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ABSTRACT: Although nanomedicines have been pursued for nearly 20
years, fundamental chemical strategies that seek to optimize both the drug
and drug carrier together in a concerted effort remain uncommon yet may
be powerful. In this work, two block polymers and one dimeric prodrug
molecule were designed to be coassembled into degradable, functional
nanocarriers, where the chemistry of each component was defined to
accomplish important tasks. The result is a poly(ethylene glycol) (PEG)-
protected redox-responsive dimeric paclitaxel (diPTX)-loaded cationic
poly(D-glucose carbonate) micelle (diPTX@CPGC). These nanostruc-
tures showed tunable sizes and surface charges and displayed controlled
PTX drug release profiles in the presence of reducing agents, such as
glutathione (GSH) and dithiothreitol (DTT), thereby resulting in
significant selectivity for killing cancer cells over healthy cells. Compared
to free PTX and diPTX, diPTX@CPGC exhibited improved tumor penetration and significant inhibition of tumor cell growth
toward osteosarcoma (OS) lung metastases with minimal side effects both in vitro and in vivo, indicating the promise of diPTX@
CPGC as optimized anticancer therapeutic agents for treatment of OS lung metastases.

■ INTRODUCTION

Nanomedicine holds great potential to offer effective treatment
against devastating diseases, by providing sustained release of
significant quantities of therapeutic agents, especially when the
route of administration allows for direct access to the diseased
tissues.1−5 Yet, rational design of the chemical structures of the
drug and drug carrier are still needed to overcome several
challenges influencing the success of in vivo studies, such as
potential adverse effects of long-term accumulations of the
nanocarriers, off-target toxicity of the therapeutics to normal
tissues, and the limited ability of nanomedicines to penetrate
tumor tissues at a potentially lethal concentration.6−9

Osteosarcoma (OS) is the most common primary cancer of
bone in children and adolescents aged 10−20 years and the
third most common cancer overall in adolescents, with no
proven etiology and a high fatality rate (70% survival at 5 years
for nonmetastatic patients and less than 30% for those

presenting with metastasis).10,11 The predominant site of
metastasis is the lung, followed by other bones. Once
micrometastases grow into recurrent, overt disease, tumors
are often resistant to conventional chemotherapy, and
unresectable recurrent disease is fatal.12,13 Therefore, innovative
strategies for prevention and treatment of the metastatic disease
are of critical need. Recently, our group employed paclitaxel
(PTX)-loaded polyphosphoester (PPE)-based polymeric mi-
celles and shell cross-linked knedel-like nanoparticles (SCKs)
as nanotherapeutics to treat OS lung metastases via aerosol-
based delivery.14 The strategy could provide distribution of
nanocarriers throughout the lungs and achieve sufficient
pulmonary drug concentrations while avoiding dilutional and
systemic effects seen in intravenous (iv) administration, with
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prolonged drug release and extended lung retention of the
SCKs, owing to their cross-linked structure. However, safety
concerns regarding the PPE degradation products, limited
tissue and cell penetration ability, and off-target toxicity
remained as key challenges. Therefore, in this report, an
anticancer drug delivery system with optimized chemical
structures was designed and developed, where the chemistry
of each component is tailored to accomplish specific tasks. This
system improves selectivity, enhances tumor penetration ability,
and facilitates drug release in response to conditions associated
with tumor microenvironment.
Nanoparticles derived from biodegradable polymers, such as

polyesters,15 polypeptides,16 PPEs,14,17,18 and polycarbon-
ates,19,20 have gained increasing interest for nanomedicines,
which reduce the potential for long-term accumulation and
associated adverse effects. Recently, our group employed
functional glucose-derived polycarbonates (PGCs) to construct
nanostructures with tunable sizes, surface charges, and
morphologies that are, notably, capable of degradation into
natural products, for example, glucose, carbon dioxide, and
ethanol.21,22 We expected that leveraging the PGC-derived
nanostructures as nanocarriers would circumvent potential
drawbacks of our previous PPE system,14 namely, the
production of ethylene glycol and phosphoric acid upon
hydrolytic degradation, while maintaining the advantages of
degradability, biocompatibility, and versatile functionality, such
as for dye-labeling.14 Furthermore, the steric bulk and increased
hydrophobicity of the PGC backbone, relative to those of PPEs,
were anticipated to enable extended drug release.
In order to access tumors for intracellular delivery within

lung tissue via inhalation, the nanocarriers need to be capable of
penetrating the diffusion and absorption barriers of the airway
mucus,23 lung epithelium,24 and tumor stroma.25 The
diffusion/penetration capacity of drug carriers across these
barriers is known to depend on the chemical composition,
shape, and, in particular, size and surface properties of the
nanocarriers,26,27 and in this work these attributes were tuned
to achieve optimal effects. Chan and co-workers reported the
tumor permeation of PEGylated gold nanoparticles (GNPs)28

and tiopronin-modified GNPs29 to depend strongly on the size
of the nanoparticles, where larger nanoparticles localized near
the vasculature, while smaller nanoparticles diffused rapidly
throughout the tumor matrix. Similarly, diffusion across
respiratory mucus has been shown to be greatly restricted for
particles larger than 100 nm.30 Given the vital influence of
particle size on their penetration ability, we targeted nano-
carriers with desirable diameters of less than 30 nm.4

Meanwhile, cationic charges were also shown to improve
tumor penetration, due to nanoparticle-induced necrosis and
resultant tumor cell density reduction,31−34 which could be
conveniently imparted into the PGC constructs via a facile
thiol−yne click reaction. To mitigate undesirable characteristics
of cationic polymers, including mucus binding and nonspecific
cell toxicity,15 PEG was conjugated as a hydrophilic shell.35

As the concentration of glutathione (GSH) in cancer cells
can be several times higher than that in normal cells,36,37 redox-
responsive linkages have been extensively exploited in designing
drug delivery vehicles and prodrugs capable of controlled,
sustained drug release with reduction of off-target release and
associated toxicity. For instance, disulfide-linked dimeric
prodrugs of camptothecin,38 doxorubicin,38 and PTX39,40

were recently encapsulated within amphiphilic polymers (i.e.,
methoxy poly(ethylene glycol)-block-polylactide) or PEGylated
phospholipids to formulate prodrug-loaded micelles. Advanta-
geous properties were observed with these constructs, including
reducing agent dithiothreitol (DTT)-triggered in vitro drug
release, enhanced anticancer efficacy, and reduced adverse
effects. Therefore, disulfide-linked dimeric diPTX prodrugs
were anticipated to allow for enhanced containment by the
PGC-based nanocarrier, relative to PTX, owing to the larger
size and redox-triggered sustained release. The cationic charges
installed between the hydrophilic shell and hydrophobic core of
the PGC nanocarriers were further anticipated to provide better
access of the negatively charged GSH to the core domain and
diPTX.
Coassembly of the redox-responsive diPTX prodrug with the

cation- and PEG-modified PGCs yielded nanocarriers that
facilitated precise control of intracellular drug delivery, which

Scheme 1. Schematic Illustration of the Coassembly of Polymer 2 and Polymer 3 with diPTX and Redox-Responsive Drug
Release to Enable Treatment of SJSA-1 Multicellular Tumor Spheroids (MCTSs) with Improved Penetration, Relative to Free
Drug PTX and Prodrug diPTX
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holds great potential to finely tune drug release kinetics for
beneficial anticancer activity with minimal undesired release in
normal tissue. The anticancer efficacy as inhaled chemo-
therapeutics was evaluated both in vitro and in vivo, and the
host−guest constructs exhibited improved tumor penetration
and significant inhibition of tumor cell growth toward OS lung
metastases with minimal side effects. These results demonstrate
the promise of diPTX@CPGC as anticancer therapeutic agents
for treatment of OS lung metastases.

■ RESULTS AND DISCUSSION

Rational Design of the diPTX-Loaded PGC Anticancer
Drug Delivery System. Sugar-derived nanocarriers with near-
infrared (NIR) labels and a cationic segment confined to either
the interface between the hydrophilic shell and hydrophobic
core or within the core were synthesized and used to
encapsulate diPTX prodrugs with redox-responsive disulfide
linkages (Scheme 1). In designing the nanocarrier structure to
optimize cancer cell-specific drug delivery, PGC building blocks
were selected due to their biocompatibility, degradability,
functionality, and ability to assemble into versatile nanostruc-
tures with varied sizes, charges, and functionalities.21 Cationic
moieties were incorporated within the PEG-protected nano-
carriers to allow negatively charged GSH to more readily access
the core domain and to interact with the encapsulated diPTX,
realizing preferential drug release in cancer cells with high GSH
concentrations, while simultaneously increasing the tumor
penetration ability and substantially reducing toxicity typically
associated with cationic nanocarriers.41,42 Once the disulfide
bond in the diPTX prodrug is cleaved by a reducing agent, the
thiol-terminated PTX derivative (PTX-SH) undergoes hydrol-
ysis to release the free drug.43 In addition, the dimeric size of
the prodrug was expected to allow for enhanced containment
by the nanocarrier to provide for sustained release. Coassembly
of nonionic and cationic polymers was performed for the dual

purposes of curtailing safety concerns associated with cationic
polymers and tuning nanoparticle sizes.41,42

Synthesis and Postpolymerization Modification of
Functional, Degradable PEG-b-PGCs. The functional and
degradable diblock terpolymer 1, PEG113-b-[PGC(EC)12-co-
PGC(EPC)4], was synthesized by rapid organocatalyzed ring-
opening polymerization (ROP) of the bicyclic glucose
carbonates methyl-2,3-O-ethyloxycarbonyl-4,6-O-carbonyl-α-D-
glucopyranoside GC(EC) and methyl-2-O-ethyloxycarbonyl-3-
O-propargyloxycarbonyl-4,6-O-carbonyl-α-D-glucopyranoside
GC(EPC) at −15 °C in dichloromethane (DCM) with
mPEG113 as the macroinitiator and 1,5,7-triazabicyclo[4.4.0]-
dec-5-ene (TBD) as the organocatalyst (Scheme 2). The
monomer feed ratio [GC(EC)]/[GC(EPC)] was set to 3:1 to
provide sufficient hydrophobicity and functionality. The
reaction was quenched by addition of Amberlyst 15 H-form
resin after 10 min, and size exclusion chromatography (SEC)
(Scheme 2 inset) of the crude product showed no remaining
monomers, indicating quantitative conversions of both
monomers. The lower retention time of polymer 1 relative to
mPEG113 confirmed the successful chain extension to afford the
expected diblock terpolymer. SEC further revealed monomodal
molecular weight distribution and low dispersity (Đ = 1.12),
demonstrating the well-defined structure of the diblock
terpolymer. The number-average molecular weight (Mn) and
degree of polymerization (DPn) of each monomer were
calculated from the 1H NMR spectrum (Figure S2) acquired
after isolation of the polymer by precipitation, by comparing
the integration of the CH2CH2O proton resonances (3.63
ppm) from the macroinitiator with the intensities of the
resonances of protons attached to the anomeric carbons (5.01
ppm) and alkyne groups (2.59 ppm) in the PGC segment.
Differential scanning calorimetry (DSC) revealed two glass
transition temperatures (Tg) at −24 and 98 °C, corresponding
to the mPEG and PGC segments, respectively.

Scheme 2. Synthesis of Polymer 1, PEG113-b-[PGC(EC)12-co-PGC(EPC)4] by ROP of GC(EC) and GC(EPC), Followed by
Postpolymerization Modification via a Thiol−yne Click Reaction with Cysteamine Hydrochloride to Prepare the Cationic
Polymer 2, PEG113-b-[PGC(EC)12-co-PGC(Cys)4], or via CuAAC to Afford NIR Dye-Labeled Polymer 3, PEG113-b-
[PGC(EC)12-co-PGC(EPC)3-co-PGC(Dye)1]

a

aInset: Normalized SEC traces of polymer 1, macroinitiator mPEG113, and a mixture of the bicyclic carbonates GC(EC) and GC(EPC) with a molar
ratio of 3:1 in THF.
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The cationic terpolymer 2, PEG113-b-[PGC(EC)12-co-PGC-
(Cys)4], was prepared by postpolymerization modification of 1
via photoinitiated thiol−yne click reaction with a large excess of
cysteamine hydrochloride (20 equiv relative to alkyne groups)
(Scheme 2). The reaction mixture was dialyzed against
nanopure water at 4 °C for 3 d to remove excess thiol and
photoinitiator, then lyophilized to afford the product as a white
powder in 95% yield. The presence of the cysteamine proton
resonances at 2.66, 2.82, 2.99, and 7.88 ppm in the 1H NMR
spectrum and the disappearance of the alkyne carbon
resonances at 78.91 and 77.70 ppm in the 13C NMR spectrum
indicated the consumption of the alkyne groups (Figures S4
and S5). Fourier transform infrared (FT-IR) spectroscopy
further confirmed the consumption of the alkynes and the
introduction of amine groups (Figure S8). Glass transitions of
polymer 2 were observed at −25 and 92 °C in DSC
thermograms, suggesting that self-assembled nanostructures
would possess flexibility within a PEG shell (Tg = −25 °C) and
stability of the PGC-based core (Tg = 92 °C).
The NIR-labeled polymer 3 was obtained by grafting the

hydrophilic NIR dye, IRDye 800CW azide, to polymer 1 via
copper-catalyzed alkyne−azide coupling (CuAAC) in N,N-
dimethylacetamide (Scheme 2). The reaction mixture was
filtered through a neutral alumina column and dialyzed against
Chelex 100 resin in nanopure water for 4 d to remove copper
species. Inductively coupled plasma-mass spectrometry (ICP-
MS) confirmed the mass fraction of residual copper to be less
than 10 ppm. The appearance of a new resonance
corresponding to the triazole proton at 8.12 ppm (Figure S6)
indicated successful conjugation of the IRDye 800CW to the
polymer.
Preparation of diPTX-Loaded PGC Nanoparticles.

PGC nanoparticles loaded with diPTX were obtained by
utilizing the previously described nanoprecipitation meth-
od.38,44 Briefly, a series of mixtures of the nonionic polymer
1 and cationic polymer 2 at predetermined mass ratios was first
dissolved with diPTX (10 wt %) in DMSO and then added
dropwise into nanopure water with vigorous stirring to form
diPTX-loaded nanoparticles (concn (polymer) = 1 mg/mL)
with 1 vol % DMSO. DiPTX loading was determined using
high-performance liquid chromatography (HPLC), while the
size, morphology, and surface charge were characterized by
dynamic light scattering (DLS), atomic force microscopy
(AFM), transmission electron microscopy (TEM), and electro-
phoretic light scattering (Figure 1 and Figure S9). HPLC
revealed that the physical encapsulation of 10 wt % diPTX was
highly effective, with efficiencies >98%. Although this standard
loading of 10 wt % diPTX was employed, preliminary
experiments were found to allow for higher diPTX loading,
to levels of ca. 40 wt %. As depicted in Figure S9, DLS showed
unimodal size distributions of all nanocarriers, suggesting the
incorporation of polymer 1 and polymer 2 into the same
nanostructures. The number-average hydrodynamic diameter
(Dh(number)) of the diPTX-loaded nanoparticles increased from
20 ± 5 nm to 110 ± 28 nm (Figure 1a) as the mass ratio of the
nonionic polymer 1 ( f polymer1) increased from 0 to 1, owing to
the increased hydrophobic content. TEM and AFM images of
diPTX-loaded nanoparticles with f polymer1 of 0 and 0.2 showed
circular structures with average diameters (Dav) of 23 ± 5 and
30 ± 8 nm, respectively (counting >50 nanoparticles) and
heights of 4 ± 1 and 5 ± 1 nm (counting >50 nanoparticles),
respectively, suggesting the formation of micellar structures.
However, as the f polymer1 increased above 0.2, the morphology

of the diPTX-loaded nanocarriers transformed from micelles to
vesicles, indicated by the double layer structures observed in the
TEM images, as well as the lower heights (3 ± 1 nm) in the
AFM images (Figure S9). The hydrophobic diPTX prodrug
was anticipated to be encapsulated in the core of the micelles or
in the double layer of the vesicles. Zeta potential values (ξ)
were characterized in nanopure water, 0.1× phosphate-buffered
saline (PBS), and 10 mM NaCl(aq). As shown in Figure 1b, the
ξ values measured for the five cationic nanocarriers were
positive, ranging from 28 ± 2 mV to 16 ± 1 mV in nanopure
water, while negative values of −5 ± 2 mV were obtained with
the nonionic nanoparticles, a common phenomenon observed
for neutral polymer assemblies.45,46 In both 0.1× PBS and 10
mM NaCl(aq) (data not shown), all nanocarriers showed
negative ξ (less than −10 mV), indicating PEG-like surface
characteristics. As a control, the cationic PGC block polymer
PGC(EC)-b-PGC(Cys) without the PEG segment (Scheme
S1) showed positive ξ in all of these solutions, even when
physically mixed with mPEG113 at a mass ratio of 1:1, further
confirming that the positively charged segment was protected
by PEG. Recent studies suggest that cancer nanomedicines with
smaller sizes exhibit enhanced in vivo performance due to
greater tumor penetration.32 Thus, micelles with f polymer1 = 0.2
were chosen for subsequent release and cytotoxicity studies, as
their size was less than 30 nm and ξ was relatively small (Figure
1c,d). Additionally, the small ratio of nonionic, alkyne-
functionalized polymer 1 provided the possibility for further
modification or cross-linking.

Evaluation of the Drug Release Kinetics. The drug
release profiles of diPTX@CPGC were investigated in PBS in
the presence or absence of reducing agents. The nonionic
polymer PGC(EPC)-b-PGC(EC)-g-PEG2k (Scheme S1) re-
ported recently by our group21 was utilized as a control to
demonstrate the benefit of the positive charges residing at the
core−shell interface on the diPTX release profile, as these

Figure 1. Characterization of diPTX@CPGC. (a) Dh and Dav as a
function of f polymer1, determined from DLS and TEM, respectively. (b)
Zeta-potential of diPTX@CPGC in nanopure water and 0.1× PBS as
a function of f polymer1. Control zeta potential measurements were
acquired on unloaded PGC(EC)-b-PGC(Cys) in nanopure water and
0.1× PBS and on physical mixtures of PGC(EC)-b-PGC(Cys) with
mPEG113 in 0.1× PBS, from left to right. (c) Number-, intensity- and
volume-based hydrodynamic diameter of diPTX@CPGC ( f polymer1 =
0.2) in nanopure water measured by DLS. (d) TEM images of
diPTX@CPGC ( f polymer1 = 0.2) negatively stained by 1 wt %
phosphotungstic acid (PTA) aqueous solution (10 μL).
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nanocarriers exhibited similar sizes and physicochemical
properties, as characterized by DLS, TEM, AFM (Figure
S10), and DSC. For the drug release studies, the micelle
solutions were diluted to yield diPTX concentrations of ca. 100
μg/mL, which were confirmed by HPLC. The diPTX-loaded
micelle solutions were then transferred into dialysis cassettes
(molecular weight cutoff, MWCO, 10 kDa) and dialyzed
against PBS (pH 7.4, 37 °C) containing either 10 mM DTT, 10
mM GSH, or no reducing agent. The drug release profiles were
obtained by monitoring the concentrations of PTX, PTX-SH,
and diPTX in the surrounding PBS solution as a function of
time, and the percent drug release was calculated based on the
PTX equivalents determined by HPLC. As depicted in Figure 2,
no diPTX release was observed in any of the solutions,
consistent with results recently reported for other dimeric
prodrugs.38 No significant release of PTX or PTX-SH was
observed from either the cationic (Figure 2c) or nonionic PGC
micelles in the absence of reducing agents (Figure 2f). In the
presence of 10 mM DTT, diPTX@CPGC afforded sustained
and controlled release of free PTX, which plateaued at almost
complete drug release within 3 d, during which the
concentration of PTX-SH increased initially and later dropped
(Figure 2a). Similar sustained and controlled release of free
PTX was achieved in 10 mM GSH(aq), reaching a plateau at ca.
55% release in 2 d (Figure 2b). The incomplete release may be
due to reduced interaction of core-encapsulated diPTX with the
relatively bulky reducing agent GSH. Yet, such release profiles,
demonstrating relatively fast redox-responsive drug release over
2 d, followed by slower and more sustained drug release
expected upon degradation of the nanoparticles in the human
body, are anticipated to be quite beneficial for drug delivery.
PTX release from the nonionic PGC micelles in the presence of
10 mM DTT was slightly slower than that from diPTX@
CPGC, reaching a plateau at ca. 85% release within 3 d and
50% release in ca. 20 h (Figure 2d), slightly longer than the ca.

16 h required for 50% drug release from diPTX@CPGC. The
PTX release rate from the nonionic PGC micelles in the
presence of 10 mM GSH, however, was much slower with only
ca. 10% PTX release in 2 d and no significant increase over time
(Figure 2e), which may limit the potential of the nonionic
formulations as efficient drug delivery systems. Taken together,
the structure with positive charges confined either to the core−
shell interface or within the core of the nanocarriers showed
advantageous GSH-mediated drug release profiles over
analogous nonionic nanocarriers. Thus, diPTX@CPGC were
investigated further to evaluate anticancer efficacy in vitro.

Evaluation of Nanoparticle Toxicity. The in vitro
cytotoxicity of diPTX@CPGC was evaluated in SJSA-1 and
MC3T3 cell lines and compared to PTX (as a Taxol-mimicking
formulation; Cremophor EL and ethanol, 1:1 v/v), diPTX
(prepared similarly to the PTX formulation, Cremophor EL
and ethanol, 1:1 v/v), and cationic PGC micelles without
diPTX (Figure 3). The cationic micelles exhibited negligible
toxicity in both cell lines below 0.2 mg/mL, indicating the
protective effect of PEG, which has been reported to improve
the biocompatibility of cationic nanoparticles.21,46 In contrast,
our earlier work with cationic PGC-based micelles, lacking a
PEG shell, began showing reduction in cell viability at
concentrations ranging from 0.05 to 0.1 mg/mL in RAW and
MC3T3 cell lines.21 In SJSA-1 cells (Figure 3a), diPTX@
CPGC exhibited similar cytotoxicity to diPTX, which was
slightly less toxic than the Taxol-mimicking formulation. The
reduced cytotoxicity of the diPTX formulations, in comparison
with PTX, may be attributed to the relatively slow free drug
formation and release. As a result of the redox-responsive drug
release mechanism, the cytotoxicity difference between diPTX
and PTX was higher in noncancerous cells, which are expected
to have a less reducing intracellular environment (Figure 3b).
Accordingly, a higher IC50 value (0.14 μM PTX) was observed
for diPTX relative to that measured for PTX (0.03 μM) in

Figure 2. Release of PTX, PTX-SH, and diPTX from (a−c) diPTX-loaded cationic micelles ( f polymer1 = 0.2) and (d−f) diPTX-loaded PGC(EPC)-b-
PGC(EC)-g-PEG2k micelles at 37 °C in PBS containing (a, d) 10 mM DTT, (b, e) 10 mM GSH, and (c, f) no reducing agents, measured in
triplicate. Error bars indicate standard deviation.
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MC3T3 cells. The toxicity of diPTX@CPGC was further
reduced in the MC3T3 cells compared to unencapsulated
diPTX and PTX, with an IC50 value of ca. 5 μM, demonstrating
selectivity for killing cancer cells over noncancerous cells. These
studies, thus, confirm the advantages of diPTX@CPGC as
cancer-selective agents and highlight the potential to reduce
side effects in healthy cells without substantially sacrificing
potency.
Nanoparticle Toxicity in SJSA-1 Spheroids. Multi-

cellular tumor spheroids (MCTSs) are versatile three-dimen-
sional models for studying tumor biology and screening cancer
therapeutics due to the MCTSs possessing a similar
morphology, biological microenvironment, and response to
chemotherapeutics as solid tumors in vivo.47−49 To test the
effects of diPTX@CPGC on MCTSs, SJSA-1 human OS
cancer cell-derived MCTSs were established on low-binding U-
shaped microplates, incubated with micelles or controls, and
evaluated as an in vitro model to assess penetration capability
and cell proliferation inhibition (Scheme 1, Figure 4). The
MCTS growth inhibition provided by the different formula-
tions, that is, PTX, diPTX, diPTX@CPGC, and cationic PGC
micelles (no drug/prodrug), was monitored by confocal laser
scanning microscopy (CLSM), and the concentrations of PTX
in the drug/prodrug formulations were determined by HPLC
(Figure 5). PTX showed significant antitumor efficacy at
concentrations from 1.9 to 30 μM PTX, with MCTS sizes
reduced to ca. 50% of the controls at 1.9 μM PTX and ca. 20%

at 30 μM PTX. In comparison, the reduction of SJSA-1 MCTSs
upon treatment with the diPTX prodrug or diPTX@CPGC at
1.9 μM was similar, ca. 25% of the controls. At higher
concentrations (3.8−30 μM PTX), the diPTX formulation
reduced the MCTS size to the greatest extent, achieving ca.
10% of the control tumor size with formulations containing 30
μM PTX, while the diPTX@CPGC reduced the MCTSs to a
similar extent (ca. 20−25%) for all concentrations. However,
the live/dead staining results demonstrated that the remaining
MCTSs incubated with diPTX still contained live cells at even
the highest concentrations. In contrast, diPTX@CPGC
appeared to kill all cells at the highest concentration, likely
resulting from improved penetration into the core of the
MCTS. Thus, the best killing performance was achieved with
diPTX@CPGC, compared with the other two drug/prodrug
formulations. The cationic PGC micelles without diPTX
exhibited only slight anti-MCTS effect at the highest polymer
concentration of 0.28 mg/mL, in which the amount of polymer

Figure 3. Cytotoxicity of PTX, diPTX, cationic PGC micelles, and
diPTX@CPGC in (a) SJSA-1 and (b) MC3T3 cells. Cell viabilities are
reported as an average of three measurements, and error bars represent
standard deviation.

Figure 4. CLSM images of SJSA-1 MCTSs after treatment with PTX,
diPTX, diPTX@CPGC containing 1.9−30 μM PTX, and cationic
PGC micelles with equivalent polymer concentrations as used for the
diPTX@CPGC, and PBS and DMSO controls (green, live cells; red,
dead cells; purple, micelles). Scale bars represent 100 μm.

Figure 5. Growth inhibition of the SJSA-1 MCTSs by PTX, diPTX,
diPTX@CPGC, and the cationic PGC micelles (no drug/prodrug) 7
d after addition of the formulations. Cross sectional areas are reported
as an average of four measurements, and error bars represent standard
deviation.
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was equivalent to that in the 30 μM PTX formulation of
diPTX@CPGC.
Nanoparticle Efficacy against OS Lung Metastases. An

orthotopic xenograft mouse model was evaluated in order to
determine the antitumor efficacy against OS lung metastases.
NOD/SCID IL2-R-gamma −/− mice (aged 4−6 weeks) with
established lung metastases were nebulized with different
formulations, including Sham Control (PBS), diPTX prodrug
(0.20 mg/mL in 95% PBS/5% DMSO), and diPTX@CPGC
(0.20 mg/mL diPTX in PBS) (Figure S1). DMSO was
necessary in order to obtain a stable suspension for the
diPTX prodrug by itself, due to its highly hydrophobic nature.
The lung bioluminescence signal of mice treated with micelles
showed a ∼40% reduction in the growth of the lung metastases
over the study, relative to control group, while the ones treated
with free diPTX showed no reduction on the lung metastases
(Figure 6a). Possibly due to enhanced penetration or better

retention in the lung, diPTX@CPGC exhibited a higher
antitumor efficacy in the lung than did free diPTX. The micelles
also had a nonsignificant trend toward lower tumor burden at
the primary site of metastases over control and free diPTX
(Figure 6b). Thus, the diPTX@CPGC, appeared to predom-
inantly exhibit a loco-regional antitumor effect in the lungs,
with limited systemic effect. Ex vivo imaging supported this
conclusion, as high concentrations of micelles were found in the
lungs but not other organs or primary tumor (Figures S12 and
S13). While the lack of systemic antitumor effect may appear

disadvantageous, we designed these nanocarriers for use as a
potential replacement for the current osteosarcoma chemo-
therapy regimen, which is employed before and after surgical
removal of the primary tumor in the bone.50 Currently,
systemic chemotherapy is employed regardless of detection of
metastases and typically consists of high-dose methotrexate,
cisplatin, and doxorubicin.50 Systemic chemotherapeutic
regimens, however, are associated with acute and chronic
toxic effects,51 including secondary malignancies.52 Use of lung-
specific anticancer therapy may allow for a reduction in
systemic chemotherapy and thus a reduction in these adverse
effects.53

The in vivo bioluminescence data were supported by ex vivo
measurements of the number of metastases per mm2 of lung
tissue (Figure 6c) after the mice were euthanized 19 d from the
injection of the SJSA-1 cells. Overall, diPTX@CPGC reduced
the metastatic foci among the various lung segments (p = 0.02,
two-way ANOVA with Tukey’s post hoc comparison).
Individual analysis of each lung segment revealed that some
lung sections displayed a greater reduction than others, with the
superior lobe of the right lung showing the least reduction. This
lobe also appeared to receive the least amount of nanoparticles
by lung area (Figure S12). Finally, the weights of the mice for
the duration of the study (Figure 6d) showed no significant
differences between the groups, suggesting that the diPTX
prodrug and micelle formulations were well tolerated.
Evaluation of the NIR fluorescence signal for the lungs ex

vivo (Figure S12) revealed that a relatively higher dose of
micelles reached the left lung lobe, as compared to the lobes in
the right lung, though all lobes showed a discernible signal.
Microscopic examination of 20 μm lung slices via CLSM
revealed that the micelles were well distributed throughout the
various structures of the lung, including alveolar spaces,
bronchi, blood vessels, and penetrating into tumor sites (Figure
7). Scans of the entire lung slices revealed that the micelles

deposited primarily near the main branching airways, although
micelles were found to extend to the periphery (Figures S14
and S15). Sections of the lungs with high deposition of
nanoparticles also appeared to have fewer and smaller tumors,
providing further evidence of localized anticancer effect. The
deposition sites of the micelles appeared to show signs of
aggregation (Figure 7), with large spots of high micelle
concentration relative to the measured size of individual

Figure 6. Relative OS tumor burden as measured by bioluminescence
imaging, normalized to the baseline signal for each mouse, from (a)
the lung metastases and (b) the primary tumor in the tibia after 7 and
14 d from the start of treatment. A significant reduction in tumor
progression was observed in the lungs for the mice treated with
diPTX@CPGC (p = 0.038 vs control, p = 0.0114 vs diPTX, one-way
ANOVA with Tukey’s post hoc comparison) but not with the free
diPTX prodrug (p = 0.7839). No significant differences were observed
for the tumor burden in the tibia. (c) Comparison of the metastases
counted from histology of the different lung lobes ex vivo revealed a
significant reduction in metastatic foci for the mice treated with
diPTX@CPGC (p = 0.02 vs. control, two-way ANOVA with Tukey’s
post hoc comparison). SL, superior lobe; ML, middle lobe; IL, inferior
lobe; PL, postcaval lobe; LL, left lung. (d) Tracking of the weight of
the mice from the start of the study revealed no major differences
among the groups.

Figure 7. CLSM images of lung histological sections of mice treated
with diPTX@CPGC. NIR-labeled diPTX@CPGC (red) were found
to reach the tumor sites and penetrate into the GFP-expressing SJSA-1
tumors (green). Additionally, diPTX@CPGC aggregates were found
in the alveolar spaces, near blood vessels, and along the surfaces of the
bronchioles, as revealed by DAPI nuclear staining (blue) and
Nomarski DIC transmitted light imaging (gray scale).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b11462
J. Am. Chem. Soc. 2018, 140, 1438−1446

1444

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11462/suppl_file/ja7b11462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11462/suppl_file/ja7b11462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11462/suppl_file/ja7b11462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11462/suppl_file/ja7b11462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11462/suppl_file/ja7b11462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11462/suppl_file/ja7b11462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11462/suppl_file/ja7b11462_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b11462


particles. Similar aggregation patterns have been seen in other
studies of lung delivery of nanoparticles.23,54,55 The process and
kinetics of this phenomenon and whether it is specific to certain
cell types deserve further exploration. Importantly, the micelles
did show an apparent ability to bypass the respiratory
epithelium and access the tumors. Finally, only limited NIR
signal was found in the other organs of the mice that were
treated with micelle formulations (Figures S11 and S13),
further confirming localized accumulation.

■ CONCLUSIONS
Two PGC-based block polymers and one dimeric PTX prodrug
were designed to be coassembled into degradable, functional
nanocarriers, where the chemistry of each component was
defined to accomplish important tasks. The well-defined
diblock terpolymer PEG-b-PGC(EC)-co-PGC(EPC) was syn-
thesized by rapid ROP of glucose-derived monomers, with
good biocompatibility, degradability, and versatile functionality.
Cationic moieties were introduced by thiol−yne click
modification of the PGC segment to construct nanocarriers
with enhanced tumor penetration ability, while undesirable
characteristics of cationic polymers were mitigated by the PEG
shell. Disulfide-linked diPTX prodrug was designed to allow for
redox-triggered release in cancer cells with high GSH
concentration, where the negatively charged GSH can readily
interact with encapsulated diPTX due to confined cationic
charges in the shell−core interface or within core domain. In
addition, enhanced nanocarrier containment of diPTX was
achieved, relative to PTX, to provide for sustained release. A
series of nanocarriers with different sizes, surface charges, and
morphologies was constructed by tuning the mass ratio of the
amphiphilic cationic PGC and an analogous NIR-labeled
nonionic polymer employed in coassembly. Given their suitable
size, zeta potential, and nanostructure, cationic PEG-b-PGC
micelles with f polymer1 = 0.2 were selected for in vitro studies,
which showed controlled and sustained in vitro PTX drug
release in the presence of GSH or DTT. Cytotoxicity assays
confirmed the biocompatibility of diPTX@CPGC, and
significant selectivity of diPTX@CPGC for killing cancer
cells over healthy cells. Studies in SJSA-1 MCTSs demonstrated
improved tumor penetration ability and anticancer efficacy of
diPTX@CPGC relative to Taxol-mimicking formulations.
Therefore, the anticancer efficacy of diPTX@CPGC as inhaled
chemotherapeutics was further evaluated in an orthotopic
mouse model of human OS, with free diPTX and PBS as
control groups. The lung bioluminescence signal of mice 14 d
after treatment with diPTX@CPGC was significantly lower
relative to the PBS controls, demonstrating their capability to
slow the growth of lung metastases. Throughout the duration of
the study, no significant differences were observed in the
weights of the mice in the treatment and control groups,
indicating the tolerance of the diPTX prodrug and the PGC
micelles. The micelles distributed appreciably throughout
various structures of the lung, demonstrated by the ex vivo
studies. The ex vivo study results also confirmed a reduction of
tumor growth after treatment with diPTX@CPGC, indicating
the promise of diPTX@CPGC as optimized anticancer
therapeutic agents for treatment of OS lung metastases.
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