Volume 1

Number 42
14 November 2020
Pages 11355-11634

Chemica
Science

rsc.li/chemical-science

~ ISSN 2041-6539

h EDGE ARTICLE
ROYAL SOClETY Chung-Hang Leung, Dik-Lung Ma et al.

“ O F CH EMIST RY Structure-guided discovery of a luminescent theranostic
toolkit for living cancer cells and the imaging behavior effect



Open Access Article. Published on 24 September 2020. Downloaded on 4/30/2026 2:45:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Structure-guided discovery of a luminescent
theranostic toolkit for living cancer cells and the
imaging behavior effecty

i '.) Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 11404

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Chun Wu,}? Ke-Jia Wu, 1P Jin-Biao Liu, © 2 Wanhe Wang, ©?2

Chung-Hang Leung ® *® and Dik-Lung Ma @ *2

Dual-functional theranostics are powerful tools that can allow for the in-field understanding of cancer
pathology, yet their use is held back by the paucity of suitable theranostics for living systems. Moreover,
typical in vitro screening conditions for probe molecules do not necessarily generate candidates that can
function effectively in the natural in cellulo environment, limiting their follow-up use in living systems.
We introduce herein a general strategy for the development of an iridium(n) theranostic by grafting
a well-known inhibitor as a "binding unit” onto an iridium(i) complex precursor as a “signaling unit”. To
further optimize their emissive properties, we explored the effect of imaging behavior by incorporating
different substituents onto the parental "signaling unit”. This design concept was validated by a series of
tailored iridium(in) theranostics 2a—2h for the visualization and inhibition of EGFR in living cancer cells. By
comprehensively assessing the theranostic potency of 2a—2h in both in vitro and in cellulo contexts,
probe 2f containing electron-donating methoxy groups on the “signaling unit” was discovered to be the
most promising candidate theranostic with desirable photophysical/chemical properties. Probe 2f
selectively bound to EGFR in vitro and in cellulo, enabling it to selectively discriminate living EGFR-
overexpressing cancer cells from normal cells that express low levels of EGFR with an “always-on”
luminescence signal output. In particular, its long-lived lifetime enabled its luminescence signal to be
readily distinguished from the interfering fluorescence of organic dyes by using time-resolved
techniques. Complex 2f simultaneously visualized and inhibited EGFR in a dose-dependent manner,
leading to a reduction in the phosphorylation of downstream proteins ERK and MEK, and inhibition of
the activity of downstream transcription factor AP1. Notably, complex 2f is comparable to the parental
EGFR inhibitor 1b, in terms of both inhibitory activity against EGFR and cytotoxicity against EGFR-
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Introduction

The combination of an imaging agent and a therapeutic drug
into a single molecular entity is known as “theranostics”, and
has emerged as a powerful technique used for the timely and
personalized monitoring of cancer cells.” Theranostic strate-
gies provide remarkable advantages over conventional probes
or drugs as they enable the suppression of specific diseases
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while simultaneously realizing the in situ detection of the
therapeutic dynamics, metabolic pathway, biodistribution or
delivery pharmacokinetics of the drug.* Moreover, the elimi-
nation of an additional imaging agent or inhibitor can not only
largely simplify the administration process, but also signifi-
cantly reduce the potential of undesired dose mismatch or
drug-drug crosstalk between the imaging agent and therapeutic
drug.* However, it has proven difficult to design synthetic
theranostic toolkits tailored for specialized purposes, particu-
larly for the monitoring of targeted analytes in living systems.

A desirable theranostic molecule for cancer cells needs to
possess biological activity as an inhibitor while simultaneously
maintaining the photophysical/chemical properties of a probe.
One of the most popular strategies for the development of
theranostic agents uses nanomaterials to incorporate drug
component and probe component.>*” However, these strate-
gies suffer from limited biocompatibility since the
nanomaterial-based platforms generally have larger sizes, with

This journal is © The Royal Society of Chemistry 2020
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their dimensions up to 100 nm.*** An additional drawback of
nanomaterial-based theranostic platforms is that the drug and
probe components are sometimes still technically separate
entities that are simply loaded onto the core/shell regions of the
nanomaterial.***** An alternative and simpler strategy for
theranostic has been explored, based on using pure organic
scaffolds or metal-organic integrated complexes. Compared to
nanomaterials, small molecule-based theranostic agents are
more compact and simpler in structure, which confers high
reproducibility as well as allowing easy modification of molec-
ular structures to achieve the desired photochemical property,
selectivity, biocompatibility, therapeutic activity, cellular uptake
efficiency and/or drug excretion with reduced side effects.">>°

Fluorescent dyes, while widely used in theranostic agents,
suffer from several defects including high photobleaching rate,
short-lived lifetime and low signal-to-noise ratios in the highly
autofluorescent cellular environment, which extensively limits
their in-field utilization in the complicated biological
systems.*** In contrast, metal-organic small molecule thera-
nostics have opened up new possibilities for the in situ simul-
taneous visualization and inhibition of cancer cells due to their
advantageous photophysical properties (e.g. long-lived phos-
phorescence lifetime, high quantum yield, large Stokes shift,
etc.)”?” and the easily tunable nature of their photophysical/
chemical properties.”® For example, lanthanide-based
complexes (ie. europium(m), terbium(m), ytterbium(i)
complexes) are endowed with typical two-photon excitation
behaviour and offer facile discrimination of their signal output
with emission bands spanning from visible to near-infrared
(NIR) ranges, allowing for deep penetration in biological
system.”” Meanwhile, transition metal complex-based strategies
(i.e. iridium(m) complex) are relatively photostable compared to
most organic fluorophores such as commercially available
organic dye DAPI (DAPI = 4',6-diamidino-2-phenylindole),
enabling their favoured applications in long-term observation
and dynamic monitoring of the targeted analytes in living bio-
logical system.***' Encouragingly, metal complexes (including
iridium(m), ruthenium(u), platinum(iv) and gold(ur) complexes)
have been developed as for simultaneous imaging and treat-
ment of cancers, suggesting their great potential as theranostic
agents‘15,32735

Epidermal growth factor receptor (EGFR) is a well-known
protein tyrosine kinase that plays a crucial role in the
pathology of various cancers.*®*” The in situ monitoring of the
abnormal overexpression of EGFR in living cancer cells can
allow for the timely treatment, diagnosis and assessment of the
onset, recurrence, tolerance, efficiency and/or toxicity for
cancers. However, small molecule-based EGFR-specific thera-
nostics, particularly those based on long-lifetime transition
metal complexes capable for dynamic monitoring in living
systems, remain poorly explored. Moreover, typical in vitro
screening conditions for probe molecules do not necessarily
generate candidates that can function effectively in the natural
in cellulo environment, limiting their follow-up use in living
systems.***® Given the paucity of suitable long-lived theranostic
toolkits for the specific targeting of EGFR, we intended to vali-
date our design concept by constructing a series of tailored
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iridium(m) theranostic agents for the simultaneous visualiza-
tion and inhibition of EGFR in living cancer cells, which were
verified using both in vitro and in cellulo screens (Scheme 1).

One key challenge in the design of a transition metal
complex-based theranostic agent is being able to acquire bio-
logical activity against the target, while retaining desirable
photophysical/chemical properties for the imaging of living
cells. Poor selectivity of the theranostic towards cancer cells can
lead to undesired cytotoxicity against surrounding healthy
cells.** Another challenge that has to be overcome is the fact
that many transition metal complexes exhibit strong emission
and good stability only in organic solvents, and do not function
well in aqueous solutions, such as cellular environment.**
Meanwhile, a red-shifted luminescence is generally the most
preferred emission range in order to avoid interference from the
autofluorescence, light scattering and/or optical absorption in
the cellular environment.*” Moreover, an “always-on” or
“switch-on” emission profile is more desirable compared with
a “switch-off” detection mode as this increases the accuracy in
the discrimination of cancer cells from healthy cells, and/or in
the report of the biological events.***>* Finally, the ability of the
candidate theranostics to accumulate at the targeted locations
(e.g. cytoplasm and/or organelles) in living cells should also be
considered, as this could largely limit their use for the moni-
toring of living cells.*>*

To overcome these problems, this design strategy takes
advantage of the tunable photophysical/chemical properties of
the transition metal complex precursor 1a (Fig. S17). A well-
known EGFR inhibitor 1b, with high selectivity and inhibition
activity against EGFR,” is introduced to the tailored metal
complex. Generally, an assembled metal complex-based thera-
nostic agent consists of a “binding unit” that selectively binds to
the targeted analyte with desired biological activity, a “signaling
unit” that illuminates the targeted analytes by transducing the
sensing event into a dynamic luminescent signal output, and
a “linker” that tethers the binding unit and signaling unit into
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Scheme 1 Schematic diagram showing the in situ tracking and
suppression of EGFR using a smart and tailored iridium(in) theranostic
toolkit.
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an integrated molecule (Fig. 1). In this study, the “binding unit”
is the EGFR-targeting drug moiety 1b, which is expected to
confer high selectivity and inhibition activity against EGFR. The
final complexes 2a-2h thus all contain an EGFR-targeting
moiety 1b grafted onto the N”N ligand of the parent iridiu-
m(u) scaffold 1a. To further optimize the emissive behavior of
the signaling parent metal complex precursor 1a, we explored
the effect of incorporating different substituents such as
electron-withdrawing fluorine atoms (2e), electron-donating
methyl (2g) or methoxy (2f) groups, different aromatic ring
systems (2a-2d) or a sulfur-containing heterocycle (2h). The
lead candidate was comprehensively screened by assessment of
both in vitro and in cellulo performance. The aim was to obtain
a theranostic that retained biological activity while possessing
suitable phosphorescence lifetime, quantum yield, Stokes shift,
and absorbance and/or emission profiles in living system.

Results and discussion

To synthesize the iridium(m) complex-based theranostic mole-
cules, the reference inhibitor 1b was initially attached to the
parent complex precursor 1a (Fig. S1t) via two different strate-
gies, either by directly conjugation to the N*N ligand of parent
complex 1b (synthesis route 1, Scheme S1t) or a linker tethered
parent complex S5 (synthesis routes 2 and 3, Scheme S17).
Unfortunately, synthesis route 1 proceeded poorly owing to the
unsatisfactory yield and solubility of the EGFR binding moiety-
containing N”N ligand S4. Attempted optimization of the type
and amount of the catalyst, alkali, and reaction solvent system
failed to produce the desired product. In the next attempt, we
switched to an alternative strategy by directly attaching the
binding moiety to the parent complex precursor 1a. Complex 1a
was first tethered by a linker to obtain an intermediate complex
S6. However, complex S6 and 1b showed quite different solu-
bilities in various organic solvents (e.g. ethanol, methanol,

Signaling unit Linker Binding unit
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Fig. 1 Design principle of EGFR-targeting theranostic agents 2a—2h
and chemical structures of the library of auxiliary CAN ligands used for
fine-tuning the photo-physical/-chemical property of the parent iri-
dium(im) complex precursor 1a.
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acetonitrile and dichloromethane, etc.). Hence, the direct
conjugation of the binding moiety 1b to S6 proceeded poorly
with many side products either in single solvent or mixed
solvent system, causing problems with the subsequent purifi-
cation process. To address this problem, the conjugation of the
targeted 1b moiety was therefore divided into two separate
steps, involving an initial substitution of the S1 moiety to give
S7, and the subsequent Knoevenagel condensation of pro-
panedinitrile. Encouragingly, this alternative strategy produced
much fewer impurities and the yield of the final complex 2a
(Fig. 1) could then be further improved by optimization of the
reaction temperature, and type and amount of alkali, catalyst
and organic solvents involved in the process. The iridium(ur)
analogues 2b-2h were synthesized in similar fashion via the
intermediate parent complex 1a. Complexes 2a-2h were char-
acterized by '"H NMR, >C NMR, high-resolution mass spec-
trometry (HRMS) and high performance liquid chromatography
(HPLC) techniques (Fig. S27).

We first examined the in vitro inhibition efficiency of iri-
dium(um) complexes 2a-2h against EGFR activity (Fig. 2a),
utilizing a commercially available EGFR kinase assay kit. EGFR
inhibitor 1b was employed as a reference drug. Excitingly, these
complexes displayed 20-50% enhanced EGFR inhibition
compared to the drug precursor 1b, which was attributed to the
interaction of the drug precursor and the parent iridium(m)
complex precursor to form a more biologically active entity.
Among these conjugates, 2g bearing methyl groups on its C*N
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Fig. 2 (a) Inhibition activity of complexes 2a—2h and reference EGFR
inhibitor 1b (10 pM) against EGFR (10 pg mL™Y) as measured by
a fluorescence-based kinase assay. The fluorescence intensity was
detected at ex/em = 330 nm/450 nm. (b) Absorbance spectra of
complexes 2a—2h (5 uM) in ACN. (c) Excitation and emission spectra of
complexes 2a—-2h (5 puM) in DMSO. (d) Emission decay curves of
complexes 2a—2h (5 pM) in PBS buffer containing 0.5% DMSO. (e)
Quantum yields of complexes 2a-2h (5 puM). (f) Photographs of
complexes 2a—2h (5 uM) observed under UV light (365 nm) in dimethy!l
sulfoxide (DMSO) and PBS buffer containing 0.5% DMSO, respectively.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc04576d

Open Access Article. Published on 24 September 2020. Downloaded on 4/30/2026 2:45:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

ligands showed the highest inhibitory activity against EGFR,
whereas the sulfur heterocycle-containing 2h showed compar-
atively the weakest activity. These results suggested that the
integration of the drug precursor (1b) onto the metal complex
core not only retained, but slightly improved the inhibition
efficiency against EGFR.

In light of this encouraging result, we next studied the
intrinsic photophysical properties of 2a-2h in vitro. Complexes
2a-2h showed characteristic absorbance bands of transition
metal complexes at 208-346 nm in the UV-Vis spectra (Fig. 2b),
which can be assigned to the spin-allowed intraligand (L)
absorption and metal-to-ligand charge-transfer ("MLCT) tran-
sition.*® The maximum emission wavelength of complexes 2a-
2h were mainly located in the range of 529-611 nm (Fig. 2c). The
presence of electron-withdrawing fluorine atoms (2e) or sulfur-
containing heterocyclic ring (2h) also lead to a relatively smaller
Stokes shifts (198-205 nm) compared to the other six complexes
(211-266 nm). Still, all these complexes had Stokes shifts that
are much larger than the typical Stokes shift of fluorescent dyes
(around 100 nm), thus making them less susceptible to self-
quenching. Notably, complex 2¢ displayed the strongest lumi-
nescence intensity, which might be attributed to subtle varia-
tion of the electron density and/or metal-to-ligand-charge-
transfer (MLCT) state caused by the joint interplay of the
aromatic ring and the -7 conjugation system located in the
auxiliary C*N and N”N ligands. Moreover, complexes 2a-2h all
displayed characteristic long-lived lifetimes in sub-microsecond
regime***® (Fig. 2d and Table S17), which are much longer than
the typical nanosecond decay times of organic fluorophores.
Complexes 2a-2h exhibited biexponential decay, with the two
decay components of each complex showing similar lifetime
regimes under the same experimental conditions in PBS buffer
containing 0.5% DMSO (Table S1}). The biexponential decay of
complexes 2a-2h is possibly attributed to the presence of two
distinct conformations.***** The average lifetime of the decay
components of complexes containing electron-withdrawing
fluorine atoms (2e), electron-donating methoxy moieties (2f)
or sulfur-containing heterocycles (2h) displayed comparatively
longer lifetimes of 525, 139 and 112 ns, respectively among the
group in the PBS buffer containing 0.5% DMSO (Table S17).
These long lifetimes would enable the emission of complexes
2a-2h to be discriminated from a highly auto-fluorescent
background in the complicated cellular environment by use of
time-resolved emission spectroscopy (TRES). Additionally, all
eight complexes showed comparable (2d, 2e and 2g) (0.057-
0.136) or much higher (2a, 2b, 2¢, 2f and 2h) (0.202-0.968)
quantum yields compared to the widely-used standard Ru(bpy);
(bpy = 2,2-bipyridine) (0.062) (Fig. 2e). Notably, the theranostic
agents 2a-2h (5 uM) exhibited colourful luminescence upon the
irradiation of UV light (365 nm) in dimethyl sulfoxide (DMSO)
and PBS buffer containing 0.5% DMSO (Fig. 2f and S3f).
Complexes containing either electron-withdrawing groups (2e)
or the sulfur-containing heterocyclic ring (2h) on their auxiliary
C”N ligands displayed the most blue-shifted emission maxima
and appeared blue and green luminescence, respectively, while
the other six complexes showed luminescence colors in the
yellow or orange region. Overall, these results suggested that the

This journal is © The Royal Society of Chemistry 2020
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imaging behavior of the iridium(m) theranostic can be fine-
tuned by modifying auxiliary functional groups of the parent
“signaling unit”.

Inspired by the promising luminescent characteristics of
complexes 2a-2h, their practical application as luminescent
probes for EGFR imaging in the EGFR-overexpressing A431
human epidermoid carcinoma cell line was next explored
(Fig. 3). Living A431 cells were initially incubated with the
reference EGFR inhibitor 1b (1 uM) for 3 h as a competing
inhibitor, followed by the addition of probes 2a-2h (1 uM) for
2 h at 37 °C. Unexpectedly, probe 2f containing electron-
donating methoxy groups on the “signaling unit”, rather than
the most luminescent counterpart 2c or the most long-lived
counterpart 2d, displayed the most distinguished lumines-
cence change in the presence and absence of the competition
EGFR inhibitor 1b over the other seven probes as revealed by the
confocal assay. This result suggested that 2f not only enabled
the practical detection of EGFR in living A431 cells, but also
exhibited better selectivity towards EGFR over the other probes
in cellulo. In contrast, probe 2g containing electron-donating
methyl groups on the “signaling unit”, exhibited negligible
luminescence change in response to the EGFR inhibitor 1b. A
likely explanation for the inferior performance of probe 2g
compared to probe 2f, even though they both possess electron-
donating auxiliary substituents, is that the probes’ interactions
with the targeted biomolecules can be highly sensitive to
differences in hydrophobicity, permeability and binding affinity

Fig. 3 Application of complexes 2a—2h as luminescent probes for
EGFR imaging in EGFR-overexpressing A431 human epidermoid
carcinoma cells. Cells were treated with vehicle control (0.2% DMSO)
or complexes 2a—-2h (1 uM) containing 0.2% DMSO for 2 h before
imaging. The luminescence intensity was detected at ex/em = 405
nm/500-700 nm. Scale bar = 50 pm.

Chem. Sci., 2020, 1, 1404-11412 | 11407
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in living cells.*®*®® Moreover, previous studies have suggested
that methoxy group played a key role in the interaction between
several FDA-approved EGFR inhibitors (e.g. erlotinib, gefitinib,
brigatinib and osimertinib) and EGFR.**° In summary,
although probes 2a-2h all exhibited versatile photophysical
characteristics and inhibition activity against EGFR, their
sensing performance under the natural in cellulo environment
was then considered as the crucial evaluation criterion for use
as theranostic agents. Hence, 2f was selected as the final
candidate for further investigation due to its superior selectivity
for EGFR in living cells.

To further support the hypothesis that complex 2f bound to
EGFR in cells, the cellular thermal shift assay (CETSA) was used
to quantify the extent of drug engagement. Complex 2f signifi-
cantly stabilized EGFR in A431 cell lysates compared to the
DMSO control (Fig. 4a), suggesting that complex 2f engaged
EGFR within cells to act as a luminescent probe. We next
examined the selectivity of complex 2f for EGFR over common
biologically interfering substances, including common amino
acids (Arg, His, Asp, Ser, Gln, Cys, Pro, Tyr and Trp), glutathione
(GSH), glutathiol (GSSG), homocysteine, homocysteine, metal

b) 12, -+ Decay=10ns
(a) (b) - Decay=17ns
‘; 90
WB: EGFR )
2 5
5 ¢ Unit: °C [
2f G- S G - — —— g %
DMSO s e s s s s
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. 2f Wavelength (nm)
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Composl\etﬁdj\ﬂask

Fig. 4 (a) Effects of complex 2f on the thermal stability of EGFR in cell
lysates. A431 cells lysates were treated with 2f (1 uM) for 1 h. Time-
resolved spectra of complex 2f (10 uM) in the presence of fluorescent
organic dyes (b) thioflavin S (THS) and (c) coumarin 460 (Cm460) as
two model matrix interferences to simulate the autofluorescence of
biological samples in PBS buffer containing 1% DMSO. (d) Co-locali-
zation studies of complex 2f (1 uM, 30 min) with EGFR protein in A431
cells. The Pearson's correlation coefficient of complex 2f with EGFR
protein was calculated to 0.950. ex/em = 405 nm/500-700 nm. Scale
bar =5 pm.
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ions (Mg>", Fe**, cu®*, AI**, Na*, K*, Ca*", Zn**, Fe** and Mn*")
and anions (S*~, HCO; ™, CO;>~, SO;>7, Cl, SO,>7, F~, ClO,
NO;~, HPO,>~ and H,PO,”) (Fig. S47). The results indicated
that complex 2f was capable of sustaining a robust luminescent
signal in the presence of commonly existing biological inter-
fering substances. Stability assays revealed that complex 2f was
stable for at least seven days at 298 K, either in a DMSO-d¢/D,0O
(9:1) solution or in an acetonitrile/H,O (9: 1) solution as
verified by "H NMR spectroscopy (Fig. S5at) or UV/Vis spec-
troscopy (Fig. S5bt), respectively, indicating its suitability for
use in further imaging experiments. Overall, these results sug-
gested that complex 2f is a permanent “always-on” EGFR probe
with excellent selectivity and stability.

Compared with traditional organic dye-based probes, the
long-lived lifetime of transition metal complex-based probes
endows them with the competitive benefit of being able to
discriminate their signal output even in a highly auto-
fluorescent background. This hypothesis was verified for 2f by
evaluating its emission using TRES on a Horiba fluorescence
spectrometer (FL3C-21).** Two fluorescent organic dyes,
coumarin 460 (Cm460) and thioflavin S (THS), were selected as
model matrix interferences to simulate the autofluorescence of
biological samples with maximum emission at 460 nm and
428 nm, respectively. After 10 ns and 14 ns, which is before the
completion of the fluorescence decay of THS or Cm460,
respectively, the luminescence of complex 2f was perturbed by
the emission peaks of THS at 428 nm (Fig. 4b) and Cm460 at
460 nm (Fig. 4c), leading to reduced accuracy of measurement
due to the undesirable interference of the signal output for
EGFR. However, after the decay of 17 ns and 21 ns, which is after
the completion of the fluorescence decay of THS or Cm460,
respectively, the interfering signal from these dyes were almost
completely eliminated, while the emission of complex 2f was
still retained with considerable intensity. In addition, we
recorded the luminescence of complex 2f alone at different
decay times, and the spectra was identical to that in the pres-
ence of organic dyes after fluorescence decay was completed,
further confirming that the observed time-resolved signals were
due to complex 2f (Fig. S61). These results demonstrate the
potential use of time-resolved techniques to discriminate the
signal of 2f in highly autofluorescent biological samples.

To explore whether the long lifetime of complex 2f could be
distinguished from background fluorescence in cellulo, we
compared the emission of 2f with a commercially-available
cellular dye (4',6-diamidino-2-phenylindole (DAPI)) in living
A431 cells using TRES on a multi-mode microplate reader.’"*
After incubating the cells with both complex 2f and DAPI for 2 h,
the signal output from the cells was recorded with the delay
time set to 50 us (Fig. S7at) and 200 us (Fig. S7b¥), respectively.
The results indicated the luminescence of complex 2f could be
readily distinguished from potentially interfering fluorescence
using TRES. Taken together, complex 2f exhibits a long-lived
phosphorescence both in vitro and in cellulo, allowing for its
potential for long-lived monitoring of EGFR in living systems via
time-gated mode.

Many anticancer drugs have limited ability to discriminate
between living normal and tumor cells, which can lead to low

This journal is © The Royal Society of Chemistry 2020
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efficacy and severe side effects. Given the ability of complex 2f to
engage EGFR in vitro, we next investigated whether complex 2f
could visualize EGFR in living cancer cells using a co-
localization assay (Fig. 4d). Encouragingly, complex 2f (1 uM)
showed strong colocalization with EGFR protein in A431 cancer
cells as detected via immunofluorescence. A high Pearson's
correlation coefficient (Rr = 0.950) between the cell images was
detected, suggesting that complex 2f visualizes EGFR through
selective binding to EGFR in cells. In order to further verify that
complex 2f interacts selectively with the targeted EGFR protein,
imaging experiments were repeated in EGFR knockdown A431
cells (Fig. 5a). Notably, a noticeable decrease in the lumines-
cence of 2f was recorded in the EGFR knockdown group
compared to untreated cells, suggesting the binding of complex
2f to EGFR is required for the generation of luminescent signal
output in A431 cells. Moreover, complex 2f displayed much
higher luminescence in A431 cells, which overexpress EGFR,
than in normal human hepatocyte LO2 cells that expressed less
EGFR (Fig. 5b). This result indicates that 2f has potential for the
real-time discrimination of cancer cells that overexpress EGFR
compared to normal cells with lower EGFR expression.

Given the ability of complex 2f to visualize EGFR in living
cancer cells, we next explored the cytotoxicity of complex 2f in
either EGFR-overexpressing A431 cancer cells or normal LO2
cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium
bromide (MTT) assay was conducted by using the reference
EGFR inhibitor 1b as a positive control. Complex 2f displayed
comparable cytotoxicity against EGFR-overexpressing A431
cancer cells (ICso = 37.40 £ 4.10 uM) compared to the reference
EGFR inhibitor 1b (ICs, > 50.0 uM) (Fig. S8a and bt). Many
transition metal complexes exhibit inherent toxicity due to the
metal center, may lead to reduced biocompatibility and unde-
sired side effects due to the damage to healthy cells or tissues,

(a) DMSO KD EGFR + 2f  2f

- . . .

DMSO KD EGFR 2f

rorn W = -

(b) Lo2

Luminescence

Fig. 5 (a) Confocal imaging of EGFR knockdown A431 cells. EGFR
knockdown A431 cells were incubated with 2f (1 uM) for 2 h at 37 °C.
ex/em = 405 nm/500-700 nm. Scale bar = 50 um. (b) Confocal
imaging of normal LO2 cells and EGFR-overexpressing A431 cells. LO2
cells and A431 cells were incubated with 2f (1 uM) for 2 h at 37 °C. ex/
em = 405 nm/500-700 nm. Scale bar = 50 pm.
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which can limit their application as therapeutic drugs. There-
fore, the cytotoxicity of 2f was also investigated against normal
LO2 cells. Encouragingly, complex 2f was less toxic to LO2 cells
(ICso > 50.0 uM) (Fig. S8c and dt) compared to cancer cells.
Taken together, these results suggested that complex 2f
possesses  promising biocompatibility for theranostic
applications.

Encouraged by the results above, we further studied the
inhibitory activity of complex 2f against EGFR in vitro and in
living cancer cells. The in vitro biological potency of 2f in sup-
pressing the activity of EGFR was assessed with 1b as a positive
control by using a commercial EGFR kinase assay kit. The
results showed that both complex 2f and the positive control 1b
could reduce EGFR activity in a dose-dependent manner (Fig. 6a
and b). Notably, complex 2f inhibited EGFR activity with an ECs,
value of 1.18 + 0.09 uM, making it comparable to the positive
control 1b which had an ECs, value of 4.28 + 0.22 pM. Taken
together, these data indicated that 2f could target and suppress
the activity of EGFR in vitro.

The activation of EGFR triggers a cascade of phosphorylation
events in the MEK/ERK pathway.® To investigate the ability of
complex 2f to inhibit downstream proteins in living A431 cells,
the levels of P-ERK and P-MEK in the MEK/ERK pathway was
measured by western blotting. Upon pre-incubation with 2f,
a significant decrease in the expression levels of P-ERK and P-
MEK were recorded compared to the DMSO control, while no
significant change on the expression levels of total ERK and
MEK proteins were observed (Fig. 6¢). The effects of 2f on P-ERK
and P-MEK expression were phenocopied by EGFR knockdown
using siRNA (Fig. S9t). These results indicate that 2f down-
regulates the activation of downstream proteins including P-
ERK and P-MEK in living A431 cells, via targeting EGFR. To
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Fig. 6 EGFR inhibition activity of complex 2f (a) and the reference
inhibitor 1b (b) in EGFR-overexpressing A431 cells. (c) Effects of
complex 2f and 1b on P-ERK, ERK, P-MEK and MEK protein expression.
A431 cells were treated with 2f for 12 h. The protein levels were
revealed by western blot assay. (d) Effects of complex 2f on the
transcription activity of downstream protein AP-1. A431 cells were

transfected with AP-1 luciferase plasmid for 48 h, and then treated with
2f at different concentration. AP-1 transcription activity was detected.
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further explore the ability of complex 2f to block the down-
stream effects of EGFR in A431 cells, a luciferase reporter assay
was performed to evaluate the effect of 2f on the activity of the
transcription factor AP-1, a downstream target in the MEK/ERK
pathway. Upon the increasing concentration of 2f, the activity of
AP-1 was reduced in a dose-dependent manner, suggesting that
2f can decrease AP-1 transcription activity (Fig. 6d). Taken
together, these results suggested that 2f could suppress the
activity of EGFR in living A431 cells to inhibit downstream
pathways.

Conclusions

In summary, using a structure-guided design principle, we have
validated our design concept by successfully developing a series
of dual-functional iridium(m) complex based theranostic 2a-2h
for the simultaneously visualization and inhibition of EGFR in
EGFR-overexpressing living cancer cells. A known EGFR inhib-
itor 1b was grafted to an iridium(m) complex precursor 1a,
leading to the endowment of biological activity from the
inhibitor while maintaining the desirable photophysical char-
acteristics of the metal complex iridium(ur). The properties of
the iridium(m) complex-based theranostics were fine-tuned by
the modification of auxiliary ligands with electron-withdrawing
fluorine atoms (2e), electron-donating methyl (2g) or methoxy
(2f) groups, different aromatic ring systems (2a-2d) or a sulfur-
containing heterocycle (2h), generating a range of conjugates
2a-2h that all exhibited increased EGFR inhibition activity
compared to the known inhibitor 1b while retaining desirable
photophysical properties including long-lived lifetime, good
stability, high quantum yield, and large Stokes shift. Unex-
pectedly, probe 2f containing electron-donating methoxy
groups on the “signaling unit”, rather than the most lumines-
cent counterpart 2c¢ or the most long-lived counterpart 2d, was
the most promising candidate after consideration of both in
vitro and in cellulo performance. The candidate theranostic 2f
selectively bound to EGFR both in vitro and in living cells as
revealed by a cellular thermal shift assay, a western blotting
assay, a knockdown assay and a co-localization assay. The long-
lived luminescence of 2f in the sub-microsecond regime
enabled its luminescence to be readily distinguished from the
interfering fluorescence of fluorescent dyes by TRES. Remark-
ably, complex 2f discriminated living EGFR-overexpressing
cancer cells (A431 cells) from normal cells (LO2 cells) that
express low level of EGFR with an “always-on” luminescence
signal output. Moreover, complex 2f inhibited the activity of
EGFR in a dose-dependent manner, decreased the phosphory-
lation of downstream proteins ERK and MEK, and inhibited the
activity of downstream transcription factor AP1. Notably,
complex 2f exhibited comparable inhibitory activity against
EGFR with an ECs, value of 1.18 £+ 0.09 uM compared to the
parental EGFR inhibitor 1b (EC5, = 4.28 £ 0.22 uM) and caused
a slightly higher cytotoxicity (ICs, = 37.40 + 4.10 pM) against
EGFR-overexpressing A431 cancer cells. Taken together, these
results demonstrate the promising potential of complex 2f as an
EGFR-selective dual-functional inhibitor and probe (“thera-
nostic”) in targeting living cancer cells. To our knowledge, this
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is the first small molecule-based iridium(m) theranostic for the
simultaneous visualization and inhibition of EGFR in highly
autofluorescent living cancer cells.

Experimental
Cellular thermal shift assay

Cellular thermal shift assay was performed to monitor the target
engagement of 2f in A431 cell lysates. Briefly, cell lysates from 2
x 10° A431 cells were collected, diluted in PBS and separated in
the same aliquots. Each aliquot was treated with 2f (10 uM) or
DMSO 30 min after incubation at room temperature, the
compound-treated lysates were divided into 50 puL in each of
PCR tubes and heated individually at different temperatures
(Veriti thermal cycler, Applied Biosystems/Life Technologies).
The heated lysates were centrifuged and the supernatants were
analyzed by SDS-PAGE followed by immunoblotting analysis by
probing with the indicated antibody.

Immunofluorescence

The cells were initially washed for three times using phosphate-
buffered saline (PBS) buffer. Afterwards, 4% PFA was added to
the cells for incubation of 30 min, with following triplicate
washing by PBS. Next, another 30 min of incubation is required
by adding 0.5% Triton X-100 into cells at room temperature,
followed by PBS washing for three times. After blocking with 5%
BSA for 30 min, the cells were treated by the primary EGFR
antibody for overnight incubation at 4 °C and subsequent
treatment of the secondary antibody for 3 h at ambient
temperature.

Western blotting

A431 cells were seeded at a density of 6 x 10° cell in a 6-well
plate overnight. Cells were treated with vehicle control, EGFR
inhibitor 1b, or complex 2f (in 0.1% DMSO) in 1% FBS medium
for 12 h incubation. Cells were thereafter lysed to collect protein
for each sample. Western blotting analysis was performed as
described.

Knockdown assay

A431 cells were seeded in 6-well plate at 80% confluences in

DMEM medium for 24 h incubation. EGFR siRNA
(5’-GGCACGAGUAACAAGCUCAdeT-3’ (Sense),
5-UGAGCUUGUUACUC GUGCCATdT-3’ (antisense)) and

Lipo3000 reagent were gently mixed and let for 20 min incu-
bation at ambient temperature. Afterwards, the siRNA/Lipo3000
mixture (500 uL) was added into each well. Cells were next kept
in a CO, incubator for 48 h post-transfection at 37 °C before
further experiment.

Luciferase reporter assay

The inhibition of AP-1 activity was examined by a luciferase
reporter assay (Promega, Madison, WI, USA). Briefly, A431 cells
were seeded in a culture dish at a density of 6 x 10> cell for
overnight incubation. AP-1-luciferase plasmid was next used to

This journal is © The Royal Society of Chemistry 2020
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co-transfect the cells using TurboFect Transfection Reagent in
a serum-free DMEM medium. The transfected cells were
subsequently seeded in a 24-well plate and followed by treat-
ment of 2f at indicated concentrations for 6 h in 1% FBS
medium. Passive Lysis Buffer (PLB) (160 pL) was added into the
transfected cells for lysis. Next, equal volume of luciferase
reporter reagent (LAR) and the cell lysates (50 pL) were added
and mixed in a 96-well plate. The transcriptional activity was
thus measured by determining the activity of firefly luciferase in
SpectraMax M5 microplate reader (Molecular Devices).
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