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Cyclometalated Pt(IT) com-

As a cyclometalated complex, solvent coligand Pt(II) complex with multiphoton absorp-
tion has been designed and synthesized. After the optical properties of the Pt(II) complex were stud-

plex: ied carefully, time-dependent density functional theory calculation (TD-DFT) was used to further

Multiphoton absorption;
Solvent coligand;
Bioimaging

identify the triplet charge transitions of the complex. The specific energy levels of frontier molecular
orbitals and the data related to the energy level transition showed that the Pt(II) complex had pho-
toluminescent properties, and their phosphorescence emission originated from *LLCT/*MLCT.

Because of nonlinear optics (NLO) response, the Pt(II) complex could act as multiphoton absorp-
tion materials for bioimaging and anticancer application.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal elements and metal complexes are ubiquitous in natural environ-
ment, and they are very important for living organisms (Elmsellem
et al., 2019, M’Chaar et al., 2020, Bouzidi et al., 2021, Toukal et al.,
2022a, Toukal et al., 2022b). The application of transition metal com-
plexes as fluorescent probes for photodynamic therapy in bioimaging
has been widely investigated (Cao et al., 2013, Fernandez-Moreira
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et al., 2010, Huang et al., 2015, Lo, 2020, Lv et al., 2016, Zhao
et al., 2011). On the other hand, nonlinear optical (NLO) materials
have been the subject of academic and commercial research for the
past several decades, and a variety of NLO materials have been synthe-
sized and studied (Goud et al., 2018, Mei et al., 2018, Zhao et al.,
2018). The Pt(II) complex is particularly crucial in transition metal
complexes with multiphoton absorption properties. Because it has
excellent nonlinear optical response and light limiting prospect for
biomedical use (Goswami et al., 2014, Zhang et al., 2013, Zhao
et al., 2016). The d® electronic configuration of Pt(IT) complex presents
a planar square structure, which brings many unique properties
(Bischoff et al., 2018, Leung et al., 2016, To et al., 2013, Yam et al.,
2011, Yam et al., 2015). Therefore, exploring the biological properties
of Pt(II) complexes has attracted more and more scientific researchers’
interest. But the premise of biological imaging is to give Pt(Il) complex
a certain emission behavior, which makes it glow inside living things.
At the same time, Pt(I1) complex has the advantage of a long phospho-
rescence emission lifetime. Thus, Pt(II) complexes with luminescent
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behavior and long life were designed and synthesized. Thereinto, fluo-
rescence lifetime in living organisms is challenging. Owing to the wide
application of supramolecular self-assembly lighting, supramolecular
self-assembly has been intensively studied in many fields such as drug
release, sensing and crystal engineering. Based on the reversibility and
responsiveness of non-covalent interactions, it is of great scientific sig-
nificance and practical value to use supramolecular methods to regu-
late molecules with special luminescence properties (Akiyoshi et al.,
2018, Dong et al., 2016, Huang et al., 2015). Unlike most metal ions,
Pt(IT) readily forms a square coordination structure, which exhibits
unique metal---metal interaction with adjacent Pt(II) centers. Such
non-covalent interactions are of great interest in the field of
supramolecular chemistry because the inherent tendency of this inter-
action is to induce groups in solution. In addition, the morphology of
Pt(II) complexes nanostructures with rich spectral properties can be
produced when aggregated. In recent years, platinum complexes con-
taining pyridine (C*N"C type) have attracted extensive attention due
to their excellent photoelectric properties compared with other optical
materials (Puttock et al., 2018, Tashiro et al., 2018). However, most
platinum complexes containing pyridine exhibit low luminescence
intensity in an aqueous solution. To solve the above scientific problem,
we explored forming a supramolecular self-assembly system by the
intermolecular Pt---Pt stacking and rt---w interaction and displayed spe-
cial luminescence properties. The Pt(II) complex with d® electronic
configuration coordinate form a planar square coordination configura-
tion through open axial coordination sites.

In this study, the cyclometalated C*N"C type Pt(II) complex is
designed and synthesized. When a stable M—C bond is formed
between the central Pt atom and the main ligand C*"N"C, the energy
of the metal d orbital goes up. The NLO response of Pt(II) complex
was enhanced because the ligand field effect (LF) effectively attenuates
the non-radiative transition probability. The multiphoton absorption
of the complex were systematically researched, and excellent properties
of the Pt(II) complex for bioimaging and anticancer application were
obtained.

2. Materials and instruments

All chemicals were analytical reagent grade and used without
further purification. In a typical preparation procedure
(Scheme 1), the powder (0.41g, 1.0 mmol) of potassium
chloroplatinite added to the glacial acetic acid solution
(30 mL) of the ligand hsy (0.83 g, 1.0 mmol). Thereinto,
through the Solvent-free Wittig or Friedel-Crafts reactions,
the ligand was synthesized in high yields and purified using
recrystallization or column chromatography. The prepared

Pt(Il) complex were fully characterized and their biological
applications in cell imaging were investigated. Low-
temperature emission test: (1) the preparation of solution
10 uM (methyl tetrahydrofuran); (2) the use of liquid nitrogen
to cool down 298 k ~ 80 k (20 K gradient); HITACHIF-7000
fluorescence spectrophotometer was used. Multiphoton
absorption test: measurement system is set up, and a
1550 nm fs laser was wused for multi-photon excitation
(FLCPA-01C, Calmar Laser, 400fs, IMHz). A lens
(f = 25 mm) was used to focus the laser beam onto the sample
in the colorimetric cup, and the focus was near the edge of the
colorimetric cup to minimize the self-absorption of the sample.
The transmitted signal from the sample is collected by the
objective lens (XLUMPIlanFLN, 20x, NA = 1.00), and the
objective is perpendicular to the propagation direction of the
laser beam. Through a 520 nm long-pass filter, the signal is
fed through the fiber into the spectrometer (PG2000, Ideaop-
tics Instruments), and the fluorescence spectra are recorded
on a computer.

3. Results and discussion

The photophysical data of Pt(II) complex(Pt-hsy) was dis-
played in Figure S1. The UV-absorbable spectra of the com-
plex ranges from 200 to 600 nm. Solvents of different
polarity were selected to study the effects of solvents on the
absorption spectra of the complex. The sample concentration
was 10 uM, an 1 cm cuvette was used, and all solvents required
for the test were chromatographic pure. The solvent had a
slight influence on the position of the maximum absorption
peak. As the polarity of the solvent increases, the maximum
absorption peak position shift of the Pt(I) complex was less
than 10 nm. It shows that the solvent molecule has no obvious
effect on Pt(II) complex absorption spectra. The complex Pt-
hsy has absorption peaks around 290 nm, 395 nm, and
450 nm. By discussing them, Pt(II) complex absorption spectra
can effectively be attributed to Pt(II)’s ability to enhance
intramolecular charge transfer (ICT). The intensity of the
absorption peak decreases with the increase of solvent polarity.
It shows that the interaction between solvent molecules and
solute is relatively large, and the energy level difference among
the complex molecules changed obviously.

- 4PF¢

AcO\/\Nz\,OAc

- 2PF¢
AcO\/\N/\,OAc

K,PtCl/HOAC
363.15K/12 h

A0 N"04c

Scheme 1

2PF¢
AcO~ N ~OAc —l

The synthesis routes of the complex Pt-hsy.



Multiphoton absorption properties and bioimaging of solvent

3

Due to the electron donor group (N, N-diacetate group),
the absorption peak corresponding to IMLCT (Metal To
Ligand Charge Transfer) of N, N-diethyl acetate terpyridine
Pt(I) complex is more evident. Increasing the length of the
alkyl chain on the electron-absorbing group also causes a sig-
nificant absorption peak. The above results can be explained as
follows: (1) the main structure of the molecule shows excellent
planarity; (2) the o bond between the pyridine group and the
phenyl group has the property of a double bond. But in solu-
tion, the o-bond is free to rotate. The introduction of long
alkyl chains reduces the molecular planarity. Therefore, the
intermolecular m-m packing is weakened, which enhances
intramolecular electron transfer (ICT). Time-dependent den-
sity functional theory calculation (TD-DFT) was used to iden-
tify the charge transition of platinum complex further. The
theoretical calculation of the energy from the ground state of
singlet to the excited state of singlet uses 6-31G* base group
(C, O, H, N, S atoms) and Lanl2dz base group (Pt atoms)
(Alkhamis et al., 2023, Mogharbel et al., 2023). The specific
energy levels of frontier molecular orbitals are shown in
Fig. 1, and the data related to the energy level transition are
shown in Table 1. The HOMO of Pt(II) complex is concen-
trated in the central Pt atom and the orbital of the main ligand
(C"N"C). The charge distribution of the central Pt atom is
mainly concentrated in the d..,» orbital of the metal, and

the charge in the C"N"C fraction is mainly distributed in the
1 orbitals of the ligand. When Pt(II) complex absorbs energy,
the charge transition (HOMO — LUMO) belongs to IL[r
(C"N"C) » n*(C"N"C)] (Abu-Dief et al., 2021, Hossan
et al., 2023). The theory agrees with the experimental data,
and the accuracy of the experimental data is further verified.
Time-dependent density functional theory calculation (TD-
DFT) was used to further identify the triplet charge transitions
of the platinum complex. The specific energy levels of frontier
molecular orbitals are shown in Fig. 2, and the data related to
the energy level transition are shown in Table 2. It is well-
known that Pt(II) complexes have photoluminescent proper-
ties. Their phosphorescence emission originated from °-
LLCT/’MLCT. By verifying the properties of three-line
emission, theoretical calculations of the lowest energy triplet
of Pt(II) complex (TD-DFT) were obtained.(See Table 3.)
The home and vertical excitation energies of the first three
triplet excited states (T;, T,, and T;3) are summarized in
Table 2. The possible phosphorescent physical processes of
Pt(II) complex are summarized in Fig. 2. The schematic ener-
gies of adiabatic energy (AEst) and emission energy (Een)
between Sy and T, states of Pt(Il) complex are shown in
Fig. 2. The lowest energy triplet T; transitions give expression
to from HOMO to LUMO charge, which indicate the property
of *MLCT/’LLCT and is consistent with the triplet emission

HUMO -5 HUMO -7
Fig. 1 The molecular orbital energy diagrams for Pt-hsy.
Table 1 The main data of the theoretical calculation for Pt-hsy.
Complex Imax(nm) E(eV) Composition Character
Pt-hsy 340 3.64 (H - L)(0.55) IL(n(C"N"C) - n(C"N"C)*)
406 3.05 (H-5 - L)(0.15) ICT(C*N"C)
447 2.77 (H-7 = L + 4)(0.55) ILMCT[r(C*N"C) - d(Pt)*mixed

'LLCT[(C*N"C) - n(DMSO0)*]
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Fig. 2 The energy diagram of the triplet molecular orbitals for Pt-hsy.
Table 2 The main data of the triplet theory calculation for Pt-hsy.
Complex State E(eV) Composition Nature Character
Pt-hsy T, 2.56 H — L(0.69) dn(Pt) + n(C"N"C) -» n*(C"N"C) *MLCT/’LLCT
5 2.75 H-2 - L(0.54) H(C"N*C) - *(C N"C) IL
T, 3.11 H-3 > L + 1(0.53) dn(Pt) —» m*(C*"N*C) 3MC
. . 80K
Table 3 Selected cubic NLO data for Pt-hsy at its wavelength
. 400 -
of maximal 2PA. '
Complex A/nm Bcm-GW ™) o(GM)
Pt-hsy 780 0.068 2864 300
>
g Low Temg
g
1
=z
phenomenon of Pt(II) complex. The theoretical calculation is 200+
in good agreement with the experimental results.
The d-d electron transition at the lower energy level causes
a non-radiative transition. Rapid non-radiative decay will 1001
result in emission quenching of the complex. Thus at low tem- 298K
peratures, the rotation and vibration of the molecules decrease,
and low temperatures can effectively reduce the collision 0 T T T T —
between molecules. The enlargement of radiative transitions 500 550 600 650 700 750
probability increased the proportion of radiative transitions, Wavelength (nm)
and enhanced luminescence. Therefore, we tested the emission Fig. 3 The Variable-cmission spectra of Pt-hsy in 2-MeTHF
spectra of the Pt(I) complex at 298 K-80 K. The results are solution

summarized as follows: (1) it can be seen from Fig. 3, at room
temperature (298 K), the complex showed low emission inten-
sity (Pt-hsy: Aem = 550 ~ 700 nm); (2) with the decrease of
temperature (298 K — 80 K), the emission of the complex is
gradually enhanced, and the emission peak is gradually refined
into multiple peaks. The mechanism is that the decrease of
temperature increases the viscosity of the solvent system and

thus limits the rotation and vibration inside the complex. At
the same time, the collision probability between solvent mole-
cules and complexes is reduced, and the energy loss of the non-
radiative transition process is reduced. As the emission inten-
sity of the complex increases with temperature cooling, and
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the emission peak gradually begins to be refined into multiple
peaks. Due to the decrease in temperature, the excited molec-
ular radiative transition becomes refined. The obvious dissipa-
tion effect of the two long alkyl chains of Pt-hsy leads to the
excited state energy of the Pt(II) complex. The low-
temperature emission behavior is attributed to triplet phospho-
rescence emission “MLCT[dn(Pt) - n*(C*N"C)].

DMSO solvent was selected for the transient emission spec-
trum of Pt(IT) complex. The sample concentration was 1 mM,
and 1 cm cuvettes were used. The excitation light source is
selected as 450 nm; launch window selection is 600 nm. All sol-
vents required for the test are chromatographic pure. The tran-
sient emission spectra are shown in Figure S2.

In recent years, multiphoton absorbing materials have been
paid more and more attention by researchers (Chen et al.,
2017, Yokoshi and Ishihara, 2018). The mechanism of multi-
photon absorption is that a designed molecule can absorb mul-
tiple photons of low energy and transition from the ground
state to the excited state under felicitous conditions, then the
multiphoton emission occurs. The multiphoton emission of
synthesized Pt(II) complex is evident, the two-photon absorp-
tion properties of the target platinum complex were deter-
mined by the open hole Z-scan technique, including the two-
photon absorption coefficient and the size of the two-photon
absorption cross-section. Fig. 4 shows the open-hole fitting
curve of the Pt(II) complex. First of all, the pyridine ligand
has a D-A configuration. It has good two-photon absorption
properties. Secondly, the coordination of metal Pt atoms can
enhance the intramolecular m electron mobility of the
C"N"C type complex, thus increasing the nonlinear optical
response of the Pt(II) complex. In addition, the above results
indicate that Pt-hsy has excellent third-order nonlinear optical
properties. It is hoped that the material will have a promising
application in biology.

When a molecule absorbs three photons of low energy and
transitions from the ground state to the excited state through a
virtual intermediate state, back to the ground state by a radia-
tive transition, the emission from this process is called three-
photon fluorescence (Three-Photon Excited Fluorescence,
3PEF). The three-photon absorption cross section (d3pa) 1S
an important index to judge the properties of three-photon

1.00 1

0.99 4

0.98 4

Normalized lransistance

0.97 4

20 -10 0 10 20 30 40
Z-Position

-40 -30

Fig. 4 The normalized open-aperture Z-scan transmittance of
Pt-hsy.

materials. Combined with the triplet theory calculation, the
conclusions of the variable temperature emission spectrum
and transient emission spectrum are obtained.

The emission of this Pt(I) complex is attributed to triplet
phosphorescence emission, and the three-photon emission
behavior is also attributed to three-photon phosphorescence
(3PP). Three-photon phosphorescence map (3PP) of Pt-hsy
in N, atmosphere in the range of 1200 nm ~ 1550 nm obtained
based on a laboratory multiphoton instrument (Fig. 5). The
3PP spectrum ranges from 550 nm to 650 nm, and the envelope
of the spectrum is the same as that of the low-temperature
emission spectrum. The peak value of Pt-hsy was obtained
under 1400 nm laser excitation. It can be seen in Fig. 6 that
Pt-hsy has a maximum three-photon absorption cross-section
of 300 (10%cm®?photon?) at the optimal excitation wave-
length. To prove that three-photon induced phosphorescence
is produced, we performed three-photon validation tests on
Pt(IT) complex. The test results are shown in Fig. 7. The input
energy and output energy are obtained by changing the power
of excitation light at the maximum excitation wavelength. The
results show that there is a cubic relation between the output
energy and the input energy, the slope of the Pt(II) complex
is around 3. Therefore, the verification result also confirmed
the three-photon absorption property of the complex. It shows
that the maximum absorption wavelength of two photons is
740-780 nm. Pt(II) complex can be excited by light with longer
wavelengths (1400-1500 nm (NIR-II)), generating transmit
signal. This 1500 nm wavelength light has a deeper transmis-
sion and penetration depth, fewer background distractions,
and improved imaging clarity. Therefore, they have the poten-
tial to develop three-photon probes and be used as three-
photon biological probes.

As is well-known, Pt complexes have been widely used in
the field of anticancer as chemotherapy drugs for medical
use, such as cisplatin, oxaliplatin, and so on. It has excellent
luminescence properties, and platinum molecules with anti-
cancer activity have attracted more and more attention from
researchers. Based on the detailed study of the photophysical
properties of Pt(II) complexes, the anticancer applications of
C"N"C type ring metal Pt(IT) complexes will continue.

300+ 1200 nm
] —o—1300 nm
250 1 —5— 1400 nm
z 1 —o— 1500 nm
g 2007 ——1550 nm
2 l
= 150-
1004
501
0- :
450 500 550 600 650 700 750

Wavelength (nm)

Fig. 5 The three-photon fluorescence emission spectra of Pt-hsy
in DMSO solvent.
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Fig. 6 The three-photon absorption cross-sections of Pt-hsy at
DMSO solvent.

log Ioyut

Fig. 7 The three-photon absorption verification of Pt-hsy.

MTT assay was used to determine the effect of Pt(II) com-
plexes on HeLa (human cervical cancer cell), inhibited HeLF
(mouse embryonic fibroblasts) in normal cells. Cisplatin, a
commercially available anticancer drug, was selected as a con-
trast. To study the targeting of Pt(II) complex to the subcellu-

Pt-hsy Lyso-tracker

Fig. 8

lar organelle, we selected HeLa cells. Subcellular organelle
commercial dye lysosomes (Cell Lyso-tracker) were used for
colocalization with Pt-hsy under dark conditions. The experi-
mental results are shown in Fig. 8. Table 4 shows the ICso of
Pt-hsy against cancer and normal cells. The anticancer activity
of the complexes against HeLa is higher than that of cisplatin
(2.5 uM ~ 7.5 uM). In addition, it can be seen from Table 4
the complex has little damage to normal cells
(42 uM ~ 46 uM). Compared with the toxic and side effects
of traditional cisplatin, Pt-hsy has a better anticancer applica-
tion prospect. Based on cytotoxicity, we investigated the sub-
cellular organelle targeting ability of the complex.
Development images were taken under the confocal micro-
scope by adding Pt(II) complex to HeLa cells. The co-
location tracking experiment is carried out by Lysotracker
and Pt-hsy. HeLa cells were co-stained by Pt-hsy (10 umol/
L) and Lysotracker (10 umol/L), respectively. It can be seen
from Fig. 11 the blue signal of the Pt(II) complex overlaps well
with the red signal of the quotient dye and form a yellow sig-
nal. These results indicated that all complexes could enter the
lysosomes of HeLa cells in a short time. The complexes will
form vesicles by supramolecular self-assembly in phosphate
buffer saline (PBS), can form nanometer vesicles with diame-
ters over 200 nm in PBS, and can be efficiently taken up by
cells. Theoretical calculation of excited states found when the
complex binds to lecithin on the membrane surface of lyso-
somes, the electron cloud on the complex terpyridine changes
significantly. Based on the above experiments, it is speculated
that the mechanism of the complex targeting lysosomes is due
to the formation of nanovesicles in PBS solution. When these
nanovesicles enter the cell, they interact with lecithin through
intermolecular forces on the surface of the lysosomal mem-
brane. Lysosomes act as ‘‘scavengers” in the cell and are
involved in the removal of damaged and aged organelles and
the production of a large number of enzymes needed for cell
survival, so lysosomal targeting against cancer will be more

Table 4 Inhibitory concentration ICsy (uM) of Pt-hsy and
cisplatin.

Compound HeLa Cells HEIF Cells
Pt-hsy 7.2 +£0.3 52£1.3
cisplaltin 12.7 £ 0.8 16 = 1.3

Bioimagings of Pt-hsy (incubated with 10 tM/30 min at 37 °C).
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accurate for high-sensitive detection (Lawrence and Zoncu,
2019, Saftig and Haas, 2016, Yu et al., 2016).

4. Conclusions

In summary, based on B-tripyridine derivatives, C*N"C type ring
metal Pt(II) complex was obtained by forming Pt-C /N bonds. Forma-
tion conditions are gentler than the traditional Pt-C bond. The photo-
physical properties of Pt(II) complexes were studied in detail. The
charge transition mode of the complex was identified by theoretical
calculation. At the optimal excitation wavelength, Pt(I) complex has
a maximum three-photon absorption cross-section of 300 (10"%3cm®s>-
photonrz). Based on the above tests, the anticancer activity of the com-
plex was further explored. We found the complex that had better cell-
selective toxicity and subcellular organelle targeting ability (lysosome)
than cisplatin, which lays the foundation for the subsequent research
on anticancer mechanism.
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