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eSuppurting Information
ABSTRACT: The interaction of conjugated polyelectrolyte, pagseectsovra SIS el °‘°"°uf";l=gg Dekagivguion.
PPE-SO; , with platinum(II) complexes, [Pt(tpy) (C=CC4H,— B % o @
CH,NMe:-4)](OT6), (1) and [Pt(tpy) (C=C—CH,NMes) - hlﬂﬁg e ;j‘-v —’w
(OTf), (2), has been studied by UV—vis, and steady-state and rreso, B L @ rres
time-resolved emission spectroscopy. A unique FRET from ) B P compend
PPE-SO; " to the aggregated complex 1 on the polymer chain AP@y :FrE-SO;
with Pt- - - Pt interaction has been demonstrated, resulting in 3L, :Human SeumAarin 54)

the growth of triplet metal-metal-to-ligand charge transfer
(®MMLCT) emission in the near-infrared (NIR) region. This two-component ensemble has been employed in a “proof-of-
principle” concept for the sensitive and selective label-free detection of human serum albumin (HSA) by the emission spectral
changes in the visible and in the NIR region. The spectral changes have been ascribed to the disassembly of the polymer—metal
complex aggregates upon the binding of PPE-SO; ™ to HSA, which is rich in arginine residues and hydrophobic patches, leading to
the decrease in FRET from PPE-SO; ™ to the aggregated platinum(II) complex. The ensemble is found to have high selectivity
toward HSA over a number of polyelectrolytes, proteins and small amino acids. This has been suggested to be a result of the extra
stabilization gained from the Pt- - - Pt and 77— interactions in addition to the electrostatic and hydrophobic interactions found in

the polymer—metal complex aggregates.

quare-planar platinum(II) polypyridyl complexes, with a
Sstrong tendency toward the formation of highly ordered
extended linear chains or oligomeric structures in the solid
state, have attracted much attention due to their rich spectro-
scopic properties.' ~® A particular class of platinum(1I) complexes
that has attracted long-standing interest is the alkynylplatinum-
(IT) terpyridine complexes, in which their d*—d® metal—metal
interaction and the st— interaction of the terpyridine ligands
have led to the observation of interesting spectroscopic and
luminescence properties.* Recently, our group reported the self-
assembly of terpyridylplatinum(II) complexes induced by poly-
electrolytes in aqueous media with remarkable UV —vis and near-
infrared (NIR) emission spectral changes,““’d and extended the
work to detect biomolecules** ™8 and their related conforma-
tional changes,‘k’e’f
to probe the activities of some important biological enzymes.

Conjugated polyelectrolytes (CPEs) are 7-conjugated poly-
mers that feature strong absorption and fluorescence and have
been extensively studied.” "' Interactions of CPEs in aqueous
solution with metal ions, organic ions, biomolecules, and biopolymers

such as G-quadruplex formation,* as well as
4e—g
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would result in significant changes in emissions with high
sensitivity,”4 808P 101 Thic has been explained by the
enhanced static quenching through extremely rapid exci-
ton diffusion along the CPE chain to the quencher,® ™ ~¢
which was described as amplified quenching or “molecular wire
effect”.” In addition, Forster resonance energy transfer (FRET)
from the excited CPE to the quencher, which acts as an energy
acceptor, plays an important role in some systems.”%*~%%¢ As
the efficiency of FRET strongly depends on the distance between
the donor and the acceptor and their orientations,'* FRET study
can provide valuable information on the interactions between the
donor and acceptor, as well as any changes of the interactions
under external perturbations. However, FRET studies of CPEs
have been relatively less explored,”** % compared to the
studies of CPEs with amplified quenching.”~™?*~¢

Human serum albumin (HSA) is the most abundant protein
in the blood plasma and serves several important biological
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functions, such as regulation of the osmotic pressure of the blood
compartment and transportation of various endogenous and ex-
ogenous substances through its role as a physiological carrier.'> A
low level of HSA in the blood plasma, which is called hypopro-
teinemia, would be a sign for liver failure, cirrhosis, and chronic
hepatitis."* On the other hand, the presence of an excess amount
of HSA in urine is called microalbuminuria, which is an early
sign of 1nc1p1ent renal disease and may result in diabetes and
hypertension."® Therefore, the detection of the concentration of
HSA in blood plasma and urine has a great chmcal importance.
Currently, the detections by fluorescence probes'® are generally
poor in selectivity and stability,"®" " and their emissions in the
visible region may be interfered by the fluorescence of other
proteins in the biological samples.'® As a result, the search for
new luminescence assay methods with spectral changes in a
spectral region other than the visible region, such as in the NIR
region, may allow a rapid, selective and sensitive detection of
HSA for the development of a new screening method for
patients.

In view of the fact that polyelectrolytes have been reported to
induce the self-assembly of alkynylplatinum(II) terpyridine
complexes, it is believed that CPEs would induce the aggregation
of platinum(II) moieties, leading to metal—metal and/or 71—
interaction with remarkable UV—vis and emission spectral
changes. More importantly, as the emission wavelengths of CPEs
are found to occur in a region similar to the absorption wave-
length region of the alkynylplatinum(II) terpyridine complexes,
FRET from the non-innocent CPEs to the aggregated metal
complexes, which has not yet been reported so far, would be
possible upon a judicious choice of CPEs that show emission
bands that would overlap with the absorption spectrum of the
alkynylplatinum(II) terpyridine system. This may result in inter-
esting spectral changes related to FRET processes and the
development of a new strategy in modulating FRET processes.
Herein we report the synthesis, photophysical and FRET study of
the two-component platinum(II) complex—CPE ensemble, and
demonstrate the extension of the work to a “proof-of-principle”
concept for the sensing of HSA through a modulation of the FRET
properties and the assembly of platinum(II) complexes.

B RESULTS AND DISCUSSION

The electronic absorption spectra of [Pt(tpy)(C=CCsH,—
CH,NMe;-4)](OTf), (1) and poly(phenylene ethynylene) with
sulfonate groups in the side chains (PPE-SO; ) (Scheme 1) in
an aqueous buffer solution (30 mM Tris-HCI, 30 mM NaCl,
pH 9.0) are shown in Figure 1a. The concentration of sulfonate
groups in PPE-SO;~ (PE-SO; ) was 45 uM. According to the
previous spectroscopic studies on poly(phenylene ethynylene),”
the absorption bands of PPE-SO;~ with peak maxima at 336 and
435 nm are due to short- and long-axis polarized 77—* transi-
tions. On the other hand, the absorption spectrum of 1 shows an

absorption band centered at 340 nm and a lower-energy band
centered at 417 nm. The high-energy absorption has been
tentatively assigned as intraligand m—* transitions of the
terpyridine and alkynyl ligand, whereas the lower-energy absorp-
tion has been assigned as dzz(Pt)—s*(tpy) metal-to-ligand
charge transfer (MLCT) and alkynyl-to-terpyridine ligand-to-
ligand charge transfer (LLCT) transitions typical of platinum(II)
terpyridine complexes.”*

Upon addition of 1 to an aqueous solution of PPE-SO3 ", red
shifts of the absorption bands centered at 336 and 435 nm to 350
and 448 nm, respectively, with a well-defined isosbestic point at
362 nm were observed (Figure 1b). Since 1 is known to absorb at
~340 and 417 nm, this may contribute toward the observed red
shifts. In addition, as 1 is positively charged and has been
reported to undergo self-assembly to form aggregates in the
presence of anionic polyelectrolytes by metal—metal and/or
71— interactions absorbing at ~490 and 570 nm,*>*# it is likely
that 1 would aggregate on PPE-SO3 ™ and the absorption of the
aggregates of 1 would contribute toward the red shifts. Further-
more, the formation of polymer aggregates induced by 1
presumably through electrostatic and 71— interactions can also
lead to the observed spectral changes, as similar red shifts in the
absorption bands of PPE-SO3 ™ have been reported in the study
of PPE-SO; ™~ with cyanine dyes.”* On the other hand, converse
titration of 1 with increasing concentrations of PPE-SO; "~ shows
an isosbestic point at 295 nm and a growth of the absorptions at
~340 and 417 nm with red shifts to ~346 and 462 nm
respectively at 45 uM of both PE-SO3 ™~ and 1 (Figure 1c). These
again suggest the possibility of the formation of polymer—metal
complex aggregates, which has been further investigated by
resonance light scattering (RLS), emission and time-resolved
emission spectroscopic studies.

The emission spectra of PPE-SO; " with different concentra-
tions of 1 have been recorded upon excitation at the isosbestic
wavelength of 362 nm (Figure 2). In the absence of 1, an
emission band centered at 535 nm was observed, which is due
to the '7—x* fluorescence of PPE-SO;  in aqueous solution
typical of those reported in the literature.”**8 ™" The intensity of
this band has been found to drop drastically with an increasing
concentration of 1, with the emergence of a new emission band
centered at ~795 nm as the concentration of 1 increases above
1S uM. According to the previous spectroscoplc work on
alkynylplatinum(II) terpyridine complexes,” the new emission
band is tentatlvely assigned as triplet metal-metal-to-ligand
charge transfer (PMMLCT) emission through metal—metal
and/ or 7T—JT interactions. A further increase in the concentration
of 1 to 45 uM would lead to a further drop in the emission
intensity of PPE-SO3™ to only ~1.5% of the emission intensity
without 1, and a significant growth (~18-fold) of the SMMLCT
emission in the NIR region. The quenching of the PPE-SO;~
fluorescence by 1 has been investigated by Stern—Volmer
experiments and the Stern—Volmer plot is shown in Figure 3.
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Figure 1. (a) Electronic absorption spectra of (black) PPE-SO; and
(red) complex 1 in an aqueous buffer solution (30 mM Tris-HCL, 30 mM
NaCl, pH 9.0). Concentration of 1 and sulfonate groups in PPE-SO; ™~
(PE-SO3~) were both 45 uM. (b) Electronic absorption spectral
changes of PPE-SO; ™ in the aqueous buffer solution with an increasing
concentration of 1. Concentration of PE-SO; ™ and 1 were 45 uM and
(black) 0 uM, (red) 7.5 uM, (green) 1S uM, (blue) 22.5 uM, (cyan)
30 uM, (magenta) 37.5 uM, (yellow) 45 uM respectively. (c) Electronic
absorption spectral changes of 1 in aqueous buffer solution with an
increasing concentration of PPE-SO;~. Concentration of 1 and PE-
SO; ™~ were 45 uM and (black) 0 uM, (red) 3 uM, (green) 6 uM, (blue)
9 uM, (cyan) 12 uM, (magenta) 15 uM, (yellow) 22.5 uM, (dark
yellow) 30 uM, (navy) 37.5 uM and (purple) 45 uM respectively.

The plot is found to deviate from linearity with an upward
curvature and the Kgy value is found to increase with increasing
concentration of 1 (Table 1), suggesting that the fluorescence
quenching of PPE-SO; ™ by 1 is more effective at higher concen-
trations of 1.
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Figure 2. Emission spectral changes of PPE-SO;™ in aqueous buffer
solution (30 mM Tris-HC, 30 mM NaCl, pH 9.0) with an increasing
concentration of 1 in the range of (a) 430—700 nm and (b) 560—
920 nm with normalization at 674 nm. Concentration of PE-SO;~ was
4S5 uM. Inset: Plot of relative emission intensity at 535 and 795 nm
versus concentration of 1.

In addition, the converse titration of 1 with increasing concen-
trations of PPE-SO;~ would result in emission spectral changes
too, as shown in Figure S1 in Supporting Information (SI). In the
absence of PPE-SO;~, an emission centered at ~633 nm is
derived from an excited state of MLCT/LLCT origin.z”4 At
3 UM PE-SO; ", there was a diminishment of the emission intensity
at 633 nm with a concomitant growth of an emission band at
795 nm, which is ascribed as "MMLCT emission originating from
metal—metal and/or 77— interactions typical of alkynylplatinum-
() terpyridine complexes.* With increasing concentration of
PE-SO; up to 45 uM, the "MMLCT emission was found to
increase in intensity while no fluorescence from PPE-SO; was
observed. However, further increase in the concentration of PE-
SO;™ (45—75 uM) would lead to a significant drop in SMMLCT
emission, while the PPE-SO; ™ fluorescence at ~513 nm was found
to show an increase in intensity.

In order to have a better understanding of the quenching of
PPE-SO; ™ by 1, time-resolved emission study of PPE-SO; ™ in
the aqueous buffer solution (30 mM Tris-HCIL, 30 mM NaCl,
pH 9.0) has been carried out in the presence of different concentra-
tions of 1 (Figure 4). In the absence of 1, the fluorescence life-
times of PPE-SO;~ are found to be 1.64 and 7.48 ns (Table 1),
comparable to those reported in the literature.” The biexponential
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Figure 3. Stern—Volmer plot for the quenching of PPE-SO;~ by 1 in
aqueous buffer solution (30 mM Tris-HCl, 30 mM NaCl, pH 9.0).
Concentration of PE-SO;~ was 45 uM. I, and I are the emission
intensity at 535 nm without 1 and with different concentrations of 1,
respectively.

Table 1. Parameters Obtained from Steady-State Emission
Spectra and Time-Resolved Emission Spectra of PPE-SO; ™ in
Aqueous Buffer Solution (30 mM Tris-HCl, 30 mM NaCl,
pH 9.0) with Different Concentrations of 1

[1]/uM 7,/ns 7,/ns Key/10°M ' s7!

0 1.64 7.48
7.5 1.52 7.08 4.84

15 1.07 4.74 10.058

22.5 0.88 4.05 15.89

30 0.74 3.54 16.33

37.5 0.70 3.10 16.40

45 0.64 2.83 24.20

? Concentration of PE-SO;~ was 45 M. 7, and 7, are the lifetimes of the
biexponential decay. Kgy is the Stern—Volmer quenching constant
obtained from the steady-state emission measurement.

fluorescence decay could be ascribed to the formation of

. . 7d,e,g—k
polymer aggregates in the aqueous buffer solution. At
7.5 uM of 1, both the lifetimes, 7; and 75, are slightly shortened,
while the decrease in 7, and 7, are found to be more significant at
15 uM of 1. After such a significant decrease, an increase in the
concentration of 1 hasled to a further decrease in 7, and 7, values
but to a smaller extent than that observed at 15 uM of 1
(Table 1).

As the fluorescence quenching is likely to be linked to the
aggregation between PPE-SO3 and 1, RLS was performed by
the titration of the polymer with 1 (Figure S2 in SI). Although
PPE-SO; ™ in buffer solution is known to show fluorescence at
430—700 nm, the emission has been found to be decreased sign-
ificantly with increasing concentration of 1 (Figure 2a). How-
ever, in the RLS spectra, the maximum was found to show an
increase in intensity with increasing concentration of 1, suggest-
ing that there is enhanced light scattering from the aggregates,
typical of aggregate formation as reported in the literature."”
The RLS spectrum of PPE-SO3 " shows a maximum at ~495 nm,
indicative of PPE-SO; ™ aggregate formation in buffer solution.
The shoulder at ~555 nm is likely due to the scattering of PPE-
SO; ™ fluorescence as its intensity is found to decrease signifi-
cantly with increasing concentrations of 1. At 7.5 uM of 1, the
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Figure 4. Time-resolved emission decay of PPE-SO;~ in aqueous
buffer solution (30 mM Tris-HCl, 30 mM NaCl, pH 9.0) with the
concentration of 1 equal to (black) 0 uM, (red) 7.5 uM, (green) 15 uM,
(blue) 22.5 uM, (cyan) 30 uM, (magenta) 37.5 M and (yellow) 45 uM.
Concentration of PE-SO; ™~ was 45 uM. Excitation was at 371 nm and
emission signals were monitored at 535 nm. The prompt signal is shown
in black squares without any line fitting.

growth of light scattering at 495 nm suggests that there is
enhanced aggregation of PPE-SO; ™ in the presence of 1. In view
of the absence of "MMLCT emission and thus the lack of sign-
ificant self-aggregation of complex 1 with Pt- - -Pt and/or 7—m
interactions at [1] = 7.5 uM (Figure 2b), the enhanced light
scattering is ascribed to the aggregation of PPE-SO;~ by 1,
presumably through electrostatic and 77— interactions. At
1S uM of 1, apart from an increase in the light scattering at
495 nm corresponding to enhanced PPE-SO; " aggregate for-
mation, a new maximum at ~545 nm is found, which could be
ascribed to the enhanced scattering resulting from aggregates of
1, with Pt- - - Pt and/or 71— interactions, on the anionic PPE-
SO; " chain through electrostatic interaction. The self-assembly
and aggregation of 1 could further be supported by the steady-
state emission measurements at 15 #M of 1 where *MMLCT
emission at ~795 nm is found (Figure 2b). At higher concentra-
tions of 1 (30 and 45 uM), the RLS spectra show a drop in the
maximum at 495 nm with the concomitant growth of the peak
at 545 nm, attributed to the increased aggregation of 1 on
PPE-SO;  and the formation of polymer—metal complex ag-
gregates that lead to the obvious red shifts at ~340 and 417 nm in
the UV—vis absorption spectra (Figure 1b).

With the formation of polymer—metal complex aggregates as
suggested by RLS spectra, the mechanism for the quenching of
PPE-SO;  fluorescence and the emission spectral changes
observed in the steady-state and time-resolved emission mea-
surements at different concentrations of 1 may be interpreted as
follows. At 7.5 uM of 1, the Kgy value is found to be 4.84 x 10°
M~"s™ ! with only a small decrease in 7, and 7, values (Table 1).
Such effective fluorescence quenching by 7.5 uM of 1 is unlikely
to be dynamic in nature. Instead ground state static quenching by
extremely rapid exciton diffusion along the PPE-SO; ™ chain to 1
that is bound onto the anionic polymer chain by electrostatic
and/or sT—or interactions should be the main reason for the
quenching. At 15 uM concentration of 1, 7; and 7, are found
to decrease significantly, and Kgy is increased to a great extent
to 1.01 x 10° M 's~'. These suggest that in addition to ground
state static quenching, another quenching pathway may be oper-
ative which becomes more important at 15 M of 1. As there is a
growth of the SMMLCT emission of 1 centered at ~795 nm,
resulting from the self-assembly and formation of polymer—metal
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Figure 5. Normalized electronic absorption spectra of 1 and 2 and the
emission spectrum of PPE-SO3 ™ showing the spectral overlap between
the electronic absorption spectra of 1 and 2 with the emission spectrum
of PPE-SO; . (a) The electronic absorption spectra of 1 (i) in the
absence of polyelectrolyte and (ii) in the presence of poly(sodium p-
styrenesulfonate) with 45 4M sulfonate concentration were normalized
at 396 and 409 nm respectively, while the emission spectrum of PPE-
SO;~ with 45 uM of PE-SO;~ was normalized at 535 nm. (b) The
electronic absorption spectra of 2 (i) in the absence of polyelectrolyte
and (ii) in the presence of poly(sodium p-styrenesulfonate) with 45 uM
sulfonate concentration were normalized at 368 and 366 nm respec-
tively, while the emission spectrum of PPE-SO;~ with 45 uM of PE-
SO;~ was normalized at 535 nm. All the spectra were recorded in an
aqueous buffer solution (30 mM Tris-HCl, 30 mM NaCl, pH 9.0).
Electronic absorption spectra of the aggregated 1 and 2 were recorded
using poly(sodium p-styrenesulfonate) instead of PPE-SO; , in order to
prevent the interference of the electronic absorption of 1 and 2 by the
conjugated polymer.

complex aggregates via Pt---Pt, electrostatic and/or T—m
interactions, which has been further supported by RLS experi-
ments (Figure S2 in SI), a better spectral overlap between the
emission spectrum of PPE-SO3 ™ and the absorption spectrum of
the aggregated 1 on the polymer chains when compared to that
between the emission spectrum of PPE-SO; ™ and the absorption
spectrum of non-aggregated 1 (Figure Sa) is anticipated, and
thus, it is likely that FRET would occur. In addition, the
formation of the polymer—metal complex aggregates could
increase the chance of interchain diffusion of excitons from
PPE-SO; to complex 1, leading to the obvious decrease in 7,
and 7, at 15 uM of 1 and favoring the FRET from PPE-SO; " to
the aggregated 1 on the polymer chains, so that the emission
quenching of PPE-SO;  is more effective with an increased
Ksy value. At higher concentration of 1 (from 22.5 to 45 uM),
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Figure 6. (a) Electronic absorption spectral changes of PPE-SO; ™~ in an
aqueous buffer solution (30 mM Tris-HCl, 30 mM NaCl, pH 9.0) with
an increasing concentration of 2. Concentration of PE-SO3 ™ and 2 were
45 uM and (black) 0 uM, (red) 7.5 uM, (green) 15 uM, (blue) 22.5 uM,
(cyan) 30 uM, (magenta) 37.5 uM and (yellow) 45 uM, respectively.
(b) Electronic absorption spectral changes of 2 in an aqueous buffer
solution (30 mM Tris-HCl, 30 mM NaCl, pH 9.0) with an increasing
concentration of PPE-SO; . Concentration of 2 and PE-SO;~ were
45 uM and (black) 0 uM, (red) 7.5 uM, (green) 15 uM, (blue) 22.5 uM,
(cyan) 30 uM, (magenta) 37.5 uM and (yellow) 4S5 uM, respectively.

a further drop in the intensity of PPE-SO;" fluorescence has
been observed, as expected of a quenching process. However, a
further increase in Kgy and a growth of the "MMLCT emission in
the steady-state emission measurement as well as a decrease in 7,
and 7, in the time-resolved emission measurement have been
observed, indicating that the quenching is not simply due to an
increase in the quencher concentration but probably also due to
an increasing aggregation of 1 onto the PPE-SO; ™ chains. The
increased aggregation of 1 would enhance the formation of
polymer—metal complex (PPE-SO; —1) aggregates through
stronger electrostatic and 77— interactions with PPE-SO; ™ at
higher concentration of 1 as illustrated in the RLS spectra (Figure
S2 in SI). This would lead to an increase in the absorbance of the
low-energy MMLCT absorption band of 1, resulting in a better
spectral overlap between the PPE-SO3 ™~ donor and the aggregate
of 1 acceptor, which favor the FRET process.

Similarly, the emission spectral changes of the converse
titration of 1 with PPE-SO; ™~ (Figure S1 in SI) can be explained
by the polymer—metal complex aggregate formation and the
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Figure 7. Emission spectral changes of PPE-SO;™ in aqueous buffer
solution (30 mM Tris-HCl, 30 mM NaCl, pH 9.0) with an increasing
concentration of 2 in the range of (a) 450—740 nm and (b) S50—
900 nm. Concentration of PE-SO;~ was 45 M. Inset: Plot of relative
emission intensity at 535 nm versus concentration of 2.

FRET from PPE-SO;™ to 1. At low concentrations of PE-SO5 ™,
addition of PPE-SO; would increase the aggregation of 1 onto
the polymer, leading to a better spectral overlap and FRET from
PPE-SO; " to the aggregated 1. As a result, there is a growth of
the MMLCT emission of 1 with no observable PPE-SO;~
fluorescence. On the other hand, at high concentrations of
PE-SOj; ™, further addition of PPE-SO;~ would not increase
the formation of polymer—metal complex aggregates as 1 has
already been bound to the polymer. Instead, the excess PPE-
SO; " added might lead to a “dilution” of the negative charges
and an increase in the hydrophobic phenyl rings, causing com-
plex molecules of 1 to redistribute themselves among different
PPE-SO; ™ chains, leading to a reduced self—ag§regation of 1,
similar to the study of 1 with polyelectrolytes.™ Therefore, a
decrease in FRET with a drop in MMLCT emission and a
growth of PPE-SO3 ™ fluorescence is observed.

The electronic absorption spectral changes of [Pt(tpy)-
(C=CCH,NMe;)](OTf), (2) and PPE-SO;  (Scheme 1) in
the aqueous buffer solution (30 mM Tris-HCI, 30 mM NaCl,
pH 9.0) are shown in Figure 6. Similar to the spectral changes of
PPE-SO; " with 1, red shifts of the absorption bands centered at
336 and 43S nm to 342 and 459 nm, respectively, with increasing
concentration of 2 have been observed, while converse titration
of 2 with PPE-SO; "~ would lead to the growth of the absorptions

at ~ 333 and 405 nm with red shifts to ~345 and 469 nm,
respectively. Both observations suggest a conformational change
of the PPE-SO; ™ in the aqueous buffer solution.”  As 2 has been
found to undergo a%gregation in the presence of polyelectrolytes
similar to that of 1,* together with the growth of the maximum in
the RLS spectra (Figure S3 in SI), the conformational change is
similarly ascribed to the formation of polymer—metal complex
aggregates with Pt- - - Pt, electrostatic and 77— interactions. For
the emission spectra of PPE-SO; excited at the isosbestic
wavelength of 362 nm in the presence of different concentrations
of 2 (Figure 7), the 'sr—* fluorescence of PPE-SO; ~ at 535 nm
has been found to be quenched significantly by 2, but there
was no growth of NIR emission as observed in the study of
PPE-SO; with 1. The decrease in the emission at 535 nm can be
similarly explained by the amplified quenching at low concentra-
tions of 2 and the formation of polymer—metal complex
aggregates at higher concentrations. The converse titration of 2
with PPE-SO; ™ was also found to show no significant growth of
the emission in the NIR region (Figure S4 in SI). Interestingly,
although 2 can undergo aggregation in the presence of polyelec-
trolytes such as poly(sodium p-styrenesulfonate), its *"MMLCT
emission is centered at ~668 nm (Figure SS in SI).* As the
electronic absorption spectra of both the non-aggregated and
aggregated 2 had poor spectral overlap with the emission of PPE-
SO; ™~ (Figure Sb), it is unlikely that efficient FRET would occur
from PPE-SO3 ™ to 2. Thus, the growth of the emission band at
795 nm in the study of 1 and PPE-SO; ™ is a result of the FRET
process from PPE-SO;  to 1, and not a result of the direct
excitation of the aggregated 1 on the anionic PPE-SO; chain.

As the polymer—platinum(II) complex (PPE-SO; —1) en-
semble shows FRET interaction and NIR emission which are
both attractive features for detection of biological samples, this
has prompted us to explore a “proof-of-principle” concept for the
sensing of HSA. Since cationic platinum(II) complexes have
been found to undergo aggregation in the presence of anionic
polyelectrolytes through electrostatic interaction,” the use of the
two-component ensemble for sensing studies in aqueous buffer
solution at pH 9 will be affected by anionic biological substrates
(Figure S6 in SI). Therefore, the sensing ensemble has been
employed to operate at pH 3 aqueous buffer solution (40 mM
citric acid, 60 mM NaCl, and 21 mM NaOH) where most of the
biological samples have been turned into their neutral or cationic
form, minimizing their interference in sensing HSA, while there
is still FRET between PPE-SO; ™ and 1. It is interesting to note
that the electronic absorption spectra, emission spectra, and
time-resolved emission measurement of PPE-SO; ™~ and 1 in pH
3 aqueous buffer solution are found to be similar to those in pH 9
buffer solution (Figures S7, S8, and S9 and Table S1 in SI). This
is understandable as the sulfonate groups in PPE-SO; are
strongly acidic (pK, = —2.6) and will remain negatively charged
atpH 3, 18 resulting in electrostatic interaction with 1. In addition,
Pt- - - Pt and ;T— interactions would also likely be involved in
the formation of polymer—metal complex aggregates, favoring
FRET from PPE-SO;™ to 1.

The emission spectra of PPE-SO;  and 1 in pH 3 aqueous
buffer solution (40 mM citric acid, 60 mM NaCl and 21 mM
NaOH), with 4., = 362 nm, are shown in Figure $10 and S11 in
SI. Upon the addition of HSA which was freshly incubated in
pH 6.8 aqueous buffer solution (50 mM KH,PO,), there is a drop
in the emission band at 800 nm, with a concomitant growth of the
emissions centered at 430 and 480 nm. The emission centered at
800 nm, which is tentatively assigned as "MMLCT emission with

18780 dx.doi.org/10.1021/ja205996e |J. Am. Chem. Soc. 2011, 133, 18775-18784



Journal of the American Chemical Society

@ 1

c & 1.00
oc

0.8+

06 0.03 0.06

[HSA]/ uM

Relative Emission
Intensity at 800 nm

0.4 1

0 10 20 30 40 50 60
[HSA]/ pM

o
=3
>

Relative Emission

Intensity at 430 nm

Relative Emission
Intensity at 430 nm

0.00 0.05 0.10 0.15
[HSA] / uM
00 T T T T T
0 100 200 300 400
[HSA] / uM

Figure 8. Relative emission intensity of PPE-SO;~ and 1 at (a) 800 nm
and (b) 430 nm versus concentration of HSA. Concentration of PE-
SO; ™ and 1 in the final solution mixture were both 45 4M. Inset: Plot of
relative emission intensity at 800 and 430 nm versus concentration of
HSA, showing the linear relationships between the relative emission
intensities and the concentration of HSA at low concentration.

reference to previous spectroscopic work on complex 1,**8 should
be due to the FRET from PPE-SO;  to the aggregated 1 on the
polymer similar to the study in pH 9 buffer solution. The
decrease in "MMLCT emission upon addition of HSA suggests
that a decrease in FRET has occurred. For the emissions centered
at 430 and 480 nm, they should be originated from the recovery
of the emission of PPE-SO; but are blue-shifted compared to
the '7—* fluorescence of PPE-SO; in aqueous solution
(~550 nm). Thus, it is likely that PPE-SO; is in a less
aggregated state or is located in a more hydrophobic
environment”” in the presence of HSA. As it has been reported
that bovine serum albumin (BSA) can complex to CPEs by the
hydrophobic patches,'® PPE-SO; ™ is probably bound to HSA
by electrostatic and hydrophobic interactions, leading to the
deaggregation of the polymer—metal complex aggregates and the
decrease in FRET from PPE-SO;  to 1, as revealed by the
increase in 7, and 7, values upon the addition of HSA (Figure
S12 in SI). These in turn would result in the higher-energy
71— 7* fluorescence of the less aggregated PPE-SO; in a more
hydrophobic environment after binding with HSA, when com-
pared to the emission of the aggregated PPE-SO; ™ in aqueous
solution. The electrostatic interaction between PPE-SO;~ and
HSA could not be ignored because HSA is highly positively
charged at pH 3 and it contains 23 Arg residues in its monomeric
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Figure 9. Relative emission intensity of PPE-SO;~ and 1 at (a) 800 nm
and (b) 430 nm in the presence of different substrates. Substrate tested:
N: no substrate added, H: 12.5 uM HSA, B: 12.5 uM bovine serum
albumin, dA: 12.5 uM poly(dA),s, dC: 12.5 uM poly(dC),s, dG:
12.5 uM poly(dG),s, dT: 12.5 uM poly(dT),s, R: 1.25 mM arginine,
G: 1.25 mM glycine, PD: 12.5 uM poly(aspartic acid), PK: 12.5 uM
poly(lysine bromide), S: 1.25 mM spermine, PY: 12.5 uM poly-
(tyrosine), L: 12.5 uM lysozyme, T: 12.5 uM trypsin. Concentration
of PE-SO; ™ and 1 in the final solution mixture were both 45 uM.

state'” which would have very strong electrostatic interaction as
well as hydrogen bonding with the sulfonate groups on PPE-
SO 37.18’20 With an increasing concentration of HSA, more PPE-
SO;~ molecules would be bound to HSA and more poly-
mer—metal complex aggregates would be destroyed, leading to
adrop of the *MMLCT emission intensity at 800 nm to only 40%
of that without HSA, and a 48-fold increase of the ‘m—m*
fluorescence of PPE-SO;3™ centered at 430 nm at 400 uM of
HSA. This two-component ensemble has a high sensitivity in the
detection of HSA as the spectral changes are detectable even at
1.25 nM HSA. In addition, the relative emission intensity at
800 nm is found to show a linear relationship with [HSA] from
1.25 to 62.5 nM, and similarly the relative emission intensity at
430 nm is found to vary linearly with [HSA] from 1.25 to 125 nM
(Figure 8).

As the fluorescence of CPEs has been reported to be affected
by various polyelectrolytes,%’” the selectivity of the two-com-
ponent ensemble toward HSA has also been probed (Figure 9).
Since the polymer—metal complex aggregates are formed by
electrostatic and 7t—Jt interactions between PPE-SO; ™ and 1 as
well as by Pt- - - Ptinteraction among 1, highly positively charged
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Figure 10. Relative emission intensity of PPE-SO;~ and 1 at
(a) 800 nm and (b) 430 nm in the presence of: H: 12.5 uM HSA, H
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UM lysozyme, T: 12.5 uM trypsin, PY: 12.5 uM poly(tyrosine); N: No
substrate added. Concentration of PE-SO3 and 1 in the final solution
mixture were both 45 uM.

poly(lysine bromide), and spermine, singly positively charged
poly(aspartic acid) and glycine molecules, and neutral poly-
(tyrosine) and poly(nucleotides)*" at pH 3 have been tested.
Interestingly, no significant change in the emission intensity of
the ensemble has been observed, suggesting that the polymer—
metal complex aggregates cannot be significantly destroyed by
electrostatic or hydrophobic interactions alone. Although the
guanidinium moieties of arginine residues have been reported to
show strong electrostatic interactions and hydrogen bonding
with the sulfonate groups of PPE-SO;~ '** they still could not
destroy the strong polymer—metal complex aggregates and
would not interfere with the detection of HSA. For large proteins
such as lysozyme and trypsin, significant spectral changes of the
ensemble have also not been observed. This may be explained
by their weaker interactions with the polymer—metal complex
aggregates than that of HSA, as both of them contain only six
Arg residues and do not have as many hydrophobic patches as
HSA.>* Further studies on the detection of HSA in the presence
of trypsin, lysozyme, and poly(tyrosine) show that there is only a
small discrepancy in emission intensities at 430 and 800 nm as
compared to the emission intensity in the presence of HSA alone
(Figure 10). As a result, this two-component polymer—metal
complex ensemble is found to show a good selectivity toward the

detection of HSA, which is not observed in other fluorescence
sensors of HSA,"*" ™ as well as in the study of CPEs as the emis-
sion of CPEs are usually found to be interfered by various
polyelectrolytes.%’” This may probably be due to the fact that
strong polymer—metal complex aggregates are formed through
Pt- - - Pt, electrostatic and 71— interactions and HSA is one of the
proteins that is rich in arginine residues and hydrophobic patches."

Attempts to explore the applicability of this system close to the
physiological pH have also been explored. The detection of HSA
by the ensemble solution at pHs 4, 5, and 6 using succinic acid/
potassium hydroxide buffer solution with 0.01 M ionic strength™
has been tested. The emission spectral changes in the visible and
NIR region are found to be less significant at pH 5 compared to
the changes at pH 4, and are even smaller at pH 6 (Figure S13 in
SI). This can be explained by the pI value of HSA which is 4.7."°
HSA is positively charged at pH 4 so that there would be strong
electrostatic and 7T—s interactions with PPE-SO; ", leading to
deaggregation of the polymer—metal complex aggregates with
significant spectral changes in the visible and NIR region. On the
other hand, HSA is almost neutral at pH $ so that its interaction
with PPE-SO3~ would be weak, with little deaggregation of the
polymer—metal complex aggregates, resulting in smaller spectral
changes. At pH 6, HSA is negatively charged, so that its
interaction with the aggregates would be quite different from
that at pH 4 and 5. As there are small changes in the NIR region,
the negatively charged HSA would probably be bound with the
positively charged complex 1 through electrostatic interactions
and PPE-SO;  through the hydrophobic patches as suggested
from the blue shift of the PPE-SO; fluorescence. As a result,
complex 1 would form aggregates on HSA and the drop in
MMLCT emission would be smaller when compared to the
deaggregation of 1 that would occur upon the binding of
PPE-SO;~ with HSA at pHs 4 and S.

In summary, the sensing of HSA at lower pH is found to have
more significant changes in the visible and NIR region as well as
less interference from other substrates. Therefore, the ensemble
in pH 3 buffer solution (40 mM citric acid, 60 mM NaCl, and
21 mM NaOH) should be the optimum condition for the sensing
of HSA among those being tested.

B CONCLUSION

In the present study, a platinum(II) complex, 1, has been
shown to assemble onto the anionic conjugated polymer,
PPE-SO; ", through Pt- - -Pt, electrostatic, and ;t—s interac-
tions, leading to the formation of polymer—metal complex
aggregates and FRET with a growth of "MMLCT emission in
the NIR region. This two-component ensemble has been demon-
strated for the label-free spectroscopic detection of HSA with high
selectivity and sensitivity by monitoring the deaggregation of
polymer—metal complex aggregates with Pt---Pt interaction
and the decrease in FRET, which are reflected from the *"MMLCT
NIR emission and '77—7* fluorescence of PPE-SO; .

B EXPERIMENTAL SECTION

Materials and Reagents. Human serum albumin (HSA), bovine
serum albumin (BSA), lysozyme, trypsin, poly(L-lysine bromide) (M,, =
15,000), poly(aspartic acid) (M,, = 10,300), poly(L-arginine hydro-
chloride) (M, = 35,500), poly(tyrosine) (M,, = 10,000—40,000), and
spermine were purchased from Sigma-Aldrich. Poly(nucleotides)
were obtained from Sigma-Proligo (St. Louis, MO). Poly(sodium
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p-styrenesulfonate) (M,, &~ 70,000) was purchased from Acros. All other
reagents were of analytical grade and were used without further
purification. The reactions were performed under an inert atmosphere
of nitrogen unless specified otherwise.

Physical Measurements and Instrumentation. 'H NMR
spectra were recorded with a Bruker AVANCE 400 (400 MHz) Fourier
transform NMR spectrometer at ambient temperature with tetramethyl-
silane (Me,Si) as an internal reference. Positive ion FAB or EI mass
spectra were recorded on a Thermo Scientific DFS high-resolution
magnetic sector mass spectrometer. Elemental analyses for the metal
complexes were performed on the Carlo Erba 1106 elemental analyzer at
the Institute of Chemistry, Chinese Academy of Sciences, Beijing, China.
IR spectra of the solid samples were obtained as Nujol mulls on KBr
disks on a Bio-Rad FT'S-7 Fourier transform infrared spectrophotometer
(4000—400 cm ™). UV—vis absorption spectra were recorded on a Cary
50 (Varian) spectrophotometer equipped with a Xenon flash lamp.
Steady state emission spectra were recorded using a Spex Fluorolog-3
model FL3-211 fluorescence spectrofluorometer equipped with a
R2658P PMT detector. Time-resolved fluorescence spectra were re-
corded with a Horiba Jobin Yvon FluoroCube based on a time-cor-
related single-photon counting method, using a nanoLED with peak
wavelength and pulse duration equal to 371 nm and <200 ps, respec-
tively, as the excitation source. Unless specified otherwise, the emission
spectra were corrected for PMT response. Resonance light-scattering
(RLS) experiments were performed on Spex Fluorolog-3 model FL3-
211 fluorescence spectrofluorometer with a Xenon flash lamp using a
right-angle geometry to a R2658P PMT detector. The excitation and
emission monochromator wavelengths were coupled and adjusted to
scan simultaneously through the range of 350—600 nm.

Synthesis of Complexes 1 and 2. The ligands [H—C=CC¢H,—
CH,NMe;-4](OTf) and [H—C=CCH,NMe;](OTf), and complexes 1
and 2 were synthesized as reported previously.**8

Synthesis of PPE-SO3 ~Na*. The polymer was synthesized according
to the method reported in the literature.” %8 3,3-[(2,5-Diiodo-1,4-
phenylene)bis(oxy) ]bis-1-propanesulfonate in sodium salt (504.4 mg,
0.776 mmol), 1,4-diethynylbenzene (94.5 mg, 0.75 mmol), Pd(PPh;),
(26.0 mg, 22.5 umol), and Cul (S mg, 22.5 umol) were deoxygenated by
vacuum-argon cycling and reacted in a mixture of DMF, H,0, and
diisopropylamine at 60 °C with stirring under a positive pressure of
argon for 14 h. The product was purified by precipitation in metha-
nol—acetone—diethyl ether mixture, dialysis against water using a 6—8
kD MWCO cellulose membrane and precipitation in a large volume of
methanol—acetone—diethyl ether mixture. The product was collected
as yellow fibers. Its purity was confirmed by "H NMR, and the molecular
weight was estimated to be 150 kD on the basis of its ultrafiltration
properties. Yield = 200 mg (51.2%). 'H NMR (400 MHz, DMSO-d,,
353 K): 0 = 2.12 (br, 4H), 2.71 (br, 4H), 4.14 (br, 4H), 7.17 (br, 2H),
7.76 (br, 4H).

Methods in the Sensing Studies. HSA and all the other
substrates tested were first incubated in pH 6.8 aqueous buffer solution
(50 mM KH,PO,) at 37 °C for 30 min. Then 20 uL of solution was
transferred to 480 #L of solution mixture of the ensemble in pH 3
aqueous buffer solution (40 mM citric acid, 60 mM NaCl, and 21 mM
NaOH), and the emission spectra were recorded by excitation
at 362 nm. The concentration of sulfonate groups in PPE-SO;~
(PE-SO5 ") and 1 in the final solution mixture were both 45 M.
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