analygi\%?llﬁstry

pubs.acs.org/ac

One-Step Homogeneous Protein Detection Based on Aptamer Probe
and Fluorescence Cross-Correlation Spectroscopy

Xiaoming Zhou, Yonghong Tang, and Da Xing*

MOE Key Laboratory of Laser Life Science & Institute of Laser Life Science, College of Biophotonics, South China Normal University,

Guangzhou 510631, China

e Supporting Information

ABSTRACT: A new protein assay based on fluorescence cross-
correlation spectroscopy (FCCS) and aptamer probe is devel-
oped. In this assay, two spectrally distinct fluorophores labeled
aptamer probes are used to recognize and detect thrombin
through a sandwich reaction. The sandwich complexes are
diftused through a confocal detection volume. The cross-correla-
tion signals can be observed only at the presence of the aptamer
probes-protein sandwich complexes. Thrombin is selected as a
target to validate the assay. The whole detection process can be
completed within an hour with low-nanomolar sensitivity and
high specificity. The novel aptamer-based FCCS detection ofters
a simple, rapid and sensitive method for protein analysis in a

homogeneous format.
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apid and sensitive detection of the proteins is of important
Rfor many applications, such as medical diagnostics, pharma-
ceutical development, and proteomics research. The most com-
monly used method for protein detection is enzyme-linked
immunosorbent assay (ELISA)."”> However, ELISA requires
multiple steps and long incubation periods (=1 h per step)
and can only achieve a semiquantitative result. Fluorescence
techniques are rapidly becoming a leading tool in life sciences
because of its versatility, potential for multiplexing, ease of use,
and remarkable sensitivity. The detection of proteins with
fluorescence techniques based on antibody sandwich-type im-
munoassay is continually being studied.>®
Now aptamers are starting to show their versatility in devel-
oping a variety of biosensors. Systematic evolution of ligands by
exponential enrichment (SELEX) is the original method for
producing aptamers in vitro.”'® The adaptation of aptamers to
function as biosensors would potentiates numerous diagnostic
applications."" ~'” Compared to antibody, aptamers are small
nucleic acids that can be selected under very general conditions
and produced by chemical synthesis, without the constraints
imposed by having to be selected or produced in lab animals."®
Several aptamer-based fluorescence methods for protein detec-
tion have been developed.'' They can be categorized into
heterogeneous and homogeneous formats. Heterogeneous assay
involves a separation step prior to signal measurement, thus
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suffers from disadvantages associated with laborious steps, and
health-related risks. Homogeneous assay is a direct detection
method that can be carried out without any need of separation
process.

To the authors’ knowledge, currently available homogeneous
aptasensors are mainly based on fluorescence polarization and
fluorescence resonance energy transfer (FRET) techniques.'” >
However, both approaches are impractical to directly analyze
proteins in their native environments due to the interference of
background signals. A novel and more practical homogeneous
system is still needed for improving modern biomedical research.

Dual-color fluorescence cross-correlation spectroscopy
(FCCS), realized experimentally first by Schwille et al,**** is
an extended version of fluorescence cross spectroscopy (FCS).>*™ %
In the FCCS system, two spectrally distinct fluorophores in the
same target volume are independently excited. Simultaneous
fluctuations of the fluorescence signals indicate the presence of
tight chemical or physical linkages between the fluorophores. In
FCCS, analyte molecules diffuse in and out of the femtoliter
probe volume yield interesting information. The system allows
for probing of extremely low fluorophore concentrations with a
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Figure 1. Strategy for one-step homogeneous protein detection based
on aptamer probe and single-molecule fluorescence spectroscopy. (A)
aptamer probes labeled with green and red fluorophores along or
interacted with protein are diffused through a confocal detection
volume. (B) The resulting fluctuations of the fluorescence of both
fluorophores are detected and are cross-correlated. The amplitude of the
cross correlation function Gg(t) is proportional to the fraction of
particles carrying both fluorophores.

separation-free format.> #*°~3¢ This tool is considered as a
“true” single-molecule measurement.”’

In this work, we have developed a new protein assay based on
FCCS and aptamer probe. In this assay, two spectrally distinct
dyes labeled aptamer probes were used to recognize and detect
thrombin through a sandwich reaction. The sandwich complexes
are diffused through a confocal detection volume (Figure 1A).
The cross-correlation signals can be observed only at the
presence of the aptamer probes-protein sandwich complexes
(Figure 1B). The presence of the double-labeled particles in the
mixture is detected with nanomolar sensitivity by FCCS. Throm-
bin is selected as the target to validate the assay. Thrombin is a
protein that plays important roles in the coagulation cascade,
thrombosis, and hemostasis.>® Changes in thrombin concentra-
tion levels in blood is known to be associated with some dise-

ases.39

Bl MATERIALS AND METHODS

Chemicals and Materials. Pure human O-thrombin was
supplied by Haematologic Technologies Inc. (ESSEX Junction,
VT). AFP and IgE were purchased from Roche diagnostics
Corporation. Bovine serum albumin was produced by GuangZ-
hou ZhanChen biologic-tech Co., Ltd., China. Phosphate buf-
fered saline (phosphate salt, 0.01 M; NaCl, 0.138 M; KCI, 0.0027
M; MgCl,, 0.002 M; pH 7.4) was used throughout the experi-
ments. Eight wells Lab-Tek chambered coverglass was purchased
from Nunc (Thermo Fisher Scientific).

Labeling of Aptamer Probes. The two aptamers used in this
study that were purified by HPLC and have the following sequ-
ences: AptlS, RG-tttttggttggtateetteg, Apt29, CyS-tagtccgtgg-
tagggcaggttgggetoact. AptlS is a relatively short 15-base DNA
aptamer, which binds exosite I of thrombin (fibrinogen binding
sites).** A 29-base DNA aptamer, referred to as Apt 29, which
binds to exosite II of thrombin (a heparin-binding aptamer).*'

We labeled RG and CyS dyes into the AptlS and Apt29,
respectively. RG and CyS labels were chosen because of their
distinctive excitation spectra and their well-separated emission
profiles, as well as because of their low energy transfer with the
DNA target.w’42

Sample Preparation. Breifly, two dye-labeled aptamer probes
were heated to 95 °C for 2 min, and then cooled to 4 °C to ensure
a single-stranded structure. The two aptamer probes were then
incubated with thrombin or thrombin spiked serum samples in
bind buffer (phosphate salt, 0.01 M; NaCl, 0.138 M; KCI, 0.0027
M; MgCl,, 0.002 M; pH 7.4). After the binding of thrombin
(30 min), the mixtures were used for FCCS experiments.

FCCS Measurements. FCCS measurements were carried out
with a ConfoCor2 system (ConfoCor2, Carl Zeiss, Jena,
Germany), which allows simultaneous excitation at 488 and
633 nm (Argon and HeNe laser, respectively) and the detection
of the emission in the green (band-pass filter 505 + 550 nm) and
red (long-pass filter 650 nm) wavelength range by avalanche
photodiodes. The sample was contained in a 8 wells Lab-Tek
chambered coverglass with a cover glass on top, and was then
placed on the stage of an inverted microscope (Axiovert 200M;
Zeiss). The confocal pinhole diameter was adjusted to 70 #m for
488 line and 90 um for 633 line. The excitation intensities were
adjusted to 25 uW for HeNe?2 laser line and 100 4W for Argon
laser line.

The excitation light was reflected by a dichroic mirror and
focused on the focal plane within the sample by an objective (C-
Apochromat x60/ 1.2). The emitted fluorescent light was col-
lected by a high numerical aperture objective and passed through
the dichroic mirror, which reflected the excitation light toward
the objective and transmitted the fluorescent light. The residual
laser excitation light and Raman scattered light were removed by
additional band-pass filters. Each sample was measured three
times (120 s each measurement), and the results were averaged.
The data from the samples were averaged and the auto- and
cross-correlation functions were obtained.

Data Analysis. In dual-color FCCS, the aptamer probes
labeled by two different fluorescent dyes and bind with the target
protein can be excited simultaneously by two different laser
beams and the fluorescence signals from the dyes can be detected
in two separate channels. The cross-correlation function between
the fluorescence intensities of green (g) and red (r) dyes, Ggr(r),
can be determined. The cross-correlation function can be
described as

—1
1 T T

Gg(T) = 1+—<| 1+ 1+ 1

g< ) N {( Tdiff,gr) Szfdiff,gr} ( )

where Tgigg, is the diffusion time of the thrombin bind with both
green and red dyes labeled probes and N, is the inverse
amplitude of the cross-correlation function
1
Gg(0) —1

Ny = (2)
Assuming that there is no cross-talk between the two detection
channels, the number of doubly labeled molecules in the detec-
tion volume, Nj,, can be determined by

Nig, ¢ X Nag

N = —=28 %1 3
p = ®)

where N, and N,., are the numbers of the singly labeled
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Figure 2. Normalized fluorescence autocorrelation function. The arrow indicates the shift of fluorescence autocorrelation function with (red line) and
without (green line) of 10 nM thrombin. (A) Apt29 and thrombin. (B) Apt1S and thrombin. (Insets) shows the residuals of the fit.

aptamer in the detection volume obtained from the autocorrela-
tion functions according to eq 4 in the green and red detection

channels, respectively.
-1
{( ) } @

The correlation data set of obtained was fitted to the autocorrela-
tion and cross-correlation function according to eq 5, taking into
account the triplet state build-up.
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where Ty, and Fy, are the decay time of the triplet state and
fractional population, respectively. N.g is the corrected particles
number.

Quantitative cross-talk (G,(0)) assessment can be achieved by
following equation:

Ge(0) = Kg(Fy/F,) X Gg(0)

G(t) =1+

T T

S
Taiff ST (5)

(6)

where G,(0) is the green autocorrelation curve at t = 0, the bleed-
through ratio i, = Folbry Fgcall br paalbr jo the count rate in red channel
and F'™ is the count rate in green channel measured from a sample
with only green-labeled particles. F, and F; are the count rate in green

and red channels in the actual measurements.

B RESULTS

It is reported in literature that the quantum yield of a dye can
be influenced by the sequence of the attached oligonucleotide.***
Quantum yield of RG is reduced via interaction with guanine.*
Addition of a dT linker can result in a significantly reduced
fluorescence quenching of the dye by guanine.** In our pre-
liminary study, we have compared two RG labeled aptamer
probes (RG-ggttggtgtegttee and RG-tttttggttegtgtegttgg) for
their fluorescence characteristics. Figure S1 shows the fluores-
cence count rates between the probes (S nM) with and without a
5 dT spacer. It is found that a greater than 30% fluorescence
quenching for RG labeled Apt 15 without a § dT linker. We thus

290:

added a linker sequence (d(T)s) to the S of Apt1S to minimize
the potential reduction in RG quantum yield.

Due to a small confocal detection volume (V g~ 0.5 fL) in the
current FCCS detection, a strong binding interaction is required
to obtain detectable bound species. Single-color FCS measure-
ments are first performed to confirm the binding between the
aptamer and thrombin. FCS derives information from temporal
fluctuations in fluorescence signals caused by the diffusion of
fluorescent particles through a confocal detection volume. Bind-
ing of a mass target to a fluorophore labeled probe slows down
the diffusion of the probe, thus resulting in a right shift of the
autocorrelation function G toward a longer autocorrelation
time. To distinguish the two components in FCS analysis, their
diffusion times must differ by a factor of at least 1.6. This
corresponds to a molecular weight ratio of 4.*° In this study
the molecular weight of labeled AptlS and Apt29 is 6.2 and
9.3 kDa. Molecular weight of human thrombin is 35 kDa. The
molecular weight ratio of the AptlS-thrombin to AptlS is 6.6,
and Apt29-thrombin complex to Apt29 is 4.7, respectively. Both
values are sufficiently above the mentioned criterion of 4. In our
measurements, the diffusion times of AptlS and Apt29 in the
bind buffer were 80 &= 6 and 116 =& S us, respectively. After of the
incubation with thrombin, the corresponding diffusion times
increased to 131 &= 9 and 175 = 15 us. Figure 2 shows that the
normalized autocorrelation function of both AptlS and Apt29
shifted to the right after the addition of 10 nM thrombin. This
indicates the binding of thrombin and the corresponding apta-
mer occurs. We noted that this experiment using FCS should not
be construed as an effective protein assay; the sensitivity of FCS is
restricted by the limited diffusion difference. In more complex
systems, diffusion coefficient measurements lack the specificity
needed to assign an observable mobility change to its corre-
sponding binding process.

In contrast, the cross-correlations only occur when two dye-
labeled aptamer probes are either bound to each other or bound
to thrombin. In following experiments, two aptamer probes were
incubated with thrombin in the bind buffer. FCCS measurements
were performed to address these characteristics. The cross-
correlations are functions of the diffusion time and the concen-
tration of the complexes (AptlS-thrombin-Apt29). The inter-
cept of the curve is dependent on the concentration of the double
labeled complexes. The cross-correlation signals as well as both
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Figure 3. Typical auto- and cross-correlation curves of detection of (A) 0 thrombin, (B) 10 nM thrombin. Inset shows the fluorescence intensities in red
and green channels during FCCS measurement. Red line indicates the autocorrelation curves from CyS labeled Apt29; green line indicates the
autocorrelation curves from RG labeled Apt1S; black line indicates the cross-correlation curves. (C) and (D) show the residuals of the fit.

autocorrelation signals are displayed for comparison (Figure 3A
and B). As shown in Figure 34, cross-correlation amplitude close
to 1 was detected when the two dye-labeled aptamer probes
physically mixed in the binding buffer in absence of thrombin. In
comparison, high-levels of cross-correlation was observed for
detecting 10 nM thrombin (Figure 3B).

In current study, two spectrally well-distinct fluorophores
(CyS and RG) are used to label the aptamer probes. Because
of the FCCS is an assay with accuracy at single molecule level,
artifact risks may arise from cross-talk even in the presence of tiny
spectral bleed-through. For cross-talk assessment, only a few
percent of bleed-through from the green into the red channel
needs to be considered, while there is minimal bleed-through
from the red into the green channel. Quantitative cross-talk
(G.(0)) assessment can be achieved with eq 6. We have
performed some calibration measurements and a &, of about
~ 0.03 was established. According to the equation, the G,(0)/
G,4(0) obtained from our measurements is ~0.015. This is
significantly lower than the observed relative cross-correlation
(see in table 1). Owing to this very low value of G,.(0), the cross-
correlation functions were not corrected for cross-talk.

The count rate of RG labeled Apt1S and CyS5 labeled Apt29 at
0 nM thrombin were 9.4 £ 0.3 kHz and 28.2 *+ 0.8 kHz,
respectively. In the presence of 10 nM thrombin, the intensities
were 13.1 £+ 0.5 and 33 £ 1.1 kHz, respectively. The data
indicated that the addition of thrombin resulted in minimal
change in fluorescence intensities of both dyes. Energy transfer
effect was negligible because there is no significant difference
between them.

The fits and residuals for the correlation data are shown in
Figures 3A—D. For 7 = 10 us, the fit residuals were lower than
0.01. The residuals of cross-correlation data were lower than
0.005. These results show that satisfactory fits were obtained. In
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current study, the stable fluorescence fluctuations even with a
relatively long detection time (120 s) showed negligible photo-
bleaching. However, a build-up of triplet state in the current
measurements were observed (typically 20% for red channel and
10% for green channel, and faint triplet states fraction in cross-
correlation). With a Zeiss ConfoCor2 data reduction software,
the auto- and cross-correlation functions were fitted to the eq 5.
The physical parameters, such as diffusion time, particle numbers
(Ng, N, Ngr), and the correlation values from a measurement,
were corrected for the triplet states effects.

The system was tested with thrombin of various concentra-
tions (0—20 nM). The results reveal a concentration dependent
response. To achieve a more accurate calibration, the amplitude
of cross-correlation function was normalized to that of auto-
correlation function in the green channel, that is, Ggr(O) -1/
Gg(0) — 1. It was found that when the concentration of thrombin
increased from O to 10 nM, the signal intensity increased
correspondingly (see Figure 4). Thrombin concentration in-
creased to that higher than 10 nM, the signal intensity decreased.
This indicates that the equilibrium concentrations were achieved.
When the cutoff line was defined as the mean plus 3 standard
deviations of the control sample, the detection limit of 0.8 nM
was achieved. Currently, both the Apt 15 and Apt 29 probe
concentration are 2 nM. With a preliminary exploration, we
found that when the probe concentrations were increased to 10
nM, the detectable dynamic range for thrombin could be
extended to 30 nM, with a small sacrifice of the sensitivity
(data not shown).

Three proteins, BSA, IgG, and AFP at concentration of 1 #M
were used to test the specificity of this assay. The resulting signal
was compared with that obtained using 10 nM thrombin, as
shown in Figure 5. These experiments demonstrate a high
specificity of the assay. High signal was obtained only when the
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specific protein (thrombin) was tested, whereas the cross-
correlation signals were negligible in the presence of BSA, IgG,
and AFP.

A significant challenge for all protein analyses is the ability to
be applied in a complex biological system. To demonstrate the
teasibility of the assay in a complex biological system, thrombin
spiked in serum was evaluated with the assay. Serum is that
remains from whole blood after coagulation. Its chemical com-
positions are similar to that of plasma, but, not contain coagula-
tion proteins such as thrombin or other factors. Serum, diluted
1:10, was tested alone or spiked with thrombin at three con-
centrations (1, 5, and 10 nM thrombin). Table 1 shows the
resulted relative cross-correlation values, G,,(0) — 1/G4(0) — 1.
The extraction recoveries of thrombin from the serum samples
were measured based on the calibration graph using pure
thrombin in buffer. The results show a 78% recoveries at S nM
and 86% recoveries at 10 nM, respectively. Without detected
signal was achieved when 1 nM thrombin was spiked in serum.

Table 1. Relative Cross-Correlation, Ggr(O) -1/ Gg(O) -1,
with 0, 1, §, and 10 nM of Thrombin Detected in Buffer and in
10-Fold Diluted Serum

The reduced sensitivity in serum sample, compared to that in the
buffer, may be attributed to certain serum components bind to or
modify part of the protein and decrease its availability for binding
to the aptamers. The s.d. values for detecting different concen-
trations of thrombin in buffer and diluted serum were ranged
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from 0.007 to 0.022. Such deviations in interval measurements
should mainly be caused by variations in sample preparation.

l DISCUSSION

By this study it is possible to use FCCS as a direct assay for
protein detection. Compared with the established ELISA assay,
current FCCS procedure stands outs for its advantages, such as
(i) separation-free measurements, thus eliminating the washing
steps used in ELISA to separate unbound from bound ligands;
(ii) the minimal number of handling steps for sample preparation
and the need of only microliters of sample.

Compared with other homogeneous assays, such as fluores-
cence polarization and FRET techniques, the main advantages
can be summarized as following: (1) FCCS works well with large
chromophore distances. For FRET, the efliciency of energy
transfer between two fluorophores is used as a measure of
molecular interaction. Therefore, application of FRET is some-
times limited because its efficiency is dependent on the relative
orientation between the donor and acceptor fluorophores as well
as the distance between them. Prior structural knowledge and
control of linker flexibility is necessary to obtain appropriate
placement of the chromophores. These requirements complicate
experimental procedures and put limitations on the use of FRET
for probing small molecules. FCCS can detect sandwich forma-
tion without such distance limitations. (2) Fluorescence polar-
ization suffers from relatively poor specificity because of the noise
arised from unspecific interactions between dye labeled aptamer
probes and other unwanted species. (3) FRET-based techniques
measure changes in light intensity, thus are susceptible to
unpredictable quenching caused by environmental factors. In
FCCS assay, probe-target complexes are identified by a simulta-
neous detection of two independent channels. In addition, FCCS
also measures diffusion time rather than fluorescence signal
alone, thus significantly improve the reliability of the assay. (4)
Compared to FRET and fluorescence polarization that requires
large sample volumes, the detection volume of FCCS was less
than 1 fL. Because of the short transient time of individual
fluorescent molecules and by optimizing the required optical
parameters of the measurement device, photobleaching can be
minimized. The femtoliter probe volume reduces the interfer-
ence from background emission, thus the assay can be achieved at
single molecule level.

In our measurements, the build-up of triplet states arise from
blinking has been observed. Although quantitative analysis can be
achieved by correcting these data, by increase the photostability
of the probe, we may further enhance the reliability of the assay.
As the build-up of triplet states reduces the total photon output
and causes an underestimate of the actual analyte concentration.
The may be achieved by further eliminating oxygen in the
solution with a triplet quencher (such as Trolox) combined with
others oxygen free-radicals scavengers.*®

Even though the detection of protein with low-nanomolar
sensitivity is achieved by this study, the sensitivity of the assay
may be further improved with the probe quench method, as
described in the literatures.*>**** The sensitivity may also be
improved by enhancing the quantum yield by bilabeling the
probe® or by using a quantum dot label.”

Although in the current assay, two specific aptamers are used
for FCCS measurement of a target protein, the method has the
potential to be a general approach by spliting an aptamer into two
subunits. This is because oligonucleotide aptamers generally

consist of a single oligonucleotide chain comprised of two
partially complementary domains. So in theory, most aptamers
can be splited into two or more subunits. Some single strand
aptamers, such as cocaine aptamer, hemin aptamer, HIV-1 agtamer,
and thrombin aptamer, have been successfully splited.*’ —>° Addi-
tional research with current general single molecule protein assay
based on splited aptamer probes are being conducted in this lab.

Because aptamers can be easily created by in vitro selection for
binding to a diverse range of targets with both high binding
affinity and specificity, the presented single molecule assay may
be applied to the detection of biological cofactors, metabolites,
proteins, and a variety of other ligands of interest. We anticipate
that the FCCS assay find numerous applications in this field. The
present study provides the evidence as a proof-of-concept, thus
opening a new direction for the development of one-step
homogeneous protein detection with high sensitivity and ex-
cellent specificity.

B ASSOCIATED CONTENT

© Supporting Information. Figure showing the fluores-
cence intensities of RG-labeled Apt 15. This material is available
free of charge via the Internet at http://pubs.acs.org.
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