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We have demonstrated a novel sensing strategy employing
single-stranded probe DNA, unmodified gold nanoparticles, and
a positively charged, water-soluble conjugated polyelectrolyte to
detect a broad range of targets including nucleic acid (DNA) se-
quences, proteins, small molecules, and inorganic ions. This nearly
“universal” biosensor approach is based on the observation that,
while the conjugated polyelectrolyte specifically inhibits the ability
of single-stranded DNA to prevent the aggregation of gold-nano-
particles, no such inhibition is observed with double-stranded or
otherwise “folded” DNA structures. Colorimetric assays employing
this mechanism for the detection of hybridization are sensitive and
convenient—picomolar concentrations of target DNA are readily
detected with the naked eye, and the sensor works even when
challenged with complex sample matrices such as blood serum.
Likewise, by employing the binding-induced folding or association
of aptamers we have generalized the approach to the specific and
convenient detection of proteins, small molecules, and inorganic
ions. Finally, this new biosensor approach is quite straightforward
and can be completed in minutes without significant equipment or
training overhead.

biosensor | aptamer | visual detection | thrombin detection |
cocaine detection

Gold nanoparticle colorimetric biosensors have seen signifi-
cant applications in diagnostics, environmental monitoring,
and antibioterrorism supporting unaided, visual readout (1-12).
Commonly, the relevant nanoparticles are covalently modified
with either a probe DNA or an aptamer such that hybridization
(13-16) or aptamer-target interactions (17-27), for example the
scanometric method developed by Mirkin (25), which is a very
sensitive and specific tool, crosslink them, inducing aggregation.
The second broad approach utilizes unmodified nanoparticles.
(28-30) These two approaches, however, suffer from time-
consuming (2040 h of assembly) and relatively poor (low nano-
molar) detection limits, respectively. Here, a unique, colorimetric
sensing strategy employing a simple but selective combination of
a single-stranded DNA probe, a positively charged, water-soluble
conjugated polyelectrolyte, and unmodified gold nanoparticles is
demonstrated. The universality of this method allows detection of
a broad range of targets, including nucleic acid (DNA) sequences,
proteins, small molecules, and inorganic ions. Our approach is
rapid (turnaround time is 5-10 min) and sensitive (picomolar
concentrations of target DNA are readily detected with the naked
eye, even in complex sample matrices like blood serum). Hence,
an operator with minimum scientific overhead can easily employ
this technique.

Generally, the gold nanoparticle applications typically rely on
a quantitative coupling between target recognition and the aggre-
gation of the nanoparticles, which, in turn, leads to a dramatic
change in the photonic properties—and thus the color—of the
nanoparticle solution. This colorimetric “readout” avoids the
relative complexity inherent in optical imaging/detection meth-

www.pnas.org/cgi/doi/10.1073/pnas.1005632107

odologies and thus may prove suitable for point-of-care and de-
veloping world applications (9-12). Examples for the covalently
modified nanoparticles include the work of Mirkin and collabora-
tors, who pioneered the use of gold nanoparticle-DNA conju-
gates (22, 23) for the sensitive detection of DNA and proteins
(24-27). For the unmodified nanoparticles, Li and Rothberg have
shown that, at high ionic strength, single-stranded—but not dou-
ble-stranded—DNA protects unmodified gold nanoparticles
from aggregating, thus modifying their color (28-30). Employing
this mechanism, these authors have demonstrated a colorimetric
assay for specific DNA sequences.

Our approach to the application of gold nanoparticles in
optical biosensing relies on the recent observations that (i) both
single-stranded DNA and double-stranded DNA prevent aggrega-
tion of gold nanoparticles at low salt concentrations (28-30); (ii)
conjugated polyelectrolytes lead to the ready aggregation of such
nanoparticles (31), and (iii) previous work has demonstrated that,
at certain conditions, the cationic conjugated polyelectrolyte poly
[(9,9-bis (6'-N,N,N-trimethylammonium) hexyl) fluorene-alt-1,4-
phenylene] bromide (PFP-Br) binds single-stranded DNA prefer-
entially to double-stranded or otherwise “folded” DNA, (32-34).
This appears to arise due to the greater hydrophobicity of single-
stranded DNA. Upon reducing the strength of the hydrophobic
interactions, the electrostatic attraction becomes the important in-
teraction that regulates the binding between the water-soluble
conjugated polymer and DNA (33). The different affinities be-
tween the cationic conjugated polymer and various forms of
DNA (single-stranded DNA and double-stranded DNA and sin-
gle-stranded DNA and complex DNA folds) can be used to design
a variety of biosensors (32-34).

Results

Inspired by the above, we have developed a unique colorimetric
assay for the detection of nucleic acids, small-molecules, proteins,
and inorganic ions that relies on unmodified gold nanoparticles
but that employs the conjugated, positively charged, water-
soluble polymer poly [(9,9-bis (6'-N,N,N-trimethylammonium)
hexyl) fluorene-alt-1,4-phenylene] bromide). We have employed
cationic conjugated polyelectrolytes to efficiently sequester sin-
gle-stranded—but not double-stranded or otherwise “folded”—
DNA from nanoparticles, leading to their aggregation and color
change (Fig. S1) (32-34). We have then used this effect as the
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Fig. 1. Here we demonstrate a sensitive colorimetric assay for the detection of DNA. We find that, whereas a mixture of a positively charged, water-soluble,
conjugated polyelectrolyte and single-stranded DNA leads to the aggregation of gold nanoparticles (and, consequently, a readily detectable change in their
color), admixtures of this polymer with double-stranded DNA does not similarly produce a color change. (4) Here we have used this effect as the basis of a ready
colorimetric assay for the detection of specific oligonucleotides. The assay is rapid and sensitive: (<125 attomoles of target in 10 pL solution differentiates a color
change observable with the naked eye in less than 10 min. (B) According to the scheme, the solution only contains a single-stranded probe that makes the gold
nanoparticles aggregate (blue), while the probe-target duplex keeps the gold nanoparticles stable (red). (C) The ratio Asyg /A7 for a perfect match target is much
larger than no target indicating the specificity of our assay. (D) By calculating the ratio Asyy /Ao form the UV-Vis test we could measure the target concentration,
which is also crucial for detection. Shown is our ability to specifically detect target DNA molecules at both E, high (125 nM), and £, (1.25 pM) concentrations.
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basis for an assay for the sensitive, colorimetric detection of a
wide range of molecular analytes.

For the detection of DNA (Fig. 14), we first prepare a control
sample containing a single-stranded probe DNA and a test sam-
ple containing the probe DNA and its complementary DNA
target. A solution of 20 nm gold nanoparticles is added to both,
producing a readily apparent red color due to the intense surface
plasmon resonance (SPR) absorption of the nanoparticles at
520 nm. The subsequent addition of the conjugated polyelectro-

lyte sequesters most of single-stranded DNA, leaving it unable to
stabilize the nanoparticles against aggregation and thus leading to
a characteristic blue color for the control sample (which only con-
tains single-stranded DNA). In the presence of the complementary
target sequence a significant concentration of double-stranded
DNA is formed, which only weakly binds the conjugated polyelec-
trolytes and thus remains largely free to stabilize the nanoparticles
against aggregation. This, in turn, causes the sample to retain the
red color associated with dispersed nanoparticles (Fig. 1B).

. N . N . N N . "
’ N ’ N ’ A}
! Thrombin Aptameronty | | ThrombinSptamerand ! ' Cocaine Aptamer only I 1 Cooine sptamer and Gocaine: )1 ! MSO Probe only -
1 L ) 5, 1 1 LU} 1 1 1
1 ’\/6\P 1 :}7‘.',\ ¥ .',"7~.‘,\ 3 1 1 /\/\ 1 N ; \J 1 1 ’\’G\P 1
1 [ I S ! 1 1 \\ /// \\ 1 ! !
1 (I \ 1 1 1 < 1 1 1
1 L | 1 1 LU} = 1 1 1
\ LY ! \ 1\ 1 \ !
\\ ‘/ e </ \\ ‘/ N SRy ' N e 4

Au NP Au NPs Au NPs Au NPs Au NPs

LR L L L LA L L]

® J ) L)
------------ - e ———— S O et R Py

0
N

=/

1 [
1 1
1 1
1 1
1 [
1 [
1 1
1 1
1 \

Polymers

Cocaine A 1.5
15 ¢ Thrombin Aptamer g===Cockine Aptamer MSO Probe
A % 12 i - *
50 nM Thrombin 50 uM Cocaine 200 pM Mercury lon
Cocaine Aptamer
N 12§ ® s + o 12F
Q Spiegelmer %) 50 uM ATP o MSO Probe
c = t: c 09 c e +
S o9 50 nM Thrombin © © 0 uM Mercury lon
a v e} e}
et = o 09
o o o Y
(%] (%] (%]
Qo 06} o 06 o
< < <
0.6
03 F
0.3
M M M " " A s " 5
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

G H I

Wavelength (nm)

————————— — — — - e e e - e - e - — S ™ "o en an an En e e e e e

| Thrombirl Aptamer  Spi g | Th bi n Ap ‘ | Cocaine:\p(amer Cocaine‘Ap(amef Cocaine+Aptamer l | MSO Probe MSO Probe Control Sequence l
50 nM Thi bi i i + +
: n rombin 50 nM Thrombin 0 nM Thrombin | I 50 UM Cocaine 50 uM ATP 0 uM Cocaine | 200 uM Mercury lon 0 uM Mercury lon 200 pM M;rcury ton |
—~ l I " I
| \ o . | b
. | B B &, . |
I | |

N o o - - - - - - - - - i g N o o o - - - - - - -

Fig. 2. Our assay also could easily be expanded to the detection of proteins, small molecules, and ions. (A) A thrombin aptamer has been used in our protein
detection. (B) We use a sandwich approach based on single aptamer sequences in our cocaine detection. (C) We use a mercury-responsive sequence that folds in
the presence of Hg (ll) to detect the Hg (Il). (D) When the sample contains thrombin, it folded the aptamer into G-quadruplex structure together, which
stabilized the gold nanoparticles remaining red. The sample containing control probe or no target induced the aggregation, which shifts the absorption
from 520 nM to the longer wavelength, resulting in the characteristic red-blue color change. The detect limit for thrombin is 10 nM. (E) When the sample
contains cocaine, it associate two part aptamer together, which stabilize the gold nanoparticles remaining red. The sample containing ATP or no target induced
the aggregation, which shifts the absorption from 520 nM to the longer wavelength, resulting in the characteristic red-blue color change. The detect limit for
cocaine is 10 pM. (F) The sample containing no target induced the aggregation, which shifts the absorption from 520 nM to the longer wavelength, resulting in
the characteristic red-blue color change. The detect limit for Hg (Il) is 50 pM. (G, H, and /) This color change allows us to easily differentiate between target-
containing and target-free samples by visual inspection.
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The color change associated with the lack of double-stranded
DNA allows us to easily differentiate the single-stranded DNA
probe and the double-stranded probe-target duplex via visual
inspection at concentrations as low as 1.25 pM (Fig. 1 E and
F), a detection limit comparable to those of many previously
reported fluorescent DNA assays and enzyme-linked amplified
assays (35). A more quantitative analysis can be made using
UV-Vis spectroscopy. Specifically, the absorbance of the solution
at 520 nm increases and the absorbance at 700 nm decreases
when the concentration of double-stranded DNA is increased
from 1.25 pM to 125 nM (Fig. 1 C and D). A series of control
experiments confirm the specificity of the assay: As expected, du-
plexes between the 34-base pair probe and targets containing 3-,
5- or 7 base-pair mismatches do not stabilize the nanoparticles
against aggregation, leading to the characteristic blue color
(Fig. S2).

A key feature of our method is that, unlike approaches that
utilize functionalized nanoparticles, hybridization and binding
occur under conditions that can be independently regulated
and optimized. For example, our approach relies on an ability
to detect double-stranded probe-target duplexes. Thus, a poten-
tial disturbance is that any double-stranded DNA contaminating
the sample will also stabilize the nanoparticles. Because we can
optimize test conditions, the pretreatment of the sample with
Exonuclease III, which provides a ready and convenient solution
degrading any double-stranded DNA initially present in the sam-
ple (Fig. S3). Thus our assay can be made quite specific. Likewise
the assay is selective and performs well even when challenged
directly in complex biological media, such as target-doped blood
serum (Fig. S4).

Discussion

While the detection of DNA is of significant clinical utility in its
own right, by employing aptamers, nucleic acid molecules that
have been selected in vitro to bind to specific molecular targets
(36-39), our colorimetric assay can also be expanded to the
detection of nonnucleic acid targets. Specifically, because it is
relatively easy to reengineer aptamers such that they undergo
a transition from largely single-stranded to a folded, compact
structure upon target binding (40-44), and because the conju-
gated polyelectrolyte only weakly binds with these compact,
folded structures (31-34), we can adapt our assay to the detection
of the aptamer’s binding partner (Fig. 2).

As a first example of the broader applicability of our approach,
we developed an assay for the small molecule cocaine using the
anticocaine aptamer of Stojanovic (39—42). To do so we modified
the aptamer sequence slightly (see Methods) to prevent inter-
strand binding and then cut the sequence into two short, sin-
gle-stranded pieces (40, 41). We then prepared two samples: a
control sample containing only these fragments and a test sample
containing the two aptamer fragments and cocaine. Upon adding
a solution of ~20 nm gold nanoparticles, both samples turn red

due to the intense surface plasmon resonance absorption of the
nanoparticles. Upon the addition of the conjugated polyelectro-
lyte, the nanoparticles in the control solution aggregate and
the solution turns blue. The test sample, in contrast, retains its
red color, presumably because cocaine binding drives the two
pieces to associate (40-42) to form a well-folded, largely dou-
ble-stranded aptamer that only weakly binds with the conjugated
polyelectrolytes and thus remains free to inhibit nanoparticle
aggregation (Fig. 2). This color change supports the ready detec-
tion of cocaine via visual inspection. As expected, this sensor does
not respond when challenged with other small molecules, such as
ATP (Fig. 2).

Abundant literature suggests that it is relatively easy to modify
aptamers such that they only fold upon target binding (40-45), an
effect that also supports our assay. As examples we have used
Bock’s thrombin-binding aptamer, which folds from a single-
stranded state to a largely G-quadruplex structure upon target
binding (43, 44) and a mercury-responsive sequence that folds
in the presence of Hg (II) (45-49). Once again, we employ control
(aptamer-only) and test (aptamer-plus-target) solutions, which,
upon mixing with ~20 nm gold nanoparticles, produce the char-
acteristic absorption at 520 nm. In the absence of target, both ap-
tamers are single-stranded and thus do not stabilize the gold
nanoparticles against aggregation in the presence of the polymer.
Upon target binding, however, the aptamers fold, reducing their
interactions with the conjugated polyelectrolytes and allowing
them to prevent nanoparticle aggregation (Fig. 2). The resultant
color change supports the easy differentiation between target-
containing and target-free samples via visual inspection.

The strategy described in this report offers advantages over
many existing sensing methodologies. First, our approach is likely
universal; here, for example, we have shown that it is applicable to
the detection of nucleic acids, small molecules, proteins, and inor-
ganic ions. Second, our approach is convenient, requiring only the
mixing of several solutions at room temperature to achieve rapid,
semiquantitative detection via visual inspection or quantitative
detection via visible light absorbance spectroscopy. Third, the de-
tection of DNA using this approach is sensitive. We achieve, for
example, low picomolar sensitivity for DNA detection, comparing
very favorably with previously reported methods (Table 1) (28, 35,
50-52). Fourth, each step in the process (pretreatment with Exo-
nuclease, the binding of the target to the DNA probe, the addition
of conjugated polyelectrolytes) is performed separately, allowing
each step to be optimized independently. Finally, the detection
process is rapid and convenient.

Methods

In a typical gold nanoparticles/CP assay, the DNA probes were dissolved in a
salt solution (112.5 mM Nacl) to form 1.25 pM probe solution at room tem-
perature. Such solution (2.5 pL) was added to gold nanoparticles solution
(25 pL), and the obtained solution was incubated for 1 min at room tempera-
ture. The concentrations of probes are 125 nM in this solution unless specially
indicated. After that CP (5 pL, 1 pM) was added to the above solution,

Table 1. Comparison of sensors for DNA detection

Detection method Strategy Detection limit Existing problems

Colorimetric (this work) ~ AuNP & conjugated 1 pM Not applicable for colored samples
polyelectrolyte (naked eyes)

Colorimetric (28) AuNP & salt 4.3 nM Detect limit not applicable for colored samples

(naked eyes)

Colorimetric (50) Enzyme amplification

magnetic separation

Electrochemistry (51) Electron transfer 10 pM

Electrochemistry (52) Enzyme Amplification 10 fM
& PNA Probe & AgNP

Fluorescence (35) Conjugated Polyelectrolyte FRET  2.14 pM

100 pM
(naked eyes)

Multistep process, cumbersome preparation of functionalized
gold nanoparticles and magnetic bead. Time-consuming
(>1 day), not applicable for colored samples

Dual-labeled oligos. Time-consuming (~5 hours)

Multistep process, stability of enzyme, dual label of DNA,
reagent intensive. Time-consuming (~5 hours)

Using expensive and complicated instruments for detection.
Time-consuming (~3 hours)

10840 | www.pnas.org/cgi/doi/10.1073/pnas.1005632107
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followed by either visual observation or UV/Vis characterization. The total
volume of the final solutions in this work may differ, but the volume ratio
of the above DNA, gold nanoparticles solution, and CPs is 1:10:2. In cocaine
assays, the 3’ fragment and 5’ fragment were dissolved in salt solution
(112.5 mM NaCl) to form 0.625 uM 3’ fragment and 0.625 uM 5’ fragment
probe solution at room temperature. Then cocaine was added to the above
solution. This solution (2.5 pL) was added to gold nanoparticles solution
(25 pL), and the obtained solution was incubated for 2 min at room tempera-
ture. After that CP (5 uL, 1 pM) was added, followed by either visual observa-
tion or UV/Vis characterization. For the thrombin assay, the thrombin
aptamer (or spiegelmer) was dissolved in a salt solution (112.5 mM NacCl)
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