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Efficient and Targeted Suppression of Human
Lung Tumor Xenografts in Mice with Methotrexate
Sodium Encapsulated in All-Function-in-One

Chimeric Polymersomes

Weijing Yang, Yan Zou, Fenghua Meng,* Jian Zhang, Ru Cheng, Chao Deng,

and Zhiyuan Zhong*

The development of virus-mimicking nanoparticles to efficiently
load and selectively deliver potent anticancer drugs to the tumor
site has received widespread interests.[!l Notably, in contrast to
enormous work on lipophilic drugs,? significantly less effort
has been directed to water soluble small molecule anticancer
drugs, partly due to the fact that very few nanosystems can
hold hydrophilic chemotherapeutic agents. Liposomes, nano-
capsules, and polymersomes containing a large watery core are
among the most ideal vehicles for water soluble drugs.l®l They
generally show, however, a low drug loading content and effi-
cacy except for doxorubicin hydrochloride (DOX-HCI) that is
actively loaded into liposomes and polymersomes via a pH-gra-
dient methodology. As a matter of fact, pegylated liposomal
DOX-HCI (Doxil/Caelyx) is the first nanomedicine approved for
use in the clinics.’) In addition to drug loading issue, targeted
delivery of water soluble drugs, as for other chemotherapeutics,
encounters also challenges of in vivo stability, tumor selectivity,
and effective intracellular drug release.[®

Here, we report on a novel anisamide-functionalized
reversibly cross-linked chimeric polymersome (Anis-RCCP)
that shows efficient loading and in vivo lung tumor-targeting
delivery of a water soluble clinical anticancer drug, metho-
trexate sodium (MTX:-2Na), resulting in complete tumor
growth inhibition, 100% survival rate, and depleted adverse
effects (Figure 1a). MTX-2Na (Trexall) is prescribed and used
for the treatment of rheumatoid arthritis, severe psoriasis, and
various types of cancers including breast, leukemia, lymphoma,
lung, and osteosarcoma. MTX-2Na takes effects by prohibiting
the metabolism of folic acid via competitively inhibiting dihy-
drofolate reductase, an enzyme participating in the tetrahydro-
folate synthesis. MTX-2Na suffers, nevertheless, a poor pharma-
cokinetics and narrow therapeutic window, which significantly
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limits its therapeutic outcomes.”! In the past years, different
delivery approaches such as MTX-polymer conjugates!® and
MTX-encapsulated liposomes, micelles, and nanoparticles!’]
have been explored to reduce its dose-limiting side effects
and increase therapeutic efficacy. However, none of these sys-
tems have advanced to the clinical settings due to problems
of complex fabrication, low drug loading, fast drug leakage, or
poor tumor selectivity.'” Here, Anis-RCCP was formed from
poly(ethylene glycol)-b-poly(N-2-hydroxypropyl methacrylamide-
glipoic  acid)-b-poly(2-(dimethylamino)ethyl ~ methacrylate)
(PEG-P(HPMA-LA)-PDMA) and  Anis-PEG-P(HPMA-LA)-
PDMA asymmetric triblock copolymers, in which PEG was
longer than PDMA. The presence of positively charged PDMA
in the watery core would allow efficient loading of MTX:-2Na.
The vesicular membrane is made of P(HPMA-LA), which can
Dbe readily cross-linked in the presence of catalytic dithiothreitol
(DTT) to stabilize polymersomes and prevent drug leakage.
Under cytoplasmic reductive conditions, nevertheless, the poly-
mersomes would be automatically decrosslinked, leading to
fast intracellular drug release. PHPMA is a biocompatible and
water soluble polymer widely investigated for drug delivery.'!]
LA is a natural antioxidant produced by the human body and
used to treat diabetic neuropathy.l'?l The decoration of polymer-
some surface with anisamide would impart high affinity and
targetability to sigma receptors that are overexpressed on many
human malignancies including lung cancers.3] Lung cancer
has become a leading cause of death worldwide.
PEG-P(HPMA-LA)-PDMA and  Anis-PEG-P(HPMA-LA)-
PDMA triblock copolymers were synthesized via sequen-
tial reversible addition-fragmentation chain transfer (RAFT)
polymerization ~ of  N-2-hydroxypropyl = methacrylamide
(HPMA) and 2-(dimethylamino)ethyl methacrylate (DMA)
using MeO-PEG-CPADN (CPADN: 4-cyanopentanoic acid
dithionaphthalenoate, M, ppg = 5.0 kg mol™) and Anis-PEG-
CPADN (Mppgc = 7.5 kg mol™) as a macro-RAFT agent,
respectively, followed by lipoylation (Scheme S1, Supporting
Information). CPADN is a robust and versatile RAFT agent
with which we have previously prepared a series of well-defined
block copolymers such as PEG-PCL-PDEA and PEG-PTTMA-
PAAMH NMR of PEG-PHPMA-PDMA clearly displayed
signals attributable to PHPMA (§ 0.8-1.03, 2.89, 3.67, and
4.71), PDMA (8 1.3-1.8, 2.27, 2.53, 4.18), and PEG (6 3.23 and
3.51) (Figure Sla, Supporting Information). The M, of PEG-
PHPMA-PDMA was determined to be 5.0-11.8-1.8 kg mol~! by
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Figure 1. Schematic illustration and characterizations of Anis-RCCPs. a) Structure and functions of Anis-RCCPs in targeted delivery of MTX-2Na to
H460 human lung tumor-bearing nude mice, b) the size and size distribution measured by DLS (Inset: TEM image of Anis-RCCPs stained with phos-

photungstic acid),
polymersome concentration was set at 100 pg mL™" (n = 3).

comparing the integrals of signals at § 3.67 (methine proton
next to the hydroxyl group in PHPMA) and 2.27 (methylene
protons neighboring to the nitrogen atom in PDMA) to 3.51
(methylene protons of PEG). Gel permeation chromatography
(GPC) showed that the copolymer after trifluoroacetation had
a unimodal distribution with a low M,/M,, of 1.15 and an M,
of 16.0 kg mol™ (Table S1, Supporting Information), close to
that calculated from 'H NMR. 'H NMR of Anis-PEG-PHPMA-
PDMA displayed besides signals attributable to PEG-PHPMA-
PDMA also aromatic protons of anisamide at 6 6.97 and 7.83
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c) size change of Anis-RCCPs in response to 10 x 107> m GSH, and d) the in vitro MTX-2Na release in PB at pH 7.4 and 37 °C. The

(Figure S2a, Supporting Information). In a similar way, Anis-
PEG-PHPMA-PDMA was determined to have an M, of 7.5-
12.0-2.3 kg mol™! (‘H NMR) and an M,,/M,, of 1.21 (GPC).

The treatment of PEG-PHPMA-PDMA and Anis-PEG-
PHPMA-PDMA with lipoic acid anhydride (LAA) in DMSO at
a hydroxyl/LAA mole ratio of 1/1 yielded PEG-P(HPMA-LA)-
PDMA (Figure S1b, Supporting Information) and Anis-PEG-
P(HPMA-LA)-PDMA (Figure S2b, Supporting Information). 'H
NMR showed besides signals attributable to PHPMA, PDMA,
and PEG, also resonances of lipoyl ester moieties at § 1.40,
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1.58-1.69,1.89/2.43, 2.29, 3.02, and 3.74. In addition, signals
at 6 4.71 owing to the hydroxyl group of PHPMA diminished
following lipoylation while a new signal due to the methine
proton next to the ester bond appeared at § 4.83. The compar-
ison of the integrals of signals at § 1.40 (ymethylene protons
of LA moieties) and 3.51 (PEG methylene protons) indicated
that both copolymers had nearly quantitative LA substitution
(Table S1, Supporting Information).

Anis-RCCPs were prepared from co-self-assembly of PEG-
P(HPMA-LA)-PDMA and Anis-PEG-P(HPMA-LA)-PDMA at
1/1 weight ratio followed by autocrosslinking in the presence
of DTT. Dynamic light scattering (DLS) measurements showed
that Anis-RCCPs had a unimodal size distribution with an
average size of =174 nm (Figure 1b) and slightly postive zeta
potential (Table S2, Supporting Information). Transmission elec-
tron microscopy (TEM) image confirmed that Anis-RCCPs had a
vesicular structure and spherical morphology. UV spectra clearly
showed absence of characteristic absorbance of dithiolane ring at
310 nm, in line with formation of linear polydisulfide cross-links
in Anis-RCCPs (Figure S3e, Supporting Information). Anis-
RCCPs displayed excellent colloidal stability against extensive
dilution, high salt condition, and cell culture media (Figure S3,
Supporting Information), while quickly destabilized and formed
large aggregates of 1400 nm in 12 h and over 5000 nm
in 24 h in response to 10 x 1073 m glutathione (GSH) at pH 7.4
and 37 °C (Figure 1 c). In sharp contrast, the noncrosslinked
polymersomes (Anis-NCCPs) exhibited poor colloidal stability
against high salt condition and cell culture media under other-
wise the same conditions. The fast swelling and aggregation of
Anis-RCCPs in response to GSH is due to the fact that reductive
decrosslinking transforms the lipoyl group into more hydro-
philic dihydrolipoyl group, significantly increasing the hydro-
philicity of the vesicular membranes. Similar phenomena were
also observed for disulfide-crosslinked nanoparticles.*>) RCCPs
formed from PEG-P(HPMA-LA)-PDMA alone had a similar size
distribution and were used as a nontargeting control.

As expected, Anis-RCCPs and RCCPs could efficiently
load MTX-2Na. At a theoretical drug loading content (DLC)
of 30 wt%, a loading efficiency of 65.1%, which corresponded
to a high DLC of 22.0 wt%, was obtained. Notably, MTX-2Na-
loaded Anis-RCCPs (MTX-Anis-RCCPs) had an average size
of 147 nm (Table S2, Supporting Information), which was
~30 nm smaller than blank Anis-RCCPs, likely resulting from
the strong interaction between MTX and PDMA chains in the
lumen. MTX-2Na-loaded RCCPs (MTX-RCCPs) had a close to
neutral zeta potential, supporting a chimeric vesicular struc-
ture with PEG preferentially located at the outer surface and
PDMA at the inner surface. The in vitro release studies showed
that MTX release from Anis-RCCPs and RCCPs was minimal
(<20 % in 24 h) at physiological conditions (pH 7.4 and 37 °C)
whereas nearly quantitative release was observed in the pres-
ence of 10 x 1073 M GSH under otherwise the same conditions
(Figure 1d). Notably, MTX-Anis-RCCPs under a reductive con-
dition showed even faster drug release than the noncrosslinked
counterparts (MTX-Anis-NCCPs) under a nonreductive condi-
tion. This ultrafast redox-responsive drug release of MTX-Anis-
RCCPs is due to increased hydrophilicity of the polymersomal
membrane and swelling of the polymersomes, both leading to
significantly enhanced drug diffusion.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) assays revealed that blank Anis-RCCPs and RCCPs were
practically nontoxic to sigma receptor overexpressing H460
cells at tested concentrations ranging from 0.1 to 0.5 mg mL™!
(Figure 2a), confirming that they possess excellent biocom-
patibility. MTX-Anis-RCCPs showed a high potency against
H460 cells with a low half-maximal inhibitory concentration
(ICs0) of 2.4 pg mL™! (4.81 x 107 m), which was =4 and tenfold
lower than that of MTX-RCCPs (nontargeted control) and free
MTX-2Na, respectively (Figure 2b). The systemic studies on
Anis-RCCPs with varying Anis contents revealed that 50% Anis
gave the best targetability to H460 cells (Figure S4, Supporting
Information). The competitive inhibition experiments showed
that pretreating H460 cells with haloperidol (an antagonist to
block the sigma receptors) resulted in fivefold increase of IC;,
for MTX-Anis-RCCPs, confirming that Anis-RCCPs were taken
up by H460 cells via a sigma receptor mediated endocytosis
mechanism.

The cellular uptake and intracellular drug release behaviors
of MTX-Anis-RCCPs in H460 cells were investigated using flu-
orescein isothiocyanate (FITC)-labeled MTX-2Na (FITC-MTX)
by flow cytometry and confocal laser scanning microscope
(CLSM). The flow cytometric studies demonstrated that FITC-
MTX level in H460 cells treated with FITC-MTX-Anis-RCCPs
was =7.5 and 3.3-fold higher than those with free FITC-MTX
and FITC-MTX-RCCPs, respectively (Figure 2c). The pretreat-
ment of H460 cells with haloperidol prior to incubation with
FITC-MTX-RCCPs resulted in significantly reduced FITC-MTX
level, in good agreement with MTT results. Interestingly, CLSM
observed strong FITC fluorescence throughout the whole H460
cells including the cell nuclei after 4 h incubation with FITC-
MTX-Anis-RCCPs (Figure 2d). In contrast, FITC fluorescence
in H460 cells treated with FITC-MTX-RCCPs (nontargeting
control) was much weaker, and negligible FITC fluorescence
was observed in free FITC-MTX treated cells. These results
confirmed fast and efficient uptake of Anis-RCCPs by H460
cells via sigma receptor mediated endocytosis and quick intra-
cellular release of FITC-MTX.

The intracellular trafficking of FITC-MTX-Anis-RCCPs was
further studied at varying incubation times from 0.5, 1, 2, to
4 h. The endosomes were stained with Lysoltracker-red. Intrigu-
ingly, the results showed that FITC-MTX has been delivered
and released into H460 cells in 0.5 h and to the nuclei of H460
cells in 1 h (Figure 2e). Notably, while a significant amount of
drug remains entrapped in the endosomes in 1 h, most FITC-
MTX has escaped from endosomes in 2 h and strong FITC-
MTX fluorescence is observed throughout the whole cell. The
fast cytoplasmic and nucleic delivery of FITC-MTX by Anis-
RCCPs could be due to their effective endosomal escape fol-
lowing receptor-mediated endocytosis, resulting from the
proton sponge effect of PDMA.I"4 Another possible reason
is that FITC-MTX-Anis-RCCPs are also partly internalized by
H460 cells through a different mechanism from endocytosis.

For in vivo studies, we used clinical MTX-2Na injection
(Trexall) as a control. The in vivo pharmacokinetics studies in
mice showed that both MTX-Anis-RCCPs and MTX-RCCPs had
a significantly longer circulation time than Trexall (Figure 3a).
The elimination half-life (t;,) was 5.24 and 4.32 h for MTX-
Anis-RCCPs and MTX-RCCPs, respectively. In comparison,
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Figure 2. The in vitro cell experiments. a) MTT assays of H460 cells following 48 h incubation with empty Anis-RCCPs and RCCPs. b) The concentration-
dependent cytotoxicity of MTX-Anis-RCCPs, MTX-RCCPs, and free MTX-2Na to H460 cells determined using MTT assays. The cells were incubated with
different drug formulations for 4 h, the medium was aspirated and replenished with fresh culture medium, and the cells were further cultured for 44 h.
The competitive inhibition experiments were carried out by pretreating H460 cells with 30 X 107® m haloperidol (H) prior to adding MTX-Anis-RCCPs.
Data are presented as the average * standard deviation (n = 4). c) Flow cytometric analysis of FITC levels in H460 cells. H460 cells pretreated with
haloperidol and blank H460 cells were used as controls. FITC-MTX dosage was 10 yg mL™". d) CLSM images of H460 cells following 4 h incubation

with FITC-MTX-Anis-RCCPs (1), FITC-MTX-RCCPs (1), and FITC-MTX (I11).

Anis-RCCPs at a dosage of 10 pg mL™". The scale bars represent 15 ym.

Trexall had a short ¢, 3 of 0.29 h. The area under the curve
for MTX-Anis-RCCPs and MTX-RCCPs were 133.2 and
119.3 pgh mL™, which were about 20 times higher than that
of free MTX.

The biodistribution of MTX in H460 tumor xenografted
mice at 8 h postinjection demonstrated that the mice treated
with MTX-Anis-RCCPs had a remarkable MTX tumor accu-
mulation of 5.3% ID g! (injected dose per gram of tissue),
which was about 4.5 and ninefold higher than that with MTX-
RCCPs and Trexall, respectively (Figure 3b). It should further
be noted that the tumor accumulation of MTX-Anis-CLPs was
also significantly higher than in the healthy organs such as
heart, spleen, lung, and kidney, except for liver. The calcula-
tion of tumor-to-normal tissue (I/N) ratios showed that MTX-
Anis-RCCPs exhibited 9.6-25.0 and 3.1-7.8 times higher T/N
ratios than Trexall and MTX-RCCPs, respectively (Table S3,
Supporting Information). The enhanced tumor selectivity and
accumulation of MTX-Anis-RCCPs renders them particularly
interesting in the treatment of lung cancers.

The therapeutic performance of MTX-Anis-RCCPs was
studied in H460 tumor-bearing nude mice. The mice were
injected every three days via the tail vein at a drug dosage of
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e) CLSM images of H460 cells at 0.5, 1, 2 or 4 h incubation with FITC-MTX-

15 mg MTX equiv. kg™!. MTX-RCCPs, Trexall, and phosphate
buffered saline (PBS) were used as controls. Interestingly, the
results displayed that MTX-Anis-RCCPs completely suppressed
tumor growth (Figure 3c). MTX-RCCPs though less effec-
tive than MTX-Anis-RCCPs demonstrated significantly better
tumor growth inhibition than Trexall. The photograph of tumor
blocks of mice isolated on day 21 confirmed the best inhibi-
tion of tumor growth by MTX-Anis-RCCPs. Notably, no body
weight loss was observed for mice treated with either MTX-
Anis-RCCPs or MTX-RCCPs (Figure 3d), indicating that these
polymersomal MTX formulations have little adverse effects. In
sharp contrast, significant body weight loss (up to 23%) was
discerned for free MTX treated mice.

Remarkably, Kaplan—Meier survival curves showed a 100%
survival rate for mice treated with MTX-Anis-RCCPs over an
experiment period of 45 d (Figure 3e). In comparison, mice
treated with Trexall and MTX-RCCPs all died in 31 and 38 d,
respectively. The histological analyses using H&E staining
revealed that MTX-Anis-RCCPs caused widespread apoptosis
and necrosis of tumor cells while little damage to the liver,
kidney, heart, spleen, and lung (Figure 3f; Figure S5, Sup-
porting Information). In spite of significant accumulation of
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Figure 3. The in vivo pharmacokinetics and antitumor performance of MTX-Anis-RCCPs. a) Blood circulation in nude mice. MTX levels were deter-
mined by high performance liquid chromatography (HPLC), and expressed as injected dose per gram of tissue (% ID g') (n=3). b) In vivo biodistribu-
tion in H460 tumor-bearing nude mice at 8 h post i.v. injection (dosage: 15 mg MTX equiv. kg™'). c) H460 tumor growth inhibition by MTX-Anis-RCCPs.
The drug was given on day 0, 3, 6,9, and 12 at 15 mg MTX equiv. kg™'. The inset shows the photographs of tumor blocks excised on day 21 from mice
treated with PBS (1), Trexall (1), MTX-RCCPs (Ill), and MTX-Anis-RCCPs (IV), respectively. d) Body weight changes of mice following different treat-
ments. e) Survival rates of mice following different treatments within 45 d. Data are presented as mean = SD (n = 5). f) The histological analyses of
H&E stained sections of tumor and major organs excised from H460 tumor-bearing nude mice on day 21. The green and red arrows point to apoptotic
and necrotic cells, respectively. MTX-RCCPs, Trexall, and PBS were used as controls. (Student’s t test, **p < 0.01, ***p < 0.001). The images of tumor
and major organs were obtained by a Leica microscope at magnification (400x).
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MTX-RCCPs in the liver as observed by biodistribution studies,
liver damage was insignificant, likely due to poor uptake by
liver cells. In contrast, mice treated with Trexall induced little
tumor necrosis but significant damage of heart, kidney, and
spleen tissues. It is evident, therefore, that MTX-Anis-RCCPs
have superior targetability and therapeutic efficacy in sigma
receptor overexpressing H460 tumor xenografts.

In conclusion, we have demonstrated that anisamide-func-
tionalized disulfide-crosslinked chimeric polymersomes can
efficiently load and selectively deliver and release MTX-2Na into
sigma receptor overexpressing H460 non-small lung cancer cell
xenografts in vivo, leading to markedly improved tumor growth
inhibition and survival rate as compared to the nontargeting
polymersomes and commercial Trexall controls. To the best
of our knowledge, this represents the first report on efficient
tumor-targeting delivery of MTX-2Na using polymersomes.
These disulfide-crosslinked chimeric polymersomes possess
several extraordinary features over previously reported nano-
systems including high MTX:2Na loading, superior in vivo sta-
bility, enhanced accumulation in tumors, selective and efficient
uptake by tumor cells, fast intracellular release of MTX-2Na
and low side effects, which render them an “all-function-in-
one” nanoplatform for safe and potent cancer chemotherapy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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