Chem. Mater2006,18, 3605-3610 3605

Articles

Radical Scavenging Mediating Reversible Fluorescence Quenching
of an Anionic Conjugated Polymer: Highly Sensitive Probe for
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The anionic conjugated polymer pél,4-phenylene[9,9-bis(4-phenoxybutylsulfonate)]fluorene-2,7-
diyl} (PFP-SQ@) can form a complex with cationic quencher 4-(trimethylammonium)-2,2,6,6-
tetramethylpiperidine-1-oxyl iodide (CAT1) through electrostatic interactions. The fluorescence of PFP-
SG; is efficiently quenched by CAT1 with a SteriVolmer constant K,) of 2.3 x 10’ M~ The
dynamic quenching rate constant of 8.8510' M~* s~ shows that the static quenching, as supported
by PFP-S@ /CAT1 charge pairing, is the dominant quenching mechanism. Either by hydrogen abstraction,
or by reduction, the transformation of the paramagnetic nitroxide radical into diamagnetic hydroxylamine
inhibits the quenching, and therefore, the fluorescence of anionic conjugated polymer is recovered. The
fluorescence recovery can be used to probe the processes of hydrogen transfer reaction from antioxidants
to radicals and the reduction of radical by antioxidants. These assays benefit from the sensitivity of
optical signals from conjugated polymers. The PFR-3CAT1 assembly can also be used as a platform
to sense ascorbic acid in water with high selectivity and sensitivity.

Introduction ers>”? However, the ESR analysis requires large sample
_ . . quantities and lacks sensitivity. Fluorescent methods based
In rgcent years freg r§d|cal reacthns have received muchOn the dual fluorophorenitroxide probes require the con-
attention due to their involvment in polymer and f00d qction of fluorophores and nitroxide radicals by appropriate
c_ie.gra(.jatlon apd omdapve dama@!e of DNA, protein, and chemical reactions. It is still needed to develop new sensitive,
lipids in a variety of disorders, diseases, and canters. qjnnje and reliable assay methods to probe the radical
Ant|QX|dant_s fngtlon as radical scavengers to plgy a vital scavenging by antioxidants.
role in the |nh|b|t|pq of thes'e danger radical react|'6m¥5 . In comparison to small molecule counterparts, the elec-
a consequence, Itis very |mpor_tant to stuqu_ their radical tronic structure of the conjugated polymer coordinates the
scavenging processes and an_t|OX|dant c_ap_ablhtles_. The meCh'action of a large number of absorbing units. As first
anism of the radical scavenging by antioxidants is based ON iscovered by Swager and colleagiféthe excitation energy
the tfapp"‘g of radicalg by hydrogen tr.anéfeor_ redox along the whole backbone of the conjugated polymer
rgactmns”ﬂ These reactlons_ can be. monitored via the ESR transferring to the quencher results in the amplified fluores-
signal changes of the radic&ler via fluorescent signal cence quenching. Therefore, conjugated polymers can be
changes of fluorophores convalently linked to radical quench- used as the optical platform ir; highly sensitive chemical and

biological sensors. Recently, we and others have utilized this
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fluorescent probe on the basis of reversible fluorescence Scheme 1. Schematic Representation of Radical Scavenging
quenching of an anionic conjugated polymer mediated by Assays and Chemical Structures of the Anionic Conjugated
radical scavenging. It can be used to probe the processes of ~ olYmer (PFPS%&;Z%;‘E‘(?E'T‘;;\"t”ox'de Radical
hydrogen transfer reactions from antioxidants to radicals and

the reduction reaction of radicals by antioxidants. The same El)(CHa)a'@
probe can also be used to detect antioxidant capabilities of
a variety of antioxidants. Due to the excellent antioxidant HaC CHs;
capability of ascorbic acid, a fluorescent sensing for ascorbic HaC fil CH,
acid is realized with high sensitivity and selectivity. o
. . CAT1
Experimental Section

Materials and Instruments. The CAT1 was obtained from ET
Molecular Probes. The)-6-hydroxy-2,5,7,8-tetramethylchromane- ET
2-carboxylic acid (trolox) was purchased from Aldrich. The .

(1) hydrogen abstraction HiC CH;

gluotathione (reduced) was obtained from Amresco. The ascorbic
acid was purchased from 3rd Chemical Reagent Factory of Tianjin,

China. The synthesis of PFP-3QOs available in the literatur®.

The UV—vis absorption spectra were recorded on a Jasco V-550
spectrometer. Fluorescence measurements were done in 3 mL ¢

polystyrene cuvettes and on a F-4500 (Hitachi) fluorometer
equipped with a Xenon lamp excitation source. The excitation

wavelength was 376 nm. All experiments were done in phosphate quenched fluorescence

buffer solution (5 mM, pH 7.4). Water was purified using a
Millipore filtration system.
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Fluorescence Quenching ExperimentThe quenching experi-
ment was performed by successive additions of CAT1 to the
solution of PFP-S@ ([PFP-SQ] = 1.0 x 10°® M) in phosphate
buffer at room temperature, and the fluorescence spectra were
measured.

Fluorescence Recovery ExperimentThe trolox ([trolox]= 1.0
x 1074 M) or ascorbic acid ([ascorbic acig} 2.0 x 1074 M) was
added into the solution of CAT1 ([CAT1F 5.0 x 1075 M) in
phosphate buffer. After the sample was incubated for 35 min for
tolox or 10 min for ascorbic acid, the PFP-$Qvas added and
the fluorescence spectra were measured.

Fluorescence Recovery as a Function of Concentrations of
Antioxidants. A series of mixed solutions of CAT1 ([CAT1F
5.0 x 1075 M) and antioxidants with different concentrations<(0
3.0) x 10 M) in phosphate buffer were prepared at room
temperature. After the samples were incubated for 35 min for trolox
or 10 min for other antioxidants, PFP-$Owas added and the
fluorescence spectra were measured. The plot of fluorescence
intensity at 422 nm for PFP-SOas function of trolox concentra-
tions was then obtained.

Fluorescence Recovery as a Function of Reaction TimeA.
series of mixed solutions of CAT1 ([CATH 5.0 x 10°°> M) and
trolox ([trolox] = 1.0 x 10~* M) or ascorbic acid ([ascorbic acid]
= 2.0 x 104 M) in phosphate buffer were prepared at room
temperature. After the samples were incubated for certain time, the
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Figure 1. (a) Fluorescence emission spectra of PFR-S@ phosphate buffer solution (5 mM, pH 7.4) with successive additions of CAT1 ([PFPSD
=1.0x 106 M in RUs, [CAT1] =0 to 2.0x 107¢ M). (b) K, plot of PFP-S@" in the presence of CAT. (& plot in low CAT1 concentration (050
nM) profiles. The excitation wavelength is 376 nm. The error bars represent the standard deviation of four measurements conducted at each €&idhconcen

PFP-SQ@ was added and the fluorescence spectra were measured. The (&)-6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
The plot of fluorescence intensity at 422 nm for PFP;S@s boxylic acid (trolox) ()°> and ascorbic acid4j’ are chosen
function of the time of hydrogen transfer or radical reduction process gg proofs of the concept for the hydrogen abstraction and
was then obtained. reduction reactions, respectively (Scheme 2). CAT1 can
abstract a hydrogen atom from troloxX)(to produce
hydroxylamine 3. Ascorbic acid can reduce CAT1 to

Design of the Fluorescent Probe for Radical Scaveng- hydroxylamine3, and itself is oxidated to the dehydroascor-
ing. Our new fluorescent probe for radical scavenging is bic acid5.
illustrated in Scheme 1. The anionic pply4-phenylene- Study on Amplified Fluorescence QuenchingAlthough
[9,9-bis(4-phenoxybutylsulfonate)]fluorene-2, 7-diyPFP- CAT1 has been used as the quencher to small fluoropBbres,
S0;7)18 can form the complex with cationic radical quencher its quenching ability to conjugated polymers has never been
CAT1 through electrostatic interactions. PFPsS@ one  reported. To investigate the quenching ability of nitroxide
of the polyfluorene derivatives that exhibit higher thermal radical CAT1, the fluorescence quenching of PFRrSO
stability and photoluminescence quantum efficiency. These ([PFP-SQ7] = 1.0 x 10°® M in repeat units (RUs)) was
polyfluorene derivatives have higher energy band gaps (2.8thus examined by CAT1 in phosphate buffer solution (5 mM,
eV) with higher oxidation potentials~(1.5 V) and redox  PH 7.4) (Figure 1a). The quenching efficiency is related to
potentials ¢—2.2 V)2 Taking into account the oxidation the Sterr-Volmer constant,Ks, and is determined by

Results and Discussion

potentials (0.63 V) and redox potentials{—0.62 V) of monitoring measurable changes in the fluorescence via the
nitroxide radical$! the fluorescence of PFP-gOcan be  Stern-Volmer equatior??
efficiently quenched by CAT1 via a charge-transfer pro&ess

v ¢ 0 0 Il =1+ K, [Q] (1)

(Scheme 1A). Either by hydrogen abstraction or by reduction,

the transformation of the paramagnetic nitroxide radical into Here|, is the fluorescence emission intensity in the absence
diamagnetic hydroxylamine inhibits the quenching, and of the quencher, is the fluorescence emission intensity in
1B). concentration.
2 @ - The quenching of PFP-SOby CAT1 shows downward
20) (a) Liu, B,; Bazan, G. CJ. Am. Chem. So2005 128 1188-1196. ; ;

(b) Mallavia, R.; Montilla, F.; Pastor, I.; Velasquez, P.; Arredondo, curvature in the St.emVo.Imer p|0t GO/I V_S [CAT]']) at hlgher

V.; Alvarez, A. L.; Mateo, C. RMacromolecule2005 38, 3185. CAT1 concentration (Figure 1b), which indicates that not

(21) Green, S. A; Simpson, D. J.; Zhou, G.; Ho, P. S.; Blough, NJ.V. ]| PFP-S@~ molecules are accessible by electrostatic
Am. Chem. Sod99Q 112 7337-7346.

(22) (a) Szajdzinska-Pietek, E.; Wolszczak, Mngmuir200Q 16, 1675~
1680. (b) Chattopadhyay, S. K.; Das, P. K.; Hug, GJLAm. Chem. (23) Lakowicz, J. R.Principles of Fluorescence Spectroscppiuwer
Soc.1983 105 6205-6210. Academic/Plenum Publishers: New York, 1999.
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Figure 2. (a) Emission spectra of PFP-$0and PFP-S@/CAT1 in the absence and presence of the trolox. (b) Fluorescence intensity at 422 nm of
PFP-SQ@/CAT1 as function of trolox concentrations ([trolox} (0—3.0) x 10~4 M). (c) Fluorescence intensity at 422 nm of PFPsSICAT1 in the

presence of trolox as function of the incubating time. The excitation wavelength is 376 nm, and measurements are performed in phosphate buffer (5 mM,
pH 7.4) ([PFP-S@] = 1.0 x 10°°M in RUs, [CAT1] = 5.0 x 10°° M, [trolox] = 1.0 x 104 M). The error bars represent the standard deviation of four
measurements conducted at each trolox concentration or time.

interactions to this charged quencher in this case. At low the quenching due to the scavenging of nitroxide radical via
concentrations of CAT1, a linear Sterfolmer plot is hydrogen transfer from the trolox to CAT1. The fluorescence
obtained with thes, value of 2.3x 10" M~ (Figure 1c). recovery exhibits dependence upon the concentration of the
The dynamic quenching rate constaky) Can be calculated  trolox (Figure 2b). It should be noted that the amount of the
from eq 22 using theKs, value and fluorescence lifetime trolox necessary to produce obvious fluorescence recovery
(7) of the PFP-S@'. is remarkably lower in the range +@00 «M. Figure 3a
shows that the hydrogen transfer process from trolox to
K, Zﬁl @) CAT1 is very slow. The quenching recovery increases in
T the time range from 0 to 30 min and reaches a plateau after
35 min.

Assay for the Radical Reduction ProcessFigure 3a
shows that, for additions of ascorbic acid ([ascorbic agid]
2.0 x 1074 M) to the solution of PFP-SQ/CAT1 ([PFP-
SO;7] = 1.0x 108 M in RUs, [CAT1] = 5.0 x 107> M),
the fluorescence of PFP-30is significantly recovered. It
was found that the recovery proceeded to a completion in
about 0.5-3.5 min, which is much faster than the hydrogen
transfer process from trolox to CAT1 (Figure 3b). We noted
C&hat the fluorescence of PFP-$Qwas recovered by 200%

Instead of the expected 100%. It is known that the oxygen
dissolved in solvents is a quenciieéand so we bubbled the
solution of PFP-S@ in phosphate buffer with nitrogen for

2 h and the intensity of PFP-30increased by about 100%
(Figure 3a). It was found that the same fluorescence recovery
was obtained if we only bubbled the phosphate buffer with
nitrogen fo 2 h and then added PFP-$0to the buffer

The fluorescence lifetime for PFP-30s approximately
0.26 nst® which provides a quenching rate constant of 8.85
x 10 M~* s, This value is several orders of magnitude
above those possible for diffusion-controlled quenchittg.
Static quenching, as supported by PFPs30ATL1 charge
pairing, is therefore the dominant quenching mechanism. The
guenching efficiency is about 80% at ¥V CAT1, which
shows that the remarkably low concentrations of CAT1 are
effective in quenching the fluorescence of PFP;SOhis
provides us the chance to probe radical scavenging and dete
antioxidants with high sensitivity.

Assay for the Hydrogen Transfer ProcessAs shown
in Figure 2a, upon addition of the CAT1 ([CATH 5.0 x
105 M), the fluorescence of PFP-SO([PFP-SQ] = 1.0
x 107% M in RUSs) is efficiently quenched. The trolox is
added and allowed to equilibrate for 35 min, which reverses

(24) Stork, M.; Gaylord, B. S.; Heeger, A. J.; Bazan, G.Adv. Mater.
2002 14, 361—-366. (25) Cabarcos, E. L.; Carter, S. Macromolecule®005 38, 4409-4415.
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solution. The effect of degassing on the fluorescence recoveryoxygen are all scavenged. To prove this dual scavenging
due to a change in the state of aggregation of the PFP-SO mechanism, two additional experiments were employed with
induced by the degassing process is ruled out. That is, thecontrolled single scavenging process for nitroxide radical or
oxygen dissolved in the buffer solution quenches half of the for oxygen only: (a) The addition of ascorbic acid ([ascorbic

fluorescence of PFP-SQ A similar result was also reported acid] = 2.0 x 10 ~* M) to the solution of PFP-SQ/CAT1

in the literature’® Therefore, upon addition of ascorbic acid (PFP-SQ] = 1.0 x 10° M in RUs, [CAT1] = 5.0 x

to the solution of PFP-SO/CAT1, the nitroxide radical and 105 M) in the absence of oxygen only results in 100%

(26) Abdou, M. S. A.: Orfino, F. P.: Son, Y. Holderoft, . Am. Chem. fluorescence .recovery, where only. _nltrOX|de rad!cal yvas
S0c.1997, 119, 4518-4524. scavenged (Figure 4a). (b) The addition of ascorbic acid to
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the solution of PFP-S© without CAT1 in the presence of of PFP-SQ". Therefore, PFP-SO/CAT1 can be used as
oxygen results in about 100% fluorescence increase, wherethe platform in a highly sensitive ascorbic acid sensor with
only the scavenging for oxygen was performed (Figure 4b). minor interference from other antioxidants.

Assay for Antioxidant Capability and the Sensor for
Ascorbic Acid. To investigate the antioxidant capabilities Conclusion
of different antioxidants, the fluorescence recovery for PFP-
SO;7/CAT1 under oxygen was examined by water-soluble  In summary, the amplified fluorescence quenching of
antioxidants, such as ascorbic acid, cysteine, gluctathione,anionic PFP-S@ by cationic CAT1 was employed with a
uric acid, and glucose. Figure 5a exhibits that fluorescence Stern-Volmer constant of 2.3 10’ M~1. The dynamic rate
recovery for PFP-S@/CAT1 ([PFP-S@] = 1.0 x 107 constant of 8.85x 10 M~ s shows that the static
M in RUs, [CAT1] = 5.0 x 10°° M) depends on the quenching is the dominant quenching mechanism. Either by
concentration of antioxidants. For ascorbic acid the fluores- hydrogen abstraction or by reduction, the transformation of
-cence recovery is remarkably higher than those for other the paramagnetic nitroxide radical into diamagnetic hydroxy-
antioxidants, which shows the antioxidant capability of lamine inhibits the quenching, and therefore, the fluorescence
ascorbic acid is strongest in these water-soluble antioxidants.of anionic conjugated polymer is recovered. The fluorescence
Ascorbic acid can be determined in the concentration rangerecovery can be used to probe the processes of hydrogen
from 50 nM to 20QuM (Figure 5a). The control experiments  transfer reaction from antioxidants to radicals and the
were also done with a nonspecific quenciéN'-dimethyl- reduction reaction of radicals by antioxidants. These assays
4,4-bipyridinium (MV#")?" for ascorbic acid. As shown in  penefit from the sensitivity of optical signals from conjugated
Figure 5b, upon addition of the MV, the fluorescence of  polymers. A highly sensitive ascorbic acid probe with minor
PFP-SQ@ is efficiently quenched. The ascorbic acid was jnterference from other antioxidants is also obtained.
added and allowed to equilibrate for 35 min, and almost no
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