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ABSTRACT: A simple method for protein detection and quantification has been developed by taking advantage
of the aggregation-induced fluorescence change of anionic water-soluble conjugated polymers. These polymers
contain charged carboxylate groups and a 7z-electron delocalized optically active backbone composed of fluorene
segments and 2,1,3-benzothiadiazole (BT) units. The polymers were synthesized through the Suzuki coupling
between 2,7-[bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-bis(3-(fert-butyl propanoate))]fluorene, 2,7-
dibromo-9,9-bis(3'-(tert-butylpropanoate))fluorene, and 4,7-dibromo-2,1,3-benzothiadiazole, which was followed
by treatment in trifluoroacetic acid to afford the functional carboxylic acid groups. P1-BT, and P2-BT, refer to
the neutral precursor polymers and the anionic water-soluble polymers, respectively. The subscript in P1-BT,
and P2-BT, (x = 7.5, 15, 30) refers to the molar percentage of BT units in the polymer backbone, which is 7.5%,
15%, and 30%, respectively. Both the optical spectra and the light scattering studies show that the polymers are
aggregated in water at low pH, and the aggregation decreases at high pH. Along with the aggregation and
aggregation breakup processes, the polymer emission also changes from yellow to blue in solution. At pH > 9,
where most carboxylic acid groups are deprotonated, intense blue fluorescence is observed for all three polymer
solutions. Using P2-BT3y as an example, addition of proteins to the polymer solution results in a change of
emission color from blue to yellow, green, and dark for lysozyme, bovine serum albumin, and cytochrome c,
respectively. The color change is due to efficient intramolecular/intermolecular energy transfer from the fluorene
segments to the BT sites or electron transfer between the polymer and proteins upon complex formation. The
variation in polymer emission color in the presence of different proteins is due to the difference in hydrophobic
nature, net charge, and the structure among proteins. As demonstrated with P2-BT3y and lysozyme, the protein-
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induced polymer emission change has also been used to quantify protein concentrations.

Introduction

Conjugated polymers (CPs) coordinate the action of a large
number of optically active absorbing units with delocalized
electronic structures that allow for electronic coupling between
optoelectronic segments and efficient intra- and interchain
energy transfer.' Important properties of conjugated polymers,
such as charge transport,” conductivity,® emission intensity,* and
exciton migration,” are easily perturbed by external agents,
leading to substantial changes in measurable signals.” Careful
incorporation of anionic or cationic functionalities into conju-
gated polymers yield new materials that possess the beneficial
properties of conjugated polymers with aqueous solubility for
biosensor applications.®” These water-soluble CPs have been
used as light-harvesting molecules that deliver excitations to
signaling fluorescent dyes attached to biomolecular probes,
thereby providing increased signal intensities and sensitivities
over those of single molecule reporters.® CP-based sensors that
operate on fluorescence resonance energy transfer (FRET)
mechanisms have been widely used to detect nucleic acids, small
molecules, and proteins in solution and on solid substrate.'"s-

Complex formation between CPs and biomolecules through
electrostatic interaction or specific “lock—key” recognition
generally results in polymer aggregation and fluorescence
quenching.***'° Polymer aggregation is not a desirable process
for many applications, and only few chemical and biological
sensors took advantage of aggregation of conjugated
polymers.""!! In our previous studies, a cationic conjugated
polymer, poly[9,9-bis(6'-N,N,N-trimethylammonium bromide)
hexyl)fluorene-co-1,4-phenylene-co-4,7-(2,1,3-benzothiadiaz-
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ole)], containing a fractional substitution of fluorene fragments
with 2,1,3-benzothiadiazole (BT) units, was designed to facilitate
multiple color DNA assays." The working hypothesis is that
FRET from the phenylene—fluorene segments to the BT sites
occurs more efficiently via interchain contacts in aggregation
than that via the intrachain process within more isolated polymer
chains. In dilute solutions, the polymer emits in the blue region.
Complex formation between the polymer and an oppositely
charged DNA molecule gives rise to polymer aggregation, which
increases the local concentration of BT units, leading to
increased interchain contacts and improved electronic coupling
between optical partners. Under these conditions, energy transfer
between the fluorene—phenylene units to the BT sites is more
efficient than that for isolated chains, and green emission
dominates the solution fluorescence. The aggregation-induced
blue-to-green solution fluorescence change of BT-containing
polymers was subsequently used for DNA concentration deter-
mination and enzyme activity study.''®'? Recently, an anionic
poly(p-phenylene ethynylene) (PPE) containing green-emitting
excition trap sites was also reported to detect biologically
relevant amines based on the aggregation-enhanced exciton
migrations to induce a blue-green fluorescence change.>

Interpolyelectrolyte aggregation is often observed upon
polymer interaction with different proteins.'*'* The protein
binding-induced conformational change of conjugated poly-
electrolyte could result in modified fluorescence properties of
conjugated polyelectrolyte. Previous studies showed that con-
jugated polyelectrolyte was not very selective to proteins.'>*>'*
The nonspecific interaction of a carboxylate-substituted PPE
with different proteins was reported as a cautionary tale for
biosensor applications.'* Our recent studies have shown that
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the fluorescence of a carboxylic acid functionalized polyfluorene
could be quenched to various degrees by proteins, such as
cytochrome c (cyt c), lysozyme, myoglobin, and bovine serum
albumin (BSA).'3* This observation is similar to the previous
report that a sulfonated PPV could be strongly quenched by
cyt ¢, but to less extent by lysozyme and myoglobin.'®* The
response of conjugated polymers to different proteins is reflected
by the difference in Stern—Volmer quenching constants, which
is not convenient for protein detection. In a recent study, six
functionalized PPEs have been used to build a protein sensor
array.'® Because of the difference in charge characteristics and
molecular scales, these polymers provide binding diversity upon
interaction with protein analytes, generating distinct fluorescence
response pattern for protein discrimination. Although this
method is proved to be effective for protein detection with high
accuracy (97%), it functions on fluorescence quenching of
polymers and requires multiple titration processes. It is highly
desirable that a fluorescence turn-on or colorimetric sensor could
be developed using a single polymer which could respond to
different proteins with high selectivity and high accuracy.

The key challenge for the development of effective protein
sensors is the creation of materials featuring appropriate surface
areas for binding protein exteriors, coupled with the control of
structure and functionality required for selectivity.'® The second
challenge in protein sensing is the signal transduction of the
binding event. Water-soluble conjugated polymers containing
low-energy traps in the backbone with pendant charged residues
could provide an excellent scaffold for sensor design. These
materials can bind protein surface through multivalent interac-
tions. Upon binding, the aggregation-induced intensity and
emission color change of polymers could be used to report the
binding event. By adjusting pH of the media, both charge density
and the nature of the charge could be fine-tuned for proteins
and carboxylic acid functionalized polymers to optimize their
mutual interactions.'”® On the basis of the operation principle
we and others demonstrated for multicolor target detection, >
it occurred to us that we could take advantage of polymer
aggregation on protein surface to achieve multicolor protein
sensing.

In this contribution, we report the design and synthesis of
anionic BT-containing polymers for multicolor protein detection
and quantification. We start with the synthesis of polyfluorene
copolymers containing different amount of BT units within the
polymer backbone and study the intrinsic optical properties of
these new materials under different experimental conditions. We
then examine the perturbation in polymer emission properties
upon interaction with different proteins and show how these
interactions lead to changes in energy transfer within the
polymers and charge transfer/energy transfer between the
polymers and the proteins. Using P2-BT3 and lysozyme protein
as an example, we also show that the protein-induced polymer
emission change could be used to quantify protein concentra-
tions.

Experimental Section

Materials. 2,7-Dibromofluorene was purchased from Aldrich.
The monomers 2,7-dibromo-9,9-bis(3'-(tert-butylpropanoate))fluo-
rene (1),'%* 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-
bis(3'-(tert-butylpropanoate))fluorene (2),'>* and 4,7-dibromo-2,1,3-
benzothiadiazole (3)" were synthesized according to the previous
literatures. Other reagents were used as received from Aldrich or
Acros without further purification. Mill-Q water (18.2 MQ) was
used to prepare all polymer solutions.

Instrumentation. The "H NMR and '*C NMR spectra were taken
on a Burker 300 MHz spectrometer. UV —vis absorption spectra
were collected with a Shimadzu UV-1700 spectrophotometer.
Fluorescence was measured using a Perkin-Elmer LS-55 equipped
with a xenon lamp excitation source and a Hamamatsu (Japan) 928
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PMT, using 90° angle detection for solution samples. The solution
pH was measured using a pH meter (Sartorius PB-10) with a glass/
reference electrode, calibrated with buffers of pH = 4, 7, and 10.
GPC analysis was conducted at 35 °C using a Waters 2690 liquid
chromatography system equipped with a Waters 996 photodiode
detector. Polystyrenes were used as the standard, and tetrahydro-
furan (THF) was used as the eluent at a flow rate of 1.0 mL/min.
Light scattering data were collected with a laser light scattering
(LLS) 90 Plus (Brookhaven Instrument Corp.) at 24 + 1 °C.

General Synthetic Procedures for BT-Containing Polymers.
Poly[9,9-bis(3'-(tert-butyl propanoate))fluorene-co-4,7-(2,1,3-ben-
zothiadiazole);s] (P1-BT75). Monomer 1 (247 mg, 0.425 mmol),
monomer 2 (337 mg, 0.50 mmol), monomer 3 (22 mg, 0.075 mmol),
Pd(PhsP), (8 mg), and potassium carbonate (830 mg, 6 mmol) were
placed in a 25 mL round-bottom flask. A mixture of water (3 mL)
and toluene (9 mL) was added to the flask, and the reaction vessel
was degassed. The mixture was heated at 90 °C for 24 h under
argon and then precipitated into methanol. The polymer was filtered
and washed with methanol and acetone and then dried under
vacuum overnight to afford the neutral polymer P1-BT7 5 (300 mg,
75%) as a yellow fibrous solid. 'H NMR (300 MHz, CDCls) 6
(ppm): 8.16 (br, 0.15H), 7.73—7.85 (br, 6H), 2.53 (br, 4H), 1.65
(br, 4H), 1.30 (s, 18H). '*C NMR (75 MHz, CDCl;3) 6 (ppm):
173.17, 154.68, 149.67, 141.08, 137.43, 133.76, 132.50, 129.62,
127.4.3, 122.04, 120.80, 80.48, 54.43, 35.14, 30.58, 28.42.

Poly[9,9-bis(3'-(tert-butyl propanoate))fluorene-co-4,7-(2,1,3-
benzothiadiazole);s] (P1-BT15). Monomer 1 (203 mg, 0.35 mmol),
monomer 2 (337 mg, 0.50 mmol), monomer 3 (44 mg, 0.15 mmol),
Pd(PhsP), (8 mg), and potassium carbonate (830 mg, 6 mmol) were
placed in a 25 mL round-bottom flask. A mixture of water (3 mL)
and toluene (9 mL) was added to the flask, and the reaction vessel
was degassed. The mixture was heated at 90 °C for 24 h under
argon and then precipitated into methanol. The polymer was filtered
and washed with methanol and acetone and then dried under
vacuum overnight to afford the neutral polymer P1-BT;s (270 mg,
70%) as a yellow fibrous solid. '"H NMR (300 MHz, CDCls) 6
(ppm): 8.17 (br, 0.28H), 7.72—7.85 (br, 6H), 2.53 (br, 4H), 1.65
(br, 4H), 1.31 (s, 18H). '*C NMR (75 MHz, CDCl;3) 6 (ppm):
173.17, 154.68, 149.67, 141.10, 137.18, 133.75, 131.30, 129.59,
128.51, 124.45, 120.80, 80.48, 54.44, 35.13, 30.59, 28.40.

Poly[9,9-bis(3'-(tert-butyl propanoate))fluorene-co-4,7-(2,1,3-
benzothiadiazole)zo] (P1-BT3p). Monomer 1 (116 mg, 0.20 mmol),
monomer 2 (337 mg, 0.50 mmol), monomer 3 (88 mg, 0.30 mmol),
Pd(PhsP), (8 mg), and potassium carbonate (830 mg, 6 mmol) were
placed in a 25 mL round-bottom flask. A mixture of water (3 mL)
and toluene (9 mL) was added to the flask, and the reaction vessel
was degassed. The mixture was heated at 90 °C for 24 h under
argon and then precipitated into methanol. The polymer was filtered
and washed with methanol and acetone and then dried under
vacuum overnight to afford the neutral polymer P1-BT3y (220 mg,
65%) as a yellow fibrous solid. '"H NMR (300 MHz, CDCls) 6
(ppm): 8.17 (br, 0.60H), 7.72—8.02 (br, 6H), 2.55 (br, 4H), 1.75
(br, 4H), 1.31 (s, 18H). '*C NMR (75 MHz, CDCl;3) 6 (ppm):
173.24, 154.68, 149.63, 141.36, 137.43, 133.76, 132.50, 129.62,
128.56, 124.49, 120.73, 80.50, 54.45, 35.08, 30.77, 28.40.

Poly[9,9-bis(3'-propanoate )fluorene-co-4,7-(2,1,3-benzothiadia-
zole);.s] Sodium Salt (P2-BT75). P1-BT75 (100 mg) was dissolved
in dichloromethane (25 mL) in a 50 mL flask. After addition of
trifluoroacetic acid (3 mL), the mixture was stirred for 4 h at room
temperature. After removal of the solvent, the yellow-greenish
residue was treated with Na,COj3 aqueous solution (0.10 M, 30 mL)
at room temperature overnight. The polymer was purified through
dialysis against Mill-Q water (M,, cutoff: 3500) for 3 days. The
solution was freeze-dried to give P2-BT75 (75 mg, 90%) as a yellow
solid. "H NMR (300 MHz, CD;0D) 6 (ppm): 8.19 (m, 0.15H),
7.87—7.98 (m, 6H), 2.58 (br, 4H), 1.51 (br, 4H).

Poly[9,9-bis(3'-propanoate)fluorene-co-4,7-(2,1,3-benzothiadia-
zole);s] sodium salt (P2-BT1s5). P1-BT15 (100 mg) was dissolved
in dichloromethane (25 mL) in a 50 mL flask. After addition of
trifluoroacetic acid (3 mL), the mixture was stirred for 4 h at room
temperature. After removal of the solvent, the yellow-greenish
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Scheme 1. Synthetic Route to the Polymers of P1-BT, and
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residue was treated with Na,COj3 aqueous solution (0.10 M, 30 mL)
at room temperature overnight. The polymer was purified through
dialysis against Mill-Q water (M,, cutoft: 3500) for 3 days. The
solution was freeze-dried to give P2-BT;s (80 mg, 94%) as a yellow
solid. 'TH NMR (300 MHz, CD;0D) ¢ (ppm): 8.19 (m, 0.28H),
7.87—7.99 (m, 6H), 2.55 (br, 4H), 1.51 (br, 4H).
Poly[9,9-bis(3'-propanoate)fluorene-co-4,7-(2,1,3-benzothiadia-
zole)so] Sodium Salt (P2-BT3). P1-BT3y (100 mg) was dissolved
in dichloromethane (25 mL) in a 50 mL flask. After addition of
trifluoroacetic acid (3 mL), the mixture was stirred for 4 h at room
temperature. After removal of the solvent, the yellow-greenish
residue was treated with Na,COj; aqueous solution (0.10 M, 30 mL)
at room temperature overnight. The polymer was purified through
dialysis against Mill-Q water (M, cutoff: 3500) for 3 days. The
solution was freeze-dried to give P2-BT3y (80 mg, 93%) as an
orange solid. '"H NMR (300 MHz, CD;0D) ¢ (ppm): 8.22 (m,
0.59H), 7.89—8.00 (m, 6H), 2.60 (br, 4H), 1.58 (br, 4H).

Results and Discussion

Synthesis and Characterization. To synthesize anionic
water-soluble BT containing polymers, we have chosen tert-
butyl propanoate as the side chain of polyfluorene to maintain
good solubility of the neutral precursor polymer and to reduce
the hydrophobic component of the side chain after deprotec-
tion.'” The development of a key intermediate, 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-bis(3-(tert-butyl pro-
panoate)) fluorene,'> allows us to synthesize anionic water-
soluble polymers that only contain fluorene and BT units in
the polymer backbone with fully carboxylate functionalized side
chains. With each fluorene ring containing two carboxylate
groups, the high charge density would lead to good water
solubility of the synthesized polymers.

The synthetic entry to the polymers is shown in Scheme 1.
The monomers 2,7-dibromo-9,9-bis(3'-(fert-butylpropanoate))
fluorene (1), 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan- 2-yl)-
9,9-bis(3'-(tert-butylpropanoate))fluorene (2), and 4,7-dibromo-
2,1,3-benzothiadiazole (3) were synthesized according to the
previous reports.''>* Direct alkylation of 2,7-dibromofluorene
using fert-butyl acrylate in a mixture of toluene/aqueous KOH
gave monomer 1 in 51% yield. Conversion of 1 to the diboronic
ester 2 was achieved under the Miyaura reaction conditions in
the presence of bis(pinacolato)diborane, Pd(dppf),Cl,, and
KOACc using dry dimethylformamide (DMF) as the solvent.
Monomer 2 was obtained in 93% yield after purification by silica

Interpolyelectrolyte Complexes of Polymers and Proteins 4005

column chromatography. Monomer 3 was synthesized in 60%
yield by refluxing 2,1,3-benzothiadiazole in 47% HBr solution
upon addition of bromine." The structure and purity of 1, 2,
and 3 were confirmed with NMR and MS spectroscopies and
elemental analysis.'®

To obtain two emission colors from a single polymer chain,
different amounts of BT units are introduced into the polyfluo-
rene backbone. The synthetic approach involves a Suzuki
copolymerization of 2 with a mixture of 1 and 3 to afford the
neutral polymers of P1-BT,. The subscript “x” refers to the
molar percentage of BT units in these polymers, while (1 —
x%) corresponds to the fraction of the fluorene segments. In
Scheme 1, x = 7.5, 15, and 30 refer to the molar percentage of
BT units in the polymer backbone, which are 7.5%, 15%, and
30%, respectively. The obtained neutral polymers P1-BT, are
soluble in organic solvents such as dichloromethane, toluene,
and THF and can be easily purified by repeated precipitation
from toluene solutions into methanol. The NMR spectroscopies
confirmed the right structures and high purity of P1-BT,.
Molecular weight measured by GPC analysis against polystyrene
standards shows the weight-average molecular weight (M,,) for
P1-BT7s, P1-BT;s, and P1-BTj3 is 9300, 11 000, and 11 000,
respectively, with a polydispersity of 1.7, 1.9, and 1.8. In a
second step, hydrolysis of the ester groups of P1-BT, occurs
in a mixture of CH,Cl, and trifluoroacetic acid (TFA) (v/v =
1/1) at room temperature. After solvent evaporation, the residue
is treated with aqueous Na,COs (0.1 M). The target polymers
are then purified by dialysis against Mill-Q water using a 3.5
kDa molecular weight cutoff dialysis membrane for 3 days.
After freeze-drying, the anionic polymers of P2-BT, are
obtained in a yield of ~60%. The polymers of P2-BT, are
soluble in polar solvents, such as DMF, methanol, and H,O. In
the 'H NMR spectra of P2-BT,, there is no residual peak
observed at ~1.31 ppm that corresponds to —COOC(CH3); in
P1-BT,, which indicates that over 95% of —COOC(CHj3)3 is
converted to —COONa. From the ratio of integrated peaks (~8.2
ppm for protons of BT units vs 7.7—7.9 ppm for aromatic
protons of fluorene segments), the content of BT units within
P2-BT, is estimated to be 7.5%, 14.0%, and 29.5% for P2-
BT75, P2-BT;s, and P2-BTsj, respectively. The solubility of
P2-BT, in Milli-Q water (pH = ~6) decreases with increased
BT contents in the polymer backbone, which is measured to be
"’2.0, 08, and 0.1 mg/mL for P2-BT7.5, P2-BT15, and P2-BT30,
respectively.

pH-Dependent Aggregation of P2-BT,. The degree of
polymer aggregation in water at different pH was monitored
by laser light scattering (LLS) techniques. LLS results in Figure
1 show the pH effect on the effective diameter (ED) for P2-
BT, aqueous solutions at [RU] = 2.0 x 107> M. Here RU refers
to the average polymer repeat unit.'” At pH > 5, the EDs of
P2-BT, are in the range of 100—300 nm. The data shown in
Figure 1 are the average of three measurements, with +10%
errors. As the pH decreases, all polymers show a sudden increase
in ED at pH = 4 to 3. At pH = 3, the EDs for all polymers are
close to 2000 nm. Obvious precipitation is observed at pH =
2, and the solutions appear cloudy for all polymers. These data
indicate the substantial polymer chain aggregation upon pro-
tonation of the pendent groups. Protonation of the carboxylic
acid groups at low pH renders the polymers charge neutral which
leads to a decrease in interchain electrostatic repulsion and
favors polymer aggregation. At pH < 3, the polymers should
be mainly in the protonated state. At pH > 10, most of the side
chains in P2-BT, should be negatively charged, and the
repulsion between negative charges leads to extended polymer
structures in solution.



4006 Yu et al.

2500

- - N
(=3 (=3
(=3 g (=3
o o (=]
T T T

Effective diameter (nm)
8
o

Figure 1. Effective diameters (EDs) determined by laser light scattering
of P2-BT7s, P2-BT;s, and P2-BT3) ([RU] = 2.0 x 107> M) in water
as a function of pH.
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Figure 2. Normalized absorption spectra of P2-BT7s, P2-BT1s, and
P2-BT;) in water. The inset shows the deconvoluted absorption
spectrum for each polymer.

Absorption and Photoluminescence Spectra of P2-BT,.
Figure 2 shows the normalized absorption spectra of P2-BT,
([RU] = 1.0 x 107° M) in Milli-Q water (pH = ~6). For each
polymer, the absorption spectrum displays two bands at
~300—400 and ~400—500 nm, respectively. The band at
~300—400 nm is assigned to the sr—s* transition for the
fluorene segments, while the band located at ~400—500 nm is
assigned to the BT sites.”® The deconvoluted spectrum for each
polymer is shown in the inset of Figure 2. As the fraction of
BT in the backbone increases from 7.5% to 30%, one observes
a concomitant increase in intensity of the ~400—500 nm
absorption band and a decrease in intensity of the ~300—400
nm band. The intensity of the ~400—500 nm band for each
polymer also agrees well with the feed ratio of the BT monomer
during polymerization. In addition, with increased BT content
in the polymer backbone, there is a blue shift observed for the
fluorene segments. As shown in Figure 2, the maximum
absorption peak that corresponds to the absorption of fluorene
segments is 382 nm for P2-BT75, 370 nm for P2-BT;s, and
345 nm for P2-BT3y. The blue shift is attributed to the decrease
of effective conjugation length in P2-BT, with increased amount
of BT in the polymer backbone.?® In methanol, the polymers
have shown slightly blue-shifted absorption spectra with similar
shapes as compared to those in water.

The photoluminescence (PL) spectra of P2-BT, in water and
in methanol are shown in parts a and b of Figure 3, respectively.
The PL spectra are normalized with respect to the blue emission
band for each polymer. As shown in Figure 3a, the PL spectra
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Figure 3. PL spectra of P2-BT7s5, P2-BT;s, and P2-BT3) ([RU] = 1.0
x 107 M) in water (a) and in methanol (b). The excitation wavelength
for P2-BT75, P2-BT;s, and P2-BT3 is 382, 370, and 345 nm in water
and 380, 367, and 345 nm in methanol, respectively. Direct excitation
of BT at 450 nm for P2-BT, in water is shown as (c).

of P2-BT, in water (pH = 6) have two distinct peaks at 410
and 550 nm, and the emission is dominated by the BT emission
band centered at 550 nm. The absolute intensity for the peak at
550 nm increases with the increased amount of BT in the
polymer backbone. When excited at 450 nm, where preferential
absorption by BT takes place, the intensity of the emission peaks
that corresponds to P2-BT7 5, P2-BT;s, and P2-BTj3y ([RU] =
1.0 x 107% M) (Figure 3c) is proportional to the fractional
composition of BT in the backbone. This result confirms again
that the composition of polymers is similar to the feed ratio of
the monomers during polymerization. As seen from Figure 3b,
the PL spectra of P2-BT, in methanol are dominated by blue
emission, which are significantly different from those observed
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Figure 4. Dependence of polymer absorbance at the absorption
maximum for P2-BT7s, P2-BT;s, and P2-BT3 on pH ([RU] = 1.0 x
107° M) in water.

in water. In methanol, the emission intensity at ~550 nm also
decreases for each polymer as compared to that in water, and
there is almost no BT emission band observed for P2-BT7s.
The decrease of the long-wavelength emission in methanol
compared to that in water is due to less aggregation of P2-BT,
in methanol, which reduces intermolecular energy transfer from
the fluorene segments to the BT units.?® For P2-BT7 s, the PL
spectrum in methanol is very similar to hydrophobic polyfluo-
renes (i.e., poly(9,9-dihexylfluorene)) in good solvents, such as
chloroform, indicating that the aggregation of P2-BT7s is
minimum in methanol.>! For P2-BT;s and P2-BT3, because
of the large fractional component of BT units in polymer
backbone, it is possible that both intermolecular and intramo-
lecular energy transfer contribute to the BT emission in
methanol. The difference in BT emission in water and methanol
is consistent with the idea that less efficient energy transfer
between the fluorene segments and the BT units occurs in
isolated chains, relative to situations where interchain energy
transfer is favorable.

pH Effect on Absorption and Photoluminescence Spectra
of P2-BT,. The absorption of P2-BT7 s, P2-BT;s, and P2-BTj,
in Milli-Q water at pH = 3—11 was studied at [RU] = 1.0 x
107° M. The pH-dependent change of the maximum absorbance
for each polymer is shown in Figure 4. For all polymers, there
is about 30—40% increase in absorbance when pH is changed
from 3 to 11. At pH = 3, the majority of the carboxylate groups
are protonated and the polymers are mainly in the acid form.
Charge neutralization decreases the interchain electrostatic
repulsion and encourages interchain aggregation.'*” In addition,
low pH could favor hydrogen bonding between protonated
carboxylic acid groups, which leads to more aggregated polymer
states.”> The low absorbance at pH = 3 is also supported by
the LLS data, which is mainly due to aggregation and low
solubility of the polymers in water. Similar aggregation-induced
absorbance change was reported upon addition of various
amounts of water to an anionic polyfluorene in methanol.>* For
all polymers, the absorbance at pH = 6 is nearly 10% higher
than that at pH = 3, which indicates weaker interchain
interactions (i.e., aggregation) at pH = 6 as compared to those
at pH = 3. At pH = 11, deprotonation is a more favorable
process. When most of the polymer chains are negatively
charged, the polymer water-solubility increases. Repulsion
between negatively charged carboxylate functionalities will
cause the polymers to be in a less aggregated state. Therefore,
the polymers have slightly higher absorbance at pH = 11 as
compared to that at pH = 6. The difference in dissociation of
the carboxylic acid groups at pH = 6 and 11 is also supported
by the change in absorbance for n—s* of —COOH. As shown
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in Figure S1 (Supporting Information), using P2-BT7 s at [RU]
=1 x 107° M as an example, a peak centered at 217 nm is
observed at pH = 6, which indicates that some —COOH groups
remain in solution. The peak at ~217 nm almost disappears
when pH is increased to 11, indicating that deprotonation
increases with increased pH and the polymers are mainly in
the deprotonated state at pH = 11. This observation is similar
to the previous report for poly(isobutylene-alt-maleic acid)
(PIM), which shows an absorption peak at 215 nm for —COOH
at an ionization degree of 50%, and the peak disappears when
PIM is fully ionized.?*

Fluorescence changes of the polymer solutions upon varying
the solution pH from 7 to 11 were also studied. The spectra are
normalized with respect to the blue emission band to highlight
the changes of the BT emission band under different pH. The
results are shown in Figure 5. For P2-BT,, the BT emission
band gradually decreases with increasing pH. At pH = 11, when
majority of the carboxylic aicd groups are deprotonated, there
is virtually no obvious BT emission observed for all polymers.
This observation indicates that at high pH the repelled polymer
chains decrease the interchain interaction and greatly reduce
the intermolecular energy transfer process. In addition, the
extended polymer chains at high pH could further expose the
BT units to the aqueous solution. The decrease in BT fluores-
cence at high pH is also constant with a charge-transfer excited
state that increases its nonradiative decay rate in a more polar
environment.>> This charge transfer character was reported
previously with a neutral BT containing polymer, where the
BT emission was red-shifted ~10 nm upon addition of 10% of
water to its THF solution.?

To verify that the chemical structure of BT is not affected
by the change of solution pH, PL intensity of P2-BT3¢ ([RU]
= 1.0 x 107> M) by cycling the pH between 3 and 10 was
studied (Figure 6). In between each cycle, the polymer solution
underwent dialysis against Milli-Q water to minimize the effect
of ionic strength change (due to pH adjustment with HCl and
NaOH) on polymer emission. The polymer solution was then
calibrated against a solution of P2-BT3y with known concentra-
tion before fluorescence measurement. As shown in Figure 6,
changes in BT emission intensity at 550 nm as a function of
pH are reversible. These data indicate that protonation and
deprotonation of the acid groups by changing the pH results in
reversible aggregation.®

Salt Effect on Photoluminescence Spectra of P2-BT,. For
bioassay applications, it is highly desirable that the polymers
could be stabilized in buffer solutions, since buffer ions are often
used to maintain the solution pH and to screen the charges
among biomolecules.?’ For protein detection, a buffer solution
containing 5—150 mM ions is generally used. Under such ionic
strength, previously reported water-soluble BT containing
polymers underwent serious aggregation due to low charge
density and low water solubility of the polymers.'** It is highly
desirable that the polymers could have no or limited aggregation
in buffer so that the emission change from target-induced
polymer aggregation will not be interfered by polymer aggrega-
tion in the absence of the target. The emission spectra of P2-
BT3 ([RU] = 1.0 x 107° M) in water as a function of [NaCl]
are shown in Figure 7, and those for P2-BT7 s and P2-BT;s are
shown in Figures S2 and S3 (Supporting Information), respec-
tively. For all polymers, there is a gradual decrease in BT
emission and an increase in fluorene emission when [NaCl] is
varied from 0 to 100 mM. This observation indicates that
interchain/intrachain interaction decreases with increased ionic
strength in solution. This behavior could be understood from
the previous study of the ionic strength effect on pK, of
poly(carboxylic acid)s.”® The presence of 100 mM NaCl can
reduce the pK, of poly(acrylic acid) from 6.17 to 5.11.%® The



4008 Yu et al.

100 (a)
S —e—pH=7
S 80 —4&—pH=8
> —=—pH=9
P 6o —v—pH=10
) =
£ ¢—pH=11
a 40
£
S 20
=z

0 4 1 1 i 1 V.’. POl i 4 o
400 450 500 550 600 65
Wavelength (nm)

100 (b)
3: \
< g0
2
4
8 60
=
-
o 40
£
=
o
Z 20

1l S I PP BIPRITIR 4, 4 . 2o Jom i o, s o a3
400 450 500 550 600 650
Wavelength (nm)
100 (c)

-]
o

Norm. PL Intensity (a.u.)
3 3

N
o

g S SN
ks
1 1 1 ?I‘.

Tas0 500 550 600 650
Wavelength (nm)

Figure 5. Photoluminescence (PL) spectra of P2-BT75 (a), P2-BT;s
(b), and P2-BT3 (c) ([RU] = 1.0 x 107° M) in water as a function of
pH. The excitation wavelength is the absorption maximum for each
polymer.

presence of ions increases the shielding of the carboxyl group
from the electrical effects of the nearby charged carboxylate
groups, which favors the dissociation of protons from acid
groups. As a consequence, the presence of NaCl increases the
dissociation of the —COOH groups in P2-BT,, which disfavors
intrachain/interchain aggregation and results in less efficient
energy transfer from the fluorene segments to the BT units. This
assumption is supported by the decreased absorbance at 217
nm upon addition of NaCl to the solution of P2-BT7 5 as shown
in Figure S4 (Supporting Information). On the other hand, upon
addition of NaCl to the polymer solutions, the increased ionic
strength could also cause polymer aggregation. This is evidenced
by the decreased blue emission intensity upon addition of NaCl
([NaCl] > 100 mM) to polymer solutions (data not shown).
For P2-BTj¢, the BT emission tail could be suppressed by

Macromolecules, Vol. 41, No. 11, 2008

700

600

500

400

PL Intensity at 550 nm

300

Cycles

Figure 6. PL intensity of P2-BT3 ([RU] = 1.0 x 107> M) at 550 nm
upon cycling the pH between 3 and 10.

120F
L T\ —e—0

~ 100 | 4 —4—0.5mM
g t —=— 2.0 mM
= 8o0f ;" 1 —v—10 mM
S 7 I\ 40 mM
S 60| <100 mM
i)
£ I
- 40
o

20 H/

400 450 500 550 600 650
Wavelength (nm)
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M) as a function of [NaCl] in water.

increasing the solution pH and ionic strength simultaneously.
At pH = 9, the presence of 25 mM NaCl in P2-BT3y solution
yields no BT emission (Figure S5 in Supporting Information).

Photoluminescence Response to Different Proteins. Having
established the emission profiles for P2-BT, under different
conditions provided us the opportunities to study the interactions
of P2-BT, with different proteins. Electrostatic and hydrophobic
interactions between the polymers and different proteins should
induce different degrees of polymer aggregation, leading to
different patterns of polymer emission. The protein used in this
study include cyt ¢, BSA, and lysozyme. Cyt c is a small heme
protein found loosely associated with the inner membrane of
the mitochondrion, which is capable of undergoing energy/
electron transfer with conjugated polymers due to its metal
center.'* BSA is one of the most widely studied proteins and
is the most abundant protein in plasma.”® Lysozyme is a
ubiquitous bacteriolytic enzyme present in external secretions
and in polymorphs and macrophages.’® The isoelectric point
(pD of cyt ¢, BSA, and lysozyme proteins are 10.0, 4.9, and
11.0, respectively.'*

On the basis of the difference in BT emission intensity shown
in Figures 3a for P2-BT7s, P2-BTys, and P2-BT3) and the
intense blue emission of P2-BT3y under optimized conditions
(shown in Figure S5), it is obvious that P2-BT3y should give
the most sensitive response to external disturbance. To reduce
the background signal of BT emission, the medium of pH = 9
([Na;CO3/NaHCOs3] = 2 mM) in the presence of 25 mM NaCl
was selected (Figure S5 in Supporting Information). At pH =
9, cyt ¢ and lysozyme are positively charged, while BSA is
negatively charged. Because of the negatively charged nature
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each polymer. (d) Photographs for solutions of P2-BTj3, in the presence
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of P2-BT3, complex formation between the polymer and cyt ¢
or lysozyme through electrostatic interactions is favorable. In
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Figure 9. Ratios of Iseen/Ione for P2-BT3y ([RU] = 1.0 x 107 M)
with respect to [lysozyme]. The inset shows the curve at low protein
concentrations. The data are the average of three measurements.

addition, the hydrophobic driving force may also be cooperative,
especially for the interaction between P2-BT3¢ and BSA.

Figure 8 compares the emission spectra of P2-BT3p upon
addition of various amounts of lysozyme, BSA, and cyt ¢
proteins, at the same concentration of [RU] = 1.0 x 107 M.
The excitation wavelength is the maximum absorption wave-
length for each polymer. Addition of cyt ¢ to the polymer
solution leads to significant quenching of the emission from
fluorene segments at 410 nm, and there is no BT emission
observed (Figure 8a). This is due to the metalloporphyrin
functionality in cyt ¢, which is capable of quenching the excited
state of P2-BT3."*° In addition, the protein-induced aggregation
of P2-BT3 should also affect its fluorescence quenching. To
clarify the contribution of these two factors, lysozyme, a protein
that does not contain any electron transfer center, is also used
to interact with the polymer. As shown in Figure 8b, addition
of lysozyme leads to quenching of the blue emission at 410
nm. Concomitant with the decrease in the blue region, there is
a gradual increase in the BT emission band at 550 nm. This
behavior is typical of the aggregation-induced energy transfer
between the fluorene segments and the BT units, which is due
to binding-induced polymer aggregation and increased interchain
interaction. Addition of BSA to the polymer solution induces
increase in emission for both fluorene segments and the BT units
(Figure &c). Since BSA is negatively charged at pH = 9, the
surfactant nature of BSA tends to increase the polymer fluo-
rescence.' In addition, hydrophobic interaction between the
polymer and BSA causes increased interchain interactions
among polymers on the protein surface, which favors energy
transfer.

The difference in polymer response to proteins could thus
be used to develop a colorimetric assay. Because of the different
emission bands from P2-BTjy in extended and aggregated states,
addition of BSA causes an increase in both blue and yellow
bands. As a consequence, the emission appears green in color.
For lysozyme, the emission color appears yellow since the
addition of lysozyme causes quenching in the blue band but
enhancement in the yellow band. Because of efficient electron
transfer between cyt ¢ and P2-BTj3y, the polymer fluorescence
is totally quenched, and the solution remains dark. Figure 8d
shows the photographs of P2-BT3 in the presence of lysozyme,
BSA, and cyt ¢ proteins under excitation at 365 nm using a
portable UV lamp. The distinguished color difference indicates
the presence of different proteins in solution.

Protein Quantification. To obtain quantitative information
on how the shift in emission color correlated to protein
concentration, we added different amount of lysozyme to the
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P2-BTs; solution ([RU] = 1.0 x 107 M in 2 mM Na,CO3/
NaHCOj; buffer with 25 mM NaCl) to induce the polymer
emission change. The ratios of the intensities for the BT and
fluorene emission bands are calculated. As shown in Figure 9,
when plotting the ratio as a function of the protein concentration,
a linear curve is obtained for [lysozyme] varying from O to 140
uM. The curve that corresponds to the low protein concentration
is enlarged in the inset of Figure 9. The detection limit for
lysozyme is estimated to be 0.2 uM using a standard fluorom-
eter. This sensitivity is close to other colorimetric assays for
lysozyme detection using gold nanoparticles.*' The linear
relationship between the ratios of the emission intensity for two
emission bands and lysozyme concentrations could also be used
to quantify the lysozyme concentration in solution.

Conclusions

In summary, we report water-soluble carboxylated conjugated
polymers that change emission color as a result of conformation
and aggregation variations. The polymers were synthesized
through the Suzuki coupling between carboxylate functionalized
fluorene monomers and BT to afford the neutral polymers of
P1-BT,, which was followed by treatment in trifluoroacetic acid
to afford the water-soluble polymers of P2-BT,. The NMR data
revealed the right contents of BT in P2-BT, according to the
feed ratio of BT during polymerization. Both the absorption
and emission spectra showed that the polymers were aggregated
in water at low pH and the aggregation decreased at high pH,
which was supported by the light scattering data. Large
aggregates (~2000 nm) were observed at pH = 3, while
increasing the pH resulted in breakup of aggregates, as a result
of electrostatic repulsion between the negatively charged
polymer chains. Monitoring of the absorption spectra of
—COOH revealed the presence of —COOH in solution at pH
= 6, while the majority of the protons were dissociated form
the carboxylic acid groups at pH = 11. The presence of NaCl
was also found to favor the proton dissociation, which was
evidenced by the decreased absorbance for —COOH upon
addition of increased amount of NaCl to the P2-BT7 5 aqueous
solution. Along with the deprotonation process, the polymer
emission changed from yellow (pH < 6) to blue (pH > 9). Using
P2-BT3p as an example, addition of proteins to the polymer
solution resulted in emission spectral changes. Addition of
lysozyme led to quenching of the blue emission band and a
concomitant increase in the BT emission band. This behavior
is typical to the aggregation-induced energy transfer, which is
due to binding-induced polymer aggregation and increased
interchain interaction. Addition of BSA to the polymer solution
induced increase in emission for both fluorene segments and
the BT units, which is due to the surfactant nature and the
hydrophobic interaction between BSA and the polymer. Addi-
tion of cyt ¢ to the polymer solution led to fluorescence
quenching due to the metalloprotein which favors charge
transfer. The net effect of the emission spectral variation is a
change in emission color from blue to yellow, green, or dark
for lysozyme, BSA, and cyt ¢, respectively. Using P2-BT3 and
lysozyme protein as an example, we demonstrated that the
protein-induced polymer emission change could be used to
quantify protein concentrations, with a detection limit of 0.2
uM for lysozyme in solution. Further improvement of the water
solubility and the BT content within the polymer could yield
better polymers with higher detection sensitivity.
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