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ABSTRACT: The rational design of theranostic nanoparticles exhibiting synergistic
turn-on of therapeutic potency and enhanced diagnostic imaging in response to
tumor milieu is critical for efficient personalized cancer chemotherapy. We herein
fabricate self-reporting theranostic drug nanocarriers based on hyperbranched
polyprodrug amphiphiles (hPAs) consisting of hyperbranched cores conjugated with
reduction-activatable camptothecin prodrugs and magnetic resonance (MR) imaging
contrast agent (Gd complex), and hydrophilic coronas functionalized with guanidine
residues. Upon cellular internalization, reductive milieu-actuated release of anticancer
drug in the active form, activation of therapeutic efficacy (>70-fold enhancement in
cytotoxicity), and turn-on of MR imaging (~9.6-fold increase in T relaxivity) were
simultaneously achieved in the simulated cytosol milieu. In addition, guanidine-
decorated hPAs exhibited extended blood circulation with a half-life up to ~9.8 h and
excellent tumor cell penetration potency. The hyperbranched chain topology thus

% 5 Yod

s

MR Imaging Dry
Turn-On

ii : Nucleus E\

Drug  we
Activation

Gd DOTA(GA)

ca\’ %
*ad

Gd Disintegrat

Caged Drug ¥ Active Drug

Cytosol
GSH ~10 mM

#

GPMA

provides a novel theranostic polyprodrug platform for synergistic imaging/chemotherapy and enhanced tumor uptake.

B INTRODUCTION

With the rapid progress of nanomedicine, polymeric drug
nanocarriers have held great promise to address intrinsic
limitations associated with small molecule anticancer drugs,
such as poor water solubility, undesired pharmacokinetics, and
severe side effects.’ Up to now, synthetic polymers with various
architectures, including linear, miktoarm, star, and branched
polymers and dendrimers as well as their supramolecular
assemblies (e.g., micelles and vesicles), have been explored as
scaffolds for physical encapsulation or covalent conjugation of
chemotherapeutic drugs, aiming to achieve enhanced water
solubility, high loading capacity, sustained or triggered release,
and site-specific accumulation within tumor tissues.” Among
these, branched and hyperbranched polymers lead to drastic
increase in blood circulation duration due to elevated chain
flexibility and deformability, as compared with their linear
counterparts.” However, although PEGylated poly(1-lysine)
(PLL) dendrimers conjugated with camptothecin (CPT)
anticancer drug possessed extended blood circulation, this
system exhibited undefined drug metabolism pathways,
uncontrolled release profile, and relatively low drug loadings.
These major issues remain to be solved for the optimum design
of polymeric drug delivery systems.”

On the other hand, polymeric drug delivery systems
integrated with diagnostic imaging functions have emerged as
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an important strategy for more effective personalized treat-
ment.” These theranostic platforms allow for concurrent
monitoring and treatment at the lesion site. As one of the
most powerful and clinically applied medical diagnostic
techniques, magnetic resonance (MR) imaging is noninvasive
and possesses high spatiotemporal resolution and imaging
sensitivity.” Accordingly, MR imaging contrast agents and
therapeutic drugs were co-loaded into a polymeric delivery
matrix with varying chain topologies to achieve integrated
theranostic functions.

Concerning chain architectural effects, previous reports
revealed distinct advantages in MR relaxivity modulation for
macromolecular ligands with nonlinear chain topologies
compared to their linear and small molecule counterparts.®®
Furthermore, polymeric systems with MR imaging contrast
effects being responsive to external pathological milieu are
highly desired due to advantages such as low background
signals and enhanced sensitivity, but this emerging field has
been far less explored.” In the context of polymeric theranostic
systems, it has remained a considerable challenge to
concurrently synchronize the triggered drug release process
with prominent changes in MR imaging signa.ls.10 Thus, the
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integrated MR imaging mode can simultaneously monitor both
drug release and therapeutic feedback.

In view of our previous works concerning linear polyprodrug
amphiphiles'' as well as stimuli-switchable MR and fluores-
cence dual imaging polymeric nanocarriers,* and given that
branched/hyperbranched polymer-drug conjugates possess
extended blood circulation, we propose the concept of
theranostic hyperbranched polyprodrug amphiphiles (hPAs)
with hydrophobic cores polymerized from CPT prodrug
monomer and covalently tethered with Gd complex as MR
imaging contrast agents (Scheme 1). The extremely hydro-

Scheme 1. Schematic Illustration of Polyprodrug
Unimolecular Micelles with Hyperbranched Cores
Conjugated with DOTA(Gd) and Reductive Milieu-
Cleavable Camptothecin Prodrugs and Hydrophilic Coronas
Functionalized with Guanidine Residues”
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“Structurally stable theranostic unimolecular micelles with prolonged
blood circulation and cellular internalization features exhibit reductive
cytosol milieu-triggered disintegration of hyperbranched cores and
release of active CPT drugs, accompanied with distinct turn-on of
magnetic resonance imaging signals due to hydrophobic-to-hydrophilic
transition of the local milieu surrounding the DOTA(Gd) complex.

phobic CPT prodrugs located within hyperbranched cores can
avoid interactions between CPT and blood components to
optimize pharmacokinetics and preclude CPT from undesired
conversion into the inactive carboxylate form.'”” The poly-
prodrug strategy possesses combined advantages such as facile
preparation, high drug loading, caged drug activity, and
triggered release of drugs in the active form.'”" The
hyperbranched polyprodrug cores serve as the embedding
matrix for T)-type MR contrast agents to weaken MR
background signals. Herein, we report the fabrication and
theranostic functions of hPAs including h-P(CPTM-co-DOTA-
(Gd))-b-P(OEGMA-co-GPMA) (hPA-2), where CPTM is the
polymerizable monomer of CPT prodrug, OEGMA is oligo-
(ethylene glycol) monomethyl ether methacrylate, and GPMA
is guanidinopropyl methacrylamide. In aqueous media, hPA-2
existed as structurally stable unimolecular micelles with
hydrophilic coronas covalently modified with guanidine
moieties. Under physiological condition, the CPT drug was
caged and the therapeutic efficacy was silenced. For Gd(III)
moieties conjugated onto hyperbranched cores, the hydro-
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phobic polyprodrug matrix will greatly hinder the exchange of
water molecules surrounding Gd complex, thus reducing
background MR signals during blood circulation. Upon
tumor cell internalization, CPT release from hPA-2 will be
triggered by the reductive milieu (e.g., cytosol GSH ~10 mM),
resulting in the boosting of chemotherapeutic efficacy.
Synchronously, MR contrast performance can be enhanced
(~9.6-fold) due to the hydrophobic-to-hydrophilic transition of
hyperbranched cores (Scheme 2B). In addition, guanidine

Scheme 2. (A) Reaction Schemes Employed for the
Synthesis of Hyperbranched Polyprodrug Amphiphiles, h-
P(CPTM-co-DOTA(Gd))-b-P(OEGMA-co-GPMA) (hPA-2),
and (B) Proposed Mechanism of Reductively Activated CPT
Parent Drug Release in Cytosol Milieu from Hyperbranched
Polyprodrug Cores and Concurrent Hydrophobic—
Hydrophilic Transition of the Local Milieu Surrounding the
Gd Complex
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moieties within coronas and the hyperbranched topology
endow hPA-2 with tumor cell penetration potency, but with no
loss of the extended blood circulation feature.

B RESULTS AND DISCUSSION

Hyperbranched polyprodrug h-P(CPTM-co-GMA) cores were
synthesized at first via inimer-type reversible addition—
fragmentation chain transfer (RAFT) copolymerization of
CPTM and glycidyl methacrylate (GMA); the subsequent
RAFT copolymerization of OEGMA and GPMA using h-
P(CPTM-co-GMA) macroRAFT agent afforded h-P(CPTM-co-
GMA)-b-P(OEGMA-co-GPMA), hPA-1; upon further azida-
tion of GMA and click reaction with alkynyl-functionalized
DOTA(Gd), theranostic polyprodrug hPA-2 with a relatively
high drug loading content (~17.3 wt%) was obtained (Scheme
2A). The prodrug monomer (CPTM) containing a reduction-
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cleavable disulfide linker and a carbonate moiety, both
contributing to the self-immolative cleavage feature,'* was
synthesized in high yield.'"' The RAFT agent containing a
polymerizable methacrylate moiety (inimer, CTA) was utilized
to generate hyperbranched cores through copolymerization
with CP'TM and GMA." The hyperbranched polyprodrug was
denoted as h-P(CPTM,g;3-co-GMAy ;)15 and shortened as h-
P(CPTM-co-GMA) (Supporting Information, Figures Sla and
S2a).

After that, h-P(CPTM-co-GMA) was employed as a
macroRAFT agent to mediate the copolymerization of
OEGMA and GPMA to grow hydrophilic corona chains
(Scheme 2A). The appearance of new resonance signals
characteristic of OEGMA and GPMA moieties in the 'H
NMR spectrum confirmed the successful polymerization
(Supporting Information, Figure S1b). Guanidine-decorated
h-P(CPTM-co-GMA)-b-P(OEGMA-co-GPMA), hPA-1, was
further characterized by gel permeation chromatography in
combination with multi-angle light scattering (GPC/MALS)
(Figure S2c and Table 1). Subsequently, the azidation reaction

Table 1. Structural Parameters of Polymer Precursors and
Hyperbranched Polyprodrug Amphiphiles

Myon”  Muac® M,/ DLC?
entry samples (kDa) (kDa) M, (%)
/ h-P(CPTM-co-GMA) 62.3 417 139 557
hPA-1  h-P(CPTM-co-GMA)-b- 187.4 176 128 185
P(OEGMA-co-GPMA)

hPA-2  h-P(CPTM-co- -t 213 129 173
DOTA(GA))-b-
P(OEGMA-co-GPMA)

/ h-P(CPTM-co-GMA)-b- 185.8 165 130 187
POEGMA

hPA-3  h-P(CPTM-co- -b 207 131 175
DOTA(Gd))-b-
POEGMA

“Number-average molecular weights determined by '"H NMR. bGd-
containing polymers (hPA-2 and hPA-3) cannot be analyzed by 'H
NMR. “Molecular weights and molecular weight distributions, M,,/M,,
were evaluated by GPC/MALS. dDrug loading content (DLC) was
calculated as the ratio of conjugated drug weight to the weight of
hyperbranched polyprodrug amphiphiles.

of hPA-1 was conducted and the formation of h-P(CPTM-co-
GMA-N;)-b-P(OEGMA-co-GPMA) was evidenced by the
characteristic infrared absorption band of azide at ~2100
cm™' (Supporting Information, Figure S3b). Finally, the click
reaction with alkynyl-DOTA(Gd) afforded hPA-2. FT-IR
spectrum further verified quantitative azide transformation
and complete removal of excess alkynyl-DOTA(Gd) (Support-
ing Information, Figure S3c). In addition, GPC analysis of hPA-
2 revealed an obvious shift to the higher MW side compared
with that of hPA-1 (Supporting Information, Figure S2e vs
S2c). The Gd content in hPA-2 was determined to be ~1.6 wt
% by ICP-AES measurements. Following similar procedures,
guanidine-free polyprodrug hPA-3, h-P(CPTM-co-DOTA-
(Gd))-b-POEGMA, was also synthesized (Supporting Informa-
tion, Figures Slc and S2d, and Table 1).

For the hyperbranched star copolymer hPA-2, it contains
caged CPT prodrugs and conjugated MR contrast agents in the
hydrophobic cores, as well as guanidine-decorated hydrophilic
coronas (Schemes 1 and 2). The multi- or uni-molecular
aggregation behavior of hPA-2 in aqueous media was then
explored via the conventional cosolvent (THF) approach. TEM

364

observation revealed the presence of fairly monodisperse and
spherical nanoparticles with an average diameter of ~25 nm
(Figure 1A). Moreover, dynamic light scattering (DLS)
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Figure 1. (A) TEM image obtained by drying the aqueous dispersion
of hPA-2 polyprodrug unimolecular micelles. (B) Hydrodynamic
diameter distributions, <D, >, recorded for hPA-2 in water and THF,
respectively. (C) Time-dependent scattered light intensities and
intensity-average hydrodynamic diameters, <D;>, determined by
DLS for 0.1 g/L aqueous solution of hPA-2 upon treating with (@)
0 mM DTT and (M) 10 mM DTT in PBS buffer (pH 7.4 and 37 °C).
(D) CPT release profiles recorded for hPA-2 solution in PBS buffer
upon treating with DTT of varying concentrations: (¥r) 0 mM DTT,
(O) 2 uM DTT, (O) 5 mM DTT, and (A) 10 mM DTT.

measurements revealed that the intensity-average hydro-
dynamic diameter of hPA-2 increased from ~57 nm in water
to ~71 nm in THF, which should be ascribed to the swelling of
hyperbranched polyprodrug cores (Figure 1B). Based on the
above results, we concluded that hPA-2 existed as covalently
interconnected unimolecular micelles in aqueous media.'®
Reductively activated CPT release was initiated by disulfide
bond cleavage, and the released thiol was expected to cyclize
into the proximate carbonyl group within the self-immolative
linker, affording CPT parent drug and cyclic thiocarbonate
(Scheme 2B);'"'” meanwhile, in an alternative mechanism
possibly combined with the former one, the sequential release
of thiirane and carbon dioxide also led to CPT release.'® In
consideration of disulfide-associated self-immolative linkages in
CPTM prodrug moieties within hyperbranched cores, DLS was
employed to monitor reduction-responsive degradation of
hPA-2 under simulated tumor cytosol reductive milieu (Figure
1C). Upon incubation with 10 mM DTT, scattered light
intensity decreased drastically during the initial 6 h, then further
decreased to ~34% at 24 h; meanwhile, (D,) decreased from
~56 nm to ~42 nm in the same period. However, in the
absence of DTT, both size and scattered light intensity kept
almost unchanged, exhibiting excellent stability under non-
reductive physiological conditions. The structural stability of
hPA-2 polyprodrug unimolecular micelles is thus a great
advantage compared to conventional block copolymer micelles
or vesicles. CPT release profiles of hPA-2 were also measured.
As shown in Figure 1D, less than 5% cumulative CPT release
was observed in the absence of DTT or in the presence of 2
UM DTT after 94 h incubation, implying minimal drug leakage
during blood circulation. The general trend is that higher DTT
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levels lead to faster release of CPT in the active form. Upon 24
h incubation with 10 mM DTT, up to ~60% cumulative CPT
release in a controlled manner was achieved.

We further explored MR imaging contrast performance of
hPAs in response to the reductive milieu. Typical T}-weighted
spin—echo MR images recorded for aqueous dispersions of
hPA-2 at varying Gd®" and DTT contents were measured
(Figure 2A). For small molecule alkynyl-DOTA(GJ), positive

A
3+
i [ o [o]ofolo]o]
0

0.01

B
4

v DOTAGd)r,=3.12mM's”
OmM r,=339mM"s"
3te 2uM r, =403 mM"s"
A 5mMr =2684mM's"
o« 10mM r,=2082mM"s"

20mM r, =3597mM"s”
1F

001 002 003 004 0.05

[Gd"]/mM

Figure 2. (A) T,-weighted spin—echo MR images of (a) small
molecule alkynyl DOTA(Gd) complex and hPA-2 after incubating
with (b) 0 mM, (c) 2 uM, (d) S mM, (e) 10 mM, and (f) 20 mM
DTT for 12 h with [Gd*"] in the range of 0—0.05 mM (from top to
down). (B) Water proton longitudinal relaxation rates (1/T) of small-
molecule alkynyl-DOTA(Gd) complex and hPA-2 after treating with
DTT (0—20 mM) as a function of Gd** concentrations. (C) MR
images recorded for (a) untreated HepG2 cells, (b) HepG2 cells
treated with hPA-2 for 12 h, and (c) HepG2 cells pretreated with 10
mM GSH-OEt for 2 h to elevate intracellular GSH level, and then
coincubated with hPA-2 for 12 h.

contrast enhancement of MR signals was quite obvious upon
elevating concentrations. When treated with DTT, hPA-based
contrast agents in the same Gd** range exhibited substantially
enhanced MR signal contrast, and higher DTT levels lead to
more positive imaging contrast. Quantitative analysis was
further applied (Figure 2B). Upon increasing DTT levels, T,
relaxivity (r;) of hPA-2 increased from 3.39 mM ™' s™! at 0 mM
DTT to 403 mM™' s™' at 2 uM DTT (corresponding to the
blood circulation condition), which were quite comparable to
small molecule alkynyl-DOTA(Gd) (3.12 mM ™' s7"); however,
ry increased to 29.92 mM ' s™" at 10 mM DTT and even up to
3597 mM ™! s7! at 20 mM DTT. Thus, ~9.6-fold enhancement
in T relaxivity was obtained for hPA-2 unimolecular micelles at
10 mM DTT relative to that of alkynyl-DOTA(Gd), and ~7.4-
fold improvement compared to that under simulated blood
circulation condition.

Before reductive milieu-responsive CPT release, Gd complex
was located within hydrophobic and hyperbranched cores with
their local rotational mobility being greatly restricted. This will
considerably affect the exchange between bulk and bound water
molecules surrounding Gd complex and counteract the positive
contribution from the enrichment of Gd complex within
hyperbranched cores. On the other hand, the core hydro-
phobicity mainly originate from CPTM residues, thus upon
cytosol reductive milieu-triggered CPT release, the hyper-
branched cores were subjected to hydrophobic-to-hydrophilic
transition and became water-swollen (Scheme 2B). Thus, upon
increasing DTT levels, prominent enhancement of relaxation
rate occurred. Since triggered CPT release was synchronously
associated with MR contrast enhancement, multifunctional
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hPAs can serve as MR-image guided self-reporting drug
delivery nanocarriers. Next, reductive milieu-responsive MR
contrast turn-on was confirmed by cellular MR imaging
experiments upon incubating HepG2 cells with hPA-2 (Figure
2C). Compared to the untreated control, better cellular MR
contrast was observed for cells upon hPA-2 internalization. In
addition, HepG2 cells pretreated with GSH-OEt to increase the
intracellular GSH level displayed more positive contrast, further
verifying the activation of MR contrast in response to tumor
intracellular reductive milieu for hPAs.

Since cellular uptake of polymeric nanocarriers follows
diverse pathways, which considerably affects their destination
and the final fate."” Guanidine residues are known to enhance
cellular internalization potency of nanocarriers regardless of the
scaffold.”® Thus, cellular uptake of guanidine-decorated hPA-2
was examined in detail against HepG2 cells by confocal laser
scanning microscopy (CLSM), using guanidine-free hPA-3 as a
control. The uptake kinetics was quantified by the evolution of
fluorescence intensity and localization of blue-emitting CPT
emission channel. Late endosomes and lysosomes were stained
with LysoTracker Red (Figure 3A). Upon co-incubation with
hPA-2 for 2 h, substantial cellular uptake into HepG2 cells was
observed, exhibiting a low colocalization ratio (~30%) between
blue CPT emission and LysoTracker Red-stained endolyso-
somes. Extending the incubation time to 4 h, cellular uptake to
a higher extent was observed with stronger blue emission in the
cytosol. At 12 h incubation, quite intense blue emission was
observed within the whole nucleus/cytoplasm region. This
confirmed effective CPT cleavage from hyperbranched cores
and occurrence of nuclear drug accumulation.'

For guanidine-free hPA-3, upon 4 h co-incubation, the much
weaker CPT blue emission mainly colocalized with Lyso-
Tracker Red, suggesting that hPA-3 was mostly retained within
endolysosomes. Even after 12 h incubation, nuclear CPT
accumulation can be barely discerned and the colocalization
ratio was ~53% (Supporting Information, Figure S4). Thus,
compared to guanidine-free hPA-3, the presence of guanidine
residues within micellar coronas in hPA-2 contributed to faster
cellular uptake and endosomal escape (Figure S4 vs Figure 3A),
and this was further verified by flow cytometry results
(Supporting Information, Figure $5).>' To further probe the
effect of guanidine modification on endocytic pathways
involved in the cellular uptake of hPAs, zeta potential
measurements were conducted at different pH (Figure 3B).
Guanidine-free hPA-3 was slightly negatively charged within
the measured pH range. However, guanidine-decorated hPA-2
unimolecular micelles were only slightly positively charged
below pH 7.4 (0—6 mV). It seems that the random
copolymerization of long side chain OEGMA monomer with
GPMA and the low GPMA content (~20 mol%) can efficiently
screen overall positive charges at micellar coronas, but without
the loss of cellular internalization potency.

Moreover, endocytosis inhibition experiments using various
potent biochemical inhibitors were also conducted (Figure
3C).** NaN,/2-deoxyglucose (NaN;/DOG) was employed to
inhibit the energy-dependent pathway, resulting in a more
obvious reduction in the cellular uptake of guanidine-free hPA-
3 compared with that of guanidine-decorated hPA-2 (~83% vs
~46%), suggesting a possible energy-independent pathway for
hPA-2 uptake. The cellular penetration potency of guanidine-
decorated hPA-2 was further verified by CLSM (Figure 3D).
Upon 1 h incubation with hPA-2 in the presence of NaN,/
DOG, blue emission pixels were distinctly observed in the cell
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Figure 3. (A) CLSM images of HepG2 cells after coincubating with
aqueous dispersion of hPA-2 at a CPT equivalent dosage of 10 ug/mL
for (a) 2 h, (b) 4 h, and (c) 12 h. Late endosomes and lysosomes were
stained with LysoTracker Red (red). (B) Zeta potential recorded for
aqueous solutions of (@) guanidine-decorated hPA-2 and (M)
guanidine-free hPA-3 at varying pH values. (C) Percent internalization
of guanidine-decorated and guanidine-free hPAs normalized to hPA
internalization in the absence of any inhibitors. Data are mean values
(~200 cells, three parallel experiments, P < 0.05). (D) CLSM images
of HepG2 cells after incubating for 1 h with guanidine-decorated or
guanidine-free hPAs in the presence of energy-dependent endocytic
inhibitors (NaN,;/DOG).

membrane; in contrast for hPA-3, blue emission was hardly
discernible due to almost complete blocking of endocytosis.
Thus, we propose that a non-endocytic internalization pathway
exists for hPA-2.>® Sucrose treatment of cells is known to
perturb clathrin-mediated endocytosis, which caused a dramatic
reduction (~63%) in the uptake of hPA-3 against HepG2 cells,
and to a much lesser extent for guanidine-decorated hPA-2
(~19%).

In view of additional experiments with other inhibitors such
as methyl-f-cyclodextrin (MBCD) and amiloride, which block
caveolae-mediated endocytosis and pinocytosis, respectively, we
concluded that the uptake of guanidine-free hPA-3 mainly
followed clathrin-mediated endocytosis, whereas both caveolae-
mediated endocytosis and some energy-independent events are
prominent pathways for guanidine-decorated hPA-2. Thus,
guanidine-free hPA-3 micelles tended to be entrapped within
endolysosomes, whereas hPA-2 exhibited low colocalization
ratio with endolysosomes. This is quite favorable considering
that the cytosol milieu possesses the desired reductive
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microenvironment for triggered CPT release and turn-on of
MR imaging contrast for hPAs (Figure 3A and Supporting
Information, Figure S4).

In vitro cytotoxicity of guanidine-decorated hPA-2 was then
evaluated using MTT assay, employing guanidine-free hPA-3 as
a control. Buthionine sulfoximine (BSO) inhibitor was utilized
to reduce intracellular GSH content to evaluate nanocarrier
cytotoxicity under nonreductive physiological milieu. The cell
viability of both guanidine-decorated and guanidine-free
micelles against HepG2 cells pretreated with BSO was quite
minimal, exhibiting the same level of ICs, values (~200.6 and
~248.3 ug mL™"). This suggested that guanidine residues did
not induce additional cytotoxicity toward hPAs (Figure 4A).
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Figure 4. (A) Cell viability of HepG2 cells pretreated with 0.1 mM
buthionine sulfoximine (BSO) to reduce intracellular GSH level, and
then treated with hPA-2 (@) and guanidine-free hPA-3 (M) for 24 h.
(B) Cell viability of HepG2 cells measured in the absence of BSO.
Cells were treated with hPA-2 (@), hPA-3 (W), and CPT parent drug
(), respectively. (C) Blood level of guanidine-decorated hPA-2 (@)
and guanidine-free hPA-3 (M) calculated as a percentage of injected
doseremaining in the blood. (D) Blood circulation half-lives (t,/,) of
hPA-2 and hPA-3 polyprodrug unimolecular micelles. Error bars were
based on three rats per group and three repetitions at each time point,
P < 0.05.

On the contrary, in the absence of BSO, guanidine-decorated
and guanidine-free hPAs exhibited significant differences in
ICs,, being ~2.72 and ~5.63 ug mL™’, respectively. For hPA-2,
a 74-fold enhancement in cytotoxicity under tumor intracellular
reductive milieu was observed compared to that under
nonreductive physiological condition (Figure 4B).

To further confirm that reductively activated drug release
within the cytosol really contributed to the observed
cytotoxicity, HepG2 cells were pretreated with glutathione
reduced ethyl ester (GSH-OEt) to elevate intracellular GSH
levels before incubating with hPA-2. As shown in Supporting
Information, Figure S6a, compared to the nontreated control,
enhanced cytotoxicity was observed for GSH-OEt treated cells,
whereas hPA-2 exhibited negligible cytotoxicity toward BSO-
treated cells (Figure 4A). In addition, in the presence of either
BSO or GSH-OEt, free CPT drug exhibited similar cytotoxicity
compared to the blank control (Figure S6b). The therapeutic
activation of hPA-2 can be mainly ascribed to efficient cellular
penetration, reductively activated drug release in the cytosol,
and considerable nuclear CPT accumulation within tumor cells.
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Moreover, during blood circulation, the therapeutic efficacy of
hPAs was inhibited due to their nonreductive nature, which is
quite desirable for nanocarriers.

In vivo blood circulation of guanidine-decorated hPA-2 and
guanidine-free hPA-3 was then examined upon administration
into healthy rats, exhibiting comparable half-lives (t,/,) (being
~9.8 h and ~10.6 h, respectively; Figure 4C,D). It is well-
recognized that prolonged blood circulation strongly affects the
therapeutic efficacy of drug delivery nanocarriers. Clinical
studies have suggested that circulation duration of spherical
nanoparticles are generally extended by 3-fold in humans
compared to those in rats.”> Thus, we can expect long
circulation times for hPAs, which is quite typical for branched
and hyperbranched star polymers.>® Prominently extended
blood circulation feature for hPAs can be ascribed to the almost
neutral surface of micellar coronas and the hyperbranched
chain topology with excellent chain flexibility and deformability.

B CONCLUSIONS

In summary, theranostic hyperbranched polyprodrug amphi-
philes, hPAs, were constructed with combined advantages
including cell penetration potency, prolonged blood circulation,
tumor intracellular reductive milieu-triggered drug release, and,
most importantly, synergistic activation of therapeutic efficacy
and MR imaging contrast enhancement. In aqueous media,
hPAs exist as stable unimolecular micelles. The covalently
interconnected nature endows hPAs with excellent structural
integrity, which is a great advantage compared to conventional
nanocarriers based on block copolymer micelles or vesicles.
Low content of guanidine moieties randomly copolymerized
within hydrophilic coronas improved the cellular penetration
and uptake rate, without incurring extra cytotoxicity and
sacrificing the long blood circulation feature. Controlled CPT
release in the active form from polyprodrug unimolecular
micelles was achieved in tumor intracellular cytosol reductive
milieu, accompanied by the synergistic activation of therapeutic
efficacy (>70-fold enhancement in cytotoxicity) and turn-on of
MR imaging performance (~9.6-fold increase in T relaxivity).
We expect that the theranostic polyprodrug design based on
the hyperbranched star copolymer chain topology can provide
new avenues for theranostic nanocarriers in more effective and
personalized cancer therapy.
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