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Abstract: The use of anionic water-soluble conjugated polymers (CPs) for sensing the presence of avidin
by use of a biotin-modified fluorescence quencher was studied. The molecules involved in the study included
poly[2-methoxy-5-(3′-propyloxysulfonate)-1,4-phenylenevinylene] with either lithium (Li +-MPS-PPV) or
sodium (Na+-MPS-PPV) countercations, the well-defined oligomer pentasodium 1,4-bis(4′(2′′,4′′-bis-
(butoxysulfonate)-styryl)-styryl)2-butoxysulfonate-5-methoxybenzene(5R5-),thequenchersN-methyl-4,4′-pyridyl-
pyridinium iodide (mMV+) and [N-(biotinoyl)-N′-(acetyl 4,4′-pyridylpyridinium iodide)] ethylenediamine (BPP+),
which contains a molecular recognition fragment (biotin) attached to a unit that accepts an electron from
a CP excited state, and the proteins avidin, tau, BSA, and pepsin A. Fluorescence quenching experiments
were examined in a variety of conditions. Experiments carried out in water and in ammonium carbonate
buffer (which ensures avidin/biotin complexation) reveal that nonspecific interactions between the CP and
the proteins cause substantial perturbations on the CP fluorescence. The overall findings are not consistent
with a simple mechanism whereby avidin complexation of BPP+ leads to encapsulation of the quencher
molecule and recovery of Li +-MPS-PPV fluorescence. Instead, we propose that binding of BPP+ to avidin
results in the quenching unit attaching to a positively charged macromolecule. Electrostatic attraction to
the negatively charged conjugated polymer results in closer proximity to the quencher. Therefore, more
enhanced fluorescence quenching is observed.

Introduction

There are substantial efforts aimed at improving fluorescent
biosensors.1-4 One of the primary qualities of a molecular
sensory process is that it must be selective. Diagnostic signals
must correspond to the presence of a specific analyte or target,
such as a protein structure or a DNA (or RNA) sequence. A
clear difference must exist between these signals and those that
the sensor produces when nontarget molecular species are
interrogated. Biosensors must also be sensitive. The small
quantities of diagnostic materials in biological samples, or in
the environment, often limit identification speed and accuracy.
To address this limitation, signal amplification schemes have
appeared which utilize fluorogenic substrate active enzymes,5-7

modified liposomes,8 and Au nanoparticles.9-11 Finally, useful

sensors should continue to be selective and sensitive with
variations in analyte quantity.

Conjugated polymers (CPs) contain a set of structural
attributes that make them useful in optical and electronic
detection of chemical and biomolecular targets. Swager pointed
out that important properties, such as charge transport, conduc-
tivity, emission yield, and exciton migration, are easily perturbed
by external agents and lead to substantial changes in measurable
signals.12,13When the molecular weight of the polymer is large,
the backbone holds together a number of segments with an
average conjugation length shorter than the average degree of
polymerization. Fluorescence resonance energy transfer (FRET)
among these segments allows excitations to travel to low energy
sites.14 If the low energy site corresponds to the presence of
the target, then the overall collection of optical units has a “light
harvesting” effect.

Recent work has revealed new concepts for optimizing the
optical amplification of CPs. Theoretical and experimental work
demonstrate that the electronic coupling across interchain
contacts (either between chains or looped regions in the same
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chain) is more efficient than that between conjugated segments
adjacent to each other.15-17 The “dimensionality” of the system
(i.e., whether one, two, or three dimensions are available for
energy transfer) also plays an important role.18 The degree to
which these effects cooperate to determine the final overall
sensitivity remains to be determined and is likely to vary
depending on the polymer structure and processing conditions.
It should also be noted that exciton migration in a film of small
molecules can provide optical amplification similar to these
discussed for CPs.19 These considerations are relevant when the
CP is used as a film; however, when sensing is done in solution,
perturbations that influence the coil conformation or the
aggregation between chains can dominate fluorescence.20,21

Water solubility is required for biosensing in solution. This
property is most often accomplished in CPs by molecular
designs that incorporate charged groups pendant to the elec-
tronically delocalized backbone.22 Because of these charged

groups, chain-chain interactions in water-soluble CPs are
subject to the same interpolymer forces previously characterized
for other polyelectrolytes.23 Moreover, because of the high
content of aromatic subunits, the backbone is considerably
hydrophobic, causing extensive aggregation in aqueous media.
Even for conjugated oligomers with only four to five repeat
units, the aggregation number at low concentrations (∼1 × 10-5

M) can be in the order of a thousand.24,25 Thus, electrostatic
and hydrophobic forces, which depend on the chemical structure
of a given polymer, work in concert to mediate FRET efficien-
cies.

A recent contribution that details a water-soluble CP-based
fluorescence assay has stimulated substantial research.26 The
probe molecule [N-(biotinoyl)-N′-(acetyl 4,4′-pyridylpyridinium
iodide)] ethylenediamine (BPP+) consists of a molecular
recognition fragment (biotin) attached to a pyridinium unit that
can accept an electron from the CP excited state.27 The structures
of the specific CP andBPP+, together with the original
description of the biosensor process, are illustrated in Scheme
1. WhenBPP+ is added to a solution of poly[lithium 2-methoxy-
5-(3′-propyloxysulfonate)-1,4-phenylenevinylene] (Li +-MPS-
PPV),28 a weak electrostatic complex forms between the
pyridinium and sulfonate groups, which brings the quencher

(15) Nguyen, T.-Q.; Wu, J.; Doan, V.; Schwartz, B. J.; Tolbert, S. H.Science
2000, 288, 652-656.

(16) Nguyen, T.-Q.; Wu, J.; Tolbert, S. H.; Schwartz, B. J.AdV. Mater. 2001,
13, 609-611.

(17) (a) Beljonne, D.; Pourtois, G.; Silva, C.; Hennebicq, E.; Herz, L. M.; Friend,
R. H.; Scholes, G. D.; Setayesh, S.; Mu¨llen, K.; Brédas, J. L.Proc. Natl.
Acad. Sci. U.S.A.2002, 99, 10982-10987. (b) Beljonne, D.; Pourtois, G.;
Shuai, Z.; Hennebicq, E.; Scholes, G. D.; Bre´das, J. L.Synth. Met.2003,
1369-1371.
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Phys. Chem. A1999, 103, 2394-2398.

(21) (a) Ho, H.-A.; Boissinot, M.; Bergeron, M. G.; Corbeil, G.; Dore´, K.;
Boudreau, D.; Leclerc, M.Angew. Chem., Int. Ed.2002, 41, 1548-1551.
(b) Nilsson, K. P. R.; Rydberg, J.; Baltzer, L.; Ingana¨s, O.Proc. Natl. Acad.
Sci. U.S.A.2003, 100, 10170-10174. (c) Ho, H.-A.; Leclerc, M.J. Am.
Chem. Soc.2004, 126, 1384-1387.

(22) Pinto, M. R.; Schanze, K. S.Synthesis2002, 9, 1293-1309.

(23) Hara, M.Polyelectrolytes: Science and Technologies; Marcel Dekker: New
York, 1993.

(24) Gaylord, B. S.; Wang, S.; Heeger, A. J.; Bazan, G. C.J. Am. Chem. Soc.
2001, 123, 6417-6418.

(25) Hong, J. W.; Gaylord, B. S.; Bazan, G. C.J. Am. Chem. Soc.2002, 124,
11868-11869.

(26) Chen, L.; McBranch, D. W.; Wang, H.-L.; Helgeson, R.; Wudl, F.; Whitten,
D. G. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 12287-12292.
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Scheme 1. (A) Chemical Structures of Li+-MPS-PPV, mMV+, and BPP+; (B) Avidin Sensor Description: Orange Line Represents
Li+-MPS-PPV, and Q and B are the Quencher and Biotin Modules of BPP+, Respectively (Avidin Is Positively Charged)
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molecule into close proximity to the optically active backbone.
Under these circumstances, the fluorescence quenching ofLi +-
MPS-PPV by BPP+ is very efficient. The addition of avidin,
which selectively binds the biotin substructure, was described
to encapsulateBPP+ and draw it away fromLi +-MPS-PPV,
thereby recovering emission. In other words, the average
distance between the polymer and the quenching site is larger
upon avidin complexation of the biotin fragment (d2 > d1).
Several control experiments were reported in support of Scheme
1. N-Methyl-4,4′-pyridylpyridinium iodide (mMV +) quenches
the emission ofLi +-MPS-PPV to a similar, but lesser, extent
than BPP+. Avidin (2.4 × 10-8 M) did not reestablish the
emission ofLi +-MPS-PPV/mMV +. Finally, addition of avidin
(2.0 × 10-7 M) to Li +-MPS-PPV ([RU] ) 1.0 × 10-5 M,
where RU) repeat unit of polymer) did not perturb emission.

More recent publications have shown that nonspecific inter-
actions between water-soluble CPs and proteins are more
difficult to control than originally anticipated.29 These unpredict-
able contacts can dominate the changes in CP emission, even
in the presence of target-specific quencher molecules. For
example, during studies on how the anionic poly[lithium
2-methoxy-5-(4′-butoxysulfonate)-1,4-phenylenevinylene] (Li +-
MBS-PPV) could be used in “lock-and-key” molecular recogni-
tion events, it was found that the anionic protein mouse IgG
enhanced the polymer emission by approximately 30%, even
at low concentrations ([RU] ofLi +-MBS-PPV ) 9.5 × 10-7

M and [IgG] ) 1.5 × 10-7 M).30 The surprising perturbation
of emission by a negatively charged protein highlights hydro-
phobic interactions between the two macromolecules in a buffer
solution. Nonspecific interactions can be reduced whenLi +-
MBS-PPV is complexed with a cationic polyelectrolyte,
however, at the expense of sensitivity.30

Surfactants based on small molecules also perturb the optical
properties of water-soluble CPs.31 Addition of dodecyltrimeth-
ylammonium bromide (DTA) toMPS-PPV increases the
fluorescence quantum yield (Φ) by elongating the polymer coil
and discouraging interchain aggregation. Surfactants also influ-
ence the fluorescence quenching efficiency of external agents.
For instance, the quenching efficiency of methyl viologen
(MV 2+) is reduced by DTA by more than 2 orders of magnitude.

Surfactant effects are quite complex. In the case of the well-
defined oligomer pentasodium 1,4-bis(4′(2′′,4′′-bis(butoxysul-
fonate)-styryl)-styryl)2-butoxysulfonate-5-methoxybenzene (5R5-)
(see Scheme 2), which has a structure that mimics a well-defined
repeat segment ofNa+-MBS-PPV, the addition of DTA also
increasesΦ.24 However, a comparison ofNa+-MBS-PPV and

5R5- with approximately similar [RU] (2.0× 10-5 M) and
[DTA]/[RU] ≈ 10, shows that the oligomer is more effectively
quenched byMV 2+. A relevant observation here is that5R5-

forms large aggregates (∼1000 molecules), even under these
low concentrations. Incorporation of surfactants within these
aggregates appears to increase the electronic communication
between optical subunits and may also increase the surface-to-
volume ratio by forming smaller aggregates. Further evidence
that the nonspecific interactions of surfactants influence the
FRET between oppositely charged oligomers in solution has
also appeared.32

Proteins themselves may also behave as electron acceptors.33

The electron-transfer protein cytochromec (cyt c) quenches the
Li +-MBS-PPV fluorescence very efficiently. A plausible mech-
anism involves quenching by the Fe(III) site in cytc. This
photoinduced electron-transfer step yields the ferrous state of
cyt c. Fluorescence quenching was observed, even when the
pH of the solution rendered the cytc slightly negative.
Furthermore, the protein lysozyme, which does not contain an
electroactive center, was able to quench up to 50% of theLi +-
MBS-PPV emission.

The collected work on nonspecific interactions described
above led us to reconsider the originalLi +-MPS-PPV/BPP+/
avidin sensor. In pure water, which would maximize theLi +-
MPS-PPV/BPP+ electrostatic attraction,34 the biotin/avidin
complexation is not optimized.35 In buffer solutions, wherein
the biotin/avidin binding is enhanced, the electrostatic binding
betweenLi +-MPS-PPV andBPP+ would be severely attenu-
ated, rendering the biosensor scheme sensitive to nonspecific
hydrophobic interactions.30 To address these concerns, we report
in this contribution a systematic investigation of the fluorescence
quenching of anionic CPs and oligomers withBPP+, mMV +

in the presence and absence of avidin and nonspecific proteins.
The resulting conclusions contradict the original mechanism
provided in Scheme 1.

Results and Discussion

Synthesis and General Consideration of Polymer Struc-
tures. We propose the following system for abbreviating the
nomenclature of water-soluble PPVs:M+-MPS-PPV for the
methoxypropyloxy sulfonate-substituted PPV, for example,Na+-
MPS-PPV or Li +-MPS-PPV, or M+-MBS-PPV for the meth-
oxybutoxy sulfonate counterparts. This system provides a
complete description of the pendant groups and the counterca-
tions of the polymer.

There are no synthetic details or characterization ofBPP+

provided in the literature. Our procedure and assignment are as
follows. An excess of 4,4′-bipyridine (4 equiv) was added to a
solution of commercially availableN-(biotinoyl)-N′-(iodoacetyl)-
ethylenediamine in DMSO-d6 (eq 1). The disappearance of the
singlet due to the iodoacetyl protons (3.61 ppm) was monitored
by 1H NMR spectroscopy. Once the reaction was complete
(room temperature), the solvent was removed and the product
was purified by extraction of unreacted 4,4′-bipyridine with

(29) Heeger, P. S.; Heeger, A. J.Proc. Natl. Acad. Sci. U.S.A.1999, 96, 12219-
12221.

(30) Wang, D.; Gong, X.; Heeger, P. S.; Rinisland, F.; Bazan, G. C.; Heeger,
A. J. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 49-53.

(31) Chen, L.; Xu, S.; McBranch, D.; Whitten, D.J. Am. Chem. Soc.2000,
122, 9302-9303.

(32) Stork, M.; Gaylord, B. S.; Heeger, A. J.; Bazan, G. C.AdV. Mater. 2002,
14, 361-366.

(33) Fan, C.; Plaxco, K. W.; Heeger, A. J.J. Am. Chem. Soc.2002, 124, 5642-
5643.

(34) Israelachvili, J. N.Intermolecular & Surface Forces, 2nd ed.; Academic
Press Inc.: San Diego, 1991.

(35) Wei, R.-D.; Wright, L. D.Proc. Soc. Exp. Biol. Med. 1964, 117, 341-
344.

Scheme 2. The Chemical Structure of 5R5-
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dichloromethane. The structure was confirmed by electrospray
mass spectrometry.

M+-MPS-PPV was synthesized by the method of Shi and
Wudl.28 The polymer countercation is controlled by the metal-
alkoxide base, NaOMe or LiOMe, used in the polymerization
reaction and conversion of precursor polymer to the conjugated
form. The polymers are subjected to dialysis with 12 000-
14 000 molecular weight cut-off cellulose membranes for 48 h
to remove any low molecular weight products. Due to the nature
of the polymerization reaction, batch-to-batch variations of
molecular weight, molecular weight distributions, and conjuga-
tion defects are often encountered.36 These factors, together with
aggregation size and polymer conformation, can influence the
fluorescence of different polymer samples.37

Fluorescence Quenching Experiments and Nonspecific
Interactions in Water. Fluorescence quenching efficiencies can
be quantified by use of the Stern-Volmer equation:14

whereF0 andF are the fluorescence intensities in the absence
and presence of quencher, respectively, and [Q] is the quencher
concentration. The Stern-Volmer constant,Ksv, provides a
direct measure of the quenching efficiency and is determined
from the linear portion of a plot ofF0/F versus [Q]. The values
obtained for anionic conjugated polymers and cationic electron
acceptors are too high for diffusion-controlled quenching,
indicating the formation of nonfluorescent ground-state com-
plexes.38,39 Furthermore, linear plots are observed only under
low quencher concentrations (for [RU]) 1.7 × 10-5 M,
[mMV +] e 3.4 × 10-7 M, and [BPP+] e 4.6 × 10-7 M).
Deviations from linearity in the Stern-Volmer plots at higher
concentrations have been attributed to a “sphere of action”
mechanism.14,39

Table 1 provides theKsv values from fluorescence quenching
experiments in water usingNa+-, Li +-MPS-PPV, and5R5-

as donors andmMV + andBPP+ as acceptors. The quenching
data are reported from the linear region of the Stern-Volmer
plots. The two polymers are quenched approximately to the same

extent and are over 2 orders of magnitude more sensitive than
the oligomer. Differences in quenching efficiency between
mMV + andBPP+ can be attributed to steric, electrostatic, and
hydrophobic interactions inherent to the differences in molecular
structures that are difficult to deconvolute. For bothM+-MPS-
PPV structures,mMV + is nearly twice as effective asBPP+.
The opposite effect is true for the oligomer5R5-. The smaller
mMV + molecules perhaps more easily associate with the larger
polymer structure, whereas the largerBPP+ would allow more
of the smaller oligomers to surround a single quencher.
Additionally, the large hydrophobic component that is added
with the attachment of biotin and the linking moiety tomMV +

to makeBPP+ makes hydrophobic interactions with the donor
more significant. Previous light scattering experiments24 have
demonstrated that the hydrophobic content of5R5- leads to
extensive aggregation in aqueous media, and therefore we
propose that it is more sensitive to the hydrophobicBPP+. To
further support this claim, we have observed that in high ionic
strength media where electrostatic interactions betweenM+-
MPS-PPVand the cationic quenchers are substantially reduced,
the more hydrophobicBPP+ becomes the more effective
quencher.

The sensitivity of theLi +-MPS-PPV fluorescence is il-
lustrated in an experiment where avidin was added to an aqueous
solution of the polymer, resulting in an increase of emission
(λex ) 500 nm, Figure 1). The increase in polymer fluorescence
by addition of avidin is consistent with previously reported
nonspecific interactions between the charged conjugated poly-
mers and other proteins.30,32Avidin has an isoelectric point (pI)
of 10 and will be positively charged in a dilute aqueous
solution.41,42Under these conditions, interactions of the protein
with the anionic polymer arise from a combination of attractive
electrostatic and hydrophobic forces. Once [avidin]≈ 3.0 ×
10-7 M, further additions, up to [avidin]) 5.0 × 10-7 M, do
not give rise to detectable changes, and we refer to this [avidin]
as the “saturation” point (see Experimental Section). Use of(36) Miao, Y.-J.; Herkstroeter, W. G.; Sun, B. J.; Wong-Foy, A. G.; Bazan, G.

C. J. Am. Chem. Soc.1995, 117, 11407-11420.
(37) Bazan, G. C.; Miao, Y.-J.; Renak, M. L.; Sun, B. J.J. Am. Chem. Soc.

1996, 118, 2618-2624.
(38) Wang, D.; Wang, J.; Moses, D.; Bazan, G. C.; Heeger, A. J.Langmuir

2001, 17, 1262-1266
(39) Wang, J.; Wang, D.; Miller, E. K.; Moses, D.; Bazan, G. C.; Heeger, A. J.

Macromolecules2000, 33, 5153-5158.

(40) All fluorophore concentrations in this report are given as moles of monomer
repeat units/liter.

(41) Green, N. M. InAdVances in Protein Chemistry; Anfinsen, C. B., Desall,
F. T., Richards, F. M., Eds.; Academic Press: New York, 1975; pp 85-
133.

(42) Woolley, D. W.; Longsworth, L. G.J. Biol. Chem.1942, 142, 285-290.

Table 1. Ksv Values (in M-1) for Chromophores ([RU] ) 1.7 ×
10-5 M) in Water40

Li+-MPS-PPV Na+-MPS-PPV 5R5-

mMV + 6.6× 106 4.0× 106 1.9× 104

BPP+ 3.9× 106 2.3× 106 4.2× 104

F0/F ) 1 + Ksv[Q]

Figure 1. Fluorescence spectra (λex ) 500 nm) in water:Li +-MPS-PPV
([RU] ) 1.7 × 10-5 M) (black line) andLi +-MPS-PPV and [avidin] )
3.0 × 10-7 M (red line).
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Na+-MPS-PPV ([RU] ) 1.7 × 10-5 M) results in similar
observations (Supporting Information).

An experiment similar to that in Figure 1 was performed using
5R5- ([RU] ) 1.7 × 10-5 M), and the results are shown in
Figure 2. A red shift in fluorescence and a pronounced increase
in intensity are observed. The emission saturation point occurs
when [avidin]≈ 3.0 × 10-7 M.

Fluorescence Recovery by Avidin in Water.A set of
experiments usingLi +-MPS-PPV ([RU] ) 1.0 × 10-5 M),
[BPP+] ) 3.2 × 10-7 M, and avidin (aqueous environment)
were previously described in the literature.26 In those studies,
BPP+ quenched approximately 50% of the initial polymer
emission. When avidin (3.0× 10-8 M) was added, ap-
proximately 95% of the initial intensity was recovered. It is
important to note that there are four biotin binding sites in
avidin.42 Assuming quantitative binding upon mixing, a solution
with [BPP+] ) 3.2 × 10-7 M and [avidin] ) 3.0 × 10-8 M
will yield an unbound [BPP+] ≈ 2 × 10-7 M, and one would
expect, based on Scheme 1, significant residual fluorescence
quenching.

Similar experiments were repeated withLi +-MPS-PPV in
deionized water purified by nanofiltration (pH) 5.6), and the
results are given in Figure 3. We observe more enhanced
quenching byBPP+, relative to that previously reported.
However, only 47% emission recovery is observed upon addition
of [avidin] ) 3.0× 10-8 M. At a stoichiometric avidin-binding
site/biotin ratio ([avidin]) 8.0× 10-8 M), the system appears
to behave with specificity (Figure 3d), and 86% of the polymer
emission is recovered. However, polymer emission continues
to grow upon further avidin addition, up to [avidin]) 2.3 ×
10-7 M. At this point, the polymer emission intensity is
approximately twice that observed in the absence ofBPP+ and
avidin (Figure 3e). Further avidin addition (up to 3.5× 10-7

M) does not cause the fluorescence to change.43

Previous studies26 show that withmMV + (3.2 × 10-7 M),
the addition of avidin (2.4× 10-8 M) did not result inLi +-
MPS-PPV fluorescence recovery. Using our materials, when

mMV + is used as the quencher (Figure 4), the addition of 3.0
× 10-8 M avidin results in a 44% increase of fluorescence.
When [avidin]) 1/4[mMV +], the emission intensity is nearly
identical to that of the unperturbed polymer. The data behave
as if there was binding and encapsulation ofmMV + by avidin.
Polymer emission continues to grow upon further avidin
addition, up to [avidin]) 2.3 × 10-7 M. At this point, the
emission intensity is approximately twice that observed in the
absence ofmMV + and avidin. Further avidin addition (up to
3.5× 10-7 M) does not result in additional changes in emission
intensity. Similar results were obtained withNa+-MPS-PPV
(Supporting Information).

Because there is no specific avidin/mMV + binding, the
spectral changes resulting from avidin addition to solutions of
Li +-MPS-PPV and mMV + in Figure 4 must arise from
nonspecific interactions. Comparison of Figures 3 and 4 shows
that the saturating [avidin] is similar for either quencher. The

(43) Fluorescence measurements show negligible signs of photobleaching, even
after 15 or more consecutive scans using the same polymer solution (see
Supporting Information).

Figure 2. Fluorescence spectra (λex ) 400 nm) in water:5R5- ([RU] )
1.7 × 10-5 M) in water (black line) and5R5- and [avidin]) 3.0 × 10-7

M (red line).

Figure 3. Fluorescence spectra (λex ) 500 nm) in water: (a)Li +-MPS-
PPV ([RU] ) 1.0× 10-5 M) (black line); (b)Li +-MPS-PPV and [BPP+]
) 3.2× 10-7 M (blue line); (c)Li +-MPS-PPV, BPP+, and [avidin]) 3.0
× 10-8 M (green line); (d)Li +-MPS-PPV, BPP+, and [avidin]) 8.0 ×
10-8 M (red line); (e)Li +-MPS-PPV, BPP+, and [avidin]) 2.3 × 10-7

M (pink line).

Figure 4. Fluorescence spectra (λex ) 500 nm) in water: (a)Li +-MPS-
PPV ([RU] ) 1.0× 10-5 M) (black line); (b)Li +-MPS-PPVand [mMV +]
) 3.2 × 10-7 M (blue line); (c)Li +-MPS-PPV, mMV +, and [avidin])
3.0 × 10-8 M (green line); (d)Li +-MPS-PPV, BPP+, and [avidin]) 8.0
× 10-8 M (red line); (e)Li +-MPS-PPV, mMV +, and [avidin]) 2.3 ×
10-7 M (pink line).
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interaction betweenmMV + and the polymer/avidin complex
is negligible, and the solution behaves like the avidin and
polymer pair. Ultimately, it is possible to obtain experimental
conditions where the emission of theLi +-MPS-PPV/avidin/
mMV + solution behaves as if the avidin is removingmMV +

from the vicinity of the polymer; however, this cannot be due
to a specific interaction. Significant deviations in the behavior
of Li +-MPS-PPV versusNa+-MPS-PPV were not observed
(see Supporting Information for theNa+-MPS-PPV spectra).

Experiments in water using5R5- ([RU] ) 1.7 × 10-5 M,
λex ) 400 nm) andmMV + (2.0× 10-6 M) are shown in Figure
5. Similar toLi + or Na+-MPS-PPV, the oligomer fluorescence
over-recovers when avidin is added. The saturation point occurs
at [avidin] ) 1.0 × 10-6 M. Large variations due to protein-
fluorophore contacts are therefore expected even when the
statistical uncertainties due to the polymer structure are removed.

Fluorescence Recovery by Avidin in Buffer.The secondary
structure, and thus the affinity between a protein and its
corresponding ligand, is influenced by the environment; that
is, temperature, solvent, ionic strength, and pH.44 With this
perspective, we conducted avidin detection experiments using
an optimized buffer system that ensures binding. We chose 0.1
M ammonium carbonate at pH 8.9, because previous work
demonstrated high biotin/avidin affinity under these conditions.35

Similar conditions are commonly used in assays that determine
the biotin binding capacity of an avidin-containing sample.45

The emission intensity of theM+-MPS-PPV in this buffer
solution was within 25% of the intensity in water.

Stern-Volmer analysis ofLi +-MPS-PPV quenching ([RU]
) 1.7 × 10-5 M) in buffer providedKsv values approximately
2-3 orders of magnitude lower than those in water (BPP+ )
6.3 × 104 M-1, mMV + ) 1.5 × 104 M-1). According to the
Debye-Hückel theory, the relatively high buffer ion concentra-
tion will reduce the Coulombic attraction between the negatively
charged polymer and the positively charged quencher, thereby
lowering the concentration of nonemissive ground-state com-
plexes and diminishing the quenching efficiency. For this reason,

the quenching of5R5- is reduced to a point where it is
negligible as compared to the magnitudes observed with the
polymer structures and will not be discussed. It is interesting
to note that, in buffer,BPP+ is a more efficient quencher than
mMV +, whereasmMV + is the more efficient quencher in water.
A possible explanation is that, in a high ionic strength solution,
the more hydrophobicBPP+ provides for a stronger interaction
with the noncharged polymer backbone, when compared to
mMV +.46

Avidin addition toLi +-MPS-PPV ([RU] ) 1.7 × 10-5 M)
in buffer has only a minor fluorescence quenching effect (Figure
6). Recalling that addition of similar amounts of avidin to a
solution of the polymer in water doubled the PL intensity (Figure
1) indicates that the protein is less effective at perturbing the
polymer conformation when in a buffer solution. Small-angle
neutron scattering experiments have shown that under high salt
conditionsLi +-MBS-PPV assumes a rigid rod conformation.47,48

The polymer structure can be thought of as being “locked” into
this conformation.49 It is reasonable that avidin cannot perturb
this “locked” backbone substantially, and the corresponding
change in fluorescence is negligible.

Avidin sensing and corresponding control experiments were
conducted in the (NH4)2CO3 buffer. Addition of [avidin]) 3.0
× 10-7 M to a solution ofLi +-MPS-PPV ([RU] ) 1.7× 10-5)
and [mMV +] ) 2.0 × 10-6 M does not change the emission
(Figure 7). In contrast, one observes further fluorescence
quenching upon addition of avidin to a solution ofLi +-MPS-
PPV quenched with [BPP+] ) 2.0 × 10-6 M. For example,
1.0 × 10-7 and 3.0× 10-7 M avidin quenches an additional
17% and 34% of the emission intensity, respectively (Figure
8). Subsequent additions of avidin (up to 5.0× 10-7 M) do not
produce further changes.

(44) Wong, C.-H.; Whitesides, G. M.Enzymes in Synthetic Organic Chemistry;
Pergamon: Tarrytown, 1994.

(45) www.calzyme.com, www.cpg-biotech.com.

(46) For a discussion of the effect of related hydrophobic interactions between
CPs and single-stranded DNA, see: Liu, B.; Gaylord, B. S.; Wang, S.;
Bazan, G. C.J. Am. Chem. Soc.2003, 125, 6705-6714.

(47) Wang, D.; Lal, J.; Moses, D.; Bazan, G. C.; Heeger, A. J.Chem. Phys.
Lett. 2001, 348, 411-415.

(48) Wang, D.; Moses, D.; Bazan, G. C.; Heeger, A. J.; Lal, J.J. Macromol.
Sci., Pure Appl. Chem.2001, 38, 1175-1189.

(49) Liu, B.; Wang, S.; Bazan, G. C.; Mikhailovsky, A.J. Am. Chem. Soc.2003,
125, 13306-13307.

Figure 5. Fluorescence spectra (λex ) 400 nm) in water:5R5- ([RU] )
1.7 × 10-5 M) (black line); 5R5- and [mMV +] ) 2.0 × 10-6 M (blue
line); and5R5-, mMV +, and [avidin]) 1.0 × 10-6 M (red line).

Figure 6. Fluorescence spectra (λex ) 500 nm) in 0.1 M (NH4)2CO3 at
pH 8.9 ofLi +-MPS-PPV ([RU] ) 1.7× 10-5 M) (black line);Li +-MPS-
PPV and [avidin]) 3.0 × 10-7 M avidin (red line);Li +-MPS-PPV and
[avidin] ) 5.0 × 10-7 M avidin (green line).
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One possible explanation for the enhanced fluorescence
quenching of avidin when usingBPP+ in buffer is shown in
Scheme 3. These conditions make the biotin-avidin interaction
favorable, leading to binding of the biotinylated quencher.
Avidin, which possesses a pI of 10, will have an overall net
positive charge at pH 8.9 and complexes with the anionic

polymer by electrostatic interactions.50 Encapsulation of the
entireBPP+ molecule by the protein is not complete, with the
biotin group (B in Scheme 1) inside the protein51,52 and the
cationic electron acceptor portion (Q in Scheme 1) extending
toward the protein surface. It appears that Q is either outside
the protein or sufficiently close to satisfy the distance require-
ment for quenching the conjugated polymer. This complex is
more able to compensate for the electrostatic screening of the
buffer ions thanBPP+ alone. Under these conditions, Q is more
strongly bound to the CP (d1 > d2), and more effective
fluorescence quenching takes place.

We note that there is precedence for the self-quenching of
fluorophores attached to biotin via a linker of similar dimensions
to that inBPP+ upon binding to avidin.3,53These studies indicate
that there is substantial optical coupling between dyes, despite
the dimensions of the biotin/avidin complex.51 It is therefore
reasonable to expect photoinduced charge-transfer fluorescence
quenching between an anionic CP and theBPP+ on the surface
of the BPP+/avidin complex.

A subsequent set of tests probed the mechanism in Scheme
3. The experiments involve blocking biotin binding sites on
avidin by pretreating the protein with its natural ligand,D-biotin
(Scheme 4). Under these conditions,BPP+ cannot complex to
avidin, and, according to Scheme 3, one would not expect to
see additional fluorescence quenching when the blocked protein
is added toLi +-MPS-PPV/BPP+.

The D-biotin stoichiometry can be varied to create solutions
of avidin with zero to four vacant binding sites. For example,
pretreating a 1.0× 10-5 M avidin solution with 2.0× 10-5 M
D-biotin leaves, on average, two biotin binding sites per avidin.
The emission from solutions ofLi +-MPS-PPV ([RU] ) 1.7×
10-5 M in 0.1 M (NH4)2CO3 at pH 8.9) was partially quenched

(50) Strong electrostatic interactions between avidin and negatively charged
quantum dots have been reported by others. See: Goldman, E. R.; Balighian,
E. D.; Mattoussi, H.; Kuno, M. K.; Mauro, J. M.; Tran, P. T.; Anderson,
G. P.J. Am. Chem. Soc.2002, 124, 6378-6382.

(51) Livnah, O.; Bayer, E. A.; Wilchek, M.; Sussman, J. L.Proc. Natl. Acad.
Sci. U.S.A.1993, 90, 5076-5080.

(52) Pugliese, L.; Coda, A.; Malcovati, M.; Bolognesi, M.J. Mol. Biol. 1993,
231, 698-710.

(53) Gruber, H. J.; Hahn, C. D.; Kada, G.; Riener, C. K.; Harms, G. S.; Ahrer,
W.; Dax, T. G.; Knaus, H.-G.Bioconjugate Chem.2000, 11, 696-704.

Scheme 3. Proposed Mechanism for Enhanced Fluorescence Quenching by Addition of Avidin under Buffer Conditions

Figure 7. Fluorescence spectra (λex ) 500 nm) in 0.1 M (NH4)2CO3 at
pH 8.9: Li +-MPS-PPV ([RU] ) 1.7 × 10-5 M) (black line); Li +-MPS-
PPV and [mMV +] ) 2.0 × 10-6 M (blue line); Li +-MPS-PPV, mMV +,
and [avidin]) 3.0 × 10-7 (red line).

Figure 8. Fluorescence spectra (λex ) 500 nm) in 0.1 M (NH4)2CO3 at
pH 8.9: (a)Li +-MPS-PPV ([RU] ) 1.7× 10-5 M) (black line); (b)Li +-
MPS-PPV and [BPP+] ) 2.0 × 10-6 M (blue line); (c)Li +-MPS-PPV,
BPP+, and [avidin]) 1.0 × 10-7 M avidin (green line); (d)Li +-MPS-
PPV, BPP+, and [avidin]) 3.0 × 10-7 M avidin (red line).

Scheme 4. The Structure of D-Biotin
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by BPP+ (2.0× 10-6 M) prior to addition of pretreated avidin
solutions. The emission intensities of these solutions (IQ) were
then compared to the intensities observed after addition of the
pretreated avidin (IAQ, [avidin] ) 2.0× 10-7 M) as a function
of the number of available binding sites (Figure 9, emission
spectra can be found in the Supporting Information).

When all of the binding sites on avidin are empty (four biotin
binding sites), the fluorescence quenching is similar to that
observed in Figure 8 (IAQ/IQ ) 0.77). Conversely, when all sites
are blocked, noBPP+ can bind to the avidin, and the emission
intensity of theLi +-MPS-PPV/BPP+ solution remains unper-
turbed (IAQ/IQ ≈ 1). It is important to recall that solutions that
contain no specific biotin-avidin (orBPP+-avidin) recognition
(Figures 6 and 7) also show no perturbation of the emission
upon avidin addition. Intermediate levels of avidin blocking
result in intermediate degrees of additional quenching. For
example, at 50% blocking, one observes roughly one-half of
the quenching enhancement observed when unblocked avidin
is used. The data in Figure 9 indicate that specific interactions
of BPP+ and avidin lead to the formation of ground-state
complexes that are more effective at quenching and are
consistent with the mechanism in Scheme 3.

Effect of Nonspecific Proteins on the Fluorescence Quench-
ing of M+-MPS-PPV by BPP+. In a realistic analysis, a given
sample may contain nontarget species that should not perturb
the diagnostic signals of the sensory mechanism. Given that
avidin was able to nonspecifically perturb the fluorescence
quenching byBPP+ andmMV +, it was of interest to examine
proteins without biotin binding sites. For the purpose of the
study, we chose BSA,54,55 pepsin A,56,57 and the microtubule
associated protein tau.58,59 Properties of immediate interest for
this study are summarized in Table 2. In both water and 0.1 M

ammonium carbonate buffer (pH 8.9), BSA and pepsin-A are
negatively charged, while tau is positively charged.

The addition of all three nonspecific proteins leads to
substantial increases in the emission intensity ofLi +-MPS-PPV
solutions in water ([RU]) 1.7 × 10-5 M). A ∼2-fold
enhancement was observed for pepsin-A and tau (3.0× 10-7

and 1.0× 10-7 M, respectively), while a∼3-fold enhancement
was seen for BSA (3.0× 10-7 M) (Figure 10, a and d). These
proteins can also nonspecifically re-establish (or over-establish)
the polymer emission in the presence ofBPP+ or mMV + (2.0
× 10-6 M). For example, in solutions ofLi +-MPS-PPV ([RU]
) 1.7 × 10-5 M) and BPP+, both BSA (Figure 10) and tau
(Supporting Information) resulted in more than a 2-fold over-
recovery in signal relative to the original polymer emission
intensity. The addition of pepsin-A to a quenched polymer
solution also displayed nonspecific recovery of the emission
but to a lesser extent than tau or BSA (∼25%, Supporting
Information). These results are in accord with the observations
made using avidin. Furthermore, none of these proteins have
the capacity to specifically bind the biotinylated quencher, and
thus the recovery seen from the polymer/BPP+ solutions can
only be explained by nonspecific interactions between the
charged macromolecules.

Perturbations in buffer (0.1 M ammonium carbonate, pH 8.9)
by the two anionic, nontarget proteins are severely attenuated.
The addition of pepsin-A toLi +-MPS-PPV (same concentra-
tions as above) lowers the original emission intensity by only

(54) Trigatti, B. L.; Gerber, G. E.Biochem. J.1995, 308, 155-159.
(55) Peters, T. InAdVances in Protein Chemistry; Anfinsen, C. B., Desall, F.

T., Richards, F. M., Eds.; Academic Press: Orlando, FL, 1985; pp 161-
245.

(56) Purich, D. L.; Allison, R. D.The Enzyme Reference; Academic Press:
London, UK, 2002.

(57) Neurath, H.; Bailey, K.The Proteins; Academic Press: New York, 1954;
Vol. 2, Part A.

(58) Goode, B. L.; Chau, M.; Denis, P. E.; Feinstein, S. C.J. Biol. Chem.2000,
275, 38182-38189.

(59) Panda, D.; Samuel, J. C.; Massie, M.; Feinstein, S. C.; Wilson, L.Proc.
Natl. Acad. Sci. U.S.A.2003, 100, 9548-9553.

Figure 9. Emission intensity ratio (IAQ/IQ) for solutions ofLi +-MPS-PPV
([RU] ) 1.7× 10-5 M) andBPP+ (2.0× 10-6 M) without avidin (IQ) and
with avidin (IAQ) as a function of the average number of biotin binding
sites on avidin ([avidin]) 2.0× 10-7 M, 0.1 M (NH4)2CO3 at pH 8.9,λex

) 500 nm).

Table 2. Molecular Weight and pI of Proteins Used in the
Nonspecific Recovery of Fluorescence Quenching by BPP+

protein MW (kD) pI

avidin 66 10-10.5
BSA 66 4.7
pepsin A 35 3.3
tau 42 10

Figure 10. Fluorescence spectra (λex ) 500 nm) in water: (a)Li +-MPS-
PPV ([RU] ) 1.7× 10-5 M) (black line); (b)Li +-MPS-PPV and [BPP+]
) 2.0 × 10-6 M (blue line); (c)Li +-MPS-PPV, BPP+, and [BSA]) 3.0
× 10-7 M (green line); (d)Li +-MPS-PPV and [BSA] ) 3.0 × 10-7 M
(red line).
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∼5%, while addition to quenched polymer solutions (BPP+ or
mMV +) results in no notable change in fluorescence intensity.
Similarly, addition of BSA to the polymer gives rise to an
increase of emission intensity of only∼7%, while only∼12%
of the quenched emission was recovered in solutions containing
BPP+ or mMV + (data shown in Supporting Information).

Addition of the cationic tau in buffer (0.1 M ammonium
carbonate, pH 8.9) provides a response different from those
observed with the anionic BSA and pepsin-A. Tau and avidin
have comparable charges and molecular weights. The addition
of tau (1.0× 10-7 M) in buffer yielded results similar to those
in water for solutions ofLi +-MPS-PPV ([RU] ) 1.7 × 10-5

M), where∼2-fold increases in the polymer emission intensity
were observed (Supporting Information). Tau also brings the
emission intensity of a polymer/BPP+ solution to a level
comparable to that of a solution containing only tau andLi +-
MPS-PPV, again without any specific recognition of the biotin
fragment (Figure 11). Similar behavior is seen whenmMV + is
the quencher. A decrease in the emission of the polymer in the
presence ofBPP+ by addition of protein is therefore only
observed with avidin (Figure 8 and Scheme 3).

Conclusion and Summary Discussion

A subtle interplay between steric bulk, overall molecular size,
hydrophobic content, and charged groups within the structure
of the quencher molecules promotes differences in fluorescence
quenching abilities. In water,mMV + quenchesLi +- andNa+-
MPS-PPV more efficiently thanBPP+; for 5R5-, BPP+ is the
better quencher. The exact reason for this trend is difficult to
explain, mainly because the dimensions and overall geometries
in which the polymers and oligomers associate and/or aggregate
in water are not available. Our current thinking is that the smaller
size of mMV + allows for more intimate contact with the
polymer structures and makes it a more effective quencher. The
surfactant-like structure ofBPP+ may break up the large5R5-

aggregates and allows better donor/acceptor complexation.
Mixing of avidin and the emitting conjugated structures in

water results in an unambiguous increase of fluorescence
intensity. This result is consistent with substantial previous work
that explored basic protein/CP interactions. The large and

positively charged avidin structure elongates and separates
polymer chains. In the case of5R5-, the protein breaks up
aggregates and increases the average interchromophore distance.
For both types of molecules, the net result is a decrease in self-
quenching. The appearance of vibronic structure in the fluo-
rescence spectra of5R5-, characteristic of “monomer-like”
emission,60 further supports this claim (Figure 2).

In water, the electrostatic binding of the singly charged
quenchers to the anionic polymers is overcome by the interac-
tions with avidin. When usingBPP+, addition of a stoichio-
metric amount of avidin ([biotin]) [biotin binding-sites])
1/4[avidin]) “recovers” the emission to an intensity similar to
that of the unperturbed sample. At first sight, the system appears
to behave with specificity. Further addition of avidin “over-
recovers” emission to an intensity roughly 150% that of the
unquenched sample. The analogous negative control experiments
with mMV + show similar behavior. Therefore, the resemblance
of the emission intensity from a CP-stoichiometric biotin/avidin
solution to the emission intensity of the unperturbed CP solution
is coincidental.

Buffer conditions that improve avidin/biotin complexation
lead to electrostatic screening. Reduced Coulombic attraction
results inKsv values 2-3 orders of magnitude lower than those
obtained in water. Perturbations by avidin on the CP emission
are also severely attenuated under buffer conditions. Avidin does
not influence quenching bymMV +. However, when the polymer
is quenched byBPP+, addition of avidin causes additional
fluorescence quenching. These data form the basis for Scheme
3, where avidin-biotin binding yields a complex with a larger
net positive charge and therefore a larger association constant
with M+-MPS-PPV. Additionally, we suspect that hydrophobic
interactions between the polymer backbone and the protein may
also enhance association. Within the avidin/BPP+ complex,
encapsulation is not complete, and the acceptor unit ofBPP+

is exposed and capable of quenching polymer emission.
Proteins with no biotin binding sites provide supporting

details. In water, BSA, pepsin-A, and tau increase substantially
the polymer emission and recover the quenching byBPP+ or
mMV +. The fluorescence recovery cannot be accounted for by
specific binding of quenchers and is best accommodated under
a scenario where the quencher/chromophore ground-state com-
plex is broken up by the proteins. The end result is displacement
of the quencher from the proximity of the conjugated frame-
work. None of the nontarget proteins in a buffer medium was
able to increase the quenching byBPP+ in a manner similar to
that displayed by avidin in Figure 8.

Overall, the work described in this paper is inconsistent with
the mechanism in Scheme 1 and is better described by that
shown in Scheme 3, where complexation ofBPP+ by avidin
ultimately results in more effective fluorescence quenching.

Experimental Section

General Comments.The concentration at which protein addition
induces no further fluorescence change is determined as follows. As
an example, Figure 1 shows that saturation occurs at an avidin
concentration of 3.0× 10-7 M. Avidin is added in 1.0× 10-7 M

(60) (a) Bazan, G. C.; Oldham, W. J.; Lachicotte, R. J.; Tretiak, S.; Chernyak,
V.; Mukamel, S.J. Am. Chem. Soc.1998, 120, 9188-9204. (b) Renak, M.
L.; Bartholomew, G. P.; Wang, S.; Ricatto, P. J.; Lachicotte, R. J.; Bazan,
G. C.J. Am. Chem. Soc.1999, 121, 7787-7799. (c) Wang, S.; Bazan, G.
C.; Tretiak, S.; Mukamel, S.J. Am. Chem. Soc.2000, 122, 1289-1297.

Figure 11. Fluorescence spectra (λex ) 500 nm) in 0.1 M (NH4)2CO3 at
pH 8.9: Li +-MPS-PPV ([RU] ) 1.7 × 10-5 M) (black line); Li +-MPS-
PPV and [BPP+] ) 2.0× 10-6 M (blue line);Li +-MPS-PPV, BPP+, and
[tau] ) 1.0 × 10-7 M (red line).
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increments, and an emission spectrum is taken after each addition. In
the case of Figure 1, each addition caused an increase in emission
intensity. Avidin additions exceeding 3.0× 10-7 M do not induce any
significant changes in fluorescence, and the saturation point is reached.

Polymer and5R5- concentrations were calculated on the basis of
repeat units, that is, moles of repeat units/liter. ForM +-MPS-PPV,
one repeat unit is as shown in Scheme 1. For5R5-, the formal
concentration of the oligomer solution is multiplied by a factor of 5,
corresponding to 5 phenyl ring repeat units. This normalization of
chromophore concentration allows for a comparison of chromophore
numbers on a “ring-by-ring” or charge basis.

When determining Stern-Volmer constants, the fluorescence of a
chromophore in the presence of a quencher at a given concentration is
compared to the fluorescence of the chromophore in the absence of
the quencher. For this comparison to be meaningful, it is assumed that
the number of photons absorbed in the presence or absence of quencher
is the same. WhenmMV + or BPP+ is added, small changes (1-4%)
in the absorbance spectra are observed at the excitation wavelengths.61

For the above assumption to be valid, a correction for the increase or
decrease in absorption is made. A normalization of fluorescence
intensity can be made by manipulating the expression

whereA is equal to absorbance of a sample,Po is equal to the radiant
power entering the sample, andP equals the radiant power emerging
from the sample. An expression for the radiant power absorbed by the
sample is given by

A ratio of the 1-10-A terms in the absence (A0) and presence (A) of
quencher gives a correction factor to adjustF (fluorescence intensity
at a given quencher concentration). The expression describing the
correction ofF is given by

CorrectedKsv values are obtained from the slopes of the linear regions
of plots Fo/Fcorrectedversus [quencher].KSV values obtained from raw
or corrected data did not deviate significantly (<15%). Fluorescence
measurements were performed in quartz cuvettes with [RU]) 1.7 ×
10-5 M. To 3 mL of chromophore diluted in water (or in buffer) were
added small aliquots of concentrated quencher solutions followed by
mixing. The absorbance at the chromophore excitation wavelength was
recorded after each addition of quencher followed by a fluorescence
measurement. Fluorescence and absorbance measurements were per-

formed on a PTI Quantum Master fluorometer and a Shimatzu
spectrophotometer, respectively. [N-(Biotinoyl)-N′-(iodoacetyl)] eth-
ylenediamine and avidin were purchased from Molecular Probes, Inc.

[N-(Biotinoyl)-N′-(acetyl 4,4′-pyridylpyridinium iodide)] Ethyl-
enediamine (BPP+). [N-(Biotinoyl)-N′-(iodoacetyl)] ethylenediamine
(13.0 mg, 0.0286 mmol) and an excess of 4,4′-bipyridine were dissolved
in DMSO-d6 in an NMR tube. The 400 MHz1H NMR spectrum was
monitored until the singlet arising from the iodoacetyl protons (3.61
ppm) disappeared (overnight). The reaction mixture was poured into a
glass centrifuge tube, and the solvent was removed under vacuum. The
crude product was dissolved in a minimal amount of DMF and was
added dropwise into a glass centrifuge tube containing CH2Cl2 under
vigorous stirring. The mixture was allowed to stir for 15 min, and the
solids were obtained by action of a centrifuge. The precipitation
procedure was repeated until the 4,4′-bipyridine was no longer visible
on a reverse phase TLC plate (4,4′-bipyridine rf ) ∼0.4, BPP+ rf )
∼0.2 in 55% acetonitrile:45% water). Removal of the bipyridine was
confirmed by1H NMR spectroscopy. The purified product was dried
under vacuum to give 6.3 mg of a dark yellow solid (49%).1H NMR
400 MHz (DMSO-d6, RT, ppm): 9.1 (d, 3H), 8.7 (d, 2H), 8.5 (d,
overlapping peaks, 3H), 7.8 (m, 1H), 6.43 (s, 1H), 6.39 (s, 1H), 5.4 (s,
2H), 4.3 (m, 1H), 4.1 (m, 1H), 3.1 and 3.05 (2 multiplets, overlapping
peaks, 6H), 2.75 (dd, 1H), 2.0 (t, 2H), 1.5 and 1.6 (2 multiplets,
overlapping peaks, 4H), 1.3 (m, 2H).13C NMR 125 MHz (DMSO-d6,
RT, ppm) (see structure below for carbon assignments): 172.4, 164.4,
162.7 (C8, C11, and C20), 152.9 (C1), 151.0 (C2), 146.8 (C3), 140.8 (C4),
124.8 (C5), 122.0 (C6), 61.2, 61.0 (C7 and C19), 59.2 (C18), 55.4 (C16),
41.2, 41.1 (C9 and C10, peaks observed only in MeOD-d4), 37.9 (C12),
35.3 (C17), 28.2, 28.1 (C14 and C13), 25.2 (C15). MS (ESI-positive):
(M - I-), 483.3. MS (ESI-negative): (I-), 126.9.
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different proteins under different conditions. This material is
available free of charge via the Internet at http://pubs.acs.org.
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