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The therapeutic outcome of chemodynamic therapy (CDT) is greatly hindered by the presence of oxi-
dative damage repair proteins (MTH1) inside cancer cells. These oxidative damage repair proteins detoxify
the action of radicals generated by Fenton or Fenton-like reactions. Hence, it is extremely important to
develop a simple strategy for the downregulation of MTH1 protein inside cancer cells along with the deliv-
ery of metal ions into cancer cells. A one-pot host—guest supramolecular approach for the codelivery of
MTH1 siRNA and metal ions into a cancer cell is reported. Our approach involves the fabrication of an
inclusion complex between cationic p-cyclodextrin and a ferrocene prodrug, which spontaneously
undergoes amphiphilicity-driven self-assembly to form spherical nanoparticles (NPs) having a positively
charged surface. The cationic surface of the NPs was then explored for the loading of MTH1 siRNA
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through electrostatic interactions. Using Hela cells as a representative example, efficient uptake of the
NPs, delivery of MTH1 siRNA and the enhanced CDT of the nanoformulation are demonstrated. This work
highlights the potential of the supramolecular approach as a simple yet efficient method for the delivery

rsc.li/nanoscale of siRNA across the cell membrane for enhanced chemodynamic therapy.

activity. This makes CDT a superior approach for cancer
therapy over other conventional strategies.”®

Introduction
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Chemodynamic therapy (CDT) is one of the widely used tech-
niques for the treatment of cancer."™ It involves the delivery of
a transition metal/metal-based system into a cancer cell, which
upon reaction with hydrogen peroxide (H,O,) overexpressed
inside the cancer cell produces highly toxic reactive oxygen
species (ROS). These reactions are generally known as Fenton
or Fenton-like reactions. Excessive generation of radicals
inside the cancer cell induces oxidative damage, which leads
to cell death. Unlike other therapeutic approaches such as
radiotherapy, photothermal therapy (PTT) and photodynamic
therapy (PDT), where sophisticated instruments are typically
required, CDT is straightforward and explores mainly endogen-
ous chemicals inside the cancer cells as a trigger for their
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One of the important challenges associated with CDT for
cancer therapy is the presence of oxidative damage-repairing
proteins inside the cells.”'® They potentially neutralize the
ROS generated by Fenton/Fenton-like reactions by various
defense mechanisms, thereby significantly reducing the
efficacy of CDT. For example, the MTH1 protein, a nucleotide
pool sanitizing enzyme, can hydrolyze the oxidized nucleotides
formed by ROS, thus protecting the cancer cells from oxidative
damage.’ ™ This suggests that suppressing MTH1 protein
synthesis inside cancer cells along with the delivery of a
Fenton active metal catalyst would be a promising strategy to
improve the efficiency of CDT. Very recently, Tan et al. have
shown that MTH1 protein expression inside cancer cells can
be significantly downregulated by using small interfering
RNAs (siRNAs), and showed a dramatic enhancement in the
therapeutic efficacy of PDT."" Motivated by this report, we envi-
sioned that the co-delivery of siRNA for the inhibition of
MTH1 protein expression and a Fenton reagent would be an
ideal strategy for an efficient CDT, which has not yet been
attempted. Delivery of siRNAs into cancer cells was typically
achieved by using cationic nanoparticles (NPs) as the delivery
vehicle in a noncovalent fashion.”™® Hence, we want to
explore a supramolecular approach for the co-delivery of a
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Fenton reagent and siRNA for the inhibition of MTH1 protein
synthesis into cancer cells for enhanced CDT.*°

Herein, we demonstrate the host-guest interaction between
cationic B-cyclodextrin (B-CD*, host) and a ferrocene prodrug
(1, guest) as a nanoplatform for the co-delivery of MTH1 siRNA
and a Fenton reagent (Fe**) into a cancer cell. B-Cyclodextrin
was chosen as the host molecule in our design because of (i)
its high affinity to form a host-guest complex with Fenton
active ferrocene derivatives, (ii) water solubility and (iii) excel-
lent biocompatibility. The supramolecular host-guest inter-
action between ferrocene and p-CD is well established and has
been extensively applied for the design of diverse supramole-
cular functional nanomaterials.>* >® Our design strategy relies
on the initial host-guest interaction between cationic p-CD*
and the prodrug 1 in aqueous medium for the formation of a
1:1 amphiphilic B-CD*/1 complex, which then spontaneously
undergoes amphiphilicity-driven self-assembly for the for-
mation of cationic spherical nanoparticles (8-CD'/1 NPs). The
most important structural feature of -CD'/1 NPs is the protru-
sion of cationic f-CD" on the surface of the NPs due to its
hydrophilic nature. The positively charged outer surface of the
NPs permits the integration of MTH1 siRNA (siRNA) onto their
surface via electrostatic interactions to form B-CD*/1/siRNA
NPs. The internalization of B-CD*/1/siRNA NPs into cancer
cells via an endocytotic pathway followed by their lysosomal
escape and distribution in the cytosol is demonstrated. The
disassembly of the NPs in the cytosol and the subsequent
delivery of siRNA in the cytosol is shown, which efficiently
downregulates the expression of the MTH1 protein and causes
an increase of CDT action. Simultaneously, the prodrug 1
undergoes the Fenton reaction with the overexpressed H,O,
inside the cancer cells to produce "OH and p-quinone methide
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(an antioxidant scavenger). The latter is a potential scavenger
of glutathione (GSH),>” which is also beneficial for the
enhancement of CDT activity. The combined effect of the deliv-
ery of siRNA, generation of ‘OH through the Fenton reaction
and depletion of GSH by the production of an antioxidant sca-
venger leads to a dramatic increase in the overall efficacy of
CDT (Scheme 1).

Results and discussion

The synthesis of the cationic host B-CD* and the guest prodrug
1 was achieved through multistep organic reactions.”®*°
Details of the syntheses and the characterization of p-CD", 1
and all the intermediates are provided in the ESI.{ The supra-
molecular synthesis of the amphiphilic host-guest complex of
B-CD" and 1 (B-CD*/1) in water: THF (99:1) was achieved by
annealing a 1:5 molar ratio of 8-CD" (1 uM in Milli-Q water)
and 1 (5 pM in THF) at 90 °C for 5 minutes followed by slow
cooling to room temperature over a period of 1 h. Excess 1
present in the solution was then removed by repeated centrifu-
gation at 4000 rpm for 3 minutes, and the supernatant
obtained after several rounds of centrifugation was used for
further experiments. The supramolecular complex $-CD*/1
spontaneously undergoes amphiphilicity-driven self-assembly
to form p-CD*/1 NPs.

We then characterized the complex formation between
B-CD" and 1 and the spontaneous self-assembly of the -CD*/1
complex into the NPs by using various spectroscopic and
microscopic tools. The host 8-CD" is water soluble, whereas
the guest prodrug 1 is nearly water insoluble. Accordingly, the
absorption spectra of 1 in THF:water (THF:water = 5:95,
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Scheme 1 Chemical structure of 1, B-CD* and their host—guest complex formation followed by the formation of B-CD*/1 NPs. Loading of siRNA
onto the surface of B-CD*/1 NPs to form B-CD*/1/siRNA NPs is also shown. The cellular internalization of B-CD*/1/siRNA NPs and the different
responses of the NPs inside the cancer cellular environment are depicted schematically.
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5 pM) exhibited a very weak absorption band of the ferrocene
unit of 1 at 265 nm due to its very poor water solubility
(Fig. S1f). Interestingly, the emergence of characteristic
absorption of 1 at 265 nm was clearly observed with the
addition of B-CD'. The intensity of the band was found to
increase with the increase of $-CD* concentration and a strong
absorption band of 1 at 265 nm was observed at a B-CD" con-
centration of 5 pM (Fig. 1a). These results indicate the initial
formation of the inclusion complex between B-CD" and 1
(B-CD*/1) as reported,***" which spontaneously undergoes
amphiphilicity-driven self-assembly to B-CD*/1 NPs. The emer-
gence of an absorption peak of 1 with the addition of g-CD*
can be attributed to the solubilization of 1 in water with the
spontaneous formation of -CD*/1 NPs. Tapping-mode atomic
force microscopic (AFM) analyses revealed the formation of
spherical NPs for B-CD'/1 aggregates with an average diameter
of ~80 nm (Fig. S27). Zeta potential measurement of f-CD*/1
NPs showed a value of +40.54 mV, which clearly reveals that
the surface charge of the NPs is positive (Fig. 1b). All these
data collectively confirm the initial formation of the 1: 1 supra-
molecular complex B-CD'/1, which subsequently undergoes
amphiphilicity-driven self-assembly for the formation of
B-CD'/1 spherical NPs with cationic B-CD" exposed to the
outer surface of the NPs.

After establishing the formation of B-CD'/1 NPs, we have
explored the loading of siRNA onto the cationic surface of the
NPs through electrostatic interactions (Table 1). For this
purpose, siRNA (20 nM) was mixed with B-CD'/1 NPs (1 pM
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Fig. 1 (a) Comparison of the absorption spectra of 1 (in THF and water)

and B-CD*/1 NPs (water). (b) Comparison of the zeta potential values of
siRNA, B-CD*/1 NPs and B-CD*/1/siRNA NPs. (c) AFM and (d) TEM
images of p-CD*/1/siRNA NPs. (e) CLSM image of p-CD*/1/siRNA-FAM
NPs and (f) DLS size distribution of §-CD*/1/siRNA NPs.

Table 1 Sequences of the siRNAs

RNA Sequence (5 — 3')
SiRNA GAC GAC AGC UAC UGG UUU CTT (sense)

GAA ACC AGU AGC UGU CGU CTT (antisense)
siRNA-FAM FAM-GAC GAC AGC UAC UGG UUU CTT (sense)

GAA ACC AGU AGC UGU CGU CTT (antisense)

This journal is © The Royal Society of Chemistry 2024
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each) and annealed at 25 °C for 30 minutes, followed by slow
cooling to room temperature. Zeta potential measurements
showed values of +4.89, —24.72 and +40.54 mV for B-CD*/1/
siRNA, siRNA and B-CD'/1 NPs, respectively (Fig. 1b). The
decrease in the zeta potential value of B-CD'/1 NPs from
+40.54 mV to +4.89 mV for B-CD'/1/siRNA clearly indicates the
successful loading of negatively charged siRNA onto the posi-
tively charged surface of B-CD*/1 NPs to form B-CD'/1/siRNA
NPs. Furthermore, no significant change in the zeta potential
value of +4.5 mV for p-CD*/1/siRNA was observed over a time
period of 6 h (Fig. S4). This shows the structural stability of
the electrostatic interaction between negatively charged siRNA
and positively charged p-CD'/1 with respect to time. Also, the
structural stability of B-CD*/1/siRNA NPs in serum was studied
using zeta potential analyses. For this, p-CD'/1/siRNA NPs
were treated with 10% heat-inactivated serum for 6 h, and the
corresponding zeta potential analyses showed a value of
+4.1 mV. This shows that even after 6 h of incubation, degra-
dation of p-CD*/1/siRNA NPs and release of siRNA have not
occurred (Fig. S4f). The structural stability of p-CD*/1/siRNA
NPs is extremely important as it potentially prevents the pre-
mature release of siRNA. Tapping-mode AFM (Fig. 1c) and
transmission electron microscopic (TEM) (Fig. 1d) analyses
revealed the formation of spherical NPs for p-CD'/1/siRNA.
Moreover, confocal laser scanning microscopy (CLSM) analyses
of 6-carboxyfluorescein (FAM) labelled siRNA (siRNA-FAM)
showed the formation of green fluorescent spherical NPs for
B-CD'/1/siRNA-FAM (Fig. 1le). These results suggest that the
morphology of B-CD'/1 NPs remains intact even after the
loading of siRNA. It is to be noted that the average diameter of
B-CD'/1/siRNA NPs obtained from the AFM analyses is
~80 nm, indicating that the loading of siRNA does not cause
significant change to the diameter of f-CD*/1 NPs, as expected.
However, it must be pointed out that our strategy cannot offer
any control over the diameter of the NPs as it is evident from
TEM (Fig. 1d), CLSM (Fig. 1e) and DLS (Fig. 1f); all of them
show large size distributions for the NPs.

We next investigated the peroxidase-like catalytic activity of
B-CD*/1 NPs. The catalytic activity of B-CD/1 NPs is due to the
presence of ferrocene-derived prodrug 1, which can efficiently
react with H,0, to produce toxic ‘OH. The X-ray photoelectron
spectroscopic (XPS) analyses of 1 confirmed the oxidation state
of iron (Fe) as +2. The peaks observed at the binding energies
of 707.3 and 720 eV correspond to Fe**, which is responsible
for the peroxidase-like catalytic activity of B-CD*/1 NPs
(Fig. S51). The catalytic activity of B-CD*/1 NPs was monitored
by using the methylene blue (MB) degradation assay. f-CD*/1
NPs in the presence of H,O, (10 mM) produce "OH, which can
degrade MB, causing a decrease in the characteristic absorp-
tion peak of MB at 660 nm. As shown in Fig. 2a, excellent
degradation of MB was observed for the $-CD*/1 NP (1 mM)-
treated MB (15 uM) sample in the presence of H,0, (10 mM)
when compared to the corresponding B-CD'/1 NP-untreated
MB samples. These observations are in accordance with our
design strategy that the production of ‘OH occurs via the
B-CD'/1 NP catalyzed Fenton reaction.
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Fig. 2 (a) Comparison of the absorption spectra of MB (black trace), MB
in the presence of H,O, (red trace) and MB in the presence of H,O, and
B-CD*/1 NPs (blue trace). (b) DTNB assay for GSH depletion analyses:
absorption spectral changes of DTNB in the presence of GSH (blue
trace), B-CD*/1 NPs (green trace) and p-CD*/1 and GSH (yellow trace).
(c) Colorimetric detection of Fe** released from p-CD*/1 NPs upon
reaction with H,O,. Visual color changes of the NP solution upon for-
mation of a red coloured [Fe(bipy)s]>* complex in the presence and in
the absence of H,0, are also shown. (d) A plot of percentage of Fe**
released by B-CD*/1 NPs in the presence and in the absence of H,0..

In addition to the generation of ‘OH, prodrug 1 of p-CD"/1
NPs also reacts with H,O, to produce p-quinone methide,
which can undergo 1,6-conjugate nucleophilic addition with
GSH to form alkylated products.”” Hence, p-quinone methide
is an efficient GSH scavenger, which is highly beneficial for
the efficiency of CDT.?’ Initially, the formation of p-quinone
methide during the reaction between p-CD'/1 and H,0, was
confirmed by LR-MS analyses, which showed an m/z of 106.14
corresponding to the mass of p-quinone methide (Fig. S67).
The depletion of GSH concentration by the reaction with
p-quinone methide was then monitored by using 5,5"-dithiobis
[2-nitrobenzoic acid] (DTNB) as the indicator.**** DTNB has
its characteristic absorption band centered at 312 nm and
exhibits a red shift to 412 nm upon reaction with GSH, which
is due to the formation of 2-nitro-5-thiobenzoic acid.** In
order to study GSH depletion by the NPs, GSH (25 pM) was
incubated with B-CD"/1 NPs (25 uM), H,0, (100 pM) and
DTNB (10 pM) for 0.5 h, and the absorption spectral changes
were then monitored. As a control experiment, the absorption
spectrum of the reaction mixture containing GSH and DTNB
without B-CD*/1 NPs and H,O, was recorded. As expected, a
red shift from 312 to 412 nm was observed for GSH treated
with DTNB, indicating the reaction between GSH and DTNB to
form 2-nitro-5-thiobenzoic acid, whereas no change in the
absorption spectrum was observed for GSH treated DTNB in
the presence of B-CD/1 NPs and H,O, (Fig. 2b). This clearly
discloses that p-quinone methide formed by the reaction
between B-CD*/1 NPs and H,0, efficiently consumes GSH, and
as a consequence of this reaction, no significant amount of
GSH was available in the reaction medium for the subsequent
reaction with DTNB. These results clearly confirm the GSH
scavenging capability of B-CD*/1 NPs in the presence of H,0,.
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The reaction of -CD'/1 NPs with H,0, also releases free
Fe*" ions in the solution, and the formation of free Fe** in the
solution was subsequently characterized by using the standard
bipyridine assay.”” This was achieved by reducing the released
Fe®™ to Fe** by using sodium dithionate (Na,S,0¢), which was
then reacted with 2,2"-bipyridine (bipy) to form a red coloured
[Fe(bipy)s]** complex (Fig. 2¢). Accordingly, strong red coloured
complex formation was observed for f-CD*/1 NPs (100 uM) in
the presence of H,O, (9.8 mM), Na,S,0¢ (1 M) and bipy
(300 pM). The release efficiency of Fe*" was found to be 31.6%
for the H,0,-treated B-CD*/1 NPs, whereas only negligible
release of Fe’" (2.6%) was observed for the H,O,-untreated
B-CD*/1 NPs (Fig. 2d).>’

After the characterization of the functional behaviours of
the NPs, we studied the in vitro toxicity of the NPs inside the
cancer cells. For the cellular imaging, FAM functionalized
SiRNA (siRNA-FAM) was used. For this purpose, initially,
B-CD*/1/siRNA-FAM NPs (B-CD*, 1: 10 pM each and
siRNA-FAM: 20 nM) were synthesized following the earlier pro-
tocol. HeLa cells were taken as a representative cell line in our
study and incubated with siRNA-FAM and $-CD*/1/siRNA-FAM
NPs for 6 h. As shown in Fig. 3a, no internalization was
observed for free siRNA-FAM, whereas efficient internalization
was observed for p-CD*/1/siRNA-FAM NPs as evident from the
green fluorescence associated with the HeLa cells.
Internalization of NPs was then quantified using fluorescence
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Fig. 3 (a) CLSM images demonstrating cellular internalization of

siRNA-FAM (top panel) and B-CD*/1/siRNA-FAM (bottom panel) NPs on
Hela cells and (b) FACS analyses for the cellular internalization of
siRNA-FAM (left) and B-CD*/1/siRNA-FAM (right) NPs.
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activated cell sorting (FACS) studies (Fig. 3b). A high mean
fluorescence intensity (MFI) shift was observed in the B-CD*/1/
siRNA-FAM NP-treated HeLa cells (575), when compared to the
MFI shift of 116 in the siRNA-FAM-treated HeLa cells. Time-
dependent CLSM analyses showed that internalization of
B-CD*/1/siRNA-FAM NPs into the HeLa cells occurs within 3 h
of incubation. In contrast, no internalization was observed for
siRNA2-treated cells even after 6 h of incubation, as expected
(Fig. S71). In order to get a better insight into the kinetics of
siRNA release from f-CD+/1/siRNA, time-dependent zeta
potential analyses were carried out. f-CD+/1/siRNA NPs have a
zeta potential value of +4.5 mV, and no noticeable change in
the zeta potential value was observed with respect to time, and
the value remains the same over a time period of 6 h (time
required for complete cellular internalization). This clearly
confirms the structural stability of the electrostatic interaction
between negatively charged siRNA and positively charged
p-CD+/1 with respect to time and also rules out any premature
release of siRNA from the nanoformulation (Fig. S47).

We next studied the pathway of cellular internalization of
B-CD*/1/siRNA-FAM NPs (p-CD*, 1: 10 pM each and
siRNA-FAM: 20 nM). For this purpose, HeLa cells were pre-
treated with an endocytosis inhibitor, methyl-f-cyclodextrin
(MBCD, 50 pM), which prevents cholesterol-dependent endocy-
tic processes by reversibly extracting the steroid out of the
plasma membrane.*® Interestingly, MPCD-pre-treated cells
exhibited decreased cellular uptake of p-CD*/1/siRNA-FAM NPs
(Fig. S871). In addition to this, cellular internalization of 8-CD"/
1/siRNA-FAM NPs was found to be drastically reduced for the
cells maintained at 4 °C (Fig. S81). This is in accordance with
the observation that endocytosis is a temperature-dependent
process, and a very poor cellular internalization is expected at
low temperatures. These results collectively conclude that
B-CD*/1/siRNA-FAM NPs enter the HeLa cells via an endocyto-
tic pathway.

Typically, any NPs enter a cell via an endocytotic pathway,
reach the acidic lysosomes and get degraded at the
lysosome.**™*! From a therapeutic point of view, degradation
of the NPs at the lysosome can cause a drastic reduction in the
therapeutic efficacy of the system. In order to monitor the lyso-
somal localization of B-CD*/1/siRNA-FAM NPs, colocalization
experiments were performed. For this purpose, lysosomes of
HeLa cells were initially stained with Lysotracker deep red
(LysoTracker, red fluorescence) and its colocalization with the
green fluorescence of B-CD'/1/siRNA-FAM NPs (B-CD*, 1:
10 pM each and siRNA-FAM: 20 nM) was monitored.
Surprisingly, no colocalization of green fluorescence of §-CD"/
1/siRNA-FAM NPs with the red fluorescence of LysoTracker
deep red was observed, suggesting that though B-CD'/1/
siRNA-FAM NPs enter the cell via the endocytotic pathway,
they undergo lysosomal escape (Fig. 4a).>® In support of this
observation, the colocalization plot (Fig. 4b) and line analysis
(Fig. 4c) provided a relatively low Pearson coefficient value of
0.035. Though the exact reason for the lysosomal escape of the
NPs is not clear to us at this stage, we believe that this could
be due to the slightly positively charged surface (+4.89 as

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) CLSM images showing the lysosomal escape of B-CD*/1/
siRNA-FAM NPs. The lysosomes of the cells were stained with
Lysotracker deep red (red fluorescence). (b) The colocalization scatter
plot and (c) the corresponding line analyses diagram.

obtained from the zeta potential studies) of B-CD'/1/
siRNA-FAM NPs. Nanoparticles with positively charged sur-
faces are known to favor endosomal membrane destabilization
followed by lysosomal escape.*>

Subsequent to the lysosomal escape, f-CD'/1/siRNA NPs are
mainly located in the cytosol of the cell, where they undergo
disassembly upon reaction with H,0, present inside the cells.
This reaction also led to the in situ generation of quinone
methide, which in turn reacts with GSH present in the cellular
microenvironment and eventually depletes the GSH concen-
tration. The GSH consumption ability of B-CD*/1/siRNA NPs
was calculated using the standard GSH assay kit (from
ORIGIN), which showed a 20% decrease in the intracellular
GSH level compared to that of the untreated cells (Fig. S97).
The Fenton reaction of the NPs with endogenous H,0, pro-
duces 'OH and also leads to the release of MTH1 siRNA
(siRNA). The generation of ‘OH was monitored by using 2,7-
dichlorofluorescein-diacetate (DCFH-DA) as a fluorescent indi-
cator (10 uM), which produces green fluorescent 2,7-dichloro-
fluorescein (DCF) upon radical detection. As shown in Fig. 5a,
the B-CD'/1/siRNA NP-treated (B-CD*, 1: 10 uM each and
siRNA: 20 nM) HeLa cells showed high-intensity DCF green
fluorescence compared to the untreated control cells. This was
further quantified by FACS analyses, which revealed a high
MEFTI shift value for the B-CD'/1/siRNA NP-treated cells (225)
when compared to the corresponding control cells (90)
(Fig. 5b). These results unequivocally confirm the generation
of "OH by the reaction of B-CD*/1/siRNA NPs with intracellular
H,0,. In order to validate that the radical generation is indeed
via the reaction of the NPs with H,0,, cells were pre-incubated
with the H,O, scavenger N-acetyl-i-cysteine (NAC) and then
treated with B-CD/1/siRNA NPs. As expected, a significant
decrease in the intensity of fluorescence of DCF was observed
in the NAC-treated cells when compared to the corresponding
NAC-untreated control cells (Fig. 5¢). In accordance with the
CLSM analyses, FACS analyses also revealed a significant
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Fig. 5 (a) CLSM images for "OH generation by B-CD*/1/siRNA NPs
inside the Hela cells monitored using the DCFH-DA assay and (b) the
corresponding FACS analyses. (c) Comparison of CLSM images for "OH
generation by 8-CD*/1/siRNA NPs in the Hela cells pre-treated with the
H,0, scavenger N-acetyl-L-cysteine (NAC) and the corresponding NAC-
untreated cells. (d) FACS analyses for B-CD*/1/siRNA NPs in Hela cells
pre-treated with NAC.

reduction in the MFI shift value of the NAC-treated cells (97),
whereas a relatively high MFI shift value (297) was observed in
the NAC-untreated cells (Fig. 5d). These results confirm that
the intracellular radical production indeed occurs via the reac-
tion of B-CD'/1/siRNA NPs with the endogenous H,0, present
in the cancer cells.

We next evaluated whether the radicals generated by B-CD*/
1/siRNA NPs cause any damage to the cellular organelles
including mitochondria and lysosomes. This is because the
lysosomal and mitochondrial membranes are highly suscep-
tible to radical attacks and hence can potentially be damaged
by the reaction with radical species. In order to evaluate the
lysosomal damage, an acridine orange (AO) assay was carried
out. Acridine orange is typically used to stain lysosomes and
produce red fluorescence only if the lysosomes are healthy. If
the lysosomes are damaged or ruptured, a significant decrease
in the red fluorescence of AO is expected. At the same time, AO
can also stain the nucleus of the cells to give green fluo-
rescence. The CLSM analyses of the B-CD'/1/siRNA NP-treated
(B-CD* and 1: 500 pM and siRNA: 1 pM) HeLa cells showed
only negligible decrease in the red fluorescence of AO when
compared to the untreated control cells, indicating that the
lysosomes of the B-CD*/1/siRNA NP-treated cells are healthy
(Fig. 6a). The FACS analyses were also in good agreement with
the CLSM analyses (Fig. 6b), which revealed comparable MFI
shift values of the B-CD'/1/siRNA NP-treated (340) and the
corresponding untreated cells (344). This is in line with the
previous observation that the NPs undergo lysosomal escape,
and hence, the radical generation at the lysosomal compart-
ments is minimal. Similarly, the mitochondrial damage
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Fig. 6 (a) CLSM images to evaluate the lysosomal degradation of
B-CD*/1/siRNA NPs via the generation of "OH monitored by using the
AO assay and (b) the corresponding FACS analyses. (c) CLSM images of
TMRM assay for monitoring mitochondrial damage induced by p-CD*/1/
siRNA NPs and (d) the corresponding FACS analyses.

caused by "OH was evaluated using the tetramethylrhodamine
methyl ester perchlorate (TMRM) assay. For this, the B-CD"/1/
siRNA NP-treated HeLa cells were stained with TMRM and the
fluorescence of TMRM was monitored using CLSM analyses.
TMRM exhibits orange fluorescence when accumulated in
negatively charged polarized mitochondria. When the mito-
chondrial membrane potential collapses, the TMRM reagent is
dispersed throughout the cell cytosol and the fluorescence
intensity drops down dramatically. The CLSM analyses of
B-CD*/1/siRNA (B-CD' and 1: 500 uM and siRNA: 1 pM) NP-
treated HeLa cells show no noticeable decrease in the fluo-
rescence intensity in the $-CD*/1/siRNA NP-treated cells when
compared to the untreated control cells, indicating the healthy
nature of the mitochondria (Fig. 6¢). These observations were
further quantified using FACS analyses, which revealed com-
parable MFI shift values are associated with the B-CD'/1/
siRNA1 NP-treated (18722) and untreated (18933) cells
(Fig. 6d). In this case as well, the mitochondria stability
toward the NPs can be attributed to the inability of the NPs to
accumulate at the mitochondria. These data collectively con-
clude that "OH generated by the reaction of $-CD*/1/siRNA NPs
with H,0, does not cause any major damage to the lysosomes
and the mitochondria.

Having established the cellular internalization of B-CD*/1/
siRNA NPs, cytotoxicity of the NPs towards HeLa cells was eval-
uated using the MTT assay. Initially, HeLa cells were incubated
with siRNA (5-250 nM) and B-CD* (50-500 puM) of varying con-
centrations for 24 h. Both siRNA and $-CD* were found to be
nontoxic to the cells in all the concentrations. Even at higher
concentrations of siRNA (250 nM) and B-CD" (500 pM), no sig-
nificant cytotoxicity was observed and the cell viability
remained more than 95% (Fig. 7a and b). The nontoxic nature
of siRNA can be attributed to its cell impermeable nature,

This journal is © The Royal Society of Chemistry 2024
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whereas p-CD" is known to be highly biocompatible.* Because
prodrug 1 is water insoluble, the cytotoxicity of 1 alone in the
cell media could not be studied. Subsequently, we have carried
out cytotoxicity studies for -CD'/1 and B-CD*/1/siRNA NPs to
understand the effect of siRNA assisted enhanced cytotoxicity
of the NPs. For this purpose, HeLa cells were incubated with
B-CD*/1 and B-CD*/1/siRNA NPs having varying concentrations
from 50 to 500 pM for 24 h. Interestingly, we could observe
enhanced cytotoxicity for B-CD'/1/siRNA NPs compared to
B-CD*/1 NPs for all the concentrations (Fig. 7c). An excellent
cytotoxicity of 85% was observed for B-CD'/1/siRNA NPs at a
concentration of 500 pM. This enhanced cytotoxicity can be
attributed to the suppression of MTH1 protein synthesis with
the delivery of siRNA, which in turn enhances the CDT per-
formance of the P-CD'/1/siRNA NPs.'' Inhibition of MTH1
protein synthesis with the delivery of siRNA is not possible in
the case of B-CD*/1 NPs.

Subsequently, the cytotoxicity of p-CD/1/siRNA NPs was
qualitatively analysed using CLSM analyses by using calcein-
AM/ethidium homodimer-1 co-staining assay. Calcein-AM
interacts with the intracellular esterase present in the live cells
and cleaves the acetoxymethyl ester of calcein-AM to produce a
green fluorescent calcein dye. However, ester cleavage cannot
occur in dead cells due to the absence of cellular esterase.
Similarly, propidium iodide (PI) cannot pass through the cell
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wall membrane of live cells, whereas it can stain the dead cells
to give red fluorescence.”® As shown in Fig. 8a, untreated HeLa
cells (control) showed calcein-AM staining (green fluorescence)
but no red fluorescence of PI, indicating that the cells are
alive, as expected. On the other hand, cells treated with -CD*/
1/siRNA (B-CD" and 1: 500 pM and siRNA: 1 pM) NPs showed
strong red fluorescence of PI, but negligible green fluorescence
from calcein dye, revealing that most of the cells are dead.
Finally, in order to understand the mechanism of cell death,
an annexin V-FITC (AV)/PI assay was performed. As shown in
Fig. 8b, the B-CD'/1/siRNA NP-treated cells (B-CD' and 1:
500 pM and siRNA: 1 pM) exhibited strong green fluorescence

a) calcein AM
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Fig. 8 (a) CLSM images for the live/dead cell assay of the g-CD*/1/
siRNA NP-treated Hela cells using calcein-AM/PI. (b) CLSM images for
the Annexin V-FITC/propidium iodide assay of the p-CD*/1/siRNA NP-
treated Hela cells. FACS analyses of the Annexin V-FITC (AV)/propidium
iodide (Pl) assay of (c) the control and (d) p-CD*/1/siRNA NP-treated
Hela cells.
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Fig. 9 CLSM images of the B-CD*/1/siRNA NP-treated MDA-MB-231
3D spheroids demonstrating the anti-invasive effect of the CDT agent
(right) and the untreated control spheroids are also shown (left).

of annexin V-FITC at the cell membrane and intense red fluo-
rescence of PI from the nuclei, indicating that cell death
occurs mainly via the late-stage apoptotic pathway.***> We
confirmed this cell death mechanism using the annexin
V-FITC (AV)/PI assay through FACS analyses. For this purpose,
HeLa cells were treated with p-CD*/1/siRNA NPs for 24 h and
analysed by flow cytometry after staining with annexin V-FITC
(AV)/PIL. After the treatment of the cells with p- CD*/1/siRNA
NPs, the cell population mainly shifted to the quadrant that
corresponds to the apoptotic pathway (Fig. 8c). These results
collectively conclude that the B-CD'/1/siRNA NP-induced cell
death is due to the apoptotic pathway and not due to the
necrotic mechanism.

After demonstrating the efficient CDT reaction in vitro, we
then evaluated the efficiency of -CD*/1/siRNA NPs in a multi-
cellular tumor spheroid model using 3D cell culture. The 3D
spheroids have most of the characteristics of proliferating
tumor cells, and this model typically represents the in vivo con-
ditions. Details of the synthesis of 3D spheroids are provided
in the ESL.{ In our study, triple-negative human breast cancer
cells, MDA-MB-231, were used for the preparation of tumor 3D
spheroids using the hanging drop method. The invasion
potential of the spheroids was studied in the presence of
B-CD'/1/siRNA NPs ([f-CD'] and [1] = 500 pM and [siRNA] =
1 uM) to understand the therapeutic efficacy of the NPs in the
proliferation of the spheroids. For this, 3D spheroids were
incubated with $-CD*/1/siRNA NPs at 37 °C for 24 h. Untreated
spheroids were taken as control that showed a high invasion
potential as they showed migration in all directions (invasion
index = 1.54 + 0.3). On the other hand, a significant reduction
in the invasion index was observed for the -CD+/1/siRNA NP-
treated spheroids (invasion index = 0) due to the excellent
therapeutic action of the NPs (Fig. 9). The results conclude the
excellent therapeutic efficiency of the nanoformulation both
in vitro and in vivo.

Conclusions

In summary, we have demonstrated a simple, one-step supra-
molecular approach for the design of a multifunctional nano-
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formulation for the co-delivery of MTH1 siRNA and a Fenton
reagent (Fe®") into a cancer cell. Our strategy permits the sim-
ultaneous delivery of MTH1 siRNA and a potential Fenton
agent in a highly efficient manner, which is otherwise extre-
mely difficult to achieve. A dramatic increase in the overall
efficacy of CDT for cancer therapy was achieved due to the
combined effect of the delivery of MTH1 siRNA (downregulat-
ing the expression of the MTH1 protein), generation of "OH
through the Fenton reaction (CDT) and depletion of GSH by
the production of an antioxidant scavenger, p-quinone
methide (enhancing CDT). To the best of our knowledge, this
is the first report demonstrating a supramolecular strategy for
the codelivery of MTH1 siRNA and a Fenton agent in a one-
step approach for enhanced CDT for cancer therapy. We
strongly believe that the ease of fabrication of the nanoformu-
lation via one-pot self-assembly, scalability of the nanoformu-
lation without laborious synthesis and excellent CDT offer a
wide range of scope for CDT-based cancer therapy.
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