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Polymeric nanoscale materials able to target and accumulate in the
tumor microenvironment (TME) offer promising routes for a safer
delivery of anticancer drugs. By reaching their targets before
significant amounts of drug are released, such materials can reduce
off-target side effects and maximize drug concentration in the TME.
However, poor drug loading capacity and inefficient nanomaterial
penetration into the tumor can limit their therapeutic efficacy.
Herein, we provide a novel approach to achieve high loading
profiles while ensuring fast and efficient drug penetration in the
tumor. This is achieved by co-polymerizing light-sensitive paclitaxel
with monomers responsive to tumor-associated enzymes, and
assembling the resulting di-block copolymers into spherical
micelles. While light exposure enables paclitaxel to decouple from
the polymeric backbone into light-activated micelles, enzymatic
digestion in the TME initiates its burst release. Through a series of
in vitro cytotoxicity assays, we demonstrate that these light-switch
micelles hold greater potency than covalently linked, non-triggered
micelles, and enable therapeutic profiles comparable to that of the
free drug.

Introduction

Polymeric nanocarriers have the potential to enhance drug solubility
and improve selectivity thereby reducing off-target side effects.’* In
some applications, formulations of this kind are proposed for the
storage of otherwise toxic small molecule therapeutics in the
nanocarrier’s core. By reaching their targets before significant
amounts of drug are released, such nanomaterials have the potential
to reduce off-target side effects and maximize drug concentration in
the tumor microenvironment (TME). Therefore, targeting and
retention of nanoparticles in the TME has recently emerged as a
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potential route toward safer delivery of anticancer drugs,
immunotherapeutics or combinations.>® However, although TME
targeting can enhance selectivity, nanoparticles accumulation mainly
remains confined at the edge of the tumor mass. Simply,
nanomaterials typically suffer from low penetration into the tumor,
resulting in low uptake by cancer cells and poor treatment
outcomes.1014 Although smaller nanoparticles tend to diffuse better,
they are also more susceptible to fast clearance from the TME,*3 and
end up being less active than their readily-internalized small-
molecule counterparts.

Our laboratory has pioneered a polymeric nanoparticle delivery
system that responds to matrix metalloproteinases (MMPs),15-2
which are overexpressed in the TME of many cancer types and other
inflammatory diseases including myocardial infarction.22 20. 23 The
response involves a phase transition that localizes and retains such
drug depots within diseased tissues.'>29 These materials have been
prepared through the assembly of amphiphilic di-block copolymers
to generate spherical micelles. While the therapeutic of interest can

be covalently conjugated to the hydrophobic block, the hydrophilic
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Figure 1. Light-activable micelles (LAMs) for the delivery of
paclitaxel (PTX) to the tumor microenvironment (TME). Schematic
representation of the enzyme-responsive LAMs. UV irradiation of
inactive micelles (IMs) causes PTX cleavage and release into the
hydrophobic pocket switching IMs to active micelles (AMs).
Cleavage of the outer peptide shell by proteases results in a
morphological switch and burst PTX release.
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portion of the polymer, forming the shell of the micelle, is comprised
of MMP-responsive peptides. Enzymatic cleavage of the outer shell
of the nanoparticles in the TME results in a transition from small (20-
40 nm) spherical nanoparticles to micrometer-scale scaffolds that
can be retained for several weeks in the TME, where they can slowly
release the loaded therapeutics.’® While such approach can
selectively localize therapeutics in the TME, a faster drug release is
desirable to enable efficient chemotherapy penetration within the
tumor.

Herein, we developed an MMP-responsive delivery system in
which the model drug paclitaxel (PTX) is conjugated to the polymer
backbone via a light-sensitive linker and incorporated by direct
polymerization of a paclitaxel-modified monomer (Figure 1). Such
polymers assemble into inactive micelles (IMs) with high drug loading
(52 % by weight per polymer) when in aqueous solution. As a result,
micelles activation prior to administration can be triggered using UV
irradiation,?*2% allowing PTX release from the backbone of the
polymer and generating a non-covalently encapsulated drug within
the core of the micelle. Proteolytic cleavage of the micelle shell (at
peptide substrates) in the TME subsequently drives micelle
disruption, transition into microscale scaffolds and burst PTX release.

Overall, the decoupling-disassembling two-stage approach
presented in this work provides a novel generalized route benefiting
from the upsides of direct polymerization and characterized by high
efficiency drug release in response to tumor associated enzymes. In
particular, we investigate this novel class of responsive micelles using
multiple imaging techniques and determine their activity upon
exposure to both endogenous and exogenous triggers in a model
cancer cell line.

Result and discussion

Light-activatable block co-polymers were designed such that the
hydrophobic drug PTX is conjugated to the norbornene monomer via
the UV-cleavable, 4-(hydroxymethyl)-3-nitrobenzoic acid group
(Figure 2 in red, Scheme S1, Figure S1-S3).2% 27 28 The peptide
sequence GPLGLAGGERDG was employed as the hydrophilic moiety
and as a MMP recognition sequence (Figure 2 in blue and Figure S4-
§5).1° Ring opening metathesis polymerization (ROMP) allowed
precise control over the polymerization in particular owing to the
functional group tolerance, which allow peptide incorporation in a
precise and controlled manner and subsequent enzymatic response
(Figure 2, Figure S6 and Table S1).2°32 Lengths of the di-blocks were
optimized to obtain stable nanoparticle suspensions that could be
stored for several months. An additional monomer containing a NIR
Cy5.5 fluorophore (Nor-Cy5.5) was also incorporated at the end of
the polymerization allowing imaging of the conformational switch by
fluorescence microscopy (Figure 2 and Figure S7-S8).%°

Upon polymerization, the resulting block co-polymers were
in DMF and DPBS was added
ultrasonication over a period of a minute. The resulting

dissolved slowly under
solutions were dialyzed against PBS over two days to form
micellar nanoparticles (Figure 3). Both dynamic light scattering
(DLS) and transmission electron microscopy (TEM) (Figure 3A
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Figure 2. Synthesis of light-activable block copolymers (LAPs). Ring-
opening metathesis polymerization (ROMP) of functionalized
monomers lead to the incorporation of (i) (PTX) containing the UV-
cleavable linker (red), (ii)) MMP-responsive peptide (blue) and (iii)
NIR Cy5.5 fluorescent dye (green). Polymerizations were terminated
via the addition of (iv) ethyl vinyl ether.

and Figure 3D) confirmed the formation of nano-sized micelles
IMs) by
copolymers. Upon 30 min irradiation (365 nm) to cleave PTX
from the polymer it within the
hydrophobic core of the micelles, the generated activated
(AMs) their
comparable size as determined by both DLS and TEM (Figure 3B

(inactive micelles, self-assembly of the block

backbone and release

micelles maintained spherical shape and
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Figure 3. Enzyme-triggered size and morphology switch of
LAMs. A) Size of inactive micelles (IMs), B) size of active micelles
(AMs) before and C) after 18 h incubation with the model enzyme
thermolysin as determined by dynamic light scattering (DLS)
measurements. Changes in  micelles morphology was
investigated via both (D-F) dry state transmission electron
microscopy (TEM) imaging (scale bars 200 nm), as well as
confocal fluorescence microscopy of Cy5.5 labeled micelles in
PBS G) before and H) after enzymatic cleavage. All settings were
kept constant between images. Scale bars 50 pm and 10 pm.
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Figure 4. UV irradiation triggers PTX cleavage from the polymer
backbone and results in micelles activation. (A) RP-HPLC traces of
IMs before and (B) after 30 min UV irradiation at 365 nm (AMs). (C)
RP-HPLC traces of the filtrate deriving from AM centrifugal filtration.
RP-HPLC gradient: 10 to 80 % acetonitrile in 45 min. (D) ESI-MS
spectra of the peak eluted at R; 24.5 min in the chromatogram
reported in (C): PTX [M+H]* = 854.35.

and 3E). While AMs maintained their structure and morphology
after UV irradiation (365 nm), a change in morphology occurred
upon AM treatment with proteolytic enzyme (Figure 3C, Figure
3F and Figure S9). For these studies, thermolysin was used as a
model enzyme as it cleaves in the same position as MMP-9, but
it is a more robust enzyme for in vitro studies.’®

RP-HPLC analysis (Figure 4A and Figure S15) confirmed that
UV irradiation is required to cleave PTX from the polymer
backbone and release it into the AM core. RP-HPLC traces of
irradiated AM show a very distinct PTX peak (Figure 4B), also
confirmed via ESI-MS spectrometry (Figure 4D and Figure S16).
In addition, analysis of the filtrate solution upon centrifugal
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filtration of AMs suggests that UV irradiation did not result in
PTX leakage from the AM (Figure 4C).

Efficient micelle disruption and concomitant polymer
reorganization upon enzymatic cleavage of the peptide
hydrophilic shell was further characterized by fluorescence
microscopy of Cy5.5 labeled micelles. Small spherical micelles
initially appeared as tiny punctate dots (Figure 3G) and
transitioned to microscale fluorescent assemblies upon
enzymatic digestion (Figure 3H). This result was further
confirmed by the detection of the cleaved peptide fragment in
the solution as demonstrated by HPLC and ESI-MS studies
(Figure S9). All together these results validate the successful
light-induced cleavage of PTX from the polymer backbone and
its release and accumulation into the AM core. This represents
the first step of a drug delivery strategy where the efficient PTX
trapping within hydrophobic pockets is followed by enzyme-
directed morphological transition and PTX release.

Next, in vitro activity experiments were performed to evaluate
AM cytotoxicity in the presence of the enzymatic trigger. Efficacy was
determined in vitro via cell viability assays performed using HT1080
fibrosarcoma cells, which overexpress MMPs. This cell line has been
widely used to evaluate the performance of MMP-responsive drug
delivery systems both in vitro as well as in vivo.1% 1633, 34 Ester-linked
micelles (EMs), in which PTX is covalently conjugated to the
hydrophobic portion of the polymer backbone via an ester bond
were prepared as a control (Figure 5A, Schemes S4-S5, Figures S10-
$12 and Table S2). Ester bonds have been previously employed to
release drugs in a slow and sustained manner.8 192135 Both control
EM and LAM were administered to HT1080 cells either before
(inactive micelles, IMs) or after light irradiation (active micelles, AMs).
MMPs released by HT1080 cells into the media were expected to
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Figure 5. LAMs cytotoxicity in HT1080 cell line is comparable to that of free PTX. (A) Structure of the control ester di-block copolymer (EP)
and B) DLS before (blue) and after (red) enzymatic cleavage. (C) Live fluorescence imaging of the resulting Cy 5.5-labeled EMs in cell medium
after 24 h incubation with HT-1080 cells. Micelle aggregates are indicated in red (Cy5.5) and the cell nuclei are stained in blue (Hoechst). Scale
bars 10 um. Transmitted light images as well as more examples are reported in the Supporting Information. (D) HT1080 cell viability upon
treatment with either EMs or free PTX. Cell viability was determined after 72 h via Cell Titer Blue (CTB) assay and the reported curves are the
result of independent triplicate experiments with each condition performed in triplicate. The same results for LAMs before and after UV or
both UV and enzymatic degradation are reported in the bottom panel (E-H).
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trigger a morphological change of such formulations with
consequent PTX release. Given that MMP expression within in vitro
experiments is generally lower than the in vivo microenvironments,
a positive control in which AMs were enzymatically pre-treated was
included as a comparison (Figure 5B and Figure 5F). The PTX
concentration range was selected based on previous studies and
polymer dose was adjusted based on PTX functionalization.33
Fluorescence microscopy of HT-1080 cells incubated for 72 h with
either Cy5.5-labeled LAMs or EMs, revealed the presence of
microscale fluorescent aggregates within the cell media, appearing
both intra- and extracellular (Figure 5C and Figure 5G and Figure
S$17). While both treatments had comparable appearance, cell
viability, determined via Cell Titer Blue (CTB) assay, revealed a
remarkable difference. While free PTX treatment resulted in a
dramatic reduction of cell proliferation at low nanomolar
concentrations, the control EM showed no effect on cell viability for
all tested conditions and concentrations. This was observed even
upon enzymatic pre-treatment. This result indicates that,
independently of the formulation (nanoparticle vs microscale
assembly), the slow PTX release from polymer backbones via ester
bond hydrolysis limits efficacy. By comparison, UV irradiated AMs
resulted in lower cell viability, which is comparable to that obtained
for cells incubated with free PTX, especially at higher tested
concentrations. This effect was further confirmed by analysis of cells
incubated with AMs that underwent enzymatic pre-treatment.

Conclusion

Assemblies in which the drug is covalently bound to the polymer
backbone in an inactive form and that can be readily activated and
disassembled are highly desirable to obtain excellent safety profiles
and therapeutic efficacy. In this work, such a delivery system was
developed by combining direct polymerization of drug monomers,
light-induced release of the cargo in the micelle core, and enzyme-
driven micelle disruption. In vitro analysis of the light-activated
micelles (AMs) in MMP-expressing HT-1080 fibrosarcoma model cell
line led to toxicity comparable to that of free PTX. Such an effect
could not be achieved without light switched unloading of the
covalently bound, core linked drug. This work provides a proof-of-
concept towards high loading capacity nanocarriers characterized by
greater potency than covalently linked, non-triggered micelles, and
enabling therapeutic profiles comparable to that of the free drug.
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