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Abstract: Optical cross-reactive sensor arrays (the so-called
chemical “noses/tongues”) have recently been demonstrated as
a powerful tool for high-throughput protein detecting and
analysis. Nevertheless, applying this technology to biomarker
detection is complicated by the difficulty of non-selective
sensors to operate in biological mixtures. Herein we demon-
strate a step toward circumventing this limitation by using self-
assembled fluorescent receptors consisting of two distinct
recognition motifs: specific and non-specific. When combined
in an array, binding cooperatively between the specific and
non-specific protein binders enables the system to discriminate
among closely related isoform biomarkers even in the presence
of serum proteins or within human urine.

In recent years, extensive efforts have been made to develop
non-reductionist approaches to disease diagnosis. Profiling
the expression of multiple proteins, rather than detecting
individual protein analytes, has been explored as a means of
improving diagnostic accuracy and better understanding the
parameters affecting disease states.[1] A promising method for
obtaining multiplexed protein analysis involves the use of
antibodies that can bind and detect the proteins of interest
with high affinity and selectivity.[1b,c] This approach has found
widespread applications in medical diagnosis; however, the
need for producing an antibody for each target and for using
stepwise protocols, in addition to their relatively high costs
and instability, hamper high-throughput analysis.

Cross-reactive sensor arrays, inspired by the mammalian
olfactory system, have recently emerged as an alternative
detection method that may address these limitations.[2,3]

When the “nose/tongue” approach is used, proteins can be
rapidly differentiated using an array of non-specific synthetic
receptors that, in combination, generate a unique optical
“fingerprint” upon interacting with each protein. Unlike
antibody arrays, which operate according to the “lock and
key” paradigm, arrays that rely on differential sensing[4] do
not require manufacturing multiple antibodies or using
technically challenging procedures. As a result, such systems
can straightforwardly discriminate among multiple different

proteins[3] as well as profile protein mixtures in biofluids,
which may indicate disease states.[3f–i]

Despite the numerous advantages of cross-reactive arrays,
applications for this technology in medical diagnostics are
limited by the difficulty of non-selective receptors to operate
within biological mixtures. Human serum contains more than
20000 proteins, of which only about 20 proteins constitute
about 99% of the serum protein mass. Thus, although such
systems can effectively discriminate among combinations and
concentrations of common serum proteins,[3g] detecting low-
abundance disease biomarkers remains challenging. Herein,
we present an integrated sensing scheme that uses both the
“lock and key” and “differential sensing” strategies for
discriminating among low-concentration protein biomarkers
in biological mixtures. Using this approach, cross-reactive
sensor arrays can be “programmed” to generate patterns that
reflect the composition of specific protein groups, even in the
presence of highly abundant serum proteins or within human
urine.

Figure 1. a) Design principles of self-assembled protein receptors con-
sisting of two distinct recognition motifs: specific and non-specific.
Two complementary oligonucleotides (ODNs) are used to form the
specific (ODN-1) and non-specific (ODNs a–e) binding strands, which
are modified with a fluorescent acceptor (Cy3) and solvatochromic
fluorescent donors (dansyl), respectively. b) Schematic representation
of a cross-reactive sensor array with selectivity toward a specific
protein group (isoforms I–IV). Other proteins (protein V), which do
not belong to this family, do not interact with the receptors in the
array. c) Interaction of the receptors with isoforms having different
surface characteristics (isoform II vs. III), results in different emission
signals.
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Recently, we have shown that the potency and discrim-
inating ability of pattern-generating fluorescent sensors can
be largely enhanced by multivalent binding of several
receptors.[5] In this study, hetero-multivalency[6] and binding
cooperativity are used to create a cross-reactive sensor array
with selectivity toward specific protein groups (Figure 1). As
shown in Figure 1a, each fluorescent receptor in the array is
self-assembled from two complementary oligonucleotides
(ODNs) appended with distinct protein recognition motifs:
specific or non-specific. The specific binder on ODN-1 can be
a synthetic inhibitor, a natural ligand or an aptamer that is
selective toward a specific protein group, but it is also broad
spectrum. In other words, this unit can strongly interact with
multiple isoforms of a particular protein family. Because this
binder is maintained in all different duplexes in the array
(Figure 1b), it provides the receptors with high affinity and
selectivity toward a small set of protein biomarkers.

The non-specific binding domain on ODNs a–e (Fig-
ure 1a), on the other hand, is a relatively weak binder that
varies among the different receptors (Figure 1b). It contains
a tripodal peptide group with a relatively large surface area,
typical of synthetic protein surface receptors.[7] By systemati-
cally modifying its sequence, one can obtain a library of
protein surface binders with distinct physicochemical proper-
ties. Generating an array of duplexes, which differ only in
their protein surface binders (Figure 1b), results in an
analytical device in which all the receptors can bind to
a particular protein family (isoforms I–IV). However, each
tripodal peptide in the array is expected to interact differently
with the surfaces of distinct iso-
forms (Figure 1 c). Distinct opti-
cal “fingerprints” for different
family members can be gener-
ated by modifying the specific
and non-specific binders with
solvatochromic fluorescent
donors (i.e., dansyls) and a fluo-
rescent acceptor (i.e., Cy3),
respectively (Figure 1a). In this
way, different isoforms could be
differentiated owing to changes
that occur in the distance
between the donor and accept-
ors and/or the local environment
of the solvatochromic probes
(Figure 1c). Notably, because
binding cooperativity between
the weak and strong binders
can only occur with proteins
that possess the specific recog-
nition domain (Figure 1b, iso-
forms I–IV), other proteins that
lack this site (protein V) should
not affect the emission of the
array.

Based on these principles, we
generated DNA-based receptors
with selectivity towards gluta-
thione S-transferases (GSTs).

Human GSTs are a family of enzymes that play a role in
cell detoxification processes by catalyzing the conjugation of
reduced glutathione (GSH) to various xenobiotics.[8] This
family is subdivided into several classes, such as alpha, mu, pi,
omega, sigma, theta, and zeta, which share a similar GSH
binding domain, but differ in their surface characteristics
(Figure S1 and Table S2 in the Supporting Information).
GSTs were selected as the target proteins for this study
because comparative analysis of GST isozymes in biofluids
revealed a clear correlation between their expression profiles
and disease states.[8b,c] In addition, a broad spectrum inhibitor
(i.e., ethacrynic acid, EA) for this class of enzymes is known
and could be used to generate a GST-specific binding strand
(Figure 2a, ODN-1).

It has been shown that bivalent EA-based inhibitors,
which can simultaneously bind two sites within these homo-
dimers, exhibit significantly greater potency for GSTs.[8d] We
therefore anticipated that coupling two EAs to an elongated
bis-amine linker on Cy3-modified ODN-i (Figure 2a) would
result in a specific binding strand (ODN-1) with a flexible
bivalent inhibitor that can be accommodated within the EA
binding sites of different GST isozymes. To obtain a library of
protein surface binders (Figure 2b, ODNs-a–e), a comple-
mentary amino-functionalized ODN-ii was first modified with
a trialkyne spacer 2 (see the Supporting Information for
synthetic details) and the resulting strand (ODN-iii) was
coupled to a series of dansylated and azido-modified peptides
(Figure 2c and Table S1) using the click reaction.

Figure 2. Synthetic steps for preparing complementary ODNs modified with a) a specific and b) non-
specific GST binders. c) Representative structure of an azide-modified dansylated peptide (Peptide-N3).
The peptide sequences are listed in Table S1.
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Enzymatic assays were performed to confirm broad
spectrum inhibition by ODN-1, namely, that the specific
GST binder can bind and inhibit the activity of different GST
isosymes. As shown in Figure 3, the enzymatic activity of
GST-A1, GST-M1, GST-A2, and GST-P1 was followed in the

absence and presence of ODN-1 (500 nm), a known mono-
valent inhibitor (EA, 1 mm), and a control strand (Figure 2a,
ODN-i), which lacks the EA groups (500 nm). The much
stronger inhibition of these isozymes by ODN-1 indicates that
a bivalent, broad-spectrum GST binder with nanomolar
affinities toward the four different isozymes was obtained.

One of the advantages of using DNA duplexes for
scaffolding these receptors is the simplicity by which a set of
water-soluble, multifunctional protein receptors can be
obtained by self-assembly.[9] Accordingly, five GST receptors
consisting of specific and non-specific binding strands (Fig-
ure 1b, receptors 1/a–1/e) were generated simply by heating
an equimolar ratio of ODN-1 and complementary ODNs-a–
e to 95 8C and slowly cooling to room temperature. The
formation of these duplexes was confirmed by observing
fluorescence resonance energy transfer (FRET) processes
between the dansyls and Cy3 (Figure 4a). The acceptor
emission was further enhanced when the different duplexes
were incubated with different GSTs (Figure 4b and Fig-
ure S2), which indicates the suitability of these probes for
signaling the receptor–GST interactions.

The most important principle underlying the design of this
sensory system is that binding cooperativity[6] between the
specific and non-specific binders would transform relatively
weak tripodal peptide–GST interactions into much stronger
ones (Figure 1b). To confirm the manifestation of the
“chelate effect”, which should endow the modified duplexes
with selectivity toward GSTs, we performed three comple-
mentary experiments (Figure 5 and Figures S3 and S4). In the

first, we incubated the different receptors (1/a–1/e) with
different GSTs (150 nm) and compared their fluorescence
response to that of duplexes, which lack a GST inhibitor
(Figure 5a). In a second experiment, the different receptors
were treated with common serum proteins or protein
biomarkers, such as immunoglobulin A (IgA), a1-acid glyco-
protein (AGP), mixed-type haptoglobin (Hp), fibroblast
growth factor-21 (FGF-21), leptin, apolipoprotein A1
(APOA1), immunoglobulin G (IgG), and transferrin (Tf)
(Figure 5b). Finally, we tested the response of the receptors to
more complex biological mixtures by incubating them with
combinations of serum proteins (Figure S3, 1.05 mm total) or
human urine (Figure S4). Remarkably, whereas duplexes 1/a–
1/e exhibited a strong response to nanomolar concentrations
of GSTs (150 nm), only a small or negligible effect on Cy3
emission was observed for the control duplexes (Figure 5a).
Similarly, the emission intensity was only slightly changed
upon incubating the receptors with an excess (0.5–1 mm) of
serum proteins (Figure 5b) or biological mixtures (Figures S3
and S4). Taken together, these results show that the fluores-
cence response in our system mainly originates from the
interaction of the receptors with GSTs.

The development of targeted protein surface sensors such
as 1/a–1/e might lead to the realization of cross-reactive
sensor arrays that can discriminate among structurally similar
biomarkers in biological mixtures. It has been shown, for
example, that elevated levels of GST-A1,[8e] GST-P1,[8f] GST-
M1,[8b,c] or a combination of GST-A1 and GST-P1[8g,h] in
biofluids indicate of distinct diseases. To demonstrate the
potential use of such systems in medical diagnosis, we tested
the ability of a sensor array prototype, (duplexes 1/a–1/e) to
discriminate among different GST isoforms and their combi-
nations in the absence (Figure 6) and presence of other
proteins (Figure 6 b), as well as within human urine
(Figure 7). In a typical experiment, receptors 1/a–1/
e (20 nm) were loaded onto a microwell plate and the changes
in Cy3 emission intensities were recorded for four replicates.
As shown in Figure 6a, the addition of pure GSTs (150 nm)
resulted in distinct fluorescence profiles for GST-A1, GST-
M1, GST-P1, GST-A2 as well as for combination of GST-A1
and GST-P1. Analyzing the patterns using linear discriminant
analysis (LDA; Figure 6b, squares) resulted in markedly
distinct clusters, which confirm the ability of the system to
discriminate among structurally similar GST isozymes. No

Figure 3. Enzymatic activity of a) GST-A1, b) GST-M1, c) GST-A2, and
d) GST-P1 in the absence (black line) and presence of 500 nm ODN-
i (green line), ODN-1 (red line), or 1 mm EA (blue line). The formation
of the CDNB-GSH conjugate was monitored by following the absorb-
ance at l = 340 nm.

Figure 4. a) Emission spectra of ODN-1, ODN-c, and receptor 1/c
(1 mm). b) Representative fluorescence response of receptor 1/
a (20 nm) (black line) before and (red line) after the addition of GST-
A1 (150 nm) in PBS buffer. Excitation: 325 nm.
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significant changes in the emission patterns were observed
when treating the array with a higher concentration of
enzymes (300 nm, Figure S5), indicating that under these
conditions the addition of 150 nm of GSTs leads to saturation
of the receptors in the array. The discrimination efficiency of
the system was further demonstrated by analyzing unknown
samples from the training set, with 94 % accuracy.

In the next step, we spiked each receptor in the array with
a mixture of eight serum proteins (with a total concentration
of 1.05 mm) and fluorescence patterns were recorded under
similar conditions (Figure 6b, circles). Here, a higher con-
centration of GSTs (300 nm) was required in order to compete
with some non-specific interactions within this matrix (Fig-
ure S3) and to obtain sufficient fluorescent responses. As
expected from our design (Figure 1b), the fluorescent pat-
terns in the presence and absence of the protein mixture were
very similar to each other (Figure 6b and Figure S6).
Unknown GST samples containing this matrix could be
identified with an accuracy of 91%. The feasibility of
distinguishing among different GSTs in a more complex
biological environment such as urine was also demonstrated
(Figure 7 and Figure S7). Because human urine features more
than 1500 proteins[10] and exhibits a slight background
emission signal, higher concentrations of receptors (50 nm)
and GSTs (500 nm) were required to obtain adequate signal-
to-noise ratios needed for recording reproducible clusters,
which enabled the analysis of unknown urine samples with
94% accuracy. Notably, our current detection limit (i.e.,
500 nm) is above GST concentrations in urine, which are in
the low nanomolar range.[11] However, urinary proteins can be
collected in large amounts completely non-invasively and
concentrated to provide adequate amounts of proteins. In
addition, GSTs can be crudely enriched from this mixture
with a commercially available GSH column. Thus, these
results indicate the potential use of such systems in analyzing
small populations of proteins in medicinally relevant samples.

In conclusion, we have demonstrated a general method-
ology for endowing optical cross-reactive sensor arrays[2, 4, 5c,12]

with selectivity toward particular protein groups. The funda-
mental principle underlying this approach is the feasibility of
creating signaling protein receptors that integrate two distinct
binding motifs: specific and non-specific. The first enables the
receptors to bind particular protein groups with high affinity
and selectivity, whereas the second allows them to differ-
entiate among closely related isoforms. The use of DNA-
duplexes for scaffolding the receptors not only provides the
system with inherent water solubility—it also facilitates
device integration and modification. This should allow one

Figure 6. a) Fluorescence patterns generated by receptors 1/a–1/
e upon incubating with each of the four GST isoforms (150 nm) or
with a combination of GST-A1 and GST-P1. b) LDA plot showing the
response of the array to different GSTs (&) in PBS buffer and (*) in
the presence of a 1.05 mm protein mixture containing Tf (150 nm), Hp
(150 nm), IgG (150 nm), AGP (150 nm), APOA1 (150 nm), leptin
(100 nm), FGF-21 (100 nm), and Tg (100 nm).

Figure 7. LDA plot showing the response of the array to different GST
isozymes (500 nm) in urine.

Figure 5. a) Fluorescence response of receptors 1/a–1/e (gray &) and
the corresponding control duplexes (blue &), which lack the GST
inhibitor, to the addition of GST-P1 (150 nm). b) Changes in the
fluorescence intensity of receptor 1/a (20 nm) upon the addition of
different GST isoforms (150 nm each) or an excess of common serum
proteins: APOA1 (500 nm), FGF-21 (1 mm), Tf (500 nm), IgA (1 mm),
leptin (1 mm), AGP (1 mm), IgG (500 nm), and Hp (1 mm).
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to “program” such devices to identify various other classes of
protein biomarkers simply by modifying the specific binding
strand. Research along this line is currently being pursued in
our laboratory.
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