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Abstract

In this Communication, we describe an enzyme-responsive, paclitaxel-loaded nanoparticle and
assess its safety and efficacy /n vivo in a human fibrosarcoma murine xenograft. The material was
generated via graft-through block copolymerization of norbornene monomers with hydrophilic
targeting peptides together with hydrophobic paclitaxel prodrugs. This work represents a proof-of-
concept study demonstrating the utility of enzyme-responsive nanoscale drug carriers capable of
targeted accumulation and retention in tumor tissue in response to overexpressed endogenous
enzymes. Critically, we observed low systemic toxicity in healthy mice following intravenous
administration, with the maximum tolerated dose (MTD) exceeding 240 mg/kg with respect to
paclitaxel. Furthermore, we observed efficacy against tumorigenesis paralleling that of paclitaxel
at equivalent intravenous dosing, and near complete tumor growth suppression when administered
intratumorally. This work represents a significant departure from traditional targeted drug delivery
systems and presents a new avenue of exploration for nanomedicine.
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The goal of nanomedicine is to treat disease through selective accumulation of therapeutics
in diseased tissue. Nanoparticles offer the potential to package large quantities of drug cargo
per carrier entity, to be decorated with targeting moieties in a multivalent fashion, and to
have the potential to decrease off-target effects associated with conventional treatment
regimes, while simultaneously increasing efficacy.[*] With respect to cancer therapy, the
enhanced permeability and retention (EPR) effect has been implicated, albeit somewhat
controversially,[2] as a mechanism by which nanomaterials accumulate in the fenestrated
vasculature of tumor tissue. However, among other factors, this effect is limited to diseases
that undergo rapid angiogenesis in their pathology.[3] Furthermore, the EPR effect is a
passive mechanism of accumulation. To achieve active targeting, nanoparticle drug carriers
have utilized receptor-mediated endocytosis[#! and hence, rely on the overexpression of
surface receptors on disease-associated cells. Therefore, researchers have focused on a
recurring set of ligand-receptor combinations, including RGD with integrin a,p3,[°] NGR
with aminopeptidase N,[®! and folic acid with the folate receptor.[”]

We envisioned a different targeting method, wherein an enzymatic signal endogenous to
tumor tissue directs a build-up of material selectively at the tumor site.[8: 9-11] Specifically,
we aimed to utilize matrix metalloproteinases (MMPs), overexpressed in an array of cancer
types and present as catalytic, extracellular or membrane-bound tumor markers.[12] In this
strategy, nanoparticles have shells decorated with peptides containing a substrate for MMPs.
Upon exposure to the enzyme, the materials undergo a nano- to microscale change in size,
coupled with a change in morphology!10l. In this way, the tumor guides the accumulation
process through MMP expression patterns resulting in active accumulation through catalytic
amplification. To date, we have demonstrated this targeting method for the accumulation of
fluorescent probes with the aim of developing approaches for guided surgery[131 and for
diagnostic purposes.[9-11]
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Given our experience with targeting fluorescent probes, we hypothesized that an MMP-
targeted nanoparticle platform could be employed as a tool for the delivery of
chemotherapeutics (Figure 1). Towards this end, we generated micellar nanoparticles
through the direct diblock copolymerization of a novel paclitaxel conjugate with a MMP
substrate (Figure 1A). Both functional monomers were synthesized as norbornene analogues
amenable to ring opening metathesis polymerization (ROMP),[14. 15. 161 tilizing a highly
functional group tolerant Ru-based initiator(1>: 17. 18] capable of producing polymers with
low dispersity in a highly reproducible manner.[28] The resulting amphiphilic block
copolymers assemble into micellar nanoparticles with a surface comprised of shell of MMP-
substrates and a hydrophobic paclitaxel core (Figure 1B). Notably, the drug is polymerized
directly and is covalently bound via a biodegradable ester linkage. Upon exposure to MMP,
the peptide shell is cleaved and the nanoparticles undergo a drastic change in morphology
from discrete, spherical micelles 20 nm in diameter to form micron-scale assemblies
visualized by transmission electron microscopy (Figure 1C-D).[10. 111 Thijs transition
amounts to a tumor-guided implantation of the polymer-bound drug conjugate via
intravenous (1V) injection.

We utilized paclitaxel (PTX) in the hydrophobic block of the copolymer and as the
therapeutic moiety in this motif, as it is a potent microtubule-stabilizing agent[1°l and
standard component of chemotherapy regimes for many malignant and metastatic cancers.
The free 2’-hydroxyl group of PTX is absolutely required for its antitumor activity[2%], but is
available for conjugation via a biodegradable ester formed with a carboxylic acid-
functionalized norbornene (PTX-norbornenyl ester). This ensures PTX is completely
inactivated, and thus is delivered as a prodrug prior to hydrolysis from the polymer scaffold.
The peptide sequence GPLGLAGGERDG was employed as the hydrophilic moiety and
MMP recognition sequence. The sequence was amenable to graft-through polymerization
affording precise control of the polymer chemistry and subsequent enzymatic

response.[16. 21]

Uniform nanoparticles with high drug loading (63% by weight per polymer) spontaneously
assembled upon dialysis of the copolymers initially dissolved in DMSO against aqueous
solution. Two analogous systems whose hydrophilic blocks were comprised of either all L-
or all D-amino acid peptides, were generated to afford enzyme-responsive or nonresponsive,
negative control nanoparticles respectively. Additionally, both systems were split into two
batches during polymerization of the second block, and terminated with either fluorescein or
rhodamine, which form a FRET pair when formulated into a single particlel® 10 to enable
tracking of these materials /7 vivo. With both responsive (NP ) and nonresponsive (NPp)
nanoparticles in hand, we confirmed the ability of these materials to respond to MMP and
aggregate /n vitro (Figure S1-S3). In summary, catalytic exposure of NP, to MMP-12 for 4
hours led to the aggregated material. Conversely, NPp showed no change in structure when
exposed to the same conditions. On the basis of these observations, we hypothesized that
NP_ would collect within tumor tissue upon IV injection, or be retained following
intratumoral (IT) injection. This would lead, in turn, to release of PTX within the tumor
tissue achieving a measurable therapeutic dose via hydrolysis induced by the tumor
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microenvironment. By contrast, NPp would not be retained, but rather clear from the tumor
tissue, before PTX hydrolysis and release could lead to a therapeutic dose.

We examined the safety and efficacy of PTX-loaded NPs in three proof-of-concept /n vivo
studies (Figure 2); 1) maximum tolerated dose (MTD) following IV administration 2)
efficacy post-1T injection and 3) efficacy post-1V injection. For these studies, employed an
HT-1080 fibrosarcoma xenograft cancer model known to overexpress MMPs[22] and to
rapidly proliferate in a predictable manner after subcutaneous implantation. All animal
procedures were approved by the University of California, San Diego's institutional animal
care and use committee (IACUC).

To examine the safety of our system, an MTD was determined in healthy nu/nu mice. In
animal models, toxicity was secondarily measured as a function of animal body weight,[23]
with lethality and/or weight loss of greater than 20% suggestive of severe adverse reactions.
The MTD in mice of clinically formulated PTX as a suspension in 1:1 Cremophor EL
(polyoxyethylated castor oil) to ethanol has been previously established as being in a range
between 10-30 mg/kg.[24] In our hands the clinical formulation had a MTD of 15 mg/kg
when administered via single tail-vein 1V injection. Conversely, we were able to administer
NP, via tail vein IV at a dose of 240 mg/kg. Therefore, NP_exhibited a MTD 16 times
greater than PTX without overt clinical toxicity, except for a 10% weight loss at 1 day with
slow recovery over the next 3 days (Figure 2A). This suggests our enzyme-responsive
materials are safely administered, even at exceptionally high doses. To examine efficacy,
NP_ was tested against NPp, clinically formulated PTX, and saline in a series of IV and IT
studies, with all injection concentrations standardized to the equivalent of a 15 mg/kg dose
of PTX. In brief, tumor xenografts of HT-1080 were established by inoculating each mouse
subcutaneously with ~10° cells. Drug treatments were initiated once the tumors reached
approximately 50 mm[3! in size. Tumor growth was assessed by daily measurement of tumor
diameter through B-Mode Ultrasound (US) (Figure S4).[25]

To confirm that morphology change is necessary to retain our materials and further, to
determine whether this accumulation event leads to a release of drug cargo at the tumor site,
we conducted an efficacy study in which the effect on tumor growth of NP, was compared
to that of both NPp and saline (negative control) following IT injection. Live-animal
fluorescence imaging (Figure S5) was used to monitor the retention of our materials post-
injection as a function of FRET (Forster Resonance Energy Transfer) signal with the
eXplore Optix preclinical scanner (Agx= 470 nm and Aem= 590 nm). Briefly, PTX-
nanoparticles contained both fluorescein- and rhodamine-labeled polymers, as these
molecules form a FRET pair. We monitored the presence of a viable FRET signal by
exciting the donor at 470 nm and monitoring the emission of the acceptor at 590 nm. FRET
is only manifest when donor and acceptor molecules are within the Forster radius, as they
are in these materials. The use of a FRET signal, rather than a single-dye system, eliminates
much of the background signal caused by autofluorescence. As shown in Figure 3, FRET is
observable up to 5 days following 1V injection of NP, , suggesting that these materials are
accumulating and being retained over a long time-scale. Importantly, FRET is only observed
for the first 5 hours following 1V injection of NPp, indicative of rapid clearance of the
material, presumably due to the lack of MMP-induced morphology change. Excitingly, we
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observed superior tumor growth suppression by NP, up to 12 days post-injection, and in
fact, one animal in the cohort experienced complete remission beyond two months post-
treatment (Figure 2B). Conversely, there is no observable difference between NPp and saline
throughout the duration of the study. These results provide evidence that morphology change
is required for the function of these materials.

Further evidence of efficacy was elucidated through a preliminary 1V study. The effect on
tumorigenesis of NP was compared to that of clinically formulated PTX (positive control)
and of saline (negative control), following a single tail vein IV injection (Figure 2C). In the
literature, it is accepted that /7 vivo tumor growth follows an exponential curve until it
reaches a lethal tumor volume of 10 cells (1 cubic centimeter).[26] After 10 days post-
injection, mice in the saline cohort experienced rapid proliferation until reaching nearly
lethal tumor volume within 14 days. By contrast, NP successfully suppressed tumor growth
for up to two weeks post-treatment, and in fact, paralleled that of PTX, within standard error,
throughout the duration of the study. This, coupled with the MTD data, suggests that at
equivalent doses, enzyme-responsive nanoparticle scaffolds have potentially very low
toxicity for equivalent efficacy.

In conjunction with the 1V efficacy study, the targeting capabilities of our materials
following IV injection were analyzed via live animal fluorescence imaging to monitor for
FRET signal generation at the tumor site. Indeed, a FRET signal is generated at the tumor
within 3 hours post-injection, and remains observable for up to 3 days (see Sl). Furthermore,
ex vivotissue analysis of animals sacrificed at 14 days post-injection shows the highest
fluorescence signal intensity in the excised tumors, with fluorescence observed to a lesser
extent in the liver, spleen, and kidneys (Figure 3, Figure S6). This suggests that a mode of
clearance of our system is through the reticuloendothelial system (RES).[27] However, the
limited toxicity established in the MTD study suggests that although RES-associated organs
may sequester these materials, they are not being processed to release their payloads at off-
target sites at a rate high enough to achieve toxic doses in the animals. Full pharmacokinetic
analysis is underway to further elucidate the underlying mechanisms of these findings.

Together, the foregoing results demonstrate that this novel, innovative class of nanoscale
carrier is capable of transporting small molecule chemotherapeutics specifically and
selectively to the disease site while limiting off-target toxicity. A distinct advantage of this
system is that therapeutic moieties are incorporated into the nanoparticle scaffold via labile
covalent bonds enabling high drug-loading, highly reproducible synthesis, and no observable
release of material until accumulation occurs at the tumor site. Furthermore, these systems
are potentially generalizable, as any therapeutic capable of conjugation to a norbornene
handle can be incorporated into the center of the nanoparticle scaffold. Future studies will
center on the optimization of this system, and include investigation of higher PTX doses,
exploration of the effect of surface chemistry on RES uptake, and tuning the biodegradation
of the drug-to-polymer bond via incorporation of linkages sensitive to other stimuli present
in tumor tissue, such as lowered pH and oxidative stress. Finally, we note the promising
effects observed for IT administration. Although 1V administration is certainly the gold
standard for development of chemotherapeutics, there are several instances in which IT
administration is used clinically, and is highly efficacious against primary and metastatic
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disease,[28] thus this route may prove a powerful translational tool. In summary, the system
introduced here constitutes a new paradigm in the design of drug-carrying nanomaterials: the
use of switchable morphology to guide /7 vivo accumulation for enhanced safety and
efficacy.
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Figure 1.
Synthesis of drug-loaded, enzyme responsive micellar nanoparticles. A) Polymerization

scheme of enzyme-responsive, paclitaxel-conjugated diblock copolymers. B) Nanoparticles
assemble, and subsequently change morphology in response to MMP. C) TEM image (dry
state, negative uranyl acetate stain) of NP, before and D) after exposure to MMP,
demonstrating enzyme-induced morphology change.
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Figure2.
A) Maximum Tolerated Dose (MTD) of 1V injection of NP_ and clinically formulated PTX.

Note: LD50 of clinical PTX is 30 mg/kg and MTD is 15 mg/kg. B) Comparison of NP, to
NPp following IT injection. NP, effectively inhibits tumor growth up to 12 days post-
injection, whereas NPy has no observable effect. Note: clinical paclitaxel cannot be IT
injected without severe adverse effects (ulceration). C) Comparison of NP, and NPy vs.
clinical paclitaxel following IV injection.
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Ex vivotissue analysis. Fluorescence imaging of A) NP B) NP and C) saline cohorts at
14 days post-1V injection. Organs were imaged immediately after excision, and include
tumor, liver, spleen, kidneys, heart, and lung, from top to bottom in each panel.
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