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A charge neutral complex (CNC) was formed in aqueous solution by
combining an orange light emitting anionic conjugated polyelec-
trolyte and a saturated cationic polyelectrolyte at a 1:1 ratio (per
repeat unit). Photoluminescence (PL) from the CNC can be
quenched by both the negatively charged dinitrophenol (DNP)
derivative, (DNP-BS�), and positively charged methyl viologen
(MV2�). Use of the CNC minimizes nonspecific interactions (which
modify the PL) between conjugated polyelectrolytes and biopoly-
mers. Quenching of the PL from the CNC by the DNP derivative and
specific unquenching on addition of anti-DNP antibody (anti-DNP
IgG) were observed. Thus, biosensing of the anti-DNP IgG was
demonstrated.

Conjugated polymers are a versatile class of organic materials
that promise utility in a variety of applications ranging from

antistatic coatings, electrodes, and transistors, to light-emitting
diodes, large area displays, photodetectors, photovoltaic cells,
and lasers (1–3). The electrical, optical, and electrochemical
properties of conjugated polymers can be modified by chemical
synthesis and are strongly affected by relatively small perturba-
tions, including changes in temperature, solvent, or chemical
environment. As a result of this sensitivity, conjugated polymers
are promising as sensory materials (4, 5); sensing may be
accomplished by transducing and�or amplifying physical or
chemical changes into electrical, optical, or electrochemical
signals. Conjugated polymers have been used to detect chemical
species (chemosensors) (6), such as ions (7–11), gases (for
example, trinitrotoluene) (6, 12–14), and other chemicals (15),
or biomolecules such as proteins, antibodies (16–27), and DNA
(28–31), using electrical (13, 15), chromic (7, 8, 16–19), elec-
trochemical (7–9, 20–25, 28–31), photoluminescent (11, 26),
chemoluminescent (27), or gravimetric (14) responses.

Contemporary biosensor and bioassay developments have
focused on mimicking natural host–receptor (‘‘lock-and-key’’)
interactions. ‘‘Lock-and-key’’ molecular recognition can be be-
tween enzyme and substrate, ligand and receptor, antibody and
antigen, or between two strands of nucleic acids with comple-
mentary sequences. Although antibody-based ELISAs are
widely used for detection of biological species with high sensi-
tivity, these assays are relatively labor-intensive and time-
consuming (hours to days) and require two different antibodies
of defined specificities to adequately detect the target molecule
(potentially making them cumbersome to perform) (32). Addi-
tionally, the detection of small molecules using ELISA can
seldom be accomplished because of the recognition of one
epitope by both capture and detection antibodies. Therefore,
competition assays have to be performed that are both less
accurate and more time consuming.

Biosensors based on conjugated polymers as sensory materials
exhibit real-time response [electrochemical (20–25) or optical
(16–19, 26)] to the ligand-receptor recognition event. The
coupling of a recognition event to photoinduced electron trans-
fer or a change in the electronic structure of the conjugated
polymer produces changes in the luminescence, UV-visible
absorption, or redox potential of the polymer (4, 5). Extensive
research has been carried out by using conjugated polymers
(derivatives of polydiacetylene, electrochemically polymerized
polypyrrole, or polythiophene) as chromic (16–19) or electro-
chemical (20–25, 28–31) biosensors. However, the relatively low

sensitivity of UV-visible absorption measurements, the complex
electrochemical instrumentation required, and the nonspecific
interactions between biomolecules and conjugated polymers
have prevented practical and general use.

Water-soluble conjugated polymers (conjugated polyelectro-
lytes) show potential for use as a new class of high-sensitivity
rapid-response chemical and biological sensors (26, 33, 34). The
fluorescence of these polymers can be quenched by very small
amounts of charged molecules (quenchers) that quench the
excited state by energy transfer or electron transfer (26, 35, 36).
This quenching can be adapted to biosensing by coupling a
quencher to a biological ligand. In aqueous solution, the pho-
toluminescence (PL) from the polymer is quenched when the
quencher–ligand conjugate associates with the polyelectrolyte to
form a relatively weak conjugate–polymer complex, as a conse-
quence of electrostatic and hydrophobic interactions. Exposure
of the conjugate–polymer complex to a biological receptor
results in formation of a biospecific receptor–conjugate complex
and release of the polymer with concomitant unquenching of the
polymer fluorescence.

In this paper, we report an investigation of the PL from a
conjugated polyelectrolyte complex in aqueous solution. We
show that the anionic conjugated polymer alone is subject to
nonspecific effects on the PL (luminescence enhancement),
which complicates the use of conjugated polyelectrolytes in
biosensing applications. We find, however, that when a cationic
polymer is added in the solution to associate with the anionic
conjugated polyelectrolyte and form a charge neutral complex
(CNC) [formed in aqueous solution by an anionic conjugated
polyelectrolyte and a saturated cationic polyelectrolyte at a 1:1
ratio (per repeat unit)], the CNC shows little evidence of
nonspecific interactions with biopolymers that occur with the
anionic conjugated polymer alone. Moreover, we demonstrate
that PL from the CNC can be quenched by both cationic and
anionic quenchers. We also demonstrate full PL recovery on the
specific recognition between negatively charged dinitrophenol
(DNP) derivative, (DNP-BS�) and anti-DNP IgG, indicating a
conjugated polymer-based biosensor with moderate sensitivity
and rapid response.

Experimental Methods
The anionic conjugated polyelectrolyte, poly[lithium 5-methoxy-
2-(4-sulfobutoxy)-1, 4-phenylenevinylene] (MBL-PPV), cationic
polyelectrolyte, poly(N,N-dimethylammonio-ethylene iodide),
and anionic quencher, 1-sulfobutoxy-2, 4-dinitrobenzene (DNP-
BS�), were synthesized at the University of California, Santa
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Barbara (37). The proteins used in this study, sheep anti-mouse
F(ab�)2, mouse IgG, and rat IgG, were purchased from Sigma.
Fab� (fragment of antigen-binding: univalent antigen-binding
fragment of an antibody) fragments were generated from sheep
anti-mouse F(ab�)2 by 2-mercaptoethanolamine reduction by
using standard techniques and covalently conjugated to MV2� to
generate Fab�-Q [Fab� with covalently linked a methyl-viologen
quencher (Q)] (37) The monoclonal hamster anti-DNP antibody
(anti-DNP IgG) was isolated from the hybridoma CRL 1968
obtained from American Type Culture Collection by using
standard techniques (38). The molecular structures of the poly-
mers and conjugates are shown in Fig. 1.

PL spectra of the mixtures of conjugated polyelectrolyte and
proteins were collected on a PSI (Photon Technology Interna-
tional, London, Ontario, Canada) Fluorescence System in
1�PBS buffer (2 mM NaH2PO4�8 mM Na2HPO4�150 mM
NaCl, pH � 7.0). Emission spectra were measured ‘‘in situ,’’ and
linear concentration corrections were made for the very dilute
polyelectrolyte solutions (35, 39). In the PL measurements,
a small slit width was used to assure that there was no photo-
degradation. On the basis of repeated measurements of the

integrated intensity of the emission spectrum, we estimate
the experimental error of the integrated PL intensity to be less
than 1%.

Nonspecific Interactions. As shown elsewhere, the fluorescence of
conjugated polyelectrolytes in aqueous solution is easily per-
turbed by the addition of various reagents (37, 40, 41). In the
present investigation, we found that when proteins were added
to the polyelectrolyte solutions, the PL from the conjugated
polymers was altered. For example, the integrated PL intensity
from MBL-PPV in 9.5 � 10�7 M solution was enhanced by
29.8% when the protein, 150 nM mouse IgG, was added, as
shown by the dotted and solid lines in Fig. 2A. The observation
of such effects at relatively low concentrations of both conju-
gated polymer and biopolymer was initially surprising, because
both are anionic. That the polymer responds to these species
implies there must be an interaction even at very low concen-
trations of both macromolecules, most likely association because
of a combination of hydrophobic effects and interactions with
cations from the buffer (42, 43).

Association between charged macromolecules is a very gen-
eral phenomenon. Unfortunately, the fact that this association
influences the PL of conjugated polyelectrolytes complicates
their use in biosensing applications that are based on the
quench–unquench approach described above. The fluorescence
of MBL-PPV is indeed quenched by 39% by the sheep Fab�-Q,
a methyl-viologen quencher (Q) that was covalently linked to a
sheep Fab� antibody fragment, specific for mouse IgG. However,
addition not only of the specific receptor for the conjugate,
mouse IgG, but also of other nonspecific antibodies that do not
bind with the Fab�-Q, such as hamster anti-DNP IgG, causes
enhancement (‘‘unquenching’’) of the polymer fluorescence
(37). As shown in Fig. 2B, PL from 9.5 � 10�7 M MBL-PPV in
1�PBS is quenched by anti-mouse Fab�-Q (8 � 10�8 M) and
fully ‘‘recovered’’ by the addition of specific antibody, mouse IgG
(1.5 � 10�7 M), but the PL is overrecovered (150%) by non-
specific anti-DNP antibody (1.3 � 10�7 M). Fig. 2B also shows
that the integrated PL (from Fig. 2 A) intensity from MBL-PPV
in 9.5 � 10�7 M solution was enhanced by 29.8% by the addition
of mouse IgG (1.5 � 10�7 M). Thus, the detected unquenching
was not antigen-specific and therefore not of practical value as
a biosensor.

Elimination of Nonspecific Interactions with the CNC. In an attempt
to minimize the nonspecific interactions, we formed a CNC
comprising the anionic luminescent polymer (MBL-PPV) and
a cationic saturated polymer (PDMAE); the structures of the
two polymers are shown in Fig. 1 A. Using the CNC, there was
no change in the PL emission when nonspecific polyclonal IgG
was added (Fig. 2 C and D). The reason for the major reduction
in nonspecific interactions of charged biopolymers with the
CNC is not completely clear. Although it is possible that the
neutralization of charge attenuates the tendency of the poly-
mer complex to associate with biopolymers, it is also possible
that the CNC is less sensitive to effects (such as conformational
changes) that modify the PL than are the individual polymers.

The 1:1 CNC formed between cationic polyelectrolyte and
anionic conjugated polyelectrolyte should be overall neutral.
Thus, it is instructive to evaluate its PL behavior when exposed
to small charged molecules as well as to biopolymers.

To further study the stabilization of the PL by ‘‘charge-
tuning’’ through formation of the CNC, the effect of proteins
on the quenched PL was evaluated. As shown in Fig. 2D, PL
from 9.3 � 10�6 M CNC was quenched by 35% when 2.3 �
10�6 M MV2� was added. Only a small change in PL (less than
5%) was found when 2.8 � 10�7 M rat IgG was added,
compared with �30% increase of the PL for the pure MBL-
PPV in solution (Fig. 2 A and B). It is also shown in Fig. 2D

Fig. 1. (A) Chemical structures. (B) Schematic of the DNP-BS� sensor. (Ba) PL
from CNC is quenched by DNP-BS� and recovered on the specific binding
between DNP-BS� and anti-DNP antibody. (Bb) PL from CNC is quenched by
DNP-BS� and not recovered on addition of nonspecific antibody–rat IgG. (Bc)
PL from CNC is quenched by TNP and not recovered on addition of nonspecific
anti-DNP antibody.
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that the addition of IgG does not change the PL of CNC
(Integrated from Fig. 2C).

As noted above, the PL from anionic MBL-PPV can be
quenched only by positive quenchers (via static quenching at
very low quencher concentration regimes) (35, 39) but not by the
anionic quencher DNP-BS�. As a result of the neutralization of
the charge on the polyelectrolyte side groups (‘‘charge-tuning’’),
the PL from the CNC can be ‘‘universally’’ quenched by both
positively charged, e.g., MV2�, and negatively charged quench-

Fig. 3. (A) CNC quenching�unquenching by DNP-BS��anti-DNP IgG. PL from
the complex (MBL-PPV 3 � 10�6 M) was quenched on addition of successively
greater concentrations of DNP-BS�. The quenched PL was recovered when
antibody was added, with the ratio of DNP-BS��anti-DNP IgG roughly 2:1. (B)
Biological specificity of antigen control experiment: quenched PL from the
CNC (by TNP) was not recovered on addition of anti-DNP IgG. PL from CNC
(9.3 � 10�6 M) was quenched by about 9% by TNP (7.8 � 10�7 M), and no PL
recovery on addition of 4.1 � 10�7 M anti-DNP IgG was observed. (C) Biological
specificity of antibody control experiment: PL from 9.3 � 10�6 M CNC was
quenched 11% when 1.2 � 10�5 M DNP-BS� was added. No PL enhancement
was found by the addition of 1.1 � 10�6 M rat IgG.

Fig. 2. (A) PL changes caused by interaction with biopolymers. Antibody
enhances PL of MBL-PPV. PL from 9.5e�7 M MBL-PPV in 1�PBS (dashed line) and
PL when 150 nM mouse IgG was added (solid line). (B) PL from 9.5 � 10�7 M
MBL-PPV in 1�PBS is quenched by anti-mouse Fab�-Q (8 � 10�8 M) and ‘‘recov-
ered’’ by the addition of specific antibody, mouse IgG (1.5 � 10�7 M) and
nonspecific antibody, anti-DNP (1.3 � 10�7 M), respectively. PL from 9.5e�7 M
MBL-PPV in 1�PBS is enhanced by the addition of mouse IgG (1.5 � 10�7 M). (C)
Formation of CNC minimizes the nonspecific changes in PL by biopolymers. PL
from 9.3e�6 M CNC in 1�PBS (solid line) and PL after adding 240 nM rat IgG
(dashed line). (D) The quenched PL from CNC (by methyl viologen and DNP-BS�)
is not affected by addition of rat IgG. PL from 9.3 � 10�6 M CNC was quenched by
35% when 2.3 � 10�6 M of MV2� was added. There is less than 5% change in PL
by the addition of 2.8 � 10�7 M rat IgG. The PL from 9.3 � 10�6 M CNC is not
affected by the addition of 2.3 � 10�7 rat IgG alone.
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ers, e.g., DNP-BS�. Using MV2�, the Stern–Volmer constant
(Ksv) was Ksv � 6.6 � 105 M�1 in 1�PBS buffer, compared with
1.9 � 107 M�1 for pure MBL-PPV quenched by MV2� in water
(39). The relatively low Ksv results from a combination of ionic
screening in buffer solution (35) and the absence of static
quenching for the CNC because it is overall neutral. The PL from
the MBL-PPV component of the CNC can also be quenched by
anionic DNP-BS� with Ksv � 2 � 105 M�1 in 1�PBS buffer.

Biosensing. We sought to use the quenching of the PL from the
MBL-PPV component of the CNC to design an antibody-based
biosensor capable of detecting DNP-BS�. We reasoned that the
addition of an anti-DNP antibody would bind to the DNP-BS�,
removing it from the vicinity of CNC and thus restoring the PL
(see ref. 26). We further reasoned that if the antibody antigen
interaction were biospecific, then recovery of PL would occur
only in the presence of the anti-DNP antibody and not in the
presence of a control antibody with differing specificity (as
shown in Fig. 1B).

Fig. 3A shows the PL quenching�unquenching of the CNC by
DNP-BS��anti-DNP IgG. The PL from the complex (MBL-PPV
3 � 10�6 M) was quenched by successively higher concentrations
of DNP-BS� (15% quenching at 7.9 � 10�7 M). The quenched
PL (15%) was recovered when anti-DNP antibody specific for
DNP was added, with the ratio of DNP-BS��anti-DNP IgG
roughly 2:1 (every anti-DNP IgG has two antigenic sites).
Because the changes in PL efficiency caused by nonspecific
interactions have been eliminated (see Fig. 2B), the recovery of
the PL is attributed to the specific binding between DNP-BS�

and anti-DNP antibody.
Control experiments were carried out to demonstrate that

the recovery of the PL from the CNC was indeed because of
the specific binding between the DNP-BS� and anti-DNP IgG.
Both antibody and antigen control experiments were tested.
Fig. 3B shows that the PL from the CNC (9.3 � 10�6 M) was
quenched by about 9% by 2, 4,6-trinitrophenol (TNP) (7.8 �
10�7 M), a DNP analog, but the PL is not recovered on the
addition of 4.1 � 10�7 M anti-DNP IgG. Additionally, as
shown in Fig. 3C, PL from 9.3 � 10�6 M CNC was quenched
11% by the addition of 1.2 � 10�5 M DNP-BS�, but no PL
enhancement was detected when 1.1 � 10�6 M rat IgG was

added. The control experiments confirmed that the PL recov-
ery in Fig. 3A is because of the biologically specific recognition
between DNP-BS� and anti-DNP IgG.

Although attractive as a homogeneous assay in aqueous
solution, the biosensor demonstrated by the experiments re-
ported here shows a modest detectable sensitivity of �300 nM
analyte (Fig. 3A). Nevertheless, the data provide a clear dem-
onstration of the validity of the method. If we are able to improve
the Stern-Volmer constant to values obtained with charged
photoluminescent polymers as suggested by the work of Jones et
al. (44), one can anticipate sensitivities in the subnanomolar
range.

Conclusion
In summary, the conjugated polyelectrolyte, MBL-PPV, was
found to associate with negatively charged biopolymers (pro-
teins). As a consequence of this nonspecific interaction, the PL
efficiency of the anionic polyelectrolyte is enhanced, which
complicates the use of luminescent conjugated polyelectrolytes
in biosensor applications. When a cationic polyelectrolyte was
associated with the anionic conjugated polyelectrolyte, the for-
mation of the CNC enables tuning of the properties of the
polyelectrolyte. The PL emission from the CNC can be quenched
by both cationic and anionic quenchers. Moreover, the PL from
the CNC is insensitive to the addition of nonspecific biopolymers
that affect strongly the PL of the individual conjugated poly-
electrolytes. The attenuation of the nonspecific effects on the PL
allows the biospecific sensing of anti-DNP IgG through the
antibody�antigen pair, DNP-BS� and anti-DNP IgG. Biospecific
sensing was realized and demonstrated with detectable sensitiv-
ity of �300 nM of analyte. Because this approach could be
applied to any antibody�antigen pair, the results demonstrate the
potential of this approach for high-sensitivity real-time detection
of biologically relevant molecules with a wide array of possible
applications.
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