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We report herein near-infrared (NIR)-emitting cyclometallated
iridium(i) complexes bearing a heteroaromatic methylsulfone moiety
as sulfhydryl-specific reagents; one of the complexes was conjugated
to cysteine and cysteine-containing peptides and proteins for bioima-
ging and photocytotoxic applications.

Bioconjugation offers valuable opportunities to label specific bio-
molecules, such as peptides and proteins, with functional groups
for bioimaging and therapeutic applications." Among different
amino acids, cysteine is a highly favourable handle for selective
conjugation due to its relatively low natural abundance (< 2%) and
the highly nucleophilic sulfhydryl side-chain.” Recently, heteroaro-
matic methylsulfones have emerged as a new class of electrophiles
for selective sulfhydryl modification via nucleophilic aromatic
substitution, forming a heteroaryl-thiol linkage in proteins
(Scheme 1).>” These methylsulfone-containing reagents display
high reactivity and selectivity toward sulthydryl over other reactive
functionalities such as amines, sulfenic acids and S-nitrosothiols
under mild conditions, compared to widely used thiol-modifying
reagents such as maleimide and haloacetamide.>” The reactivity of
heteroaromatic methylsulfones toward sulfhydryl can be further
enhanced through the introduction of electron-withdrawing groups
such as carboxylic acid and nitro moieties.’ Additionally, the
heteroaryl-thiol linkage formed exhibits much higher stability than
the thioether linkage in maleimide-thiol conjugates in the
presence of acids, bases or external thiols.** Thus, methylsulfone-
containing reagents have received considerable attention as labels
for peptides and proteins,*® for the preparation of antibody-drug
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conjugates*” and for the detection and imaging of thiol species in
live cells.”

In the past decade, there has been emerging interest in the
development of transition metal-peptide conjugates for bioima-
ging, biosensing and therapeutic applications.® Luminescent
transition metal complexes such as cyclometallated iridium(um)
complexes typically possess many advantages such as their tune-
able emission energies, long emission lifetimes, high photostabil-
ity and high singlet oxygen (*O,)-photosensitisation capability.’
These complexes have been conjugated to peptides such as cell-
penetrating,'® organelle-targeting'* and receptor-targeting’* pep-
tides to modulate their cellular uptake and intracellular localisa-
tion properties. Metal-peptide conjugates are commonly prepared
from the coupling of a metal complex to a resin-bound, protected
peptide, followed by peptide cleavage and deprotection to achieve
site-selective functionalisation."® Also, selective post-modification
of an unprotected peptide with a metal complex under mild and
biocompatible conditions is highly attractive."* With our contin-
ued effort in the design of sulfhydryl-specific reagents,**®*'*
report herein the design and synthesis of three near-infrared
(NIR)-emitting cyclometallated iridium(m) polypyridine com-
plexes modified with a heteroaromatic methylsulfone moiety
[Ir(bpz)»(N"N)](PFs) (Hbpz = benzo[a]phenazine; NN = bpy-btz
(1), bpy-mstp (2) and bpy-odz (3)) (Scheme 2) for the chemoselec-
tive modification of cysteine. The methylsulfone-free analogue
[Ir(bpz),(bpy-ph)](PFs) (4) was also prepared for comparison. The
development of NIR-emissive probes is highly important for
biomedical imaging as luminescent probes with absorption and
emission in the visible region (4 < 650 nm) are usually limited by
short tissue penetration and interference by the strong
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Scheme 1 Labelling of cysteine residues of proteins by heteroaromatic
methylsulfones.
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Scheme 2 Structures of complexes 1-4.

autofluorescence background. Thus, the ligand Hbpz with a high
degree of n-conjugation was selected as a cyclometallating ligand
with the purpose of tuning the emission of the complexes to the
NIR region. The synthetic procedures and characterisation data
are included in the ESLT

All the complexes displayed intense spin-allowed intraligand
("IL) (n — =*) (N*N and bpz) absorption at ca. 275-410 nm and
weaker spin-allowed metal-to-ligand charge-transfer ("MLCT)
(dn(Ir) —» w*(N"N and bpz)) absorption features at ca.
411-630 nm (Table S1 and Fig. S1, ESIt). The weaker absorption
tailing beyond ca. 631 nm is assigned to spin-forbidden *MLCT
(dn(Ir) - n*(N~N and bpz)) transitions. Upon photoexcitation,
all the complexes exhibited moderately intense and long-lived
deep-red emission (Table 1 and Fig. S2, ESIY). The long emis-
sion lifetimes and insensitivity of emission properties to sol-
vent polarity indicate that the emission originates from a
predominant *IL (r — =*) (bpz) state. This is supported by
the vibronically structured emission bands and long emission
lifetimes (8.30-9.91 ps) in 77 K glass. Additionally, the 'O,
generation quantum yields (@) of the complexes were deter-
mined in aerated MeOH using 1,3-diphenylisobenzofuran
(DPBF) as a 'O, scavenger (Table 1). The @, values of complexes
1-3 (0.77-0.89) were comparable to that of complex 4 (0.82),

Table 1 Photophysical data and O, generation quantum yields (@,) of
complexes 1-4

Complex Medium (7/K) Jem/Mm* To/ps? Do N

1 CH,Cl, (298) 664 5.63 0.085  0.79
CH;CN (298) 668 3.26 0.044
Glass® (77) 663,726 sh  8.30

2 CH,Cl, (298) 664 5.34 0.085  0.89
CH;CN (298) 668 3.46 0.048
Glass® (77) 663,726 sh  9.91

3 CH,CI, (298) 664 5.08 0.072  0.77
CH;CN (298) 668 3.23 0.044
Glass® (77) 663,726 sh  9.40

4 CH,Cl, (298) 664 5.12 0.068  0.82
CH;CN (298) 668 3.44 0.052

Glass® (77) 663,726 sh  9.22

@ Jex = 350 nm. ? The lifetimes were measured at the emission maxima
(Zex = 355 nm). ° [Ru(bpy);]Cl, was used as a reference (®ep, = 0.04 in
aerated H,0).° ¥ [Ru(bpy),;]Cl, was used as a reference (¥, = 0.73 in
aerated MeOH)."” ° EtOH/MeOH (4:1, v/v).
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indicating that the methylsulfone moiety did not influence the
photophysical and photochemical properties of the iridium(ur)
polypyridine unit.

The reactivity of the methylsulfone complexes 1-3 toward
L-cysteine in aqueous solutions was analysed by reversed-phase
high-performance liquid chromatography (RP-HPLC). The com-
plexes (25 puM) were incubated with cysteine (250 puM) in
potassium phosphate buffer (100 mM, pH 8.0)/DMF (4:1, v/v,
500 pL) containing tris(2-carboxyethyl)phosphine (TCEP)
(750 uM) at 37 °C. Complexes 2 and 3 reacted rapidly with
cysteine (< 5 min) to afford the iridium(m)-cysteine conjugates
2-Cys and 3-Cys, respectively, with reaction yields > 98%
(Fig. S3, ESIt). However, it took much longer for complex 1 to
complete the same reaction (2 h). The formation of products
was confirmed by ESI-MS (Fig. S4, ESIt). The second-order rate
constants (k,) of the reaction of complexes 1, 2 and 3 with
cysteine were determined to be ca. 1.4, 83.6 and 1228.4 M~ ‘s,
respectively (Fig. S5, ESIt), which are similar to those of the
corresponding free ligands (k, = 1.6, 79.5 and 1033.2 M ' s~ %
respectively) (Fig. S6, ESIt). Thus, the metal complex cores did
not substantially affect the reactivity of the heteroaromatic
methylsulfone group, which is in line with the fact that there is
a lack of m-conjugated linker between the two units. Although
complex 3 displayed the highest reactivity toward cysteine, it was
also more susceptible to hydrolysis (Fig. S7, ESIT). Thus, complex
2, which exhibited a delicate balance of high reactivity and
stability, was selected as a model complex for further studies.

Complex 2 was incubated with amino acids bearing reactive
side-chains such as r-lysine, -histidine and r-serine for 12 h under
the same conditions mentioned above. No reactions were
observed (Fig. S8, ESIYt), illustrating the high chemoselectivity of
the complex toward cysteine. Next, an epidermal growth factor
receptor (EGFR)-targeting peptide modified with a cysteine resi-
due at the N-terminus CYHWYGYTPQNVI (GE11)"® was employed
as a model for conjugation studies. Upon the incubation of GE11
(250 uM) and complex 2 (25 uM) in potassium phosphate buffer
(100 mM, pH 8.0)/DMF (4:1, v/v, 500 pL) containing TCEP
(750 uM) at 37 °C for 30 min, the production of the peptide
conjugate 2-GE11 was confirmed by RP-HPLC and ESI-MS (Fig. S9
and S13, ESI¥). Given the high reactivity, selectivity and stability of
complex 2, it was also conjugated to cysteine-modified endoplas-
mic reticulum-targeting peptide CKDEL (ER) and nuclear localisa-
tion sequence CPKKKRKYV (NLS), and the proteins bovine serum
albumin (BSA) and human serum albumin (HSA) to afford con-
jugates 2-ER, 2-NLS, 2-BSA and 2-HSA, respectively. All the con-
jugates were purified by RP- or size-exclusion HPLC, and their
photophysical and photochemical properties were studied. Upon
irradiation, the cysteine and peptide conjugates displayed mod-
erately intense and long-lived emission and high @, (0.61-0.86)
(Table S2, ESIt), showing that the conjugation did not signifi-
cantly perturb the photophysical and photochemical behaviour of
the complexes. The emission maxima of 2-BSA and 2-HSA were
blue-shifted, and their emission lifetimes were longer and quan-
tum yields were higher than those of the cysteine and peptide
conjugates, which are ascribed to the hydrophobic local environ-
ments of the complexes after conjugation to the protein
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2-Cys 2-GEI11 2-ER 2-NLS 2-BSA 2-HSA

Fig.1 LSCM images of MDA-MB-231, A431 and HEK-293T cells incu-
bated with 2-Cys, 2-GE11, 2-ER, 2-NLS, 2-BSA and 2-HSA (10 uM, 4 h,
Aex = 488 M, Zem = 650-750 nm). Scale bar = 25 pm.

MDA-MB-231

A431

HEK-293T

molecules.”® The &, values of the two protein conjugates

(0.17 and 0.11) were smaller than those of the cysteine and
peptide conjugates (0.61-0.86), which may be due to the entrap-
ment of 'O, in the protein matrix, rendering it more difficult to
diffuse out and react with DPBF.

The intracellular localisation properties of the cysteine,
peptide and protein conjugates of complex 2 and the
methylsulfone-free complex 4 were investigated by laser-
scanning confocal microscopy (LSCM) using MDA-MB-231
(breast carcinoma), A431 (epidermoid carcinoma) and HEK-
293T (normal human embryonic kidney) cells as models
(Fig. 1 and Fig. S19, ESIt). In general, all six conjugates showed
stronger luminescence signals in MDA-MB-231 and A431 cells
than in HEK-293T cells (Fig. 1), but there was no noticeable
difference for complex 4 (Fig. S19, ESIt). Incubation of
MDA-MB-231 cells with 2-Cys resulted in punctate cytoplasmic
staining (Fig. 1). Very weak co-localisation with LysoTracker
Green (Pearson’s correlation coefficient (PCC) = 0.37) (Fig. 2)
suggested that the conjugate was entrapped in the endosomes
after uptake.'® Notably, treatment of MDA-MB-231 cells with
2-GE11 gave rise to intense emission in the plasma membrane
(Fig. 1) with strong co-localisation with CellMask Deep Red
(PCC = 0.88) (Fig. 2). This is most likely resulted from the affinity
of the GE11 peptide with EGFRs on the cell surface.”® Cells
incubated with 2-ER and 2-NLS showed intense emission in the
lysosomal (PCC = 0.73) and mitochondrial (PCC = 0.82) regions,
respectively, instead of the expected endoplasmic reticulum and
nucleus. The localisation of 2-ER in the lysosomes can be ascribed
to the entrapment of the conjugate in these organelles, while the
mitochondrial enrichment of 2-NLS may be due to the cationic
and lipophilic character of the conjugate.'** The perinuclear
staining by the protein conjugates 2-BSA and 2-HSA in the cell
lines (Fig. 1) suggests their localisation in the mitochondrial
region, which was confirmed by co-staining experiments (Fig. 2).
Complex 4 was also localised in the mitochondria of MDA-MB-231
cells (Fig. S19 and S20, ESIt).

The cytotoxicity of the six conjugates and complex 4 was studied
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. All six conjugates showed relatively low cytotoxic
activity toward the three cell lines in the dark (ICsogarc > 20 UM)
after an incubation period of 4 h (Table 2).>' However, upon
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2-BSA MitoTracker Overlaid 2-HSA

Fig. 2 LSCM images of MDA-MB-231 cells incubated with 2-Cys, 2-GE11, 2-
ER, 2-NLS, 2-BSA and 2-HSA (10 puM, 4 h, Aex = 488 nm, Aem = 650-750 nm)
at 37 °C and then with an organelle stain (LysoTracker Green, 100 nM, 20 min,
dex = 488 nm, Aem = 506-526 nm; MitoTracker Green, 100 nM, 20 min,
Jex = 488 nm, lem = 506-526 nm; CellMask Deep Red, 5 pg mL~% 10 min,
Jex = 635 MM, dem = 650-700 nm) at 37 °C. Scale bar = 25 pm.

MitoTracker Overlaid

irradiation (450 nm, 10 mW cm™?) for 20 min, their cytotoxicity
was substantially enhanced (ICsg jighe = 0.07-10.09 pM). Notably, the
four conjugates 2-Cys, 2-GE11, 2-ER and 2-NLS displayed potent
photocytotoxic activity toward cancerous MDA-MB-231 and A431
cells (ICsq jighe = 0.07-1.01 uM) with a photocytotoxicity index (PI,
ICs0,darik/ICs0,igh)) > 20; the activity was much higher than that
toward HEK-293T cells (ICsg jighe = 0.44-10.09 pM; PI > 2). These
findings are attributable to the more efficient uptake of these four
conjugates by the cancer cells than the normal HEK-293T cells.
This was supported by the ICP-MS data, which showed that the
iridium content in cancer cells (1.17-2.62 fmol per cell) was higher
than in normal cells (0.13-0.32 fmol per cell) (Table S4, ESIt). In
agreement with these results, the intracellular emission intensity of
HEK-293T cells was much weaker than those of the two cancer cell
lines (Fig. 1). Notably, 2-GE11 exhibited higher cancer-selective
photocytotoxicity than the other conjugates, as the ICsg jigh: values
of this conjugate toward MDA-MB-231 (1.01 pM) and A431 cells
(0.49 pM) were one and two orders of magnitude smaller than that
toward HEK-293T cells (10.09 pM) (Table 2), which is also in
agreement with the uptake data (Table S4, ESIf). The protein
conjugates 2-BSA and 2-HSA showed higher dark cytotoxicity
toward the two cancer cells than the normal cells. However, a
similar trend was not observed in the photocytotoxicity, which is
most likely due to a combined effect of the ®,, uptake efficiency
and localisation. In comparison, the methylsulfone-free complex 4
exhibited very high dark and light cytotoxic activity toward the three
cell lines (ICsogark = 0.49-0.94 PM, ICsqjighe = 0.005-0.02 HM)
(Table 2), which should be associated with its high uptake (Table
S4, ESIt) and large @, (Table 1). These results indicate that
bioconjugation readily modulates the cellular uptake and the
(photo)cytotoxic activity of the complexes.

In conclusion, we have developed cyclometallated iridium(ur)
polypyridine methylsulfone complexes featuring NIR emission,
high reactivity and selectivity toward cysteine-bearing peptides
and proteins. Bioconjugates modified with these complexes dis-
played different intracellular localisation properties. We believe
that related transition metal methylsulfone complexes with both

This journal is © The Royal Society of Chemistry 2022
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(Photo)cytotoxicity (ICsq) of the conjugates of complex 2 and the methylsulfone-free complex 4 toward MDA-MB-231, A431 and HEK-293T

cells. The cells were first incubated with the conjugates or complex 4 in the dark for 4 h, then washed thoroughly with PBS, incubated in the dark or
irradiated at 450 nm (10 mW cm™2) for 20 min, and subsequently incubated in the dark for 24 h. Photocytotoxicity index (PI) = ICs0,dark/1Cs0,lignht

MDA-MB-231 A431 HEK-293T

Compound ICS(),dark/HM Icso,light/HM PI Icso,dark/HM Icso,light/HM PI Icso,dark/uM ICS(),light/HM PI
2-Cys >20 0.07 + 0.01 >286 >20 0.12 4+ 0.01 >167 >20 0.44 £+ 0.10 >45
2-GE11 >20 1.01 £ 0.08 >20 >20 0.49 4+ 0.01 >41 >20 10.09 £+ 1.85 >2
2-ER >20 0.52 + 0.07 >38 >20 0.25 + 0.01 >80 >20 3.08 £ 0.10 >6
2-NLS >20 0.11 + 0.01 >182 >20 0.13 £+ 0.01 >154 >20 1.27 +£ 0.12 >16
2-BSA 46.21 + 3.74 0.28 + 0.06 165 28.36 + 3.40 0.17 + 0.01 167 49.65 + 6.04 0.24 + 0.06 207
2-HSA 53.05 £+ 2.99 0.44 + 0.09 121 24.91 £+ 0.20 0.13 + 0.01 192 74.90 £+ 3.29 0.43 + 0.07 174
4 0.69 £+ 0.05 0.02 + 0.005 35 0.49 + 0.04 0.005 £ 0.001 98 0.94 + 0.12 0.02 £+ 0.008 47

absorption and emission in the NIR region (e.g., by using exten-
sively n-conjugated ligands and two-photon excitation techniques)
can be designed as attractive sulfhydryl-specific reagents for
bioconjugation.
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