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Gold nanoparticles (GNPs) possessing strong distance-
dependent optical properties and high extinction coef-
ficients have emerged as important colorimetric materials.
Almost all colorimetric studies are based on two working
mechanisms: sandwich cross-linking and non-cross-link-
ing systems. In the present study, a new working mech-
anism, hairpin sticky-end pairing-induced GNP assembly,
is introduced based on the discovery of unique aggrega-
tion behavior of aptamer-functionalized GNPs. The salt-
induced aggregation of oligonucleotide probe-modified
GNPs can readily occur due to the sticky-end pairing effect
while addition of target molecules favors the formation of
the hairpin structure of probe sequences and substantially
inhibits the nanoparticle assembly. Along this line, we
developed a proof-of-concept colorimetric homogeneous
assay using immunoglobulin E (IgE) as an analyte model
via transforming a commonly designed “light-down” colo-
rimetric biosensor into a “light-up” one. From the point
of view of both conformational transition of aptamer and
steric bulk, oligonucleotide—GNPs display an additional
stability upon binding to target molecules. The assay
showed an extremely high sensitivity from both naked eye
observations and absorbance measurements. Compared
with almost all existing IgE sensing strategies, the pro-
posed colorimetric system possesses a substantially im-
proved analytical performance. Investigating the assembly
behavior of hairpin aptamer-modified GNPs could offer
new insight into the dependence of the GNP properties
on the structure switching and open a new way to design
signaling probes and develop colorimetric assay schemes.

Recent advances in nanoscience and nanotechnology have
provided new opportunities for the application of nanomaterials
in biological analysis and disease diagnosis.*? Among nanoma-
terials, gold nanoparticles (GNPs) are especially attractive because
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of their unique physical and chemical properties.> ® Since the
aggregation of DNA-modified GNPs and its application in DNA
detection were reported,'®'* GNP-based colorimetric measure-
ment has attracted much attention in the detection of a broad
range of target molecules.>*'?2722 In addition to its generality,
GNP-based colorimetric assays possess several substantial ad-
vantages. First, desirable sensitivity and selectivity are comparable
to those of fluorescence techniques. Second, the detection can
be accomplished at low cost. Third, the colorimetric assay displays
a rapid response that results from instant color change. Fourth,
operation of the assay is convenient. Additionally, colorimetric
systems make on-site real-time detection easier compared with
fluorescent measurements. 42

In addition to solely relying on the Watson—Crick base pairing,
a new type of DNA called functional DNA has been increasingly
used for directing the assembly and disassembly of nanomaterials
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and for the colorimetric assay of non-nucleic acid targets.?
Functional DNA means DNA with functions beyond the storage
of genetic information, exhibiting properties similar to those of
proteins, including catalytic DNA molecules (commonly referred
to as DNAzymes, or deoxyribozymes),”!"?4%° aptamers,?* 2% and
aptazymes.'*2°732 Aptamers are conveniently prepared through
combinatorial biology methods such as systematic evolution of
ligands by exponential enrichment (SELEX) or in vitro selection.
These recognition elements possess numerous advantageous
characteristics for developing assay devices.”** Employing these
recognition elements for the preparation of nanomaterials can
broaden the variety of stimuli to trigger the aggregate assembly
process and the range of the colorimetric assay to meet application
requirements for such uses as biological analysis and disease
diagnosis. Therefore, aptamer—GNPs have attracted considerable
attention for the development of colorimetric sensing devices.#152%3435

According to the the molecular conformation and hybridization
state of surface-confined oligonucleotides and the role of extrane-
ous cross-linking molecules, almost all colorimetric assays based
on the assembly of GNPs fall into two categories: cross-linking
sensing systems and non-cross-linking systems. Both sensing
systems are used not only to detect large targets (e.g., target DNA
sequences and proteins) but also to detect small species, such as
metal ions which are recognized by functional DNAs. In a review
article,*® the technologies involved in the two types of colorimetric
biosensors were briefly discussed. For the functional DNA-
conjugated GNPs, the non-base-pairing regions containing ligand
binding sites played a critical role in both activating assembly/
disassembly and signaling the target binding events. It is well-
known that a key feature of aptamers is the conformational
transition upon binding to their targets. This conformational
change not only plays an essential role in specific identification
of targets but also can become the starting point for biosensing
and nanoassembly applications. However, the interactions between
GNPs associated with molecular conformation of surface-confined
biopolymers are not well understood at present, as the effect of
polyelectrolytes on colloidal stability is extremely complicated.
Naturally, little is known about how the sticky-end aptamers
behave on nanoparticle surfaces and how the sticky-end aptamer-
modified GNPs behave (e.g., colloidal stability toward salt-induced
assembly). Comprehensive investigations of the aggregation
behavior of the colorimetric systems would make important
contributions to fundamental principles of biopolymer-conjugated
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GNP interactions, facilitating the development of nanoscience/
nanotechnology and the colorimetric sensors.

Proteins are ubiquitous in nature and essential for life. Among
various proteins, the determination of IgE is of substantial
importance for human health protection.®” On the basis of the
above considerations, we investigated the dependence of GNP
assembly behavior on the sticky-end hairpin probe with a non-
base-pairing target-binding region. We proposed a sticky-end
pairing effect for GNP aggregation and demonstrated a conceptu-
ally novel colorimetric IgE assay. The interaptamer sticky-end
pairing in a head-to-tail manner dramatically promotes the ag-
gregation of oligonucleotide—GNPs while the target binding-
induced conformational change of aptamers leads to a significant
increase in colloidal stability. By presenting experimental data and
comparing with the observations reported in previous works (see
text for details), we demonstrated in detail the sticky-end pairing-
induced assembly to explain the surprising aggregation behavior
of GNPs and investigated the analytical performance of this
colorimetric assay system. Given the visible color change, simplic-
ity, and potential generality, hairpin aptamer sticky-end pairing-
induced assembly has potential applications for nanoparticles in
analytical chemistry and for colorimetric assays of biomarkers.

EXPERIMENTAL SECTION

Chemicals and Materials. The oligonucleotides designed
were synthesized by Shanghai Generay Biotech Co. (Shanghai,
China), and their sequences are shown as the following:

Stabilizing probe: 5-SH-TCC TCT CTC TCT CTT TTT T-3’

Anti-IgE aptamer: 5-SH-GGG GCA CGT TTA TCC GTC CCT
CCT AGT GGC GTG CCC C-3'.

Immunoglobulin E (IgE) purified from human plasma was
purchased from Meridian Life Science, Inc. (Saco, ME) while
bovine serum albumin (BSA), human IgG, and human serum
albumin (HSA) were obtained from Beijing Dingguo Biotechnol-
ogy Center (Beijing, China). Unless otherwise indicated, protein
samples and aptamer solution were prepared in 138 mM NaCl, 1
mM KCl, 1 mM MgCl,, and 10 mM phosphate buffer solution
at pH 7.4 (PBS1) while stabilizing probes were dissolved in 1
M KCl and 10 mM phosphate buffer solution at pH 7.4 (PBS2).

All other chemicals were of analytical grade and used without
further purification. Throughout this study, deionized, sterilized
water (resistance >18 MQ/cm) was used.

Instrumentation. UV—vis absorption measurements were
carried out using a MultiSpec-1501 spectrophotometer (Shimadzu,
Japan) with HYPER UV Version 1.50 software. The spectra of
samples were recorded at room temperature. Melting curves were
acquired on a CFX96 Real-Time System (Bio-Rad Laboratories,
Hercules, CA).

Preparation of Stabilizing Probe-Modified GNPs. GNPs
were prepared according to the literature method.*® Although the
size of nanoparticles characterized by TEM is about 12 nm in that
method, about 15.6-nm diameter particles are obtained in our
work.

Prior to modification, GNPs were concentrated by a factor of
2. Stabilizing probe-modified GNPs were prepared according to
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the procedure described previously® with slight modification. The
probe-to-nanoparticle ratio was about 88:1. The concentration of
nanoparticles was estimated from the optical density at the
plasmon resonance frequency using an extinction coefficient of
4.2 x 108 M~ cm™1.%° In brief, 60 uL of 4.7 uM stabilizing probe
solution was gradually added to 1 mL of concentrated GNP
solution over 30 min and incubated for 16 h at room temper-
ature; subsequently, 110 uL of 100 mM phosphate buffer
solution at pH 7.4 (PBS3) was added drop by drop. During
the salt-aging process, 57 uL. of aqueous 2 M NaCl (aging
solution; also called destabilizing solution, taking into account
that this solution was also used to trigger the aggregation of
DNA—-GNPs) was injected twice at a time interval of 8 h. After
incubation overnight, excess reagents were then removed by
centrifugation (twice). The stabilizing probe-functionalized
GNPs were redispersed in 600 uL of 10 mM phosphate buffer
solution and stored in a refrigerator at 4 °C for further use.

Procedure of Protein Detection. The protein detection
involves only three mixing steps: (a) a 22-uL aliquot of aptamer
solution (0.5 uM) was added to 100 uL of IgE sample at a specific
concentration and incubated for 40 min; (b) 40 uL of stabilizing
probe-modified GNP solution was injected into the resulting
solution; (c) after 60 min, a 20-uL droplet of destabilizing solution
was added and allowed to stand for 15 min. The amount of IgE in
samples, which determined the aggregation degree of GNPs, was
valuated from the absorption peaks of UV—vis spectra collected.
All the experiments were conducted at room temperature.

To assess the detection selectivity of the present assay system,
protein interferents substituting for IgE as analytes were used for
the aptamer—protein binding reaction, and detection experiments
were performed as described above.

Investigation of the Dependence of the GNP Assembly on
the Aptamer. The stabilizing probe-functionalized GNP solution
(40 uL) was mixed with PBS1 (100 L)) and incubated for 40 min,
and then 22 uL of PBS2, aptamer, or stabilizing probe was added.
After 60 min, 20 uL of destabilizing solution at specific concentra-
tion was injected, and the mixture was allowed to stand for 15
min prior to UV—vis absorption measurements. The ionic strength
mentioned in the corresponding section is that present in
destabilizing solution.

RESULTS AND DISCUSSION

Intensive Aggregation of Aptamer-Functionalized GNPs.
The intensive aggregation of aptamer-functionalized GNPs was
discovered by accident in our work. In the initial experiments,
we tried to prepare stable thiolated anti-IgE aptamer-conjugated
GNPs. Unexpectedly, during the aging process, aptamer-modified
GNPs invariably encountered salt-induced aggregation whereas
under identical conditions the stabilizing probe-modified GNP
solution almost completely retained its red color (shown in Figure
1). The results are inconsistent with the expected assembly
behavior estimated from the relationship between the base
number of DNA sequences and the interparticle electrostatic
repulsion. To further investigate the aggregation behavior, the
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Figure 1. Direct comparison of the stability of the stabilizing probe-
functionalized GNPs (a) and that of anti-IgE aptamer-functionalized
GNPs (b). Solution a was prepared according to the following
procedure: the stabilizing probe solution (60 uL, 4.7 M) was gradually
added to 1 mL of concentrated GNP solution over 30 min, and the
self-assembly reaction was allowed to proceed for 16 h at room
temperature. Then, 110 uL of PBS3 and 28.5 uL of aging solution
were added to the resulting solution. The method used for the
preparation of solution b was the same as that for solution a except
that anti-IgE aptamer replaced the stabilizing probe.

aptamer-functionalized GNPs were prepared under other experi-
mental conditions such as a higher concentration of aptamers, a
longer incubation time for the interaction between aptamers and
GNPs, and a slower addition of salt solution. Note that a high
concentration of aptamer was expected to increase the surface
charge density of GNPs and enhance electrostatic repulsion
between GNPs. However, aptamer—GNP aggregation occurred
likewise, which was readily detected with both the naked eye and
a UV—vis spectrometer. This distinct change in colloidal color
demonstrates that anti-IgE aptamer-functionalized GNPs exhibit
unique assembly behavior that is distinctly different from common
DNA-GNPs (further supporting data are seen below). To our
knowledge, no aptamer—GNP-based colorimetric assay of IgE has
been reported though considerable research aims at developing
colorimetric assays using aptamer DNAs as recognition probes
(classically divided into cross-linking systems mediated by extra-
neous molecules®'® and non-cross-linking systems mediated by
DNA aptamer folding).*>* The preparation of desirable anti-IgE
aptamer-functionalized GNPs is probably the main obstacle to this
assay, as we mentioned above. Very likely, the unique aggregation
behavior of anti-IgE aptamer-functionalized GNPs represents a new
assembly mechanism.

Possible Mechanisms. The assembly characteristics of GNP
modified with DNA strands are, although extensively studied and
utilized, extremely complicated, originating from the complex
inter- and intramolecular interactions with the aid of normal base
pairings,*? non-Watson—Crick-type base pairings,*® Hoogsteen
hydrogen bonds,** and DNA strand folding.* It is well-known that
the assembly behavior of GNPs depends on the net potential of
interparticle attraction and repulsion forces. The attraction force
originates from the van der Waals attraction and the intermolecu-
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Figure 2. (A) Secondary structure of the anti-lgEg aptamer predicted by the program “mfold”. The monomeric hairpin contains a
non-Watson—Crick base pairing between T and G. The intermolecular hybridization triggering the formation of the dimeric duplex is called the
hairpin DNA sticky-end pairing effect. (B) The assembly mechanisms for the intensive aggregation of the anti-IgE aptamer-conjugated GNPs.

The impracticable GNP aggregation is marked with a red cross.

lar interaction between biopolymers chemically attached onto the
surfaces of GNPs. The repulsion force originates from the two
major repulsion effects: electrostatic repulsion and steric hin-
drance. To ascertain the assembly mechanism for the unique
aggregation phenomenon observed for the present aptamer-
functionalized GNPs, the possible structures of anti-IgE aptamer
under the experimental conditions without GNPs were evaluated
with the help of DNA folding software (mfold) based on previous
works.*®4” The calculated data demonstrate that the anti-IgE
aptamer can adopt two distinct molecular configurations under
certain conditions: the monomeric hairpin resulting from intramo-
lecular folding, and the dimeric duplex via intermolecular hybrid-
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ization with a head-to-tail format as shown in Figure 2A. Compared
with the latter (7},: about 40 °C), the former exhibits a higher
melting temperature (7},: about 70 °C) because the presence
of the loop stabilizes the hairpin structure via stacking between
the bases in the loop and the stem.*® However, the predominant
species are dimeric duplexes under selected conditions where
the free energy is favorable for intermolecular hybridization.
The melting curve was analyzed by monitoring the level of
SYBR Green fluorescence as a function of temperature accord-
ing to the literature method.*® As shown in Figure 3, the melting
temperature of this aptamer is about 40.5 °C, confirming the
formation of the dimeric duplex. Moreover, the anchoring of
aptamers onto GNP surfaces causes an increase of local concen-
tration and further promotes the intermolecular hybridization to
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Figure 3. Melting curve of anti-IgE aptamer under the same
conditions as those in the final state reached in Figure 1 but without
GNPs. The dilution ratio of SYBR Green I: 1:1000. Y-axis: first
negative derivative of fluorescence over temperature. X-axis: tem-
perature (°C).

some extent as indicated in the literature.’>*! For example, the
melting temperature of hybrids formed between thiolated oligo-
nucleotide-functionalized GNPs was typically higher than that
predicted for the particle-free DNAs.!%1!

On the basis of the above factors, in this contribution, we
proposed a new working mechanism, sticky-end pairing-induced
GNP assembly (shown in Figure 2B), for the unique aggregation
behavior of anti-IgE aptamer-functionalized GNPs, which is closely
related to the sticky-end pairing effect described by Li and Tan.*?
Aptamer-functionalized GNPs can maintain a stable, dispersed
state in a low ionic strength solution because efficient intermo-
lecular hybridization cannot be achieved, whereas a red-to-blue
change is observed when the colloidal solution is added to a salt
solution due to the sticky-end paring-induced nanoparticle as-
sembly. The postulated assembly mechanism is not only based
on the melting temperatures of the aptamer estimated from
fluorescence measurements and the “mfold” program but is also
consistent with previous reports.>>>* After systematically studying
the effect of the folding of surface-confined DNA aptamers on the
colloidal stability, Zhao and his co-workers pointed out that the
GNPs with folded aptamers are more stable toward salt-induced
aggregation than those modified with unfolded aptamers because
the former displayed a stronger electrostatic repulsion and larger
steric hindrance. In the present work, the folded configuration of
the surface-confined aptamer with a 9-mer stem possesses the
basic structural rigidity responsible for the unique stability of
GNPs.?® Therefore, even if the intramolecular folded structure of
the present aptamer could be formed, the salt-induced aggregation
could not occur under the chosen conditions. Additionally, hairpin
DNA-modified GNPs have been successfully prepared and are
used as a powerful assay tool for single-mismatch discrimination.®
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Because high-salt buffer (1 M NaCl) was involved,” the folded
DNA—GNPs should exhibit a relatively high stability toward the
saltinduced aggregation. When being estimated by the same
“mfold” program, the hairpin DNA used in that work may adopt
a loop—stem structure but cannot hybridize with each other.
Clearly, the results should be attributed to the instability of the
sticky-end paring associated with the two short complementary
arm sequences. Given that there is a close relationship between
the aggregation of GNPs and the hairpin DNA sticky-end pairing,
the sticky-end pairing-induced assembly for the GNP aggregation
proposed in our work is reasonable. The effect of anchoring of
the anti-IgE aptamer on the aggregation behavior of GNPs is
detailed in the Supporting Information.

Design of the Colorimetric Biosensor and Optical Re-
sponse to IgE. Given that the aptamer has a stem—loop
secondary structure upon addition of target IgE as predicted by
us® and other groups,® the target binding should disassociate
the sticky-end pairing dimeric duplex and ultimately lead to the
increased stability of GNPs, offering a potential colorimetric assay
tool. However, it is very challenging to transform a conceptual
signaling system into a colorimetric biosensor because the assay
system must maintain a stable, dispersed state before or occasion-
ally after addition of the target species, especially for the present
system that is faced with intensive aggregation. To demonstrate
the proof-of-concept of the colorimetric assay system based on
the sticky-end pairing-induced GNP assembly, a light-up sensing
strategy was proposed in the present work as represented in
Scheme 1. Generally, a traditional light-up colorimetric assay
system®® requires the preparation of a solution of nanoparticle
aggregates, which is a relatively difficult process, as these
solutions are less stable than those consisting of dispersed GNPs.
In addition, as shown in the literature,*! the resuspension of
aggregates to dispersed particles was rather difficult because of
steric hindrance or poor accessibility to the aggregates even for
the small biomolecules. Sometimes the assay required a relatively
high temperature.*! Therefore, taking into account the thermal
instability of target protein IgE involved in the present assay
system, a novel light-up sensing scheme was developed to
circumvent the various problems associated with high-temperature
conditions without sacrificing the assay performance, where the
destabilizing solution was added after the anchoring of thiolated
biomolecules onto GNPs. Moreover, for the colorimetric assay
system® in which thiolated aptamer is pretethered to the GNP
surfaces, the order of detection sensitivities achieved does not
correlate with the stabilities of the aptamer—ligand complexes in
free solutions because of the changes in the structure of aptamers
and protein analytes on the GNP surfaces and differences in the
nature of the nonspecific interactions between the proteins and
surface-confined aptamers. To maintain an intrinsic binding
capability, free anti-IgE aptamers were used to recognize target
IgE, followed by their anchoring onto the GNP surfaces to signal
the target binding event (the method was called target binding-
followed anchoring protocol). Note that the hairpin aptamer
mentioned here refers to the anti-IgE aptamer though the dimeric
duplex rather than the monomeric folded structure was formed
in the absence of ligand. In brief, a stable colloidal solution
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Scheme 1. Hairpin Aptamer Sticky-End Pairing-Based Colorimetric Sensing System for the IgE Assay?
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2 A stable colloidal solution was prepared by conjugating stabilizing probes to GNPs, and the target binding-followed anchoring protocol was
adopted to maintain the high biological activity of aptamer and ensure the easy accessibility of target protein to the specific binding sites (see text

for details).

exhibiting a red color was prepared by conjugating stabilizing
probes to GNPs; in the presence of analyte IgE, the intramolecular
folding of aptamer was triggered by target binding, disassociating
the dimeric duplex via disturbance of the sticky-end pairing.
Mixing of the target—aptamer complex solution with the prepre-
pared GNP solution caused a substantial increase in the stability
of colloidal solution because of steric hindrance and electrostatic
repulsion originating from the anchoring of complexes onto the
GNP surfaces. In this case, addition of destabilizing solution did
not induce GNP aggregation. The colloidal solution maintained
the red color. In contrast, for the blank, the dimeric duplexes of
aptamers that were not disentangled brought the nanoparticles
together (under chosen conditions, the electrostatic repulsion can
be screened). The aggregation of GNPs resulted in a distinct color
change from red to purple and to blue. Via this interrogating
scheme, target protein was detected with either the naked eye or
UV—vis absorption measurements.

To test the feasibility of the present colorimetric system for
the target protein assay, we prepared two solutions according to
the method given in Procedure of Protein Detection. Sample a
contained 1.89 x 10~ M IgE while sample b was the blank. The
two samples exhibited a distinct color. Namely, no detectable
color change was observed for sample a while the color of
sample b changed from red to blue when the destabilizing
solution was introduced. Eventually, the aggregates precipitated
from sample b, and the reaction medium was colorless. Their
UV—vis absorption spectra are shown in Figure 4A. In general,
citrate-stabilized GNPs exhibit a characteristic plasmon resonance
band at about 520 nm'® while aggregated GNPs not only result
in the change of the short-wavelength absorption band but also
develop a new absorption peak in long-wavelength region depend-
ing on the nature and extent of the nanoparticle aggregation.®®

(56) Chowdhury, M. H.; Julian, A. M.; Coates, C. J.; Cote, G. L. jiitausaitdi
2004, 9, 1347-1357.
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Figure 4. (A) Typical UV—vis absorption spectra of the present
colorimetric assay system in the presence (line a) and absence (line
b) of target IgE. The measurements were carried out as described in
Experimental Section. A distinct color change could be readily
observed by the naked eye. (B) HRTEM images of the two samples.

There is substantial difference in the plasmon resonance peak
intensity, shape, and position between samples a and b. The
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Figure 5. UV-vis absorption spectra of the colorimetric assay
system in the presence of target protein at different concentrations.
Inset: quantitative analysis of the target concentration using UV—vis
absorption at 522 nm. The experiment conditions are described in
Experimental Section. The calibration curve obeys a second-order
polynomial equation: Y = 4.452X2 + 0.1348X + 1.134 with a
correlation coefficient of 0.9904, where Y and X represented the peak
intensity and the logarithm of target concentration, respectively. The
error bars denote the standard deviation of three measurements.

UV-—visible spectrum of sample a (shown in Figure 4A, line a)
possesses the characteristic absorption band of dispersed GNPs.
In contrast, not only a shift in the absorption peak from 525 to
550 nm accompanied by a substantial loss in intensity but also a
new peak in the long-wavelength region, characteristic of ag-
gregated nanoparticles, appear for sample b (Figure 4A, line b).
Figure 4B shows the high-resolution transmission electron mi-
croscopy (HRTEM) images of the two samples. Clearly, nano-
particles in sample a are nanodisperse while particle aggregates
are formed in sample b. The observations by the naked eye,
UV—vis absorption measurements, and HRTEM images demon-
strate that addition of IgE can efficiently inhibit the assembly of
DNA-GNPs, verifying that the proposed sensing system is a
promising colorimetric assay platform.

Analytical Performance of Colorimetric IgE Biosensor.
The anchoring of aptamer—target complexes onto GNPs can make
the colloidal solution more stable via efficient inhibition of
nanoparticle aggregation, which is directly related to the target
concentration. Therefore, the content of IgE in samples can be
estimated from the extent and rapidity of color change without
any instrument. The experimental results show that the naked
eye assay may achieve semiquantitative detection of target protein
over a wide concentration range from 10 nM to 1 pM.

To verify that the present colorimetric assay system can be
used to accurately quantify target protein, the UV—vis absorption
spectra for the as-prepared solutions containing target analyte at
different concentrations were collected, and the absorption peaks
at 522 nm were used to estimate the target protein content in
samples. As shown in Figure 5, absorption peak increases
monotonically with an increasing in target concentration ranging
from 9.45 x 10713 to 1.89 x 1078 M, indicating a light-up signaling
scheme. Separation of the absorption spectrum corresponding
to 1.89 x 1078 M target protein from other spectra in the long-
wavelength region is seen though no aggregation occurs in
this case. The observation should be attributed to the refractive
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index change at the surface of individual gold nanoparticles
due to the anchor of biomolecules especially at high concentra-
tion. This phenomenon was also reported by other groups.®”
The inset of Figure 5 clearly represents the relationship between
optical signal and the logarithm of target concentration over ~4
orders of magnitude with a satisfactory regression coefficient of
0.9904. No significant change in absorption peak was observed
when the target concentration increased or decreased further, and
the response points are not within the range of the dose—response
curve. The present colorimetric sensing system has a detection
limit of 1.89 x 107 M, which is defined as the target
concentration generating a absorption peak that is close to,
yet still apparently higher than, the peak induced by the blank.
This detection limit is about 3 orders of magnitude lower than
the literature values obtained by fluorescence anisotropy,®®
molecular luminescence spectrometry,® and field-effect transis-
tors,>” assuming that all analyte samples at the concentration
between the bottom limit and the upper limit were accurately
quantified in those works. Moreover, the dynamic concentra-
tion range is improved by a factor of about 50—2000. The
present screening system has more than 200-fold improvement
in detection capability and a ~30-fold wider dynamic response
range when compared with a robust biosensor, very recently
developed based on a delicately designed aptamer® by an
electrochemical technique, which has shown to be a particularly
efficient analytical tool. To our knowledge, the present light-
up colorimetric protein assay based on the hairpin aptamer
sticky-end pairing-induced nanoparticle assembly is the most
effective tool for IgE analysis at present in term of its excellent
analytical characteristics and intrinsic advantages, such as
simplicity, low cost, and visible detection.

To demonstrate the repeatability of the present colorimetric
assay system, a series of three repetitive measurements of target
samples were carried out. The relative standard deviations
achieved for the samples containing 9.45 x 10713, 1.89 x 1071,
9.45 x 1071 1.89 x 10719, 1.89 x 107, and 1.89 x 10~8 M IgE
were 2.1%, 3.4%, 8.7%, 3.4%, 2.9%, and 3.2%, respectively. The
recovery test is given in Supporting Information.

Selectivity and Implications for the Assembly Mechanism.
To confirm that the optical signal is generated from the specific
aptamer-target binding, the degree of nonspecific interaction of
the assay system with nontarget proteins such as IgG, BSA, and
HSA was assessed under the same conditions as those in the case
of IgE. Among these proteins, IgG has a molecular structure very
similar to that of target IgE and serves as a good test protein for
the aptamer binding specificity.® The experimental results are
shown in Figure 6. Except for IgE sample, the colloidal solutions
inevitably aggregate even though the concentration of nontarget
proteins is much higher. Figure 6A inset depicts the accurate
quantification of the detection selectivity achieved by the present
colorimetric assay system. Excitingly, even though the corre-
sponding colloidal solutions were diluted five times, the differences
in color between IgE and the other samples were easily detected
by the naked eye as shown in Figure 6B. These results confirm
that the aptamer can maintain its binding properties including

(57) Nath, N.; Chilkoti, A. gaigbetabgag. 2002, 74, 504-509, and the correspond-
ing references.

(58) Gokulrangan, G.; Unruh, J. R.; Holub, D. F.; Ingram, B.; Johnson, C. K,;
Wilson, G. S. deicbemialigigg: 2005, 77, 1963-1970.
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Figure 6. Selectivity of the proposed colorimetric assay platform.
(A) UV—vis absorption spectra of the colorimetric assay system in
the presence of target and nontarget proteins. Inset: stability of
different mixtures quantitatively evaluated by the ratio of absorption
intensity at 522 nm to that at 655 nm (Asz»/Aess). (B) Photographs of
solutions obtained by diluting the mixtures described in A.

selectivity. This is reasonable because the formation of aptamer—
target complex is not disrupted when chemical modification with
the external labeling group is far away from the recognition motifs.>®

Minimal nonspecific binding is most likely a characteristic of
the sticky-end pairing-induced nanoparticle assembly because the
molecular conformation of the aptamers was preserved when
anchored onto the nanoparticles, even upon addition of nontarget
proteins, leading to inevitable GNP aggregation. Although we
could not provide direct evidence of the sticky-end pairing between
oligonucleotide-modified GNPs at this stage, a lack of colloidal
stabilization in the control experiments indicated that the increase
of colloidal stability observed was indeed due to specific
aptamer—target binding which causes the conformational transi-
tion of the aptamer, indirectly validating the mechanism of sticky-
end pairing-induced nanoparticle assembly.

Forward-Looking Colorimetric Assay Scheme and Signifi-
cance in Molecular Configuration Screening. According to the
literature,*® as compared to the cross-linking sensing system in
which a single linking molecule can pull two nanoparticles
together, a conceivable disadvantage of the non-cross-linking
system is the consumption of target molecules. Thus, GNP
aggregation does not occur in the non-cross-linking colorimetric
system unless target DNA at a high concentration is involved.
Naturally, it is difficult to obtain a low detection limit*>*! for the
non-cross-linking colorimetric assay though this sensing protocol
is useful for the direct analysis of single nucleotide polymor-
phisms.>*®° In fact, the consumption of target molecules cannot
be completely avoided even for the cross-linking colorimetric

system because a single sandwich hybridization event often is not
strong enough to overcome the electrostatic repulsion between
two GNPs. Moreover, the subsequent hybridization of cDNAs to
DNA molecules tethered onto GNPs previously linked by cross-
linking reactions might occur more easily than that to dispersed
DNA—GNPs because the electrostatic repulsion between linked
GNPs was substantially diminished. As a result, the aptamer-based
cross-liking system for the colorimetric protein assay often offered
only a moderate detection capability in terms of the detection
limit,® that is, at least 3 orders of magnitude less sensitivity than
that achieved by a fluorescent aptamer probe.®! Sometimes the
opposite is true. For example, Zhao and his co-workers have
reported versatile non-cross-linking colorimetric sensing systems
that can give much higher sensitivity compared with the cross-
linking colorimetric assay based on the same aptamer, and the
benefits achieved were demonstrated in detail.*! In sharp contrast
to the two types of colorimetric assay, the consumption of target
molecules should be considerably diminished in the present
hairpin aptamer sticky-end pairing assembly system. Using 34
A/10 bases as the length,%? the molecular length of the 37-mer
aptamer probe theoretically is 12.6 nm even at an almost full
extension. Additionally, 12-nm-diameter GNPs and IgE molecules
with a size of ~10 nm® are used as optical reporters and target
analytes, respectively. On a nanometer scale, where the sizes of
nanoparticles and biopolymers are comparable, the size change
upon the anchoring of aptamer—IgE complexes can significantly
affect the assembly performance of the GNP system.?? Presum-
ably, target binding not only changes the configuration of
aptamers disassociating sticky-end pairing complexes but also
creates a large steric hindrance after anchoring that substantially
prevents GNPs from “linking” to each other. Perhaps the
increased steric hindrance also prevents the latter aptamer—IgE
complexes from anchoring to the same GNPs. Additionally, the
anchoring of aptamer—IgE complexes can slow the Brownian
motion of GNPs, reducing the corresponding collision probability.
Thus, the GNPs without aptamer—IgE complexes became the
preferential sites of anchorage, and aptamer—IgE complexes could
be evenly distributed on the GNP surfaces. As a result, although
target protein forces the aptamer sequence to form a stem—loop
structure rather than bringing together two aptamers to form a
sandwich complex that often is the foundation of a cross-linking
colorimetric assay,® a very small amount target protein could
efficiently inhibit the GNP assembly, resulting in an extremely
low detection limit. Furthermore, free aptamer replacing the
surface-confined aptamer might contribute to the improved
sensitivity of our assay scheme to some extent due to the easy
target accessibility to binding sites.*! The desirable assay capabil-
ity achieved is attributed to the joint action of the intensive
aggregation associated with sticky-end pairing-induced GNP
assembly, the desirable stabilizing effect originating from the
anchoring of nanoscale target—aptamer complexes onto nanopar-
ticles, and the high target binding activity of the aptamer.

The proper sticky end sequence and high target-binding
activity is of critical importance to the construction of a colori-
metric sensing system based on the hairpin aptamer sticky-end
pairing assembly mechanism. As illustrated in the previous

(59) Fang, X.; Cao, Z.; Beck, T.; Tan, W. dughelgg 2001, 73, 5752-5757.
(60) Sato, K.; Onoguchi, M.; Sato, Y.; Hosokawa, K.; Maeda, M. gusimiidaie.
2006, 350, 162-164.

(61) Yang, C.J.; Jockusch, S;; Vicens, M.; Turro, N. J.; Tan, W. et
Seimbesed. 2005, 102, 17278-17283.
(62) Steel, A. B.; Herne, T. M.; Tarlov, M. itdisdmislgii 1998, 70, 4670-4677.
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works,®% the stems can be regulated by extending or shortening
hairpin aptamer sequences at both ends to meet the requirement
of efficiently transducing target-binding events into a measurable
mechanical output signal. Furthermore, in a recent electrochemi-
cal biosensing platform,** we introduced a long stem into the
original aptamer to obtain a large hairpin structure in the absence
of target protein, leading to an electrochemical sensing probe.
Therefore, future work will be aimed at optimizing the incubation
times, nanoparticle size, the number of stabilizing probes on each
GNP, aptamer concentration and buffered working solution, and
particularly at understanding the effect of sticky end nature on
the aggregation behavior of GNPs by the careful design of aptamer
sequences. Further optimization and exploration of this concept
should lead to colorimetric aptamers with sticky ends and could
be extended to some nonhairpin aptamers via elegantly incorpo-
rating stem regions into aptamer sequences to trigger the sticky-
end pairing-induced nanoparticle assembly. Namely, the proposed
design strategy could be generalized not only to hairpin aptamers
but also to nonhairpin aptamers to develop aptamer-based colo-
rimetric assays for cognate analytes of interest. Moreover, this
new concept should avoid the deleterious situation in the
fluorescent molecular beacon strategy in which the two ends of
the hairpin aptamer do not move away from each other regardless
of target binding®* and also circumvent the drawbacks stemming
from the splitting of an intact aptamer.®® Clearly, the new
aggregation mechanism described herein and future systematic
explorations should provide a potential colorimetric sensing
platform as a versatile sensing tool.

On the basis of the relationship between the distinct changes
in optical characteristics and the conformational transition induced
by aptamer—target binding, the proposed mechanism of sticky-
end pairing assembly should also be a useful tool for roughly
screening the molecular configuration of aptamers by UV—vis
measurements or even by naked-eye detection. Understanding the
function of aptamers and their conformational transition upon
binding target molecules is of central importance in developing
useful aptamer probes. Sometimes this is a very challenging task.
For example, the anti-IgE aptamer cannot be investigated at
present by the fluorescence resonance energy transfer signaling

(63) Liss, M.; Petersen, B.; Wolf, H.; Prohaska, E. daghelgig 2002, 74, 4488
4495.

(64) Nutiu, R; Li, Y. jnnineeiisies 2003, 125, 4771-4778.

(65) Wu, Z. S.; Guo, M. M,; Zhang, S. B.; Chen, C. R; Jiang, J. H.; Shen, G. L.;
Yu, R. Q. disgbiebgigg. 2007, 79, 2933-2939.

3898 Analytical Chemistry, Vol. 82, No. 9, May 1, 2010

scheme, reagentless electrochemical method, or colorimetric
readout strategies because of its complicated conformational
change unless additional DNA strands are involved. The present
preliminary study may lead to a new detection platform for
screening the conformational change and function of such
aptamers.

CONCLUSIONS

This report describes the intensive aggregation of hairpin
aptamer-conjugated GNPs by a new GNP aggregation mechanism,
hairpin aptamer sticky-end pairing-induced GNP assembly, and
furthers the understanding of GNP aggregation behavior regard-
ing the configuration of surface-confined hairpin aptamers. We
demonstrated a designed thiolated aptamer for the highly sensitive
colorimetric detection of target protein by exploiting the unique
spectral properties of GNPs and the target binding-induced
conformational transition of aptamers. By both colorimetric and
spectroscopic detection, we have proven that GNPs can be
assembled in the absence of target via sticky-end pairing assembly
while dispersed in the presence of target species because of the
anchoring of aptamer—target complexes, accomplishing a direct
visualization and accurate quantification of analyte samples. This
is the first colorimetric assay for the highly efficient sensing of
IgE molecules and possesses excellent analytical performance
such as wide linear response range, low detection limit, low cost,
considerable time saving, and high selectivity. Additionally, this
sensing strategy possesses a generalized scope, and other colo-
rimetric aptamer probes could be created for in-field and point-
of-care quantitative testing of numerous disease-related biomarkers
and other targets of interest.

ACKNOWLEDGMENT

Financial assistance is gratefully acknowledged from the
National Natural Science Foundation of China (Grants No.
90817101, 20905022, 20775023) and “973” National Basic Research
Program of China (No. 2007CB310500).

SUPPORTING INFORMATION AVAILABLE
Additional information as noted in text. This material is

available free of charge via the Internet at http://pubs.acs.org.

Received for review February 16, 2010. Accepted April 2,
2010.

AC100422H



