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ABSTRACT: Organelle-targeted photosensitizers (PSs) for photodynamic
therapy (PDT) are considered as an effective therapeutic strategy for the
development of next generation PSs with the least side effects and high
therapeutic efficacy. However, multiorganelle targeted PSs eliciting PDT via
both type I and type II mechanisms are scarce. Herein, a series of
cyclometalated iridium(III) complexes were formulated [Ir(C"N),(S"S)]
(C"N = 2-phenylpyridine (ppy) and 2-(thiophen-2-yl)pyridine (thpy); S"S =
diethyldithiocarbamate (DEDTC), morpholine-N-dithiocarbamate
(MORDTC) and methoxycarbonodithioate (MEDTC)) and the newly
designed complexes I2@DEDTC and Irl@MEDTC were characterized by
single crystal X-ray crystallography. Complexes containing thpy as C"N ligand
exhibit excellent photophysical properties such as red-shifted emission, high
singlet oxygen quantum yield (¢,) and longer photoluminescence lifetime
when compared with complexes containing ppy ligands. I2@DEDTC exhibits the highest ¢, and photoluminescence lifetimes
among the synthesized complexes. Therefore, I2@DEDTC was chosen to evaluate the photosensitizing ability to produce reactive
oxygen species (ROS). Upon blue light irradiation (456 nm), it efficiently produces ROS, i.e., hydroxy radical (*OH) and singlet
oxygen ('0,), which was confirmed by electron paramagnetic resonance (EPR) spectroscopy. In vitro photocytotoxicity toward
HCT116, HeLa, and PC3 cell lines showed that out of all the synthesized complexes, 2@DEDTC has the highest photocytotoxic
index (PI > 400) value. I2@DEDTC is efficiently taken up by the HCT116 cell line and accumulated mainly in the lysosome and
mitochondria of the cells, and after PDT treatment, it elicits cell shrinkage, membrane blebbing, and DNA fragmentation. The
phototherapeutic efficacy of Ir2@DEDTC has been investigated against 3D spheroids considering its ability to mimic some of the
basic features of solid tumors. The morphology was drastically altered in the Ir2@DEDTC treated 3D spheroid after the light
irradiation unleashed the potential of the Ir(IIl) dithiocarbamate complex as a superior PS for PDT. Hence, mitochondria and
lysosome targeted photoactive cyclometalated Ir(III) dithiocarbamate complex exerting oxidative stress via both type I and type II
PDT can be regarded as a dual-organelle targeted two-pronged approach for enhanced PDT.
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1. INTRODUCTION

Chemotherapy is one of the first-line medications for cancer
treatment.’ An increasing number of reports related to drug
resistance and systematic toxicities resulted in the evolution of
the field in search of new cancer treatment modalities. Light-
activated therapy/phototherapy strategy has gained immense
attention in the field of cancer treatment with improved
therapeutic potential.”> PDT is a light-mediated noninvasive
anticancer strategy that involves a PS and a particular
wavelength of light." PDT works by two mechanisms: type I
and type ILS In the case of type I PDT, PSs get activated with a
specific wavelength of light which is accompanied by electron
transfer to other biological substrates from the triplet excited
state of PSs to produce ROS.® On the contrary, type Il PDT
involves interactions of the triplet excited state of PS with
surrounding molecular triplet oxygen (*0,) upon light
irradiation via energy transfer to generate cytotoxic 1OZ.
These ROS are responsible for oxidative stress in cancer cells,
which alters the redox homeostasis of cells and leads to
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irreversible cellular damage.” Hence, PDT has been extensively
studied and considered as an effective cancer treatment
strategy.

In recent years, various organic”’ and inorganic-based PSs
have emerged as potent PS that can show excellent
photophysical properties, e.g.,, long fluorescence lifetimes,
large Stokes shifts, and high photostability."” In inorganic
PSs, some organometallic cyclometalated iridium(III) com-
plexes have already been addressed as potent candidates in the
previous literature that has high 'O, production ability, giving
them the potency to suppress cancer cells through type II
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PDT."'~"® However, the clinical applications of many
cyclometalated iridium(III) complexes are curtailed by their
low quantum yield of 'O, production and short excited state
lifetime."* Only a few iridium(III) cyclometalated complexes
have been studied, which could show high ROS production by
undergoing both type 1'>'® and type II PDT with long-lived
triplet excited states.'”'® Hence, there is a need for the
development of PSs, which can be activated by both type I and
II PDT for effective cancer therapy.

Additionally, PDT follows localized delivery of PSs and gets
activated by specific light irradiation, which can diminish side
effects on normal cells.'” Because of its spatiotemporal
specificity with the least side effects, the development of new
and effective PSs can improve the therapeutic efficacy in the
field of cancer treatment. Phosphorescent iridium(III) cyclo-
metalated complexes have been widely reported to be able to
localize at various cellular organelles, such as lysosomes,”
mitochondria,>' ™>° nuclei,**™*® and endoplasmic reticu-
lum.””*® A few studies have shown that some phosphorescent
cyclometalated iridium(III) complexes accumulate in more
than one organelle of the cell, such as lysosome and
mitochondria,” nucleus and mitochondria,*® etc., and show
better therapeutic efficacy.

Neutral iridium(III) cyclometalated complexes with various
ligands, such as imidoylamidinate,?’l ﬂ-diketonate,32 and
benzothiazole,” were reported as phosphorescence organic
light-emitting diodes (OLEDs) as well as liquid droplet (LD)-
specific™® phosphorescent probes, respectively. Recently
cationic-based Ir(III) cyclometalated complexes have been
studied as glutathione sensing agents.30 Also, neutral iridium-
(III) complexes bearing dithioformic acid ligands were
reported as mitochondria-targeted cytotoxic agents.’® How-
ever, the photophysical properties and their ability to act as PS
for PDT have not been explored. Iridium(III) dithiocarbamate
complexes also showed effective carbon disulfide (CS,),”” Hg**
sensing,”**” as well as explored widely in the field of
OLED.*~* However, these types of complexes are not well
studied in terms of their cytotoxic applications.*”** Herein, we
have chosen dithiocarbamate-based ligands for designing
Ir(III) complexes because of the significant role of the sulfur
atom as an efficient triplet harvesting unit.*** Five neutral
cyclometalated iridium(III) complexes, [Ir(ppy),(DEDTC)]
(Ir1@DEDTC, DEDTC = diethyldithiocarbamate), [Ir-
(ppy)»,(MORDTC)] (Ir1@MORDTC, MORDTC = morpho-
line dithiocarbamate), [Ir(ppy),(MEDTC)] (Irl@MEDTC,
MEDTC = methoxycarbonodithioate), [Ir(thpy),(DEDTC)]
(Ir2@DEDTC), and [Ir(thpy),(MORDTC)] (Ir2@
MORDTC), were synthesized. The potential complex Ir2@
DEDTC was found to localize in mitochondria and lysosomes
and exerts PDT via both type I and type II mechanisms. The
structures of synthesized cyclometalated Ir(III) complexes are
listed in Figure 1. The photophysical properties, cellular
uptake, 'O, production, photocytotoxicity, and bioimaging
applications were evaluated.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. In this work, the
investigated dithiocarbamate-based cyclometalated Ir(III)
complexes were synthesized in two steps. First, The pu-
chloride-bridged dimer Ir(III) complexes [(ppy),-Ir-u-Cl],
and [(thpy),-Ir-u-Cl], were synthesized from iridium(III)
chloride (precursor) using previously reported literature with
minor modifications. Also, the potassium salt of morpholine
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Figure 1. Molecular structures of synthesized cyclometalated Ir(III)
complexes.

dithiocarbamate (MORDTC) and methoxycarbonodithioate
(MEDTC) was prepared according to previously reported
procedures, Scheme S1. Ir(Ill) dithiocarbamate complexes
were synthesized by using [(ppy),-Ir-¢-Cl], and [(thpy),-Ir-u-
Cl], by following the synthetic route shown in Scheme 1. All

Scheme 1. Synthetic Route of Ir(III) Dithiocarbamate
Complexes
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complexes are incorporated with one $"S ligand and two C"N
ligands. We anticipate that incorporating sulfur in the form of
[(thpy),-Ir-u-Cl], dimer will enhance its photophysical
properties, higher triplet excited state lifetime, photocytotox-
icity, and cellular imaging ability of the complexes.” All the
synthesized complexes were further characterized by 'H NMR,
3C NMR, and electrospray ionization (ESI-MS) spectroscopy
(Figures S1—S21), as well as single crystal XRD.

2.1.1. X-ray Characterization. The single crystals of Ir1@
MEDTC and IR@DEDTC suitable for X-ray diffraction
(XRD) were crystallized by slow evaporation method with
DCM-toluene (1:1, v/v) and ether diffusion method,
respectively. The crystal structures of both Ir(III) complexes
are shown in Figure 2. The complexes Irl@MEDTC and Ir2@
DEDTC were crystallized in monoclinic space groups P2,/n

https://doi.org/10.1021/acs.inorgchem.3c02942
Inorg. Chem. 2023, 62, 20080—20095


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02942/suppl_file/ic3c02942_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02942/suppl_file/ic3c02942_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

, c23
4 o1 YN
20Ny €22
o B N3
c19
s2
€10 cu1 s3 "\ s
o/ tm\/, c2 c17_Cis \/
1 1 /’_ Nt \Vin
BTy a/y )N cas\ ., €16y cig o~
c6)— 7N It = €10 NZN 6N\
7o L7 e s N —y S e
sy _ c1a S8 /c 13/'c1;\ -\ a
a” G c15 52— a3 s

Figure 2. X-ray structures of complexes Irl@MEDTC and I2@
DEDTC (left to right).

and P2,/c, respectively. The selected bond lengths in each
complex are represented in Table S1. The details of single
crystal data refinement parameters are summarized in Table
S2.

2.2. Photophysical Properties. The UV—visible absorp-
tion spectra of all of the complexes in dry acetonitrile
(CH,CN) and DMSO—water (0.4%, v/v) at 298 K are
shown in Figure 3(a) and Figure S22(a), respectively. The
complexes display a strong absorption band in the region of
250—300 nm, which is assigned to spin-allowed ligand-
centered or interligand (‘z—7*) transitions.”®*’ In addition,
the weak and broad absorption bands (less intense) in the
region of 350—500 nm are designated to the mixed singlet and
triplet metal-to-ligand charge transfer (MLCT) or da(Ir)—z*-
(L) (spin allowed and spin forbidden).>>' The absorption
spectra for the synthesized Ir(III) complexes are analogous to

most of the reported cyclometalated iridium(III) com-
plexes.””™*

The fluorescence emission spectra for synthesized complexes
were recorded in CH;CN and DMSO-water (0.4%, v/v) at
298 K, are shown in Figure 3(b) and Figure S22(b). The
emission maximum wavelengths of the synthesized Ir(III)
complexes were almost the same in these solvents. The PL
spectra of complexes Irl@DEDTC, Irl@MORDTC, and
Ir1@MEDTC showed a broad green phosphorescent emission
with maxima at 550 nm upon excitation at 405 nm. Moreover,
complexes I2@DEDTC and I2@MORDTC showed an
orange-red phosphorescent emission at 610 nm with a less
intense narrow band at around 655 nm upon excitation at 450
nm. It is worth noting that these two complexes, ie., Ir2@
DEDTC and Ir2@MORDTC, exhibited a red-shifted (bath-
ochromic) emission maxima of 100 nm compared to Irl@
DEDTC, Irl@MORDTC, and Irl@MEDTC complexes,
suggesting the crucial role of different C"N ligands in
modulating the photophysical properties. All of the complexes
showed a minor solvatochromic effect and a large Stokes shift
of about 150 nm. It has been extensively studied that a mixture
of *MLCT and ligand-centered *(z—n*) excited states is
responsible for phosphorescence in iridium(III) cyclometa-
lated complexes.”* Moreover, all the synthesized complexes
also showed excellent photostability as there was no visible
change in the absorption peak under light irradiation (456 nm,
10 mW/cm?) as well as under dark conditions for 48 h Figures
$23 and S24. Excellent photostability is one of the important
factors for a PS to generate ROS for hampering cancer cells.
The photophysical properties of all of the synthesized
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Figure 3. Absorption spectra (a) and emission spectra (b) of Ir(IlI) complexes (20 M) recorded in CH;CN at room temperature. (c)

Fluorescence lifetime spectra of I2@DEDTC (Excitation pulse: 450

nm).
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iridium(III) complexes are illustrated in Table 1. The excellent
photostability under light and dark conditions and longer
absorption wavelength of complexes suggested that they could
be used as effective PSs for PDT.

Table 1. Photophysical Properties of Ir(III)
Dithiocarbamate Based Complexes

complex Aee/nm A /nm P $(t0,)"  7/ns
Ir1@DEDTC 408 550 0.107 0.281 1.3
Ir1l@MORDTC 405 550 0.0046 0.239 2.18
Ir1@MEDTC 365 550 0.085 0.271 5.78
Ir2@DEDTC 450 610 0.025 0.864 146
Ir2@MORDTC 450 610 0.022 0.705 109

“Emission quantum yield considering [Ru(bpy);]Cl, as reference
compound in deareated CH;CN. b1, quantum yield in DMSO (MB
as reference). “Average photoluminescence lifetime in aerated DMSO
as solvent.

2.2.1. Lifetime Measurement. Most of the transition metal
complexes comprise an intermediate lifetime of hundreds of ns
to several us because of mixed singlet—triplet states.”> The
average fluorescence lifetime of most of the Ir(III) complexes
is a key factor in the production or generation of ROS, such as
10,.% For Type 11 PDT, a longer triplet excited-state lifetime is
needed to transfer energy to the molecular oxygen. The
inclusion of higher molecular weight atoms, such as sulfur, is
attributed to spin—orbit coupling, which eventually leads to a
longer triplet state lifetime.”’ " I2@DEDTC showed a
significantly longer fluorescence lifetime (146 ns) than Irl@
DEDTC (1.3 ns) Figure 3(c) and Figure S2S in aerated
DMSO due to the incorporation of the sulfur atom in the C'N

ligand. The sulfur-containing C"N ligands along with electron-
rich $"S ancillary ligand facilitate better intersystem crossing
due to smaller singlet—triplet energy gap. The enhanced triplet
sensitization significantly influences the phosphorescence
wavelength, excited state dynamics, and photosensitization
abilities of I2@DEDTC and IR@MORDTC. It also exhibits a
remarkably higher 'O, generation quantum yield, which
indicates the phosphorescent emission nature of the
complexes.

2.3.'0, Production and Quantification. As iridium (III)
complexes are prone to show type II photosensitization by
quenching the triplet excited state with molecular oxygen to
generate 'O,, the ability of synthesized Ir(IIl) dithiocarbamate
complexes to generate 'O, was studied with the help of 1,3-
diphenylisobenzofuran (DPBF) as a 'O, scavenger in DMSO.
Upon blue light irradiation, Ir(III) complexes produce 'O,,
which readily oxidizes DPBF to 1,2-dibenzoyl benzene (DBB).
It resulted in the decrement of the DPBF absorbance peak
maxima at 417 nm, which was used to quantify the production
of '0,. The absorbance changes of DPBF alone with
irradiation (456 nm) were recorded to show the degradation
of DPBF without the complexes and reference compound. The
absorbance of DPBF declined weakly after irradiation for 40 s
due to the photobleaching of DPBF alone (Figure S$26).
Methylene blue (MB) is used as a reference PS while
performing this assay. The absorbance maxima of DPBF
decreases after the addition of PS with an increase in
irradiation time.”’ Figure 4(a) shows a steady decrease in
the absorption maxima of DPBF in the presence of Ir2@
DEDTC under light irradiation after every 5 s. The values of
¢ for complexes were estimated by plotting the scatter plot
for change in absorbance of DPBF for all complexes and
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Figure 4. (a) Absorption changes of DPBF with 2 @DEDTC after light irradiation (0—40 s). (b) Photooxidation of DPBF by complexes and the
reference compound under light irradiation (450 nm, 10 mW/cm?). (c) Ir2@DEDTC with TEMP in dark (gray line) and after 450 nm light
irradiation for 20 min (red line). (d) Ir2@DEDTC with DMPO in dark (gray line) and after 450 nm light irradiation for 20 min (red line).
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Table 2. Photo-Cytotoxicities of Metal Complexes (#M) in Comparison to Cisplatin against HCT116 (Human Colorectal
Carcinoma), HeLa (Human Cervical Carcinoma), and PC3 (Human Prostate Carcinoma) Cell Lines Expressed as Mean +

Standard Error (n = 3)

HCT116 HeLa PC3

compound dark light” P1” dark light” P1” dark light* P1”
Irl@DEDTC 49.86 + 3.10 175 + 1.73 28 86.88 + 4.2 2273 + 3.5 3.8 >100 >100 na.

Ir1@MORDTC 85.44 + 3.28 4.51 + 2.60 18.8 >100 50.88 + 2.2 1.96 509 + 6.2 453 +£ 5.7 1.13
Irl@MEDTC 39.88 + 6.0 27.09 + 7.4 L5 >200 3324 + 1.8 602  90.04 + 3.9 39.68 + 52 23
Ir2@DEDTC 44.03 + 5.83 0.1095 + 1.2 >400 >300 412 + 19 73 >100 5891 + 3.7 1.7

I2@MORDTC 2598 + 7.3 091 +23 28.6 >100 449 + 2.7 22.3 >100 63.5 + 4.7 1.59

Cis-Pt 20.77 £ 5.2 19.66 + 6.3 1.05 17.64 + 0.4.6 16.61 + 4.1 1.06 10.5 + 3.7 1027 + 2.9 1.02

“Irradiated at 456 nm LED light (30 mW/cm?) for 40 min. bPhotocytotoxicity index (PI = IC4(dark)/ ICy(light)) indicates the efficiency of the

light treatment.

HCT116 HeLa
120 120
O ®
z 21001
'.§. 80+ 'F; 804
2 607 > 604
S 401 S 401
°\° 2
204 H H H s 204
0 T T T ¥ 0 T T T T
2.5 5.0 10.0 20.0 2.5 5.0 10.0 20.0
Concentration (uM) Concentration(u M)
PC3
120
1004 (C)
E 80
=
2 60-
S 40- @ Ir2@DEDTC(D)
S 20 [ Ir2@DEDTC(L)
Y 50 100 200
Concentration(p M)

Figure S. Cell viability was studied in HCT116(a), HeLa (b), and PC3 (c) cancer cells formulated with different concentrations of I2@DEDTC
under dark and light conditions. Values are represented as the mean + SD of three independent experiments.

reference compounds for different irradiation periods Figure
4(b). The results showed that the trend of the quantum yield
for the generation of 'O, is as follows: I2@DEDTC (0.864) >
Ir2@MORDTC (0.705) > Irl@DEDTC (0.281) > Irl@
MEDTC (0.271) > Iri@MORDTC (0.239). Herein, Ir2@
DEDTC and I2@MORDTC showed significantly higher 'O,
quantum yields than others, indicating that they could be
efficient PSs. The UV—vis spectra of change in absorbance of
DPBF with complexes with the thpy ligand showed a higher
decline as compared to complexes containing ppy, suggesting a
remarkable and rapid generation of ROS (Figure S26).

The ROSs generated by the triplet excited state PSs via the
type I (electron transfer) or type II (energy transfer) pathway
of PDT cannot be identified by EPR directly because of their
short lifetimes. EPR is a sensitive and reliable technique to
detect and identify the type of ROS with the help of spin-
trapping agents such as 2,2,6,6-tetramethylpiperidine (TEMP)
for '0,, §,5-dimethyl-1-pyrroline N-oxide (DMPO) for other
ROS species (0,"” and *OH) and S-tert-butoxycarbonyl-S-
methyl-1-pyrroline-N-oxide (BMPO) for *OH and thiyl (RS*®)
radical. The stable spin adducts, which are readily formed by
reacting ROS with these diamagnetic spin traps, can be
characterized and identified by EPR analysis. Herein, the EPR
spin trapping technique is utilized to confirm further the ROSs
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generated by the complex I2@DEDTC. Upon irradiation with
450 nm light for 20 min, the deaerated CH;CN solutions of
Ir2@DEDTC (100 uM) and TEMP (50 mM), a three-line
signal with equal intensities (1:1:1) emerged between 3300—
3400 G magnetic field Figure 4(c). A hyperfine splitting
constant of A = 15 G and a g factor of 2.0141 are observed for
the TEMP/'O, adduct. To verify the ability to generate other
ROS by the Ir(IlI) complexes after light irradiation, we
employed DMPO as the trapping agent for O, and *OH.
Figure 4(d) represents a four-line spectrum, which is the
characteristic spectrum of the DMPO/*OH adduct. Also, the
generation of *OH is further confirmed by the BMPO/*OH
adduct Figure S27. These results indicated that I2@DEDTC
is capable of generating 'O, and *OH after irradiation with 450
nm light. The triplet excited state of a PS yields ROS only after
light irradiation. No signals in EPR were observed in the dark
(Ir2@DEDTC without light irradiation). The results indicated
that synthesized complexes generate ROS after irradiation with
450 nm and could act as type I and type II PS.

2.4. In Vitro Photocytotoxicity and Cellular Uptake.
After confirming that Ir(III) complexes undergo type I and
type II photosensitization after light irradiation, we set out to
investigate whether it could show photocytotoxicity against
different cell lines by using cell viability assay (MTT assay).
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Figure 6. (a—e) Bright-field images of HCT116 captured after DCFH-DA staining. Cells alone without light, cells alone with light (456 nm, 30
mW/cm?, 20 min), hydrogen peroxide (50 uM, positive control), I2@DEDTC (20 uM, without light), and r2@DEDTC (20 uM, with light) (left
to right). (f—j) Corresponding fluorescence was obtained under the green channel. Magnification: 40X. Scale bar: 20 ym. (k) Quantitative
statistical analysis of the production of ROS in the cells. Data expressed as mean + SD (n = 2), p values were measured using one-way ANOVA

with Turkey multiple comparison test, ***p < 0.001.

The ICy, (half-maximum inhibitory concentration) values with
phototoxicity index (PI) values of synthesized complexes
toward various cell lines are summarized in Table 2. Low dark
toxicity was observed for HCT116, HeLa, and PC3 cells after
24 h of drug exposure and 24 h recovery. All the complexes
were observed to be less toxic under dark conditions (ICs, =
44.03—85.44 uM). Upon light exposure, I2@DEDTC was
found to be highly cytotoxic (ICs, = 0.1095 uM, PI > 400)
against the HCT116 cell line by generating ROS. Complexes
with thpy ligand, ie, I2@DEDTC and Ir2@MORDTC,
displayed higher cytotoxicity (lower ICs,) than cisplatin after
light irradiation for 40 min against HCT116, HeLa cell lines as
compared to PC3 cancer cell line. Additionally, Complexes
also showed lower dark toxicity toward normal WRL-68 cell
lines than dithiocarbamate (DTC) ligand alone Tables S3 and
S4. Overall, our studies reflect the potential of I2@DEDTC
and I2@MORDTC to act as potential PSs for PDT after
irradiation with blue LED (456, 30 mW/cm” light) against
HCT116 and HeLa cancer cell lines Figures 5 and S28. In
contrast to the cytotoxicity studies of iridium(III) dithiocarba-
mate complexes reported previously,’® in our experiment, we
have noted that on the treatment of complexes for 24 h,
followed by 24 h recovery, all the complexes exhibited poor
dark toxicities (due to proliferation of cells during recovery
period). It is also evident that the light induced cytotoxicities
of the complexes are significant even after the recovery period.
As Ir2@DEDTC has shown the maximum photocytotoxicity
efficiency, it has been used as a lead molecule to carry out
further investigations.

As the synthesized Ir(III) dithiocarbamate complexes
showed better photocytotoxicities against HCT116 cell line,
therefore the cellular uptake studies for I2@DEDTC were
investigated in the same cell line using inductively coupled

plasma mass spectrometry (ICP-MS). The amount of Ir(III)
accumulated inside the cells (Ir content per 10° cells) is
calculated with the help of standard graphs Figure S29.
HCT116 cells were incubated with 20 uM Ir2@DEDTC with
different incubation time intervals, i.e,, 2, 4, 6, and 12 h. The
result showed that intracellular Ir(II) content increases with
increasing incubation time intervals, i.e, 2 h (131.6 nM Ir/ 10°
cells) < 4 h (247.55 nM) < 6 h (249.9 nM) < 12 h (326.2
nM). To understand the selectivity of Ir2@DEDTC for
HCT116 over PC3 cells, the uptake experiment was performed
with PC3 cells. After 6 h of treatment, only 18.4 nM Ir/10°
cells accumulated in PC3 cells, when compared with 249.9 nM
Ir/10% cells accumulated in HCT116 cells (Table S5 and
Figure $30). Hence, the lower uptake of complexes in the PC3
cell line could be the reason for the least dark toxicity and
photocytotoxicity of the complexes.

2.5. Intracellular ROS Production (DCFH-DA Assay).
ROS is an important factor in estimating PS-induced
cytotoxicity after light irradiation. To detect the generation
of ROS inside cells, a cellular ROS indicator, ie. 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA), is used to
evaluate the ROS generation ability of I2@DEDTC in the
HCT116 cell line in dark and light conditions with all the
necessary control experiments. After cellular internalization,
nonfluorescent DCFH-DA gets hydrolyzed to DCFH and
further oxidized into a green fluorescent compound, i.e.
dichlorofluorescein (DCE), in the presence of ROS.°!
HCT116 cells treated with Ir2@DEDTC, followed by 456
nm light irradiation, showed bright green fluorescence
emission from cells Figure 6(j), which is better than that of
the positive control (H,O, treated cells) Figure 6(h), whereas,
under dark conditions, green emission was observed from very
few cells, Figure 6(i). Similarly, untreated cells with and
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Figure 7. Nuclear fragmentation and chromatin condensation studies by DAPI staining. (a—e) Bright-field images obtained after DAPI staining for
cells alone without light, cells alone with light (456 nm, 30 mW/cm?, 20 min), Cisplatin (20 uM, positive control), I2@DEDTC (20 M, without
light), and I2@DEDTC (20 uM, with light) (left to right). (f—j) Corresponding fluorescence was obtained under the blue channel. Magnification:
40X. Scale bar: 20 gm. Arrows represent chromatin condensation and nucleus disintegration.

without light irradiation exhibit very weak fluorescence
emission, Figure 6(f),(g). The fluorescence intensity of DCF
(Aey = 485 nm, A,,, = 535 nm) is correlated with the fold
increase in ROS production, which is measured by quantifying
the fluorescence emission with the help of a microplate reader.
Upon 20 min of light irradiation at 456 nm, the fluorescence
intensity is increased about 6-fold in the presence of Ir2@
DEDTC, indicating a large amount of ROS production in the
cells as compared to untreated cells (Figure 6(k)). Therefore,
these results signify that PDT-mediated ROS production is
involved in apoptotic cell death caused by cyclometalated
Ir(1II) complex.

2.6. DNA Fragmentation Studies. Nuclear fragmentation
study was performed by using 4’,6-diamidino-2-phenylindole
(DAPI) to investigate the cause of cell death after light
irradiation (456 nm, 30 mW/cm? 20 min). The cells in the
control group (untreated cells with and without light) and
Ir2@DEDTC without the light group showed no sign of DNA
disintegration (chromatin condensation) Figure 7(f),(g),(i).
Cisplatin (Cis-Pt) is used as a positive control, which shows
some chromatin condensation with high fluorescence intensity
for DAPI (Figure 7(h)). The morphological changes of the
nucleus in the case of cells incubated with Ir2@DEDTC (20
#M) in the presence of light showed condensed chromatin and
higher blue fluorescence intensity (Figure 7(j)). The presence
of a greater extent of nuclear fragmentation in the I2@
DEDTC+Light group, as compared to other groups, indicated
that the cells were undergoing apoptosis through DNA
damage.

2.7. Cell Morphology Change and Live/Dead Cell
Staining. The apoptotic morphological changes, such as
membrane blebbing, cellular fragmentation, and cell shrinkage,
were investigated. The morphology of HCT116 cells in the
control group (without Ir2@DEDTC treatment) showed
insignificant changes with and without light conditions (Figure
8(a),(b)). No changes in morphology were observed in the
case of HCT116 cells treated with Ir2@DEDTC under dark
conditions (Figure 8(c)). On the other hand, most of the cell
morphology has been dramatically changed after treatment
with I2@DEDTC under light irradiation (456 nm, 30 mW/
cm?, 20 min, Figure 8(d)). This suggests that I2@DEDTC
can efliciently induce cellular apoptosis under light irradiation.

To further verify the photocytotoxic profile of I2@DEDTC,
fluorescein diacetate (FDA) and propidium iodide (PI)
costaining assay was performed. Nonfluorescent FDA pene-

-Light

(@ (b)

+Light

Ir2@DEDTC Untreated cells
<

Figure 8. Morphology changes of HCT116 upon incubation with
Ir2@DEDTC under light and dark conditions. Cells alone (a) without
light and (b) with light (456 nm, 30 mW/cm? 20 min) and Ir2@
DEDTC (20 uM) (c) with and (d) without light. Magnification: 40X.
Scale bar: 20 gm. (Arrows represent cell shrinkage, membrane blebs,
and rounding of cells).

trates inside the viable cells easily and gets hydrolyzed into
green emissive fluorescein by esterases present in the
cytoplasm of live cells,"* whereas PI is nonpermeable through
the cell membrane and can intercalate with DNA for
membrane-compromised cells (dead cells) and give red
fluorescence after binding to DNA. In Figure 9(f),(g), most
of the cells are viable (showing green fluorescence) in the case
of untreated cells with and without light irradiation. Cells
incubated with I2@DEDTC under dark conditions showed
few dead cells and more live cells (Figure 9(r)). Upon
irradiation with 456 nm light, the cells showed high red
fluorescence of PI after 24 h as compared to 6 h of incubation
with 2 @DEDTC Figure 9(s),(t).

2.8. Cellular Uptake and Intracellular Localization
Studies. The cellular uptake of I2@DEDTC in HCT116
cells was visualized using fluorescence microscopy after 8 h of
incubation (Figure S31). The intracellular colocalization of
I@DEDTC was investigated by colocalization assay in the
presence of Mitotracker Green (Mitochondrial staining dye,
MTG), Lysotracker Green (Lysosomal staining dye, LTG),
and DAPI (nuclear stain) against HCT116 cell line. The
merged images in Figure 10(d),(h) show the selective
colocalization of MTG (Pearson’s R value = 0.76) and LTG
(R = 0.81) with complex Ir2@DEDTC. In contrast, costain
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Figure 9. Live/dead costained HCT116 cells treated with Ir2@DEDTC for 6 and 24 h with or without light irradiation (456 nm, 30 mW cm™2, 20
min). (a—e) Bright-field images of HCT116 captured after FDA/PI staining. Cells alone without light, cells alone with light, '2@DEDTC (20 uM,
without light after 24 h), I2@DEDTC (20 uM, light irradiated after 6 h of incubation), and I2@DEDTC (20 uM, light irradiation after 24 h of
incubation) (left to right). (f—j) Corresponding fluorescence was obtained under the green channel. (k—o) Corresponding fluorescence of PI was
obtained under the red channel. (p—t) Merge images of green and red channels of the respective groups (green fluorescence: viable cells; red
fluorescence: dead cells). Magnification: 40X. Scale bar: 20 ym.
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Figure 10. Colocalization assay with HCT116 cells incubated with I2@DEDTC costained with specific organelle targeting dye analyzed by
fluorescence microscopy. (a—d) Bright-field, green channel (LTG), red channel (Ir2@DEDTC, 20 £M), and merged images of the cells incubated
with I2@DEDTC (20 yM) and stained with LysoTracker Green (LTG, 500 nM) (left to right). scale bar: 10 um. (e—h) Bright-field, green
channel (MTG), red channel (I2@DEDTC, 20 uM), and merged images of the cells incubated with Ir2@DEDTC (20 uM) and stained with
MitoTracker Green (MTG, 500 nM) (left to right). (i—1) Bright-field, blue channel, and red channel (Ir2@DEDTC, 20 yM) and stained with
DAPI (1 pg/mL) (left to right). Magnification: 60X (DIC). Scale bar: S pm.

Hence, we confirmed that I2@DEDTC was taken up
patterns of Ir2@DEDTC matched poorly with DAPI (Figure effectively by the cells and predominantly localized in the
10(1)). lysosome and mitochondria of the cells. Also, the photo-
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Figure 11. JC-1 stained HCT116 cells treated with I2@DEDTC for 6 h with or without light irradiation. (a—d) Bright-field images of HCT116
captured after JC-1 staining. Cells alone without light (a), cells alone with light (b), I2@DEDTC (20 uM, without light) (c), and I2@DEDTC
(20 uM, with light) (d) (up to down). (e—h) Corresponding fluorescence of JC-1 monomer was obtained under the green channel. (i—1)
Fluorescence of JC-1 aggregate was obtained under the red channel. (m—p) Merge images of green and red channels of the respective groups
(green fluorescence: low MMP, red fluorescence: high MMP). Magnification: 40X. Scale bar: 20 ym.

cytotoxic behavior of the synthesized Ir(IIl) dithiocarbamate
complexes may originate from lysosome and mitochondria-
targeted cell death.

2.9. Induction of Cellular Apoptosis and Loss of
Mitochondrial Membrane Potential (MMP). Based on the
colocalization images by a fluorescence microscope, we further
evaluated the impact of complex I2@DEDTC on mitochon-
drial membrane integrity in dark and light conditions against
HCT116. Mitochondria dysfunction is an important hallmark
of an intrinsic apoptotic pathway of the cell. §5,5,6,6'-
Tetrachloro-1,1’,3,3-tetraethylimidacarbocyanine iodide (JC-
1) is a fluorescent dye that forms J-aggregates and emits red
fluorescence for intact and healthy mitochondria (high MMP).
In contrast, JC-1 dye exists as a monomer and shows green
fluorescence for mitochondria having a depolarized membrane
(low MMP). In Figure 11, red fluorescence is observed for
untreated cells under light and dark conditions. Also, Ir2@
DEDTC, under dark conditions, showed red fluorescence,
which depicts the mitochondrial integrity of the cells. In
contrast, I2@DEDTC with light (456 nm, 30 mW/ cm?, 20
min) irradiation extensively showed green fluorescence
corresponding to the JC-1 monomer. Hence, complex Ir2@
DEDTC-treated cells are undergoing mitochondrion-mediated
apoptosis by lowering the mitochondrial membrane potential.

The lowering of mitochondria membrane potential further
suggested us to investigate the cell cycle disturbance by
complex I2@DEDTC under dark and light conditions. The
impact of I2@DEDTC on cell cycle distribution is evaluated
with the help of a flow cytometer with propidium iodide (PI)
staining. Figure 12 shows the distribution of cells in various

phases (GO/G1, S, Sub G1, and G2/M) for untreated cells (a),
Cisplatin as a positive control (b), and 2@DEDTC in dark
(c) and light conditions (d) after 24 h. Figure 12(e) represents
the bar graph representation of the distribution of the cells in
all the phases. Cells in the Sub Gl phase correspond to
apoptotic cells having fragmented DNA, which emits less
fluorescence of PI. A prominent increase in the population of
cells in Sub G1 phase is observed in the case of cells treated
with I2@DEDTC for 24 h and then irradiated for 40 min. On
the other hand, untreated cells and Ir2@DEDTC under dark
conditions showed a lesser fraction of cells in Sub G1 phase,
revealing that cells are undergoing an apoptotic phase after
light irradiation. The fraction of cells in the GO/G1 phase is
higher for Ir2@DEDTC+Light group as compared to other
phases, and hence it reveals that the cells are undergoing cell
cycle arrest at GO/G1 phase. On the other hand, Cisplatin
treated cells (20 yM) showed cell cycle arrest in the G2M
phase (Figure 12(e)). Interestingly, the high population of cells
in GO/Gl1 for complex Ir2@DEDTC under light (30 mW/cm?,
40 min) supports GO/G1 cell cycle arrest responsible for the
high cytotoxicity of the synthesized Ir(III) complexes.

2.10. 3D Multicellular Tumor Spheroids Imaging.
Based on the results obtained from photocytotoxicity assays in
2D monolayer cells, the potency of I2@DEDTC was
evaluated against 3D multicellular tumor spheroids (MCTS)
in the presence of light irradiation. To mimic the solid tumor
environment, MCTS has appeared to be an in vitro model for
evaluating the therapeutic potential of the drug. Like most
solid tumors, MCTS shows a heterogeneous surrounding with
a necrotic core at the center having hypoxic regions (oxygen
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Figure 12. Flow cytometry analysis with PI staining in HCT116 cells treated with I2 @DEDTC for 24 h with or without light irradiation. Cells
alone (a), Cisplatin (b), I2@DEDTC (20 M, without light) (c), and Ir2@DEDTC (20 uM, with light) (d). (e) Corresponding bar graph
represents the cell population in GO/GI, Sub Gl, S, and G2/M phases for all of the respective groups.

deficient).®® Because of these factors, most of the drugs show
great cytotoxicity on 2D monolayer cells but undergo drug
resistance while performing in vivo studies. Hence, MCTS
studies are the best model to show the therapeutic efficacy of
the drug. The loss in the integrity of the spheroids was
observed in Ir2@DEDTC after light irradiation when
compared with the untreated spheroids as well as spheroid
treated with Ir2@DEDTC under dark conditions Figure S32.
These results indicated that a combination of I2@DEDTC
and light showed cytotoxicity against MCTS.

To further investigate cell death in MCTS, a live/dead
costaining assay was performed with the help of FDA and PI
dye. The fluorescence images were captured in the green (for
FDA) and red channels (for PI) after 24 h incubation with
I2@DEDTC followed by light treatment. The Ir2@DEDTC
+Light group showed fewer cells stained in the green channel
when compared with other control groups. Also, the number of
cells stained with PI in red channel was significantly higher in
the Ir2@DEDTC+Light group as compared to untreated
MCTS (CA and CA+Light) as well as Ir2@DEDTC under
dark conditions (Figure 13). These results depicted that in the
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presence of light, I2@DEDTC exhibits potent photocytotox-
icity in the MCTS model and induces cellular apoptosis.

B CONCLUSIONS

In summary, we have synthesized a series of cyclometalated
iridium(III) dithiocarbamate complexes with different C"N
and S”S ligands. Out of the five synthesized complexes, two
complexes, IR@DEDTC and I2@MORDTC, exhibited
excellent photophysical properties such as red-shifted
fluorescence emission, higher luminescence lifetime, and 'O,
quantum yield. The role of ligands in dictating the photo-
sensitizing ability of the complexes was evident from their
photocytotoxicity assay. I2@DEDTC exhibits the highest
photocytotoxic index against the HCT116 cell line and is
found to be least toxic to normal human hepatic cells (WRL-
68). Also, I2@DEDTC was efficiently taken up by HCT116
cells and predominantly localized in the lysosome and
mitochondria. Furthermore, a combination of Ir2@DEDTC
and light-induced apoptosis through lowering of the
mitochondrial membrane potential and further induction of
apoptosis was studied with JC-1 and cell cycle arrest analysis,
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Ir2@DEDTC
+LIGHT

CA CA+LIGHT Ir2@DEDTC

Bright Field

FDA+PI

Figure 13. Live/dead costained HCT116 MCTS treated with Ir2@
DEDTC, with and without light irradiation (456 nm, 30 mW cm ™2,
20 min). (a—d) Bright-field images of spheroids captured after FDA/
PI staining. Cells alone (represented as CA) without light, cells alone
with light, I2@DEDTC (20 uM, dark), and Ir2@DEDTC (20 M,
light irradiated after 24 h incubation) (left to right). (e—h)
Corresponding fluorescence was obtained under the green channel.
(i-1) Corresponding fluorescence of PI was obtained under the red
channel. (m—p) Merge images of green and red channels of the
respective groups. Magnification: 10X. Scale bar: 100 ym.

respectively. Finally, the photosensitization ability of Ir2@
DEDTC was evaluated against the solid tumor mimicking 3D
multicellular spheroid model and found efficient in destructing
the 3D spheroids via type I and type II PDT.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. 4.1.1. Materials. All starting
materials and reagents were obtained from commercial distributors
and used in the synthesis as obtained. Iridium(III)chloride hydrate
(IrCly-«H,0), LysoTracker Green DND-26, and MitoTracker Green
FM were obtained from Thermo Fisher Scientific. 2-(Thiophen-2-
yl)pyridine was purchased from BLD Pharma India. Sodium
diethyldithiocarbamate and morpholine were purchased from
AVRA. DAPI, DPBF, and DCFH-DA were purchased from Sigma-
Aldrich. Deuterated solvents such as DMSO-ds and CDCIl; were
purchased from Eurisotop. Deionized water is used to perform all the
experiments wherever required. The remaining chemicals were all of
analytical grade and obtained from commercial sources.

4.1.2. Instruments. Nuclear magnetic resonance spectra (NMR)
were recorded on a JEOL-500 MHz spectrometer (‘H NMR: 500
MHz, *C NMR: 126 MHz). UV—visible absorption data were
acquired on a Shimadzu UV-2600 UV/vis/NIR spectrophotometer.
The emission spectra were recorded with a Horiba Fluoromax. The
fluorescence lifetimes for synthesized Ir(III) complexes were
measured with the help of an Edinburgh FLS 1000 (TCSPC)
spectrometer. The cell viability assays were performed with the help
of a SYNERGY HI microplate reader. The irradiation process during
photocytotoxicity determination was conducted with the help of
photoreactor Luzchem EXPO-01 panels with blue LED (456 nm).

4.1.3. Cell Lines and Culture Maintenance. HeLa (human cervical
cancer) and HCT116 (human colon cancer), human hepatic cells
(WRL-68), and PC3 (human prostate cancer) cell lines were

purchased from the National Centre for Cell Science (NCCS),
Pune, Maharashtra, India. Dulbecco’s modified Eagle’s medium
(DMEM) along with 10% fetal bovine serum (FBS), 2.2 g/L sodium
bicarbonate, streptomycin (100 mg/mL) and penicillin G (100 units/
mL) is used to grow the cells. Fetal bovine serum (FBS) was
purchased from Gibco (Thermo Fisher Scientific). All the cell lines
were cultured at approximately 70—80% confluence and kept in a
humidified incubator at 37 °C with 5% CO, in cell culture flasks with
different sizes or plates (tissue cultured), depending on the type of
experiments to be performed.

4.2. Synthesis of Ir(lll) Complexes. 4.2.1. Synthesis of [(ppy),-
Ir-u-Cll, Dimer. Iridium dimer [(ppy),-Ir-u-Cl], is synthesized by
previously reported literature with minor modifications.* Briefly,
iridium(I1I) chloride (100 mg, 0.275 mmol, 1 equiv) hydrate was
suspended in 2-ethoxyethanol/water (3:1), and 2-phenylpyridine
(107 mg, 0.68 mmol, 2.5 equiv) was added. The reaction mixture was
refluxed overnight to obtain a yellow precipitate. The formed
precipitate was filtered and then washed several times with ethanol
and further with diethyl ether to get a bright yellow solid (yield 61%).
'"H NMR (500 MHz, DMSO-dg) 6 9.81 (d, J = 5.1 Hz, 2H), 9.53 (d, ]
=4.9 Hz, 2H), 8.26 (d, ] = 8.0 Hz, 2H), 8.18 (d, J = 7.7 Hz, 2H), 8.10
(t, ] = 7.0 Hz, 2H), 8.01 (t, ] = 7.0 Hz, 2H), 7.79 (d, ] = 6.7 Hz, 2H),
7.73 (d, J = 6.9 Hz, 2H), 7.57 (t, ] = 6.0 Hz, 2H), 7.45 (t, ] = 5.9 Hz,
2H), 6.90 (t, ] = 6.9 Hz, 2H), 6.84 (t, ] = 6.9 Hz, 2H), 6.77 (, ] = 6.8
Hz, 2H), 6.69 (t, ] = 6.8 Hz, 2H), 6.25 (d, ] = 6.8 Hz, 2H), 5.66 (d, |
= 6.9 Hz, 2H). '3C NMR (126 MHz, DMSO-d,) § 167.36, 167.00,
152.14, 152.09, 150.68, 145.41, 143.80, 14322, 139.26, 138.20,
13129, 129.97, 129.69, 129.01, 124.86, 123.86, 123.62, 122.89,
12231, 122.02, 120.13, 119.50.

4.2.2. Synthesis of MORDTC. The potassium salt of morpholine
dithiocarbamate was prepared by already reported literature with
minor modifications.”> Morpholine (500 mg, 5.7 mmol, 1 equiv) and
KOH (322 mg, 5.7 mmol, 1 equiv) were suspended in S mL of
ethanol, and the reaction mixture temperature was maintained at 0
°C. After that, 200 uL of carbon disulfide (CS,) was added until the
solution color changed to light yellow and stirred vigorously for 1 h to
get a white precipitate. Then it was washed with cold diethyl ether
and dried under a vacuum to get the product as a white solid. (Yield
86%). 'H NMR (500 MHz, DMSO-d) & 4.33—4.27 (m, 4H), 3.52—
3.46 (m, 4H).3C NMR (126 MHz, DMSO-dg) & 215.04, 66.68,
S0.11.

4.2.3. Synthesis of [(thpy),-Ir-u-Cl],. [(thpy),-Ir-u-Cl], is synthe-
sized accordin§ to the previously reported literature with slight
modifications.*® Iridium(III) chloride (100 mg, 0.275 mmol, 1 equiv)
hydrate was dissolved in 2-ethoxyethanol/water (3:1), and 2-
(thiophen-2-yl)pyridine (107 mg, 0.68 mmol, 2.5 equiv) was added.
The reaction mixture was then allowed to reflux overnight to give a
brown precipitate. The precipitate was filtered and simultaneously
washed with ethanol and diethyl ether several times to obtain a
reddish-brown solid (yield 65%). '"H NMR (500 MHz, DMSO-d;) &
9.63 (d, ] = 5.5 Hz, 2H), 9.31 (d, ] = 5.4 Hz, 2H), 7.96 (t, ] = 7.8 Hz,
2H), 7.89 (t, ] = 7.7 Hz, 2H), 7.75 (d, ] = 7.9 Hz, 2H), 7.63 (d, ] = 7.7
Hz, 2H), 7.52 (d, J = 4.8 Hz, 2H), 7.36 (dd, ] = 10.3, 4.3 Hz, 2H),
7.32 (d, ] = 4.8 Hz, 2H), 7.23 (t, ] = 7.4 Hz, 2H), 6.12 (d, ] = 4.8 Hz,
2H), 5.66 (d, ] = 4.8 Hz, 2H). 3C NMR (126 MHz, DMSO-d,)
163.44, 163.00, 154.08, 152.40, 150.94, 146.53, 139.81, 138.92,
136.44, 135.85, 130.72, 129.42, 12829, 120.67, 12023, 118.36,
118.11.

4.2.4. General Procedure for the Synthesis of Iridium(lll)
Complexes. Iridium dimer (50 mg, 1 equiv) was dissolved in dry
DCM, and dithiocarbamate ligand (S equiv) and Na,CO; (10 equiv)
were slowly added into the solution. The reaction mixture is then
stirred at room temperature overnight under an inert atmosphere.
After reaction completion (confirmed by TLC), the solvent was
evaporated under reduced pressure on the rotary evaporator. The
aqueous layer was further extracted by DCM, dried over sodium
sulfate, concentrated under reduced pressure, and then purified using
silica gel column chromatography (1:9 ethyl acetate/hexane).

4.2.4.1. Complex Ir1@DEDTC. Yellowish green solid (Yield 75%).
'H NMR (500 MHz, CDCl,) & 9.63 (dd, J = 622, 1.1 Hz, 2H), 7.86

https://doi.org/10.1021/acs.inorgchem.3c02942
Inorg. Chem. 2023, 62, 20080—20095


https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02942?fig=fig13&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(d, J = 7.8 Hz, 2H), 7.75-7.69 (m, 2H), 7.56 (dd, ] = 7.7, 1.3 Hz,
2H), 7.20 (ddd, J = 7.3, 5.8, 1.5 Hz, 2H), 6.80—6.75 (m, 2H), 6.67
(td, J = 7.4, 1.3 Hz, 2H), 6.34 (dd, ] = 7.8, 1.0 Hz, 2H), 3.77 (dd, ] =
13.7, 7.0 Hz, 2H), 3.53 (dd, J = 13.7, 7.0 Hz, 2H), 1.23 (t, ] = 7.1 Hz,
6H). 3C NMR (126 MHz, CDCl;) 6 211.10, 168.82, 155.90, 151.56,
144.03, 135.88, 131.51, 128.85, 123.84, 122.07, 120.71, 118.44, 43.65,
12.43. HRMS (ESI): calculated for C,,H,,IrN;S, m/z 650.1276;
found m/z 650.1233 [M + H]*.

4.24.2. Complex IrT@MORDTC. Yellowish green solid (Yield
78%). '"H NMR (500 MHz, CDCl;) § 9.56—9.52 (m, 2H), 7.87 (d, J
= 8.4 Hz, 2H), 7.77-7.71 (m, 2H), 7.56 (d, ] = 8.1 Hz, 2H), 7.21 (t,]
= 6.6 Hz, 2H), 6.80 (t, ] = 6.9 Hz, 2H), 6.68 (t, ] = 6.8 Hz, 2H), 6.32
(d,] = 8.7 Hz, 2H), 3.92—3.89 (m, 2H), 3.85—3.81 (m, 2H), 3.70 (t,
J = 4.7 Hz, 4H). ®C NMR (126 MHz, CDCl;) § 213.15, 168.71,
154.91, 151.54, 143.99, 136.10, 131.51, 128.96, 123.89, 122.22,
120.91, 118.52, 66.10, 46.18. HRMS (ESI): calculated for
Cy,H,IrN;OS, 664.1068 m/z; found m/z 685.4500 [M + Na]*.

4.2.4.3. Complex IrT@MEDTC. Yellowish green solid (Yield 72%)
'"H NMR (500 MHz, DMSO-d;) 6 9.19 (d, J = 5.8 Hz, 2H), 8.20 (d, J
=7.9 Hz, 2H), 7.99 (td, ] = 8.1, 1.5 Hz, 2H), 7.76 (d, ] = 8.8 Hz, 2H),
747 (t, ] = 6.6 Hz, 2H), 6.81 (t, ] = 8.0 Hz, 2H), 6.67 (t, ] = 8.0 Hz,
2H), 6.16 (d, ] = 8.5 Hz, 2H), 4.08 (s, 3H). '*C NMR (126 MHz,
DMSO-d,) 6 232.57, 167.84, 152.23, 151.63, 144.55, 138.09, 131.27,
129.31, 124.85, 123.92, 121.66, 119.72, 58.23. HRMS (ESI):
calculated for C,,H,IrN,0S, m/z 609.0646; found m/z 609.0617
[M + H]".

4.2.4.4. Complex Ir2@DEDTC. Bright orange solid (yield 76%). 'H
NMR (500 MHz, CDCl;) 6 9.40 (dd, ] = 6.4, 2.1 Hz, 2H), 7.59 (ddd,
J=8.1,74, 1.6 Hz, 2H), 7.48 (ddd, J = 8.1, 1.6, 0.9 Hz, 2H), 7.12 (d,
J = 4.8 Hz, 2H), 6.98 (ddd, ] = 7.5, 5.9, 1.6 Hz, 2H), 6.21 (d, ] = 4.8
Hz, 2H), 3.75 (dd, ] = 14.0, 7.2 Hz, 2H), 3.52 (dd, ] = 13.9, 7.2 Hz,
2H), 1.23 (t, ] = 7.2 Hz, 6H). 3C NMR (126 MHz, CDCl;) 6 210.76,
165.20, 157.32, 151.98, 136.32, 135.74, 131.13, 127.61, 118.83,
117.22, 43.51, 12.41. HRMS (ESI): calculated for C,5H,,IrN,S, m/z
662.0404; found m/z 662.0359 [M + H]*.

4.2.4.5. Complex Ir2@MORDTC. Bright orange solid (yield 65%).
'"H NMR (500 MHz, CDCl;) § 9.32 (d, ] = 5.8 Hz, 2H), 7.64—7.58
(m, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.14 (d, ] = 4.7 Hz, 2H), 7.00
(ddd, J = 7.4, 5.9, 1.5 Hz, 2H), 6.20 (d, ] = 4.7 Hz, 2H), 3.89 (dd, ] =
10.9, 5.2 Hz, 4H), 3.70 (t, ] = 4.9 Hz, 4H). 3*C NMR (500 MHz,
CDCly) & 21279, 165.09, 156.31, 151.98, 136.54, 135.82, 131.04,
127.75, 119.01, 117.30, 66.04, 46.00. HRMS (ESI): calculated for
Cy3H,,IrN;0S,, m/z 676.0197; found m/z 676.0150 [M + H]*.

4.3. Quantification of '0, Generation (¢,). 'O, was quantified
using UV—vis absorbance spectroscopy with DPBF as an indicator.’”
DPBF assay was performed according to previously reported
literature.”® The quantum yields of 'O, production in the presence
of synthesized Ir(III) complexes after photoirradiation were calculated
with the help of degradation of the absorbance of DPBF (417 nm).
Briefly, a SO uM solution of DPBF (alone) in DMSO is prepared, and
the absorbance at 417 nm every S s after irradiation with a 456 nm
(10 mW/cm?) light source was recorded. DMSO solution of Ir(III)
complex (20 uM) and DPBF (50 uM) were prepared in the dark
conditions and then irradiated at 456 nm with the same light source.
Further, the absorbance spectra of DPBF at 417 nm were recorded
from S to 40 s of irradiation. Methylene blue (MB) was taken as a
reference control (¢ (pmso) = 0.52). The absorbances of the complex
and methylene blue are kept constant at 456 nm. The formula to
calculate the quantum yield of 'O, is as follows:

Praniy = Pacamy X (Meaniy X Fomy) / (mivp) X Fruni)

where ¢ denotes 'O, quantum yield, m represents the slope of the
graph between absorbance changes with time, and F is the correction
factor for absorption.

4.4. Fluorescence Lifetime Measurement. Fluorescence life-
times for all the synthesized Ir(III) cyclometalated complexes were
measured with the help of TCSPC (time-correlated single photon
counting) equipped with a picosecond pulse diode laser excitation. A
20 uM solution of all the complexes was prepared in DMSO. Irl1@

20091

DEDTC, Ir1@MORDTC, and Ir1@MEDTC complexes were excited
with an excitation pulse of 405 nm. The lifetime of I2@DEDTC and
Ir2@MORDTC was measured with an excitation pulse of a 450 nm
LED source. Average fluorescence lifetimes were calculated using the
best-fitting model (> ~ 1) with the help of the following formula for
double exponential decay for Irl@DEDTC, Irl@MORDTC, and
Irl@MEDTC:

Al‘rl2 + AZTZZ
At + Ay,

T =

4.5. Electron Paramagnetic Resonance (EPR). The EPR
experiments were performed at room temperature (298 K) on a
Bruker Biospin EMXmicro A200 spectrometer. Field modulation was
given at 100 kHz and 0.0S mT, and the microwave attenuation was
0.657 mW with a microwave frequency of 9.410 GHz. The complexes
were placed in a capillary positioned in a cavity. Irradiation was
executed with a 450 nm blue LED light source. The following EPR
parameters were used to acquire the spectra: sweep width of S mT,
1024 points, time constant of 40.96 ms, and conversion time of 150
ms, providing a sweep time of ~150 s. The spin traps TEMP, DMPO,
and BMPO (50 mM) were used to capture and identify the formation
of different ROS produced by I2@DEDTC (100 uM) after
irradiation with 450 nm light for 20 min.

4.6. Cell Viability Assay. The photocytotoxicity was measured in
HeLa, HCT116, and PC3 cell lines. The cell viability assay was
performed based on the previous light—dark experiment using 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT).*
Briefly, 1 X 10* cells per well were seeded in two separate 96 well
plates (dark and light plates, respectively) and grown for 24 h to
acquire its morphology. The stock solution (5 mM) of synthesized
iridium complexes was prepared in DMSO and further diluted with
media (with FBS) so that the final concentration of DMSO in all of
the wells was lower than 0.4%. Cells were further treated with
different concentrations (2.5, S, 10, and 20 uM) of complex and
incubated for 24 h under dark conditions. After 24 h of incubation,
200 uL/well phosphate-buffered saline (PBS) was added to both
plates after removing the previous media. The light plate was then
irradiated with an LED source (456 nm, 30 mW/cm?) for 40 min.
Simultaneously the dark plate was kept in the dark with PBS for 40
min (without irradiation). After removing PBS, media (with FBS, 200
uL/well) is added in all wells and incubated for another 24 h. The
cells were then washed further with PBS and incubated with a freshly
prepared 10 L (S mg/mL) MTT in media (without FBS) for 4 h at
37 °C. After 4 h, 50 uL of media is removed carefully without
disturbing the formazan crystal, and 150 uL of DMSO is added to
each well. Using a microplate reader, the absorbance was measured at
570 nm and cell viability was calculated by comparing the absorbance
of drug-treated cells with the untreated cells (cells alone). Cisplatin
(FDA-approved drug) is used as a positive control. All data are based
on three independent tests and are represented as the mean +
standard error (S.E.).

4.7. Detection and Quantification of Intracellular ROS.
Intracellular ROS levels can be detected and measured by the
fluorescent probe DCFH-DA. 5 x10* HCT116 cells per well were
seeded and grown in 6-well plates for 24 h. The cells were treated
with 20 M iridium complex and incubated for 4 h at 37 °C, 5% CO,.
Culture media was then removed, and 1 mL of PBS was added to each
well. Cells were subjected to an LED light source (456 nm, 30 mW/
cm?) for 20 min. After that, cells were washed with 1X PBS and then
incubated with DCFH-DA (20 M) at 37 °C for 20 min under dark
condition. Hydrogen peroxide (working conc S0 yM) was taken as a
positive control. Cells were then washed with 1X PBS (1 mL) twice,
and then images were captured in green channel and bright field with
the help of an Olympus fluorescent inverted microscope. All of the
images were taken at the same exposure time. After imaging, cells
were trypsinized, collected, and centrifuged to make pellets that
further dissolved in PBS. The fluorescence intensities were quantified
by using a microplate reader with excitation (485 nm) and emission
(535 nm), respectively. The obtained results were plotted as a fold
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increase in ROS generation correlated with the relative fluorescence
of DCF compared to untreated cells under dark condition.

4.8. ICP-MS Analysis. The intracellular uptake of iridium
complexes was determined by ICP-MS. Briefly, HCT116 cells were
seeded to a density of approximately 1 X 10° cells per well in tissue
culture 12-well plates. After 24 h, culture media was removed, and
cells were treated with [2@DEDTC (20 uM) for different intervals,
ie, 2, 4, 6, and 12 h. After different incubation times with the
complex, cells were washed (1 mL X 3) with PBS and trypsinized.
Cells were collected by centrifugation and digested with 200 uL of
HNO; (68%) for 24 h at room temperature. After 24 h of digestion in
HNO;, the solution was diluted to a final volume of 10 mL with
distilled water or Milli-Q_water. The concentration of Iridium was
determined using Agilent 8900 ICP-MS Triple Quad.

4.9. DAPI Staining Assay. Approximately 6 X 10* HCT116 cells
were seeded in six-well plates for 24 h and then further incubated with
Ir2@DEDTC for 24 h. After light irradiation, cells are washed with
1X PBS and then fixed with 4% paraformaldehyde for 10 min. Cells
were carefully washed again with 1X PBS and permeabilized by 0.1%
TritonX100 for 10 min. After this, cells were washed again with 1X
PBS and incubated with DAPI (1 ug/mL in PBS) for 30 min under
dark conditions. After 30 min, cells were washed twice with 1X PBS,
and images were captured with the help of a fluorescence microscope
under a blue channel.

4.10. FDA/PI Costaining. First, a stock solution of FDA (S mg/
mL of acetone) and PI (1 mg/mL PBS) was prepared as per previous
literature.”® § X 10* cells were grown over the coverslip in a 6-well
plate for 24 h. The cells were then treated with 20 uM I2@DEDTC
for 6 and 24 h. After completion of the incubation time, the medium
was replaced with PBS for the light group and irradiated for 20 min.
Cells were carefully washed with 1X PBS and incubated with FDA
(working concentration: 8 g/mL) and PI (2 ug/mL) for 10 min in
the dark. Then, cells were washed slowly with 1X PBS twice, and then
coverslips were mounted over the slides to capture the images using
an Olympus fluorescence microscope under bright field and green and
red channels.

4.11. Fluorescence Imaging and Cellular Uptake. HCT116
cells (6 X 10* cells per well) were seeded in 6-well plates and grown
over a coverslip for 24 h. The cells were then treated with iridium (III)
complex and incubated for 8 h. After removing media, cells were
carefully washed with 1X PBS and coverslips were mounted and
images were obtained using an Olympus fluorescence microscope
under bright light and red channel. The images reported were then
further processed using Image] software.

4.12. Cellular Localization. Briefly, HCT116 cells (6 X 10* cells
per well) were seeded in six-well plates and grown for 24 h. Cells were
then incubated with Ir2@DEDTC (20 uM) for 6 h. After 6 h, cells
were washed with 1X PBS and incubated with Mitotracker Green
(500 nM), Lysotracker Green (500 nM), and DAPI (1 ug/mL),
respectively, for 30 min in the dark. After this, cells were carefully
washed with 1X PBS twice, and images were captured with the help of
Olympus fluorescence microscope. The images were further
processed with Fiji image] software and Pearson’s R value is
determined using Coloc2 plugin.

4.13. JC-1 Staining. HCT116 cells (5 X 10* cells per well) were
seeded in 12-well plates and grown for 24 h. Cells were then
incubated with Ir2@DEDTC (20 uM) for 6 h. After 6 h, the cells
were washed with 1X PBS and incubated with JC-1 (§ ug/mL) for 30
min in the dark. After this, cells were carefully washed with 1X PBS
twice, and images were captured with the help of an Olympus
fluorescence microscope under bright field, green, and red channels
with an exposure time of 394.4 ms.

4.14. Cell Cycle Arrest. HCT116 cells (6 X 10* cells per well)
were seeded in 12 well plates and grown for 24 h. Cells were then
incubated with I2@DEDTC (20 uM) for 24 h. After 24 h, the light
plate is irradiated for 40 min (30 mW/cm?) and then incubated for
another 24 h. Cells were washed with 1X PBS and trypsinized to
obtain the pellet. After this, all the pellets were carefully washed with
ice-cold 1X PBS and further 70% ethanol was added dropwise while
vortexing the pellets and incubated for 2 h at 4 °C to fix the cells.

After this, RNA (100 ug/mL) and PI (50 pug/mL) were added, and
flow cytometry was performed.

4.15. Spheroid Formation and Imaging. HCT116 cells (2 X
10* cells per well) were seeded in ultralow attachment 96-well plates
(U-shaped wells) and grown for 72 h to get the desired spheroids.
Spheroids were then incubated with '2@DEDTC (20 uM) for 24 h.
Simultaneously, the light plate is irradiated for 40 min (30 mW/cm?)
and then incubated for another 24 h in drug free media. Spheroids
were washed with 1X PBS, and further images were captured by an
Olympus fluorescence inverted microscope under a bright channel for
6 days. Simultaneously, spheroids were stained with FDA/PI solution
for 10 min in dark. Washing was done with 1X PBS two times, and
then images were obtained in green and red channel.
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