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A therapeutic keypad lock decoded in drug
resistant cancer cellst

Gulsen Turkoglu,?® Gozde Kayadibi Koygun,@C Mediha Nur Zafer Yurt,”
Seyda Nur Pirencioglu® and Sundus Erbas-Cakmak (& *2°

A molecular keypad lock that displays photodynamic activity when exposed to glutathione (GSH), esterase
and light in the given order, is fabricated and its efficacy in drug resistant MCF7 cancer cells is investigated.
The first two inputs are common drug resistant tumor markers. GSH reacts with the agent and shifts the
absorption wavelength. Esterase separates the quencher from the structure, further activating the agent.
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After these sequential exposures, the molecular keypad lock is exposed to light and produces cytotoxic

singlet oxygen. Among many possible combinations, only one ‘key’ can activate the agent, and initiate
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The complex nature of diseases such as cancer necessitates
smarter drugs that can discriminate each disease state or
regulate drug efficacy spatially and/or temporally. With this
intention, activatable drugs, drugs with on demand release
properties are developed with promising selectivity.™ Infor-
mation processing therapeutics which are based on molecular
logic gate operations are another approach to solve this
problem.>” Molecular logic gates are small compounds using
Boolean logic operations to process inputs (i.e. the analyte
concentration), and give an output as a result (fluorescence, and
therapeutic activity etc.).® Selective drug activation, release,
multiple-analyte sensing and theranostic applications of these
devices have been explored by us and others.>**

Among the operations that can be carried out using small
molecules, keypad locks provide an alternative application in
information security.*® This logic operation can give a specific
output when the inputs are given in the correct form and correct
sequence. For the device, each input is considered as an AND
logic operation where the history of the process is also consid-
ered. A pioneering example was reported by Margulies and
Shanzer in 2007 where energy transfer is modulated by chela-
tion of Fe** in a pH dependent manner.>* Later, various other
devices were introduced with advanced properties such as more
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a photodynamic response. Paclitaxel resistant MCF7 cells are selectively killed. This work presents the
first ever biological application of small molecular keypad locks.

than 2 input responsiveness and error detection capability.?*>*

All-photonic logic gates to address chemical waste production is
extensively studied by Gust, Andréasson and Pischel.?**® Beside
small molecule keypad locks, enzymes, antibodies, and DNA
hybrids are used to achieve the same goal.>”* Although their
potential use in molecular cryptology is highlighted, so far,
there is no solid biological application of small molecule
keypad locks.

In the research presented here, a molecular keypad lock is
developed which displays a photodynamic therapeutic output
when a molecule is exposed to analytes in the correct order and
type (PS3, Fig. 1). Two inputs of the system are chosen to be the
common markers of drug resistant tumours: glutathione (GSH)
and esterase enzyme (E). Cancer cells develop resistance to
traditional chemotherapy in time by changing the protein
expression or metabolite content of the cell. This adaptation of
cancer cells is an obstacle for their treatment and needs to be
addressed. Glutathione is a tripeptide used in reductive
biochemical synthesis and it is known to be present in elevated
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Fig. 1 Chemical structures of model photosensitizers (PS1 and PS2)
and a molecular keypad lock (PS3). Ester bonds (red) are prone to
hydrolysis by the esterase enzyme. Distyryl sites of the photosensi-
tizers (blue) can react with thiol nucleophile provided that it is bound to
an electron deficient group (i.e. pyri-dinium).
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levels in rapidly dividing cells such as cancer cells.** A high GSH
level is reported to contribute to drug resistance, since GSH
adducts of the drugs are exported out of the cell much more
rapidly.®»* Likewise, esterase enzyme activity is known to be
associated with drug detoxification as this enzyme contributes to
the chemical conversion of the drug.*»* Glutathione and
esterase enzyme are chosen to be the first two inputs of the
molecular keypad lock, the first two digits of the password. In the
research, light is used as the final input. Although trivial, light is
essential for photodynamic activity and spatiotemporal control
of irradiation, further improving selectivity of the therapy.
Keypad lock PS3 is a photodynamic therapy (PDT) agent. PDT is
a non-invasive method used for the treatment of surface cancers
and certain other diseases ranging from atherosclerosis to
macular degeneration.**** In this therapy, a photosensitizer is
excited with light, and produces cytotoxic singlet oxygen ('0,)
thereby triggering apoptosis or necrosis of the cell, initiating an
immune response and blocking microvasculature.”” In the
research, a boradiazaindecene (BODIPY) photosensitizer is used to
benefit from versatile chemistry and spectroscopic properties.*~**
Near-IR absorbing PS3 shown in Fig. 1 is the molecular keypad
lock and it is synthesized in 13 steps (Scheme S17). PS3 and model
compound PS2 have heavy atoms on the structure to favour
intersystem crossing required for transition to the triplet state and
hence "0, generation occurs.* Ester bonds on the structure of PS3
are prone to cleavage by esterase enzyme. Distryryl bonds on the
PS3 (blue) tend to reduce or form an adduct with thiol nucleo-
philes when it is activated by the pyridinium electron withdrawing
group.*® This property lies at the heart of sequential operation of
esterase and GSH. When GSH reacts with electron poor double
bonds, the extended conjugated structure is broken and PS3-a is
generated (Fig. 2). This structure has absorption below 550 nm,
like brominated core BODIPY molecules (compound 8, Scheme
S1t), and therefore can be excited with a green light. A quencher
(green) is attached to ensure that photodynamic activity is OFF
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Fig. 2 Sequential operation of GSH and esterase. GSH can only react
with BODIPY distyryl units when the structure has electron with-
drawing pyridinium, either reducing it or forming an adduct. Esterase
enzyme cleaves ester bonds, liberating the photosensitizer from the
quencher module (green). Initial esterase activity converts the pyr-
idinium unit to pyridine, thereby decreasing the reactivity of double
bonds with GSH.
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until esterase cleaves the ester bond. This is because of the energy
transfer from the photosensitizer to this module, until esterase
separates the photosensitizer. Since PS3 lacks absorption around
the 500-550 nm region, it is inactive until GSH reacts with the
compound. However, the GSH reacted photosensitizer does show
absorption in this region; so, in order to avoid full activation just
by GSH, a quencher module is attached. Spectral overlap between
the BODIPY core (see the structure of compound 8 in the ESL
similar to that of PS3-a in terms of conjugation) and quencher (Q)
can be seen from UV-Vis absorption and fluorescence spectra
(Fig. 3 and S1f). By this way, the photosensitizer is chemically
modulated by GSH to ensure excitation, and then esterase enzyme
inhibits energy transfer by removing the quencher. Lastly a green
light is used to excite the photosensitizer leading to generation of
photodynamic action. Since light is necessary for the final exci-
tation of the molecule, it should always be the last input. If the
order of esterase and GSH changes, as shown in Fig. 2, activation
is not expected to take place since cleavage of the ester bonds
generates 4-hydroxybenzyl derivative on PS3, which spontane-
ously faces 1,4-elimination to generate pyridine (Fig. S2+).*” Pyri-
dine on its own is not sufficiently electron withdrawing to favour
nucleophilic attack of double bonds by GSH and to activate it as
demonstrated below. Therefore, the photosensitizer preserves
extended conjugation and essentially lacks absorption at the
wavelength of excitation.

In order to understand the response of the PS3 to GSH,
a molecule is incubated with 0.5 mM of GSH at 37 °C for 90 min.
A new peak at 544 nm appears in UV-Vis absorption spectra
consistent with the hypothesis (Fig. 3c, S1 and S9%). The
formation of the GSH adduct (PS3-a) is demonstrated by Liquid
Chromatography Mass spectrometry analysis (Fig. S31). When
control module PS1 is exposed to the same conditions, this new
peak is not detected indicating that the pyridine bearing struc-
ture is neither activated enough for the nucleophilic substitution
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Fig. 3 Normalized UV-Vis absorption and fluorescence spectra of
PS1-3 in 2% water in THF (a and b). Samples are excited at 600 nm.
Spectral changes of PS3 (10 uM) alone (black) or PS3 upon exposure to
0.5 mM GSH (c) and 10U esterase (d) for 90 min and 60 min at 37 °C, in
2% water in THF, respectively. A new peak at 544 nm appears upon
incubation with GSH which is attributed to reduced PS3 and/orthe
GSH-adduct. Esterase treatment increases the relative intensity of the
shoulder peak around 600 nm.
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by GSH nor did it display PDT activity (Fig. S4 and S57). On the
other hand, GSH treated pyridinium bearing PS2 immediately
displayed a colour change indicative of broken conjugation
(Fig. S6T). When PS3 is incubated with esterase for 1 h, a small
hypsochromic shift in the absorption peak is detected as
a shoulder to the parent peak which is attributed to the
conversion of pyridinium to pyridine (PS3-c, Fig. 3d). The control
PS3 sample which is incubated under the same conditions but
lacks esterase does not show an enhancement of this peak
(Fig. 3d, black). High Resolution Mass Spectrometry analysis of
the esterase treated PS2 samples confirm the hydrolysis of the
ester and subsequent formation of the pyridine compound
(Fig. S71). Esterase treated samples display an increase in the
emission intensity when excited at 620 nm (Fig. S81). This is
attributed to the initial quenching of the quencher module by
the pyridinium photosensitizer. Analysis of the absorption and
emission spectra suggest that the quencher module of PS3 can
induce energy transfer to the pyridinium photosensitizer (Fig. 3).
Once separated by esterase, fluorescence of the quencher
module increases. In the case of GSH treated sample, a small
enhancement in emission upon excitation at 500 nm is observed
(Fig. S91). Note that the GSH adduct (or PS3 with reduced double
bonds) has higher absorption at this wavelength, which would
be the reason for the increase in emission intensity. In the
spectral analysis organic solvents with a low water content are
used to monitor the formation of water-insoluble, neutral,
pyridine-bearing intermediate species.

In the project, the molecular keypad lock is aimed to unlock
in the presence of drug resistant tumour markers and get acti-
vated. Activation cannot take place when the input order differs.
To demonstrate this, photodynamic action in the presence of all
three inputs in a different order is investigated. 'O, production
can be followed by using trap molecule, 1,3-diphenylisobenzo-
furan (DPBF).** This molecule reacts with 'O, and loses its
absorption at 418 nm. The effect of different input combina-
tions on the PDT action are given in Fig. 4. In the first 15 min, all
samples are kept in the dark. Under such conditions no 'O,
generation is detected, which indicates lack of dark activity.
DPBEF is exposed to light from a LED source (peak 505 nm)
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Fig. 4 1O, generation ability of PS3 (0.1 pM) when three inputs are
given in a different order. All samples contain 50 pM of 1O, trap
molecule DPBF. In the first 15 minutes samples are kept in the dark.
GSH is added in 0.5 mM concentration and incubated for 90 min at
37 °C. Samples are incubated with 10U esterase for 1 h at 37 °C. An LED
light is irradiated from a 30 cm distance for 45 min.
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under the same experimental conditions and no decrease in the
absorption is detected. This control experiment eliminates the
photodegradation of DPBF in the absence of a photosensitizer.
Upon irradiation before the activation of the photosensitizer by
GSH and esterase, no 'O, generation is observed as expected.
The results show that 'O, generation, and the subsequent
decrease in DPBF absorption, are significantly more in the input
order of glutathione, esterase enzyme and light, consistent with
the proposed mode of activation.

To analyse the effect of PDT action in the cell, a drug resis-
tant cell line is generated. MCF7 cells are exposed to an
increased dose of traditional cancer therapeutic agent paclitaxel
as described in the literature.** When the spindle-shaped
morphology is obtained following maximum drug dose appli-
cation, cells are reported to have drug resistance. At this stage,
PS3 is applied to both normal and drug resistant cells. When
cell viabilities at various concentrations are analysed, it has
been found that the light toxicity of PS3 is significantly
enhanced in drug resistant cells (Fig. 5). The IC50 values of
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Fig. 5 Change in the cell viability of normal and paclitaxel resistant
MCF7 cells (Pac-MCF7) in the presence of PS3 at various concentra-
tions. For each group, cell viability is analysed both after incubation in
the dark or after irradiation with a 505 nm LED light source from
a distance of 10 cm. Average values of three independent experiments
are used.
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Fig. 6 Apoptosis induction by PS3 (25 uM) in normal and paclitaxel
resistant MCF7 cancer cells under dark conditions and upon irradiation
with a 505 nm LED light from 10 cm distance. Scale bars: 50 pm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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irradiated samples are calculated to be 124.8 uM for MCF?7 cells.
This value is reduced to 52.5 uM in paclitaxel resistant MCF7
(Pac-MCF7) indicating improved cytotoxicity in these cells.
Efficient induction of apoptosis is also proved by Annexin V and
PI staining (Fig. 6). Under dark conditions, cells do not have
significant loss of viability. Upon irradiation, resistant cells are
more prone to apoptosis by the photosensitizer. Relative singlet
oxygen generation abilities and results of cell culture experi-
ments altogether confirm selective activation in drug resistant
cells.

Conclusions

As a conclusion, in this research a molecular keypad lock device
with selective therapeutic activity in drug resistant cells is
demonstrated. The order of inputs is shown to determine
singlet oxygen generation ability of the photosensitizer. Irradi-
ation dependent apoptosis induction is enhanced in drug
resistant cells and viability analysis indicates a significantly
lowered IC50 value in irradiated resistant cells. In recent years,
fluorescent probes, therapeutic or theranostic agents are being
used for many advanced bio-applications.”*** Previous studies
pave the way for the use of molecular logic gates such as AND,
OR, and DEMUX for therapeutic applications.® This study
expands the list further with one other advanced information
processing device. Motivation behind the research is to develop
an agent which is decoded by the cellular parameters on its way
as it diffuses towards the drug resistant cell. GSH is known to be
present in elevated levels and effluxes in drug resistant cancer
cells.***¢ Exported GSH would be the first input of the photo-
sensitizer. Following the intake of the agent, further activation
by esterase enzyme is aimed. Light is selected as a final input
since more efficient excitation of the activated photosensitizer
can be achieved in the end and local application of light would
enable further selectivity. Future studies would shed light on
the exact cellular mechanism of action.

Cellular studies presented here indicate the potential use of
PS3 as a treatment modality, yet, long term exposure of the
compound to solvents such as DMSO and THF leads to de-
composition and a cellular stability of the compound requires
additional research. Thiol of GSH may lead to cleavage of the
ester bond via the formation of thioester, which also requires
further attention. Sequential activation demonstrated here
eliminates this latest possibility but in a cellular environment it
should be investigated. In the work, a relatively higher dose of
the photosensitizer (25 pM) is used in cell studies. This value is
chosen to have more selectivity towards resistant cells, since as
shown in Fig. 5, around these concentrations, the difference in
cell viability is more pronounced. This concentration is still
much lower than the IC50 value of MCF?7 cells with or without
light. By further optimizations (i.e. the distance of the light
source), lower, hence safer, doses can be used.

Based on this discussion, once structurally and functionally
optimised, information processing devices such as PS3 can find
applications in diagnosis or personalized treatment of complex
diseases such as cancer. In that respect, this study may inspire
researchers to develop such devices.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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