Showcasing research from Professor Varghese’s laboratory,
School of Chemistry, Indian Institute of Science Education
and Research (IISER), Thiruvananthapuram, Trivandrum,
India.

Antisense DNA loaded 2D nanosheets for combined
photodynamic and antisense cancer therapy

A supramolecular strategy for the creation of a multifunctional
therapeutic nanosystem that consists of PDT active 2D
nanosheet loaded with antisense DNA for the combination
of PDT and antisense therapy for the cancer treatment is
reported.
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Introduction

Antisense DNA loaded 2D nanosheets for
combined photodynamic and antisense cancer
therapyf

Gowtham Raj,® Vasudev D. S,? Justin Prasad,? Erai Anbu,” Soumakanya Ram,?
Geoffrey Bellson Daniel,® Nikhil Dev Narendradev, (2°
Srinivasa Murty Srinivasula® and Reji Varghese () *@

Recent years have withessed the rapid growth of combination therapy as a promising strategy for the
cancer treatment. Among the various possibilities, combination of PDT and antisense DNA therapy is
considered as the most promising strategy. Herein, a new supramolecular strategy for the creation of a
multifunctional therapeutic nanosystem that consists of PDT active 2D nanosheets loaded with antisense
DNA for the combination of PDT and antisense therapy for the cancer treatment is reported. The
therapeutic efficacy of antisense DNA loaded PDT active nanosheets is studied using Hela cells as the
representative cell line. The nanosystem is found to undergo lysosomal escape due to the positively
charged surface of the sheets, which is highly beneficial as the lysosomal degradation of the
therapeutically active DNA can be significantly reduced. Efficient singlet oxygen generation inside
the cancer cells upon NIR light irradiation of the sheets is shown. In addition, downregulation of the
anti-apoptotic protein Bcl-2 by the action of antisense DNA is also demonstrated. Excellent therapeutic
efficacy is observed for the antisense DNA loaded nanosheets under NIR light irradiation when
compared to the individual therapeutic agents. The enhanced therapeutic efficacy of the nanohybrid
system is attributed to the synergetic combination of the PDT action of the nanosheets and the
antisense action of the DNA. Our design strategy demonstrates the self-delivery of functional nucleic
acids along with PDT active nanomaterials for synergistic and cooperative cancer therapy.

efficacies have been achieved. Among them, combination of anti-

sense DNA therapy and PDT has received particular attention.>*"

This is because PDT is one of the most efficient non-invasive

Cancer is undoubtedly one of the major causes of death for
mankind and hence designing new strategies to improve
the efficiency of existing therapies is always demanding.'™
Recent years have witnessed the rapid growth of combination
therapy as a promising therapeutic approach for the cancer
treatment.'®*Combination therapy combines two or more
therapies together and works in a synergistic fashion, and
hence only a lower dosage of each individual drug is required.
Combinations of (i) chemotherapy and photodynamic therapy
(PDT),"* (i) PDT and photothermal therapy (PTT)'*>' and
(iii) chemotherapy and antisense DNA therapy*>*® have been
developed by different research groups and excellent therapeutic

“School of Chemistry, Indian Institute of Science Education and Research (IISER),
Thiruvananthapuram, Trivandrum-695551, Kerala, India.
E-mail: reji@iisertvm.ac.in

b School of Biology, Indian Institute of Science Education and Research (IISER),
Thiruvananthapuram, Trivandrum-695551, Kerala, India

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3qm00809f

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

therapeutic approaches for the cancer treatment. Moreover, the
photosensitizers used in PDT applications are typically non-toxic
under darkness, and hence PDT allows selective killing of photo-
exposed cancer cells, leaving the unexposed healthy cells intact.**
On the other hand, antisense DNA therapy is an emerging tool for
several diseases including cancer.>** This approach explores an
antisense oligonucleotide as the therapeutic agent, which typically
hybridizes with the complementary mRNA via Watson-Crick base
pairing. This causes the downregulation of disease-causing proteins
by silencing the mRNA responsible for the protein synthesis. The
most remarkable feature of antisense DNA therapy, unlike other
therapeutic approaches, is the unprecedented precision of anti-
sense DNA for target binding and hence it offers a more effective
and safe therapeutic option. Hence, combination of PDT and
antisense DNA therapy is considered as one of the most promising
combinations for the treatment of cancer.

Although unique in many ways, one of the important
challenges associated with antisense DNA therapy is the
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extremely poor cell permeability of the antisense oligonucleotide
due to its negatively charged phosphate backbone.***” Generally,
delivery of antisense DNA into the cells was achieved by using a
suitable nanocarrier, which delivers antisense DNA via the endo-
cytosis mechanism.>**° However, nanocarriers enter into the cells
via an endocytic pathway, eventually reach the lysosomes and get
degraded at the lysosomes. This significantly reduces the efficacy
of antisense therapy.’” Furthermore, the nanocarriers used for
antisense DNA delivery typically have no therapeutic relevance.
Hence, a therapeutically relevant nanocarrier that has lysosomal
escaping ability would be an ideal candidate for antisense DNA
delivery.

We have recently reported the self-assembly of a biotin-
tethered iodo-BODIPY amphiphile into biotin-decorated 2D
nanosheets for PDT applications.*’ The nanosheets exhibited
a high extinction coefficient in the NIR region, excellent singlet
oxygen ('0,) generation efficiency and no toxicity in the dark.
The most notable structural feature of the nanosheets is the
dense decoration of biotins on the surface of the sheets, which
permitted the targeted delivery of the nanosheets into biotin
receptor positive cancer cell lines such as HeLa and A549.
Interestingly, biotin is also known to form a stable host-guest
inclusion complex with B-cyclodextrin (B-CD).** This suggests
that biotin decorated nanosheets would be an ideal 2D platform
for the integration of B-CD onto the surface of the sheets.
Motivated by these observations, we envisioned that the functio-
nalization of B-CD with a positively charged group and the
subsequent assembly with biotin-decorated 2D sheets permits
the decoration of cationic B-CD on the surface of the nanosheets.
These positively charged 2D nanosheets would then act as a
template (host) for the loading of negatively charged antisense
DNA (guest) via electrostatic interactions, and therefore combi-
nation of PDT and antisense DNA therapy can be achieved in a
single step supramolecular fashion.*?

Herein, we report a non-covalent strategy for the creation of
a multifunctional therapeutic nanosystem that consists of PDT
active 2D nanosheets loaded with antisense DNA for the
combination of PDT and antisense DNA therapy for the cancer
treatment in vitro. A biotin modified iodo-BODIPY amphiphile
(1) is known to form biotin decorated 2D nanosheets.*’
The host-guest interaction between 1 nanosheets and cationic
B-cyclodextrin (B-CD") in aqueous medium results in the for-
mation of 1/B-CD" nanosheets with positively charged f-CD"
exposed to the surface of the sheets. Subsequently, the cationic
surface of the nanosheets is explored for the decoration of
antisense DNA (A-DNA) via electrostatic interactions to form 1/
B-CD*/A-DNA sheets and the therapeutic efficacy of 1/B-CD*/
A-DNA sheets is studied using HeLa as a representative cell line.
Interestingly, 1/B-CD'/A-DNA nanosheets exhibit lysosomal
escape, which prevents their degradation at the lysosome. This
is highly beneficial for the effective therapeutic action of the
sheets. The detachment of A-DNA from the surface of 1/-CD"/
A-DNA sheets leads to the delivery of A-DNA, which causes
the suppression of Bcl-2 protein synthesis and leads to cell
apoptosis. In addition, A-DNA causes significant reduction in
the resistance of the cells towards PDT, which in turn improves
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the PDT action of the sheets.” Singlet oxygen generation upon
NIR light illumination of 1/B-CD*/A-DNA sheets and their PDT
action are also shown. The most remarkable feature of the
present nanosystem is the cooperativity in its therapeutic action,
wherein PDT active nanosheets act as a carrier for the delivery of
antisense DNA into the cancer cells and at the same time
antisense DNA enhances the PDT activity of the nanosheets by
suppressing PDT resistance-inducing proteins (Scheme 1).

Results and discussion

B-CD" and 1 were synthesized following our own previously
reported and modified protocols.***™*® The synthesis of 1/p-
CD'/A-DNA sheets was achieved by annealing B-CD" (10 uM in
water) and 1 (10 uM in DMSO) at 90 °C for 5 minutes followed
by slow cooling to room temperature with the addition of
A-DNA (5-TCTCCCAGCGTGCGCCAT-3’, 1 uM) when the tem-
perature of the solution reached 50 °C. The excess unassociated
molecules present in the solution were removed by repeated
centrifugation (3 times at 3000 rpm for 5 minutes), and the
supernatant obtained was used for the experiments. Initially,
host-guest complexation between 1 sheets and B-CD* and the
spontaneous self-assembly of the resultant supramolecular
amphiphile (1/B-CD") were studied. Amphiphile 1 (10 uM) exists
as monomeric species in DMSO and a strong absorption band
with its maximum centered at 664 nm was observed in DMSO
(Fig. 1a). On the other hand, 1 exhibited a broad absorption
spectrum in water (10 uM), clearly indicating the aggregation of
1 in water due to its very poor water solubility. As expected,
B-CD" is freely soluble in water and showed its characteristic
absorption spectral features. Interestingly, the absorption spec-
trum of 1 (10 uM) in water in the presence of -CD* (10 pM)
showed a broad absorption band, but with distinct vibronic
features of 1. This indicates that the host-guest interaction
between 1 and B-CD" results in the formation of the 1/p-CD*
inclusion complex. At the same time, broadness of the spec-
trum also suggests that the possible aggregation of 1/B-CD*
through n-stacking and hydrophobic interactions of BODIPY.
Fluorescence analysis of 1 in DMSO (10 uM) showed intense
emission of BODIPY at 700 nm (Jexe = 635 nm) (Fig. 1b). In
contrast, significant quenching of fluorescence was observed
for both 1 (10 pM) and 1/g-CD* (10 uM) in water. These
observations are in support of aggregation of the 1/B-CD*
complex in water.

In order to further support the host-guest interaction, ‘H-
NMR experiments were carried out using biotin and B-CD
(Fig. 1c). No "H-NMR signals were observed for biotin in water
due to its very poor water solubility (blue trace). On the other
hand, B-CD showed its characteristic '"H NMR signals (red
trace). Interestingly, characteristic NMR peaks of biotin
(40 mM) emerged in the presence of §-CD (40 mM), indicating
the increased solubility of biotin in water. Moreover, significant
downfield shifts were observed for the hydrogen atoms of §-CD
that were residing in the inner cavity of p-CD. This can be
attributed to the presence of biotin inside the hydrophobic
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Scheme 1 The host—guest interaction between 1 and B-CD* to form 1/B-CD™* followed by its amphiphilicity-driven self-assembly into B-CD*/1
nanosheets. Antisense DNA (A-DNA) loading onto the surface of 1/B-CD* nanosheets to form 1/-CD*/A-DNA sheets and their cellular internalization for

cooperative cancer therapy are also shown.
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Fig. 1 (a) UV-Vis absorption and (b) emission spectra of 1 (10 uM), g-CD*

(10 pM) and 1/p-CD* aggregates (10 uM). (c) *H NMR spectra of biotin (blue
trace, 40 mM), B-CD (red trace, 40 mM) and a 1: 1 mixture of biotin and -
CD (green trace, 40 mM each) in D;O. (d) Representative TEM image of 1/
B-CD™* aggregates in water.

cavity, which causes the downfield shift for the inner hydrogen
atoms of B-CD. These observations confirm the formation of a
host-guest complex between biotin and B-CD as reported in
similar systems.*! NMR titration studies using f-CD and biotin
were then carried out to determine the stoichiometry of the
inclusion complex between 1 and B-CD by using Job’s plot
analysis. The chemical shift value at 3.865 of the -OH group
residing inside the hydrophobic cavity of f-CD was monitored
to construct Job’s plot. The resulting Job’s plot has a maximum

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

at 0.5 indicating the 1:1 stoichiometry for the inclusion
complex between 1 and B-CD (Fig. S1, ESIt). It is also to be
noted that no significant changes were seen in the absorption
and emission spectra of 1/f-CD* in water with the rise in
temperature from 20 °C to 90 °C, revealing the high thermal
stability of the 1/B-CD* inclusion complex and its self-
assembled species (Fig. S2, ESIt). Dynamic light scattering
(DLS) analysis of 1/B-CD"* in water revealed the formation of
aggregated species in solution with size distribution in the
range of 120-810 nm and with a polydispersity index (PDI)
of 0.3 (Fig. S4, ESIf). Transmission electron microscopy
(TEM) analysis of 1/B-CD" in water revealed sheet morphology
for 1/p-CD" aggregates (Fig. 1d and Fig. S3, ESIt). The lateral
dimensions of the sheets are in the range of several hundreds
of nm to pm.

After confirming the sheet morphology for 1/f-CD* aggre-
gates, we studied the electrostatic loading of A-DNA onto the
surface of 1/B-CD* sheets to form 1/B-CD/A-DNA using zeta
potential analysis (Fig. 2a). Since the association between A-
DNA and 1/B-CD" sheets is purely electrostatic in nature, in
principle, any molar ratio between A-DNA and 1/B-CD" sheets
can facilitate the loading of A-DNA onto the sheet surface.
In our study, we have taken a 1:10 molar ratio of A-DNA (1 uM)
and 1/p-CD" (10 pM). This low molar ratio of A-DNA compared
to 1/-CD" was selected to make sure the complete loading
of A-DNA onto the surface of the sheets. Zeta potential analysis
of A-DNA and 1/p-CD* showed values of —7.48 and +15.67 mV,
respectively, whereas 1/B-CD*/A-DNA exhibited a zeta potential
value of +7.93 mvV. This significant decrease in the zeta
potential value for 1/-CD*/A-DNA (+7.93 mV) when compared
to 1/B-CD" sheets (+15.67 mV) can be attributed to the loading
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Fig. 2 (a) Comparison of zeta potential values of A-DNA, 1/-CD* and 1/
B-CD*/A-DNA. (b) TEM and (c) AFM images of 1/p-CD*/A-DNA. (d) Time
dependent UV-Vis absorption spectra of a solution of 1/p-CD* sheets and
DPBF upon NIR light illumination (635 nm laser at 0.75 W cm~2) for 4 min.

of negatively charged A-DNA onto the surface of 1/p-CD" sheets
via strong electrostatic interactions to form 1/f-CD'/A-DNA.
It is also to be noted that no significant change in the zeta
potential value of +7.93 mV was observed over a time period of
6 h (Fig. S5, ESIt). This suggests the structural stability of
electrostatic interaction between the negatively charged A-DNA
and positively charged 1/B-CD* nanosheets with respect to time,
at least for 6 h. Interestingly, the sheet morphology of 1/-CD"
remains intact even after the loading of A-DNA as is evident
from TEM (Fig. 2b) and AFM (Fig. 2¢) analyses of 1/B-CD"/
A-DNA aggregates. In order to further confirm the full loading
of A-DNA at a 1:10 molar ratio, we have performed native PAGE
(20%) analysis (Fig. S6, ESIT). As expected, no gel electrophoretic
mobility was observed for 1/B-CD'/A-DNA. 1t is also important to
note that the band corresponding to A-DNA was not seen in the
gel, revealing the strong electrostatic association between A-DNA
and 1/B-CD" sheets. These results are in full accordance with the
zeta potential measurements showing that a 1:10 molar ratio of
A-DNA and 1/B-CD" sheets permits the efficient loading of A-DNA
onto the sheet surface and this nanoformulation exhibits excellent
structural stability.

Furthermore, the 'O, generation ability of 1/p-CD*
nanosheets upon NIR light irradiation was studied using 1,3-
diphenylisobenzofuran (DPBF) as an indicator for 'O, detec-
tion. For this purpose, 1/p-CD" nanosheets (40 uM) in water
containing DPBF (200 M) were irradiated with 635 nm laser at
0.75 W ¢cm 2 for 4 min and then the absorption changes of
DPBF at 420 nm with respect to time were monitored (Fig. 2d).
Time-dependent studies showed a noticeable decrease in the
characteristic absorption band of DPBF at 420 nm with respect
to time, clearly revealing the degradation of the dye. This can be

556 | Mater. Chem. Front., 2024, 8, 553-561

View Article Online

Materials Chemistry Frontiers

attributed to the reaction of DPBF with 'O, generated from 1/p-
CD" nanosheets to form an unstable peroxide that sponta-
neously decomposes into colorless 1,2-dibenzoyl benzene.*’
This shows the efficient generation of 'O, by 1/-CD* nano-
sheets in aqueous solution upon NIR light illumination.
We have also evaluated the photostability of 1/B-CD" nano-
sheets during the course of the reaction by monitoring the
characteristic absorption changes of 1/p-CD" nanosheets (40 pM).
A slight decrease in the absorbance of 1/B-CD" nanosheets at
675 nm was observed with respect to time, indicating a minor
degradation of the sheets during photoirradiation. Furthermore,
no photothermal effect was observed for 1/§-CD" nanosheets upon
NIR light illumination (635 nm laser at 0.75 W/cm?) even for
12 minutes of irradiation (Fig. S7, ESIY).

We then focused on the therapeutic efficiency of 1/B-CD'/A-
DNA nanosheets for cooperative cancer therapy using HeLa
cells as the representative cell line. Initially, the cellular inter-
nalization studies of 1/B-CD"*/A-DNA sheets were performed. For
this purpose, A-DNA was covalently modified at the 5-end
with 6-carboxyfluorescein (FAM) and FAM-modified A-DNA
(DNA-FAM) was used for all the experiments. For the cellular
internalization, HeLa cells were incubated with DNA-FAM
(5 M) and 1/B-CD'/DNA-FAM (5 uM with respect to DNA-FAM)
for 12 h, and the green fluorescence of FAM was monitored using a
confocal laser scanning microscope (CLSM). As expected, strong
green fluorescence of FAM was observed for HeLa cells treated
with 1/B-CD*/DNA-FAM, whereas nearly no green fluorescence was
associated with DNA-FAM treated HeLa cells (Fig. 3a). These
results suggest that 1/8-CD/DNA-FAM sheets exhibit excellent cell
permeability, whereas the impermeability of DNA-FAM can be
attributed to the negatively charged backbone of single stranded
DNA, which is typically cell impermeable. Moreover, no cellular
internalization was observed for DNA-FAM even for a longer
incubation time of 16 h (Fig. S8, ESIf). The CLSM observations
were then quantified by using fluorescence-activated cell sorting
(FACS) analysis. As shown in Fig. 3b, a high mean fluorescence
intensity (MFT) shift was associated with 1/§-CD'/DNA-FAM treated
HeLla cells (MFI = 411) when compared to the MFI shift of
DNA-FAM (MFI = 76) treated cells.

Subsequent to the cellular internalization studies, we inves-
tigated the subcellular localization of 1/B-CD*/DNA-FAM sheets
(5 uM with respect to DNA-FAM) inside HeLa cells. In general,
nanocarriers used for the transport of antisense DNA get
entrapped at the lysosomes and get degraded at the lysosome.
In order to monitor the lysosomal localization of 1/B-CD*/DNA-
FAM nanosheets, cells were treated with 1/p-CD*/DNA-FAM and
costained with Lysotracker deep red (red fluorescence). Inter-
estingly, no colocalization of the green fluorescence of 1/p-CD*/
DNA-FAM nanosheets and the red fluorescence of Lysotracker
was observed. This confirms the efficient lysosomal escape of
1/B-CD*/DNA-FAM nanosheets, which is highly beneficial for its
therapeutic action (Fig. 4a). This was further supported by the
line analysis, which showed a relatively low Pearson coefficient
value of 0.035 (Fig. S9, ESIT). These experimental observations
are in good accordance with our design strategy that the
cationic B-CD" present on the surface of 1/B-CD'/DNA-FAM

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 3 (a) CLSM images of Hela cells showing the cellular internalization

of DNA-FAM and 1/p-CD*/DNA-FAM nanosheets and (b) the corres-
ponding FACS analysis.

lysotracker

Fig. 4 (a) CLSM images of Hela cells demonstrating the lysosomal
escaping ability of 1/B-CD*/DNA-FAM nanosheets. The lysosomes are
stained with Lysotracker deep red (red fluorescence) and the green
fluorescence of DNA-FAM was monitored for the colocalization studies.
(b) CLSM images of Hela cells treated with 1/p-CD*/A-DNA and DCFHDA
under NIR light illumination to evaluate the singlet oxygen (*O,) generation
capability of the sheets.
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sheets permits the antisense DNA loaded nanosheets to escape
from the lysosome by the lysosomal membrane destabilization
induced by the positive charges, as reported in similar systems.**

The singlet oxygen generation ability of 1/B-CD'/A-DNA
inside HeLa cells under NIR light illumination was then
studied. Towards this, 1/B-CD*/A-DNA sheet (10 pM with respect
to 1/p-CD" and 10 uM with respect to A-DNA)-treated HeLa
cells were irradiated with 635 nm laser (0.75 W cm™?) for
10 minutes. After NIR light irradiation, HeLa cells were stained
with 2/,7'-dichlorodihydrofluorescein diacetate (DCFHDA), a
fluorescent probe that could detect the in situ generated reac-
tive oxygen species (ROS) and impart green fluorescence to the
cells. Interestingly, intense green fluorescence was associated
with HeLa cells treated with 1/B-CD*/A-DNA when compared
to the corresponding untreated HeLa cells (Fig. 4b). This was
further quantified using FACS analysis, which showed a high
MEFI shift value for 1/p-CD*/A-DNA nanosheet treated-HeLa cells
(609) when compared to the corresponding untreated cells
(169) (Fig. S10, ESIf). These results conclude the efficient
generation of 'O, by 1/B-CD*/A-DNA sheets inside the cancer
cells upon NIR light illumination.

Since "0, is known to potentially damage the membranes of
lysosomes and mitochondria, the fate of the organelles after
'0, generation was examined. The lysosomal damage was
monitored by costaining HeLa cells with acridine orange (AO)
after their treatment with 1/B-CD*/A-DNA sheets (10 uM with
respect to 1/B-CD* and 10 uM with respect to A-DNA) for 2 h
followed by NIR light illumination for 10 minutes. Acridine
orange gives bright red fluorescence upon entrapment in the
healthy lysosomes, indicative of healthy lysosomes. If the
lysosome is damaged due to the membrane rupture, a signifi-
cant reduction in the red fluorescence intensity is expected.
In addition, AO is known to bind to the nucleus of the cell and
produce green fluorescence. The CLSM analysis of 1/B-CD"/A-
DNA treated HeLa cells under NIR light illumination for
10 minutes followed by 12 h of incubation showed no decrease
in the red fluorescence of AO with respect to the control,
indicating that the lysosomes are not getting damaged by 'O,
generated from 1/-CD'/A-DNA nanosheets (Fig. 5a). This was
further quantified using FACS analysis, which showed similar
MEFT shift values for 1/§-CD*/A-DNA treated (465) and untreated
(497) HelLa cells (Fig. S11, ESIT).

The mitochondrial damage caused by 'O, was evaluated
using tetramethylrhodamine methyl ester perchlorate (TMRM)
assay. For this, HeLa cells were treated with 1/B-CD/A-DNA
(10 uM with respect to 1/B-CD* and 10 pM with respect to A-DNA)
for 2 h and then kept under NIR light illumination for 10 minutes
followed by 12 h incubation. Cells were then costained with
TMRM and changes in the green fluorescence intensity of TMRM
were probed using CLSM analysis. In this case as well, CLSM
analysis of 1/B-CD'/A-DNA-treated HeLa cells showed no decrease
in the fluorescence intensity when compared to the corres-
ponding control cells, indicating the healthy nature of mito-
chondria (Fig. 5b). This was further quantified by FACS analysis
(Fig. 5¢), which revealed similar MFI shift values for 1/§-CD*/
A-DNA treated (35653) and untreated control cells (35 723).

Mater. Chem. Front., 2024, 8, 553-561 | 557
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Fig. 5 (a) CLSM images of AO stained Hela cells treated with 1/p-CD*/
DNA nanosheets after NIR light illumination to evaluate the lysosomal
degradation by the in situ generated O,. (b) CLSM images of TMRM
stained Hela cells treated with 1/g-CD*/DNA nanosheets after NIR light
illumination to evaluate the mitochondrial damage by the in situ generated
10, and (c) the corresponding FACS analysis.

The cytotoxicity of 1/B-CD*/A-DNA towards HeLa cells was
evaluated using MTT assay. Initially, the stability of 1/B-CD*/
A-DNA under serum conditions was studied using native PAGE
analysis (20%). The complex 1/B-CD*/A-DNA was treated with
10% heat-inactivated serum for different periods of time. The
corresponding PAGE analysis clearly showed that even after 6 h
of incubation, no degradation of 1/B-CD*/A-DNA and release of
A-DNA was observed. The band corresponding to 1/B-CD*/
A-DNA was clearly visible in the well of the gel (Fig. S12, ESIt).
This implies the structural stability of the nanoformulation
under serum conditions. Subsequently, the cytotoxicity of
A-DNA, p-CD* and 1/p-CD"* nanosheets under dark was investi-
gated independently. Towards this, HeLa cells were incubated
with A-DNA, B-CD" and 1/p-CD* nanosheets of varying concen-
trations (50-1000 nM) for 24 h. Even at a higher concentration
of 1000 nM, A-DNA did not cause significant cell death, and the
cell viability remains close to that of untreated control cells
(Fig. 6a). The failure of A-DNA to induce cell death must be due
to the cell impermeable nature of A-DNA as demonstrated
earlier. Similarly, no dark toxicity was observed for §-CD" and
1/B-CD" sheets toward HeLa cells (Fig. S13 and S14, ESIY). After
confirming the dark nontoxicity of the system, we studied the
combined cytotoxicity due to (i) the PDT action of the sheets
and (ii) the antisense action of DNA. For this, HeLa cells were
incubated with 1/B-CD*/A-DNA sheets (10 uM with respect to
1/B-CD" and 1 pM with respect to A-DNA) for 2 h followed by
illumination with NIR light for 10 minutes and then cultured
for 24 h. Toxicity associated with 1/p-CD*/A-DNA sheets in the
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Fig. 6 (a) Cell viability (MTT assay) of Hela cells with varying concentra-
tions of A-DNA. (b) Comparison of cell viability of HelLa cells treated with 1/
B-CD*, A-DNA, 1/8-CD*/A-DNA, 1/p-CD* + NIR and 1/p-CD*/A-DNA +
NIR. (c) The western blot analysis of HelLa cells treated with 1/p-CD*/
A-DNA sheets.

dark can be attributed to the effect of antisense DNA, which
leads to a cell death of 25% (Fig. 6b). On the other hand, a
toxicity of 46% observed for 1/B-CD" sheets after NIR light
irradiation must be due to the PDT action of the sheets. Very
interestingly, significant enhancement in the cell death to 61%
was observed for the cells treated with 1/p-CD*/A-DNA sheets
after NIR light illumination for 10 minutes (Fig. 6b). The
corresponding western blot analysis revealed down-regulation
of expression of the anti-apoptotic Bcl2 protein (Fig. 6c, raw
data are provided in Fig. S15, ESIf). These results clearly
conclude that the enhanced cytotoxicity of 1/B-CD*/A-DNA
sheets under NIR light irradiation is due to the synergistic
combination of (i) the antisense action of A-DNA and (ii) the
PDT action of the sheet.

Finally, the cytotoxicity effect of 1/$-CD*/A-DNA under NIR
light illumination (635 nm, 0.75 W cm ™ ?) was analysed using
calcein-AM/PI staining assay. Calcein-AM interacts with the
esterase present inside the live cancer cells and gives green
fluorescence due to the cleavage of the acetoxymethyl (AM)
ester protecting group of calcein-AM. However, no ester
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Fig. 7 (a) Calcein-AM/PI live/dead cell assay of 1/p-CD*/A-DNA treated

Hela cells. (b) Annexin V-FITC/PI assay of 1/p-CD*/A-DNA treated Hela
cells.

cleavage occurs inside the dead cell and hence no green
fluorescence is expected for the dead cells as the concentration
of esterase present in the dead cell is minimal. Similarly,
propidium iodide (PI) cannot pass through the cell membrane
of live cells, whereas it stains the dead cell to give red fluores-
cence. As shown in Fig. 7a, untreated HeLa cells showed
only the green fluorescence of calcein-AM staining and no red
fluorescence of PI, indicating that the cells are alive, as
expected. On the other hand, intense red florescence of PI
was observed for the cells treated with 1/B-CD*/A-DNA sheets
after NIR light illumination. These results are in good agree-
ment with the MTT assay. We have also carried out live/dead
cell assay using calcein-AM/PI double staining to understand
the synergism between antisense therapy (A-DNA) and PDT
(1/B-CD"). A drastic decrease in the green fluorescence from
calcein-AM and an increase in red fluorescence from PI were
observed for the cells treated with 1/p-CD*/A-DNA sheets after
NIR light illumination when compared to 1/B-CD/A-DNA
treated cells in the dark and 1/B-CD" sheets after NIR light
irradiation. The enhanced cell death observed for 1/B-CD*/
A-DNA sheets supports the MTT data and proves the synergetic
effect of PDT and antisense therapy (Fig. S16, ESIT).
Furthermore, the annexin V-FITC(AV)/PI staining assay
experiment was carried out on 1/p-CD/A-DNA treated HeLa
cells to get better insight into the mechanism of the cell death.
As shown in Fig. S17 (ESI}), 1/B-CD*/A-DNA treated cells after
NIR light illumination exhibited strong green fluorescence
from annexin V-FITC at the cell membrane and strong red
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fluorescence of PI from the nuclei, revealing that the cell death
occurs primarily via a late stage apoptotic pathway. This is
further confirmed through the FACS analysis. For this purpose,
HeLa cells were treated with 1/B-CD*/A-DNA sheets under NIR
light illumination and analyzed by flow cytometry after staining
with annexin V-FITC (AV)/PL Interestingly, the cell population
mainly shifted to the quadrant corresponds to the apoptotic
pathway (Fig. 7b). These results collectively conclude that
1/B-CD'/A-DNA sheets under NIR light illumination induce cell
death due to the apoptotic pathway and not due to the necrotic
mechanism.

Conclusions

In summary, we have reported a supramolecular strategy for
the design of a multifunctional therapeutic nanosystem that
consists of PDT active 2D nanosheets loaded with antisense
DNA for the synergetic combination of PDT and antisense DNA
therapy for the cancer treatment in vitro. Excellent therapeutic
efficiency was observed for the nanosystem due to the com-
bined effect of the PDT action of the sheets and the antisense
action of DNA. The most remarkable feature of the present
nanosystem is cooperativity in its therapeutic action, wherein
PDT active nanosheets act as a carrier for the delivery of
antisense DNA into the cancer cells and at the same time
antisense DNA enhances the PDT activity of the nanosheets
by suppressing PDT resistance-inducing proteins. Our design
strategy demonstrates the self-delivery of functional nucleic
acids along with PDT active nanomaterials for synergistic and
cooperative cancer therapy. We believe that the less laborious
yet efficient supramolecular approach demonstrated in this
work may encourage other researchers to design new supramo-
lecular nanosystems for combination cancer therapy. Our work
also shows that self-deliverable nanosystems are promising
delivery vehicles for cancer treatment.
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