lysis (Figure 4S), and ex vivo tumor analysis presented with
different thresholds (Figures 5S—8S).

To verify that particle activation and subsequent aggregate
retention within the MMP-overexpressing HT-1080 tumor
tissue>>*~¥'%!12 occurs in conjunction with observable expres-
sion of MMP-9, tumor tissue samples were measured via ELISA
following imaging analysis (Figure 9S). A time-course study of
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Figure 2. Intratumoral injection to determine relative levels of retention
of enzyme-responsive nanoparticles vs control particles with HT- 1080
tumors. (A) M injected. (B) My, injected. (1) Background prior to
injection and (2) 1 min, (3) 1 h, (4) 1 day postinjection, and (5) 7 days
postinjection. HT-1080 xenograft nude mice with tumor size ~150 mm®
(~ 0.5 nmoles of nanoparticles injected) were utilized for this study.
The linear intensity scale bar from 0.5 to 4.0 is given in units of N X
10°, where N is number of counts per second per microwatt. The lower
threshold is equal to background intensity from control tissue. A= 635
nm and A= 670 nm. See Figure 3S for additional time points.
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Figure 3. Confocal and super-resolution fluorescence microscopy images of tissue slices from M and My, intratumorally injected mice. TOP row: My,
injected mice sacrificed at ¢ = 1 min postinjection. Middle row: M injected mice sacrificed at t = 1 min postinjection. Bottom row: M injected mice
sacrificed at t = 1 h postinjection. Tumors were removed after sacrificing animals, and tissue slices were prepared for imaging. Left column shows the
overlay of bright-field and fluorescence images, where the emission of Alexa Fluor 647-tagged particles is shown in red. The area outlined by the
black square was imaged using STORM, as shown in the middle column, where the area outlined by the white square is enlarged in the right column.
The sizes of the particles in the STORM images were measured, and the distribution for each condition is shown in the histograms on the right.

the tumor tissues after injection shows constitutive expression
of MMP-9. All M and My, injected tumor tissues possess MMP-
9 concentrations with no statistical difference from that of
control tumor tissue (no injection) (p > 0.0S).

We propose the mechanism of retention is the assembly of
nanoscale particles into larger, slower clearing particles upon
reaction with MMPs. Whole mouse imaging reveals that there
is a clear difference in behavior between the unresponsive,
D-amino acid containing My, vs the L-amino acid, responsive M.
In support of this interpretation, our previous studies"'® have
shown the onset of a FRET signal, unique to the formation of
a new assembly in response to the enzymatic cleavage of the
substrate, and reorganization of the micelles. However, neither
of these studies actually allowed imaging of the assemblies
themselves nor were they amenable to whole animal imaging.
Therefore, we next analyzed tissue slices taken from mice over a
range of time points following injection of both M and My,
These tissue slices were then analyzed via STORM to determine
if retention could be correlated with a concomitant increase
in average particle size within the tissue itself (Figure 3).
We determined STORM was uniquely capable of imaging a
nanoscale size increase within the tissues by breaking the
diffraction limit through image reconstruction®**~** and would
reveal information not available in traditional fluorescence micro-
scopy. Prior to STORM analysis, confocal tile scans were first
conducted to visualize large areas of tissue (1.06 X 1.06 mm) to
confirm in vivo imaging results for the tissue slices to be analyzed
at higher magnification (see Figure 10S). These scans revealed
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the same pattern of retention of M in tumor tissue for up to a
week and clearance of My, within 1 h of injection. Next, an area
was selected for imaging by traditional confocal fluorescence
microscopy and overlaid on bright-field images for context
(Figure 3, left column). This process was conducted for tissues
from M and My, injected mice (Figure 3; middle and top rows,
respectively). Again, these images revealed undetectable signals
from My, injected animals for all samples following the initial
injection time point. This confirms successful injection, followed
by rapid clearance within 1 h. Therefore, subsequent analyses
focused on STORM of My, injected samples taken immediately
following injection (1 min), together with the entire time course
of M injected samples (Figure 3). Selected regions (Figure 3: left
column, black squares) were subjected to imaging by STORM
(Figure 3: middle and right columns).

Quantitative analysis of particle size in each STORM image
(Figure 3: histograms) reveals the formation of larger particles
at 1 h post injection with M particles. As mentioned earlier,
no fluorescence was detected at 1 h post injection with My,
particles (Figure 10S). This is consistent with what can be seen
from image analysis of the size of the particles, which reveals an
increase in size from initial injection to within 1 h following
injection (Figure 3: histograms). The size increase in pixels in
M-injected tissue (Figure 3: compare middle and bottom rows)
corresponds to an increase from ~20—100 nm in diameter at
1 min to over 200 nm on average after 1 h. The increased
brightness persists and then wanes at 7 days (Figure 10S), again
consistent with whole animal imaging, except here, we can
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directly observe this as the result of the formation of larger
objects, with more dyes per unit area than initially observed
immediately following injection. Again, this analysis reveals
a similar sized My, particle at 1 min, and note that this could
not be done at 1 h or subsequent time points, because of no
detectable fluorescence in the tissue at those later time points.
This provides evidence that enzymatically induced aggregation
of the materials within the tumor is responsible for their
retention for extended periods of time.

In summary, we have utilized Alexa Fluor 647-conjugated
peptide polymeric nanoparticles as probes for whole mouse
imaging and show extended tumor retention via mor?hological
aggregation in response to MMP enzyme cleavage.” Further-
more, we provide compelling evidence that this accumulation
process is due to assembly of nanometer particles into larger
scale aggregates by employing STORM to study tumor tissue
slices ex vivo. We observed fluorescent aggregates in targeted
tumor tissues within 1 h that were retained for at least 1 week
via detailed tissue-slice analysis coupled with whole animal
NIR-fluorescence imaging.1 Most importantly, particles de-
signed to resist reaction with MMPs are cleared from tumor
tissues within 1 h as observed in both in vivo and ex vivo
STORM and confocal fluorescence analysis of tissue slices.
Together, these studies constitute a previously unexploited
coupling of STORM with in vivo imaging. We assert that such
an approach will be broadly applicable to other targeted materials
and is potentially generalizable.
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