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Ensembles of cationic conjugated polymer and
anionic platinum(i) complexes: from FRET
properties to application studies in E. coli imaging
and singlet oxygen generationt

Angela Lok-Yin So,1? Jungu Guo,i? Huanxiang Yuan, ©2° Qi Shen, @©°
Eric Ka-Ho Wong,® Shu Wang (2 *® and Vivian Wing-Wah Yam () *@

A series of anionic alkynylplatinum(i) complexes with terpyridine (tpy) or 2,6-bis(benzimidazol-2'-yl)
pyridine (bzimpy) as the tridentate N-donor pincer ligand has been synthesized and characterized. These
complexes are found to form ensembles with a cationic poly(fluorene-co-phenylene) derivative (PFP-
NMesz*) through electrostatic, Pt(i)---Pt() and w-m stacking interactions. Forster resonance energy
transfer (FRET) has been found to take place, consequently gave rise to fluorescence quenching of the
polymer donor and the emergence of low-energy emission from the platinum(i) complex assemblies.
The spectroscopic and FRET properties of the two-component systems have been investigated by UV-
vis absorption, emission and Stern—Volmer quenching studies. Pathogen imaging and photodynamic
therapy (PDT) studies using the polymer—platinum(i) complex ensembles have demonstrated better
performance compared to that using PFP-NMesz* only, which highlights the potential of this class of

rsc.li/chemical-science

Introduction

Platinum(n) complexes with a d® electronic configuration and
square-planar geometry have attracted much attention due to
their notable propensity to undergo supramolecular self-
assembly and form higher-ordered structures.'® In particular,
platinum(u) polypyridine complexes represent one of the most
extensively studied classes of complexes,"”™ as the extent of
non-covalent interactions including metal-metal and -7
stacking interactions between the complexes has been reported
to be sensitive to subtle changes in microenvironments
including pH,”*** temperature,**** counter anion,*® solvent
composition,"** and the presence of polyelectrolytes.”” These
interactions contribute to their interesting spectroscopic,
luminescence and morphological properties. The rich and
diverse properties of platinum(u) polypyridine complexes asso-
ciated with Pt(n)---Pt(un) and m-m stacking interactions can
further be manipulated by rational molecular design that
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ensembles for various biological applications.

facilitates specific interactions between the complexes and
molecules of interest, which endow this class of complexes with
potential applications in the fields of biology and materials
science.?®??

In addition to investigation into the self-assembly of single-
component systems comprising only platinum(u) complexes,
research effort has been made to develop multi-component
supramolecular systems with enhanced complexity and
intriguing properties that are not exhibited by the individual
components.*~*¢ Polyelectrolytes, a class of highly water-soluble
macromolecules comprising a large number of ionic pendants,
have played an important role in the recent development of new
functional materials and biomedical applications.’’** With
further structural functionalization by the introduction of an
extensive m-conjugated polymer backbone, conjugated poly-
electrolytes (CPEs) could be obtained. Compared to non-
conjugated polyelectrolytes, CPEs are electronically connected
by a ®-conjugated molecular wire backbone, allowing amplified
fluorescence quenching to take place through efficient energy
transduction in the presence of fluorescence quenchers.**
With unique optical and electronic properties, CPEs have been
found to not only induce self-assembly of an oppositely charged
platinum(u) complex through electrostatic, Pt(u)---Pt(i1) and -7
stacking interactions,* but also act as fluorophore donors
which can facilitate Forster resonance energy transfer (FRET) to
platinum(i) acceptors upon the formation of polymer-metal
complex ensembles. It has been shown that the spectroscopic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties of the two-component system are governed by
multiple factors including the FRET efficiency of the donor-
acceptor pair, excited-state chemistry of both the CPEs and the
platinum(u) complexes, as well as interactions of other
biomolecules with the ensemble.***¢ In particular, studies have
demonstrated that two-component CPE-platinum(u) complex
ensembles containing charged poly(phenylene ethynylene)
(PPE) and poly(fluorene-co-phenylene) (PFP) have achieved
selective and sensitive detection of pH as well as various bio-
logical substances including human serum albumin (HSA) and
G-quadruplex deoxyribonucleic acid (DNA).***** Such a unique
and drastic spectroscopic response of the FRET ensembles
associated with long-lived triplet metal-metal-to-ligand charge
transfer *MMLCT) emission in the near-infrared (NIR) region
originating from the aggregate form of platinum(u) complexes
renders them competitive candidates for applications in bio-
logical sensing and imaging.>**~*8

Despite a number of reports on the supramolecular ensem-
bles of anionic polyelectrolytes and cationic platinum(iu) poly-
pyridine complexes aimed at improving the understanding of
interactions between CPEs and platinum(u) complexes,?”?3364
studies on interactions between cationic CPEs and anionic
platinum(u) polypyridine complexes remain relatively scarce,
not to mention the relevant ensemble systems and their
potential applications in the biological field.>***%*** In view of

PFP-NMe;*

Scheme 1 Molecular structures of platinum(i) complexes 1-4 and
conjugated polyelectrolyte PFP-NMes*.
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the emerging significance of the cationic poly(fluorene-co-phe-
nylene) derivative (PFP-NMe;") for its applications in biological
imaging and photodynamic therapy (PDT),***® we herein
present the studies on ensembles between PFP-NMe;" and
a series of anionic platinum(r) complexes 1-3 with terpyridine
(tpy) or 2,6-bis(benzimidazol-2’-yl)pyridine (bzimpy) tridentate
N-donor pincer ligands (Scheme 1). A control cationic complex 4
has also been synthesized to investigate the role of charge in the
formation of polymer-complex ensembles. The photophysical
properties of the supramolecular systems as a result of FRET
from PFP-NMe;" to the aggregate species of the complexes have
been examined. Further applications of the ensembles as
a biological imaging tool and a PDT photosensitizer towards
pathogens have been investigated. It is envisaged that the
current study would pave the way for potential biological
applications of the two-component systems by taking advantage
of the unique luminescence and supramolecular properties of
the ensembles.

Results and discussion

Complexes 1-4 were obtained by dehydrohalogenation reac-
tions of chloroplatinum(u) precursor complexes with the cor-
responding alkynes in degassed solutions in the presence of
a catalytic amount of copper(1) iodide and amine under an inert
atmosphere.’**® The complexes were subjected to purification
by recrystallization, followed by salt metathesis reaction to
afford the complexes of desired counter-ions. All of the plati-
num(n) complexes were characterized by "H nuclear magnetic
resonance (NMR), “*C{"H} NMR spectroscopy and high-resolu-
tion electrospray ionization mass spectrometry (HR-ESI-MS).
Details of the synthesis and characterization data are presented
in the ESL.}

The photophysical properties of the conjugated polymer and
complexes have been investigated by UV-vis absorption studies.
The electronic absorption spectrum of PFP-NMe;" in water
displays an absorption band centered at 375 nm, which is
assigned to the ® — w* transition of the conjugated polymer
(Fig. S1at).* For the platinum(u) complexes, intense absorption
bands at 288-334 nm and less intense absorption bands at 440-
450 nm are observed in the absorption spectra of 1 and 4
recorded in aqueous solution (Fig. S1bt). The high-energy
absorption bands are tentatively assigned to spin-allowed
intraligand (IL) [x — m*] transitions of the terpyridine and
alkynyl ligands, while the low-energy absorption bands are
assigned to an admixture of metal-to-ligand charge transfer
(MLCT) [dre(Pt) — m*(tpy)] and ligand-to-ligand charge transfer
(LLCT) [w(alkynyl) — m*(tpy)] transitions.*® Absorption profiles
of 2 and 3 in a solvent mixture of water-DMSO (19: 1, v/v) are
found to be similar to those of 1 and 4 in water, with the high-
energy and low-energy absorptions being ascribed to IL [t —
m*] transitions of the bzimpy and alkynyl ligands, and an
admixture of MLCT [dw(Pt) — m*(bzimpy)] and LLCT
[r(alkynyl) — 7*(bzimpy)] transitions respectively. The UV-vis
absorption data of PFP-NMe;" and complexes 1-4 have been
summarized in Table S1.t
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The supramolecular assembly behaviors between PFP-NMe; "
and platinum(u) complexes in aqueous solution have been
investigated by UV-vis absorption studies. Upon addition of 1 to
an aqueous solution of PFP-NMe;', a decrease in the high-
energy absorption band at 375 nm and a pronounced growth of
a low-energy absorption band at 430-600 nm are observed with
a well-defined isosbestic point at 355 nm (Fig. 1a). The corre-
sponding studies have also been performed in water-DMSO
(19:1, v/v) mixture for 2 and 3, in which an increase in
absorption bands at 280-380 nm and a notable growth of the
low-energy absorption band at 430-600 nm are observed
(Fig. 1b and c). While the rise of the low-energy absorption
bands can be partly rationalized by the increase in the absor-
bance at 450-480 nm due to increasing amounts of 1-3, the red
shift of the band maxima as well as a concomitant rise of lower-
energy absorption tails at 500-600 nm observed cannot be
explained by the increase in concentration of the complexes. It
is worth noting that the increase in the low-energy absorption
band is more significant than that of the addition spectrum of
PFP-NMe;" and the platinum(u) complex (Fig. S2}), suggestive
of a more extensive assembly in the two-component system.
Such absorption tails are thus assigned to MMLCT transitions,
resulting from the electrostatic interactions of the platinum(u)
complexes with the oppositely charged PFP-NMe; ", which leads
to the formation of new aggregate species of platinum(u)
complexes via Pt(u)---Pt(u) and -7 stacking interactions upon
their electrostatic co-assembly with the oppositely charged PFP-
NMe,".

To gain more insight into the interaction between PFP-
NMe;" and the platinum(i) complexes, the emission spectra of
PFP-NMe;" in aqueous medium with various concentrations of
complexes 1-3 upon photoexcitation at A = 355 nm have been
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systematically investigated. Gradual drops in the intensity of
emission bands at 415-422 nm are observed upon increasing
the concentration of complexes from 0 to 50 uM, which are
accompanied by the emergence of lower-energy emissions
centered at 700-778 nm (Fig. 2, S3 and S47). This, along with the
absorption changes, contributes to an obvious change in color
from colorless to yellow and a shift in the emission color of the
solution from blue to red, both of which are visible to the naked
eye (Fig. 3). Upon cooling the solution of the ensemble of PFP-
NMe;" and 3 from 363 to 303 K, a luminescence enhancement
along with a red shift of the low-energy emission band from 660
to 670 nm is observed (Fig. S5t). While the less favorable non-
radiative decay at lower temperatures can partially explain the
increase in emission intensity, the red shift of the emission
band is associated with the presence of more extensive Pt(u)--
Pt(n) and m-m stacking interactions in the two-component
ensemble. Thus, the lower-energy emission band is assigned to
originate from a *MMLCT excited state. A linear relationship
between the *MMLCT emission intensity and the concentration
of 1 is found upon addition of 1 to a solution of PFP-NMe; " (Fig.
S3dt), which does not resemble the cases of 2 and 3. A further
comparison study shows that the enhancement of the low-
energy emission in the presence of the CPE is more significant
than that observed from increasing the concentration of 1 over
the same concentration range in the absence of the CPE (Fig.
S671), hence demonstrating the polymer-induced aggregation
behavior of 1. Together with the results of the UV-vis absorption
studies, the emissions in the NIR region are ascribed to be of
*MMLCT origin. Moreover, a red-shifted MMLCT emission
maximum of 1 compared to those of 2 and 3 with the bzimpy
pincer ligand has also been observed in the emission spectra,
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Fig. 1 Electronic absorption spectral changes of PFP-NMesz* (50 uM) u
and (c) 3 in water—DMSO (19 : 1, v/v) mixture (0-50 uM).
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Fig.2 Emission spectral changes of PFP-NMesz* (50 uM) in water—-DMSO (19 : 1, v/v) mixture upon addition of different concentrations of 3 (0—
50 pM) in the range of (a) 400-650 nm and (b) 600-850 nm. (c) A plot of relative emission intensity at 415 nm against [3]. (d) A plot of relative
emission intensity at 750 nm against [3]. An excitation wavelength of 385 nm was used.

which is in agreement with previous studies on alkynylplati-
num(u) terpyridine and bzimpy complexes.***

In light of their potential FRET properties, evidenced by the
decrease in higher-energy emissions originating from the '[x
— m*] excited states of PFP-NMe;' indicating quenching
events, and the emergence of low-energy emission bands

brought about by increasing concentrations of complexes 1-3,
the intermolecular deactivation processes between the conju-
gated polymer and the platinum complexes have been further
examined by Stern-Volmer (SV) experiments. Apart from static
quenching that occurs at lower concentrations of the plati-
num(i1) complexes,® a more efficient quenching of PFP-NMe;"

\
T

Increasing concentration of 3

Fig. 3 Photographs showing a series of solutions comprising PFP-NMe3* (50 uM) and different concentrations of 3 (0-50 uM) in water—-DMSO

(19 : 1, v/v) mixture under natural light (top) and UV irradiation (bottom).
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Fig. 4 SV plot for the emission quenching of PFP-NMes* (50 pM) by different concentrations of (a) 1 (0-50 uM) in water as well as (b) 2 and (c) 3
in water—DMSO (19 : 1, v/v) mixture. The emission intensities are monitored at 422 nm (1) and 415 nm (2 and 3) with increasing concentration of
platinum(i) complexes. Excitation wavelengths of 355 nm for 1 as well as 385 nm for 2 and 3 were used.

is found when the concentrations of complexes reach 35-40 uM,
as supported by the upward curvature of the SV plots and the
increased Stern-Volmer quenching constants (Ksy) (Fig. 4 and
Tables S2-S47). The more efficient quenching of fluorescence
from the conjugated polyelectrolyte can be rationalized by the
formation of polymer-metal complex ensembles driven by
electrostatic, Pt(u)---Pt(u) and w—m stacking interactions, which
could possibly lead to FRET from PFP-NMe;" to the aggregate
species of platinum(u) complexes. A control experiment by
increasing the concentration of a positively charged complex 4
in an aqueous solution of PFP-NMe;" has been carried out, in
which a less efficient fluorescence quenching at 422 nm is
observed (Fig. S71). This confirms the important role of the
anionic nature of 1-3 endowed by the negatively charged
sulfonate pendant groups in facilitating the electrostatic inter-
actions between the polyelectrolyte and platinum(u) complexes,
with the ensembles further stabilized by Pt(u)---Pt(u) and w7
stacking interactions. Supramolecular assembly between the
polyelectrolyte and the complexes gives rise to more efficient
intra- and inter-chain diffusions of excitons from PFP-NMe;" to
1-3, as well as larger spectral overlaps between the low-energy
MMLCT absorption band of 1-3 and the emission band of PFP-
NMe;" (Fig. S2 and S8t), consequently promoting an efficient
FRET with reasonable values of donor-acceptor spectral overlap
integral (/) in the order of 10"> cm® nm* mol ' and Férster
radius (R,) of around 59 A (Table S57). Electrostatically induced
self-assembly of platinum(u) complexes and the related FRET
process thereby give rise to a decrease of ‘[t — 7*] emission of
PFP-NMe;" as well as the enhancement of "MMLCT emission in
the low-energy NIR region, which is in accordance with the
results of the UV-vis absorption studies.

13688 | Chem. Sci., 2025, 16, 13684-13693

To investigate the effect of pH on the formation of the two-
component assemblies, the emission spectra of PFP-NMe;"
alone, and PFP-NMe," with the addition of 50 pM of 3 in
Tris-HCl buffer (pH 6.0-9.0) have been obtained (Fig. S97).
Similar emission profiles of PFP-NMe;" with slight differences
in emission intensities are found in the tested pH range, while
effective fluorescence quenching and the emergence of the
*MMLCT emission are observed upon introduction of the
platinum(i) complex, suggesting a limited influence of pH on
the formation of the FRET ensemble by electrostatic interac-
tions. This can be rationalized by a lack of ability of the
quaternary ammonium group to be protonated or deproto-
nated, and a low pK, value of the sulfonic acid group of around
—1.68.% The quaternary ammonium side chains on PFP-NMe;"
and the sulfonate pendants on platinum(u) complexes thus
remain in their charged states in a wide range of pH and are not
sensitive to pH changes. The FRET system hence demonstrates
tolerance towards slightly acidic and basic environments.

Due to the highly lipophilic and cationic nature of PFP-
NMe," that enables strong interactions with the negatively
charged microbial surface, there have been studies on PFP-
NMe;" and their relevant FRET systems as a novel tool to visu-
alize or discriminate pathogens of distinct types.>»**** In light of
this, this work has been extended to investigate the behavior of
the PFP-NMe;" and platinum(i) complex ensemble in the
presence of pathogens by imaging experiments. Confocal
images of the selected pathogen E. coli reveal strong signals in
the blue luminescence channel (425-525 nm) upon incubation
with PFP-NMe;" at 37 °C for 30 minutes, indicating the binding
of the amphiphilic conjugated polyelectrolyte to the negatively
charged bacterial surface (Fig. 5a-d). Upon incubation with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Luminescence Bright-field Merged
425-525 nm 650-700 nm

PFP-NMe;*

PFP-NMe;* + 3

Fig. 5 Confocal images of E. coli incubated with (a—d) PFP-NMe3" (50 uM), (e—h) ensemble of PFP-NMes* and 3 (50 uM each) as well as (i-1) 3
(50 uM) at 37 °C for 30 minutes. (a, e and i) Luminescence collected at 425-525 nm:; (b, f and j) luminescence collected at 650-700 nm; (c, g and
k) bright-field; and (d, h and |) merged confocal images are shown in the corresponding figures. An excitation wavelength of 405 nm was used.

ensemble of PFP-NMe;" and 3, the binding ability towards E. observed (Fig. 5e-h). In agreement with the results from emis-
coli is found to be retained as revealed from the confocal sion studies, this is attributed to the formation of the polymer-
images. Interestingly, the disappearance of signals in the blue metal complex aggregate resulting in an efficient FRET, which
luminescence channel, accompanied by the emergence of gives rise to the growth of the low-energy *"MMLCT emission of 3
emission in the red luminescence channel (650-700 nm), is accompanied by quenching of the high-energy fluorescence of
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Fig. 6 Electronic absorption spectra of ABDA (100 uM) in the presence of (a) 1, (b) PFP-NMez" and (c) ensemble of PFP-NMesz* and 1 in aqueous
solution under white light illumination (20 mW cm™2) for different irradiation times. (d) A plot of absorbance changes of ABDA caused by O,
oxidation against irradiation time in the presence of PFP-NMez* and the ensemble of PFP-NMez* and 1.
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PFP-NMej;'. The lack of signals observed in the blue lumines-
cence channel suggests an insignificant disruption of the FRET
ensemble by the competitive binding of PFP-NMe;" with the
negatively charged pathogen. The existence of the ensemble in
confocal images is further supported by incubation of the
pathogen with only complex 3. Particularly, no luminescence
signal is observed in the long-wavelength region (Fig. 5i-1),
attributed to charge repulsion between the anionic complex 3
and the pathogen. This repulsion deters the assembly of 3 onto
the negatively charged surface of the pathogen, further
demonstrating the importance of the FRET ensemble, which is
stabilized not only by relatively strong electrostatic interactions
but also by Pt(u)---Pt(u) and 7-7 stacking interactions, for the
successful imaging of pathogens. It is worth mentioning that
the emission of the ensemble facilitated by the FRET process
lies in the red optical window which experiences less interfer-
ence from noise from autofluorescence.®** More importantly,
the *MMLCT emission of 3 is expected to exhibit a longer
luminescence lifetime than the fluorescence of PFP-NMe,", and
the phosphorescence lifetime of the aggregate form of 3 in the
FRET ensemble is found to exhibit an even longer lifetime in the
sub-microsecond regime, which could possibly be attributed to
a relatively rigid environment experienced by the assembled
species (Fig. S107).** This allows further discrimination of
background autofluorescence of biological structures by time-
gated imaging techniques and makes the ensemble a potential
candidate for pathogen imaging in biological environments.

Apart from luminescence imaging, it has been reported that
CPEs which include PFP-NMe;" with excellent light-harvesting
capabilities are promising candidates for PDT in antibacterial
treatment due to their efficient singlet oxygen (*O,) generation
that can induce damage toward pathogens.®® In view of the
strong interactions observed between the negatively charged
pathogen and the polymer-metal complex aggregate as re-
flected from the confocal images, explorations into the perfor-
mance of the ensemble as a photosensitizer have been made. A
commercially available 'O, sensing probe of 2,2’-(anthracene-
9,10-diylbis(methylene))dimalonic acid (ABDA) has been
employed to assess the 'O, generating ability of the two-
component system. Under white light illumination (20 mwW
cm %), insignificant absorption changes of ABDA in the pres-
ence of 1 are observed, suggesting a limited 'O, generation
ability of the complex (Fig. 6a). In sharp contrast, drastic
declines in the absorbance are observed in both cases when
ABDA is introduced into PFP-NMe;" as well as the ensemble of
PFP-NMe;" and 1 (Fig. 6b and c). Compared to PFP-NMe;"
alone, the presence of the polyelectrolyte-complex ensemble is
found to lead to a more pronounced reduction in the absorption
of the ABDA probe, indicating a stronger 'O, generation ability
of the ensemble. A plot showing the spectral degradation of
ABDA against irradiation time is obtained to determine the ratio
of 'O, generation quantum yield (¢,) of PFP-NMe;* and the
ensemble (Fig. 6d), in which @, corresponding to the ensemble
of PFP-NMe;" and 1 is found to be two times higher than that of
PFP-NMe;" alone. Such an enhanced 'O, generation ability of
the two-component system highlights the potential of the
ensemble as a photosensitizer for PDT.

13690 | Chem. Sci., 2025, 16, 13684-13693
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Conclusion

In conclusion, a series of anionic platinum(ir) complexes and their
ensembles with PFP-NMe;" have been reported. The anionic
complexes are found to assemble with PFP-NMe;" via electro-
static, Pt(u)---Pt(u) and -7 stacking interactions to form the
polymer-metal complex aggregates. Owing to good spectral
overlaps, the complexes have been found to quench the PFP-
NMe;" fluorescence through efficient FRET and result in the
emergence of "MMLCT emissions in the low-energy region. The
bacteria-binding property of the polyelectrolyte is found to be
retained in the two-component ensemble of PFP-NMe;" and 3
compared to PFP-NMe;" alone, which allows the ensemble to
serve as an imaging tool for E. coli in the red luminescence
channel with advantageous features. The low-energy red emission
and the extended phosphorescence lifetime of the complex
aggregate not only facilitate discrimination of background auto-
fluorescence, but also make time-gated imaging in biological
environments possible. The present system is advantageous over
the use of cationic CPEs alone or cationic platinum(ir) complexes
alone for pathogen imaging since the cationic CPEs can emit in
the blue channel irrespective of whether they are freely dispersed
in solution or are electrostatically assembled on the negatively
charged pathogens, leading to a poor imaging contrast between
the solution media and the pathogens with a risk of low levels of
residual CPE in the culture medium. Similarly, with the cationic
platinum(r) complexes alone, the imaging contrast between the
freely dispersed orange-emissive platinum(i) complexes in solu-
tion and the red-emissive platinum(u) assemblies on the path-
ogen would be less obvious with a risk of low levels of residual
platinum(u) complexes in the culture medium. The current
system also has an competitive edge over the use of the anionic
CPE-cationic platinum(u) complex counterpart in pathogen
imaging, due to its capability to minimize interference from the
orange-emissive free anionic platinum(r) complexes or the blue-
emissive CPEs and to realize a red luminescence signal by
leveraging the efficient FRET process. In addition, the polymer—
metal complex ensemble formed from PFP-NMe;" and 1 has
shown an enhanced 'O, generation ability over the polymer alone
upon white light illumination, endowing the ensemble with the
capability to serve as an attractive photosensitizing agent for PDT.
The success in employing ensembles comprising cationic CPEs
and anionic platinum(n) complexes in biological applications is
anticipated to open new avenues for the development of two-
component systems as potential sensing, imaging or therapeutic
tools towards cellular components and microorganisms with
a negatively charged outer membrane, which cannot be easily
achieved by ensembles comprising anionic CPEs and cationic
platinum(ir) complexes. It is envisaged that this work could also
provide insights into strategies for rational design of multi-
component platinum(n) systems for various functions and
applications.
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