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Abstract

Inspired by cisplatin’s deactivation by glutathione (GSH) in cancer, a GSH responsive nanogel
loaded with doxorubicin (Dox) was prepared using hyaluronan as a matrix and cisplatin as a
crosslinker. The elevated GSH depletes the cisplatin crosslinker in the nanogel, enhances Dox
release and boosts cytotoxicity, thus providing a new GSH responsive fashion to reverse cisplatin
resistance.

Cancer lesion has a significantly higher level of glutathione (GSH) in comparison to normal
tissue.1=3 The high GSH level in tumor could result from a combination of active secreting
of GSH by tumor stromal cells and effective cytosolic accumulation in tumor cells.4-6 In
fact, the higher GSH level was commonly found in cisplatin resistant cancers than in the
non-resistant ones.” 8 GSH could influence drug resistance either through cellular signaling
or direct drug binding.? It was suggested that the platinum of cisplatin has a strong tendency
towards binding with thiol-containing species, including GSH in cells, leading to the
deactivation of cisplatin.1? Along with the acceleration of the efflux event, the intracellular
concentration of the cisplatin-GSH adduct was further reduced, which collaboratively
contributed to the drug’s resistance.11: 12

To overcome the cisplatin detoxification rendered by GSH, several nanoparticle strategies
were proposed, such as restricting the GSH-cisplatin contact by shielding the cisplatin core
with a hydrophilic shell, or reducing the GSH-cisplatin interaction by co-delivering a
glutathione S-transferases inhibitor.13: 14 However, those strategies did not fully solve the
problem. Once cisplatin is released from the nanocarrier, its exposure to GSH remains
unavoidable. Conversely, GSH responsive delivery strategies were also proposed to improve
drug delivery. Such delivery systems take advantage of the GSH’s reduction capability to
release the conjugated or encapsulated anticancer drugs.15: 16

Besides its typical function as a chemotherapeutic drug, cisplatin is used as a cross-linker in
constructing different nanoparticles.1’~19 We have previously demonstrated that cisplatin
was able to cross-link hyaluronan (HA), a polysaccharide presented in extracellular space, to
co-deliver a series of drugs for anticancer application.1% 20 HA, a natural polymer, has been
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widely used as a surgical filler due to its biodegradability and minimal immunogenicity.2! In
addition, HA is a ligand for CD44 receptor highly expressed on many cancer cells, thus
conferring HA-based nanocarriers targeting capability towards CD44 positive tumor cells.
21,22 1n view of the elevated GSH level in cisplatin resistant cells, we hypothesize that
cisplatin could be used as a GSH-responsive cross-linker to combat its own drug resistance
by including a second drug. Since the cisplatin cross-linker is essential to maintain the
compactness of the HA nanogel, a GSH assisted depletion could accelerate the leakage/
release of the co-loaded drug and lead to an enhanced cell killing.

Doxorubicin (Dox) was selected as a representative drug to demonstrate the concept,
because its fluorescence property would ease nanogel characterization and subsequent
cellular imaging. Dox is widely used as a first-line of treatment for multiple cancer types
including breast, lung, etc.23 To prepare the cisplatin cross-linked HA nanogel co-loaded
with Dox (HA/Cis/Dox), an aqueous solution of HA, cisplatin and doxorubicin was heated
at 90 °C, cooled on ice and purified by dialysis in water. In this system, cisplatin acts as a
crosslinker to induce the nanogel formation. However, the HA/Cis only nanogel, which has
no Dox or other hydrophobic components, forms loosely packed structure with high
polydispersity.2%: 24 When Dox was introduced, the acquired HA/Cis/Dox nanogel was 45

+ 9.9 nm and seen as even spheres under the transmission electron microscopy (TEM) (Fig.
1a). Further dynamic light scattering (DLS) analysis suggested that the nanogel was
negatively charged with a hydrodynamic diameter of 195.8 £ 10.5 nm in water (Table S1,
ESIT), that is around 4 folds larger than it determined by TEM. This swelling fully supports
the hydrogel nature of HA/Cis/Dox by absorbing water in solution.2> The incorporation
efficiency of cisplatin and Dox was around 38.9% and 92.1%, corresponding to a final molar
ratio of 1.8 to 1 in the nanogel (Table S1, ESIT). The Dox was aggregated in the nanogel as
indicated by the red shifted absorption spectra and the quenched fluorescence in comparison
to free Dox (Fig. 1b, ¢). The same changes to its optical properties was observed on our prior
studies of similar nanogels.19: 24 Both cisplatin and Dox was slowly released in PBS at

37 °C, however Dox release was much slower; only around 10% of Dox was released after 3
days of incubation (Fig. S1, ESIt). The HA/Cis/Dox nanogel only slightly swelled in 3 days,
evidenced by DLS measurement (Fig. 1d). This was presumably due to cisplatin enforced
tight compacting of Dox.

To validate the GSH assisted depletion of cisplatin in the nanogel, the o-phenylenediamine
(OPDA) method, which relies on the reaction between cisplatin and OPDA, was used (Fig.
S2, ESIT).24 26 The cisplatin-OPDA adducts give an absorbance peak at 705 nm, thus
providing a facile and cost effective way to monitor the binding events of cisplatin.
Incubating a cisplatin solution (10 pg/ml) with a GSH dose ranging from 0.005 to 5 mM,
showed that the formation of cisplatin-OPDA adducts was gradually inhibited (Fig. S2c,
ESIT), hinting an effective GSH binding to cisplatin. The same phenomenon was observed
when incubating HA/Cis/Dox with 5 mM of GSH, a reported GSH concentration in tumor;
the absorption peak corresponding to the cisplatin-OPDA adducts was completely
eliminated (Fig. S2d, ESIT). The binding of platinum with a sulfur atom is known to be
more efficient than that with either a nitrogen atom or carboxyl oxygen,2 28 thus, the
introduced GSH was able to inhibit the OPDA reaction and deplete cisplatin from nanogel.

Chem Commun (Camb). Author manuscript; available in PMC 2019 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Tung

Page 3

The cisplatin depletion resulted in an accelerated release of Dox from the nanogel in a GSH
dependent manner. As shown in Fig. 2a—b, 5 mM of GSH increased the release of Dox by 4
folds after 3 days of incubation. This provides an alternative GSH responsive strategy to the
commonly used reducible connecting motifs such as disulfide bonding.2 Although the mean
DLS sizes of nanogels didn’t change much in the GSH containing buffer, the increased
polydispersion index (PDI) at 5 mM suggested a loosened structure (Fig. S3, ESITt) as seen
in the TEM images (Fig. 2c). The ultrastructure observation by TEM verified the
morphology change of HA/Cis/Dox in the presence of GSH (Fig. 2c¢). After 3 days of
incubation, the nanogels partially collapsed and left no dense aggregation, which well
corroborated with the increased Dox release in response to GSH.

To verify the GSH responsive release, ovarian cancer A2780 cells and its cisplatin-resistant
lineage A2780cis cells were selected for the study (Fig. S4a, ESIT). The initial dose
escalation study indicated that A2780cis cells were about 10-fold less sensitive to cisplatin
than its parent A2780 cells. The A2780cis cells were also found slightly resistant to
doxorubicin, this probably due to its multi-drug resistance (Fig. S4b, ESIT). Studies have
shown that the extracellular GSH provided by stromal cells is able to induce more GSH
production in A2780cis cells, thus, promoting cisplatin resistance.*

To imitate the tumor stromal microenvironment, the culture medium was supplemented with
1 mM of GSH.* > After 8 hours of incubation with free Dox, Dox stained all nuclei in both
A2780 and A2780cis cells regardless of the presence of GSH or not (Fig. 3). This was due to
its free diffusion property and preferable binding with DNA. However, Dox encapsulated in
the HA/Cis/Dox nanogel mostly resided within the lysosomes under normal culture
conditions, which has a negligible GSH. Such lysosomal enrichment was often observed in
nanoparticles, attributed to their sizes.1 22. 30 Conversely, when GSH presented in the
media, a high Dox signal was observed outside of the lysosome within the HA/Cis/Dox
treated cells, while no clear difference was found in the free Dox treated cells. The increased
Dox signals in cytoplasm indicated that, following the endocytosis of the nanogels, the
encapsulated Dox was released by the intracellular GSH. This GSH dependent effect was
confirmed by flow cytometry (FACS) (Fig. S5, ESIT). The right shifted peak indicated a
higher Dox fluorescence intensity in the GSH treated cells, reflecting an increased Dox
release post cisplatin depletion. More importantly, the Dox signal that appeared within the
nucleus in the GSH-supplemented cells was significantly increased (Fig. 3).

To confirm the GSH responsive toxicity of the nanogel, both cell lines were incubated with
free cisplatin, free Dox, free cisplatin plus Dox (Cis+Dox), or HA/Cis/Dox with or without
GSH (1 mM) for 1 day, and then the MTS assay was performed to evaluate the cytotoxicity.

Generally, the presence of GSH reduced the cytotoxicity of cisplatin and Cis+Dox because
of the GSH detoxification effect (Fig. 4). However, the GSH dramatically increased the cell
killing effects of HA/Cis/Dox, which was even better than the free drug combination (Fig.
4). Apparently the A2780cis cells demonstrated resistance towards all treatments but the
cisplatin tied HA/Cis/Dox nanogel. HA/Cis/Dox with GSH (1mM) was able to kill all cells,
suggesting the potential of using HA/Cis/Dox to overcome cisplatin resistance. In the
subsequent study, the [GSH] was reduced to 0.5 and 0.05 mM, a value that equivalent to
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those detected in fibroblast-conditioned medium.# 31 The viability of A2780cis cells was
then monitored 2 days after incubating with cisplatin and HA/Cis/Dox. Compared with free
cisplatin, the 0.5 mM of GSH clearly induced an enhanced cytotoxicity for HA/Cis/Dox
while 0.05 mM of GSH demonstrated a marginal enhancement only with cisplatin at 32 uM
(Fig. S6, ESIT). Although the exact extracelluar concentration of GSH in tumor tissue is not
known, our study demonstrated that the HA/Cis/Dox cytotoxicity could be enhanced by a
broad range of [GSH].

It was noted that a higher intracellular Dox signal was observed in free Dox treated cells but
its cytotoxicity was weaker than that exerted by HA/Cis/Dox in the presence of GSH (Fig. 3
and 4). This suggested other mechanisms provided by the HA/Cis/Dox nanogel, such as
altered drug trafficking and depletion of GSH by cisplatin, might also contribute to this
boost in cytotoxicity.32 33 Future efforts will be needed to scrutinize the mechanism-of-
action. Nevertheless, the clear GSH responsiveness and facile manipulation of this cisplatin
cross-linked HA nanogel provided a promising strategy to fight cisplatin resistance.

Tumor associated GSH caused cisplatin detoxification is a serious issue with drug resistance.
Cisplatin loses its toxicity to locally elevated GSH levels before reaching its intended target,
the nucleus. Inspired by this unfavored reaction, a cisplatin crosslinked nanogel was
developed to take advantage of this unusual environment. When cisplatin is depleted by
GSH, the nanogel loses its integrity and releases the encapsulated drugs (Fig. 4c). This
strategy relies on cisplatin deactivation, a process that is inevitable when cisplatin acts only
as a drug. Given that the versatility of current cisplatin crosslinked nanogel to load different
drugs, a flexible drug combination could be expected with a rational design and formulation
optimization.
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Fig. 1.
a) Morphology of HA/Cis/Dox nanogel. b) Absorption and c) fluorescence spectra of

HAJ/Cis/Dox in comparison to free Dox. d) Size distribution of HA/Cis/Dox in PBS at 37 °C
for 3 days determined by DLS.
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Fig. 2.

a) Schematic illustration of Cisplatin depletion by GSH in nangel. b—c) Dox release and
morphology change of HA/Cis/Dox in presence of GSH, respectively. Arrowheads point the
representative nanogels with altered morphology in GSH solution.
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Nucleus  Lysosome

Distribution of Dox in A2780 (a) and A2780cis (b) cells. Cells were treated as indicated for

8 hours with or

without GSH (1mM). Dox concentration was set at 13.5 uM for free Dox

and HA/Cis/Dox. The control experiments have no Dox.
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Fig. 4.

C;/Jtotoxicity of HA/Cis/Dox on A2780 (a) and A2780cis (b) cells with or without GSH in
medium (1 mM), respectively. Cells were treated for 1 day and the involved cisplatin and
Dox were set at 24 pM and 13.5 uM, respectively. p < 0.05(*), p < 0.01(**) or p <
0.001(***) suggests significant difference determined by 2-sided Student’s t test. ¢)
Plausible mechanism of HA/Cis/Dox’s GSH responsiveness in drug resistance.
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