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Continuous Signal Enhancement for Sensitive Aptamer Affinity Probe
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ABSTRACT: We describe an electrokinetic concentration-en-
hanced aptamer affinity probe electrophoresis assay to achieve
highly sensitive and quantitative detection of protein targets in a
microfluidic device. The key weaknesses of aptamer as a binding
agent (weak binding strength/fast target dissociation) were
counteracted by continuous injection of fresh sample while
band-broadening phenomena were minimized due to self-focus-
ing effects. With 30 min of continuous signal enhancement, we
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can detect 4.4 pM human immunoglobulin E (IgE) and 9 pM human immunodeficiency virus 1 reverse transcriptase (HIV-1 RT),
which are among the lowest limits of detection (LOD) reported. IgE was detected in serum sample with a LOD of 39 pM due to
nonspecific interactions between aptamers and serum proteins. The method presented in this paper also has broad applicability to

improve sensitivities of various other mobility shift assays.

For decades, antibody-based immunoassays have been the
method of choice for disease diagnosis that require highly
specific and sensitive recognition elements. However, aptamers
are recently emerging as an increasingly popular alternative to
antibodies as affinity probes. Aptamers are single-stranded
oligonucleotides that have undergone multiple rounds of in vitro
selection to bind specifically to various molecular targets,"”
rivaling antibodies in terms of sensitivity and selectivity. Further-
more, they excel antibodies in other aspects such as low-cost
production by chemical synthesis, ability to survive harsh con-
ditions, and labeling simplicity that ensures batch-to-batch
uniformity.®> Recently, high-affinity aptamers have been gener-
ated for >800 human proteins that are potential biomarkers.*
These are promising signs that aptamer biosensors will find
widespread applications.

Several groups have demonstrated that capillary electrophor-
esis (CE) using aptamers as affinity probes can be used to detect
specific target proteins such as immunoglobulin E (IgE),> "’
thrombin,> ricin,” and human immunodeficiency virus 1 reverse
transcriptase (HIV-1 RT).%'%" Unlike heterogeneous immu-
noassay methods such as enzyme-linked immunosorbent assay
(ELISA) that require several hours and multiple washing steps,
the homogeneous CE assay is performed in one step with only a
short incubation time (<30 min). Due to the ease of use and
short assay time, CE methods are highly attractive for developing
point-of-care biosensor platforms. However, CE assays are
generally less sensitive than ELISA due to the ability of enzymes
in ELISA to continuously convert a substrate to visible product
over time. Furthermore, band dispersion and complex dissocia-
tion when using lower affinity (high K) aptamers as affinity
probes in CE limits their applicability to detect low-abundance
biomolecules that could be important biomarkers.
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Herein, we report an electrokinetic concentration-enhanced
aptamer affinity probe electrophoresis assay to achieve highly
sensitive and quantitative detection of low-abundance biomar-
kers in a microfluidic device. This scheme features three simul-
taneous processes: (1) continuous injection, (2) focusing, and
(3) separation of the free aptamers and aptamer—protein com-
plexes. One of the significant disadvantages of aptamer affinity
probe CE is that the complex may dissociate during long migra-
tion times, leading to weak, or even absence of, signal.12
Decreasing the time spent on column, either by applying very
high electric fields or utilization of hydrodynamic flow was often
necessary to achieve reliable detection of the aptamer—protein
complex."? In this new scheme, we counteract dissociation of the
aptamer—protein complex by continuous injection and accumu-
lation of fresh sample from the inlet reservoir. Band-broadening
phenomena commonly encountered in CE are also minimized
due to the self-focusing effect. When a continuous flux of sample
from the equilibrium mixture in the reservoir is subjected to
simultaneous focusing and separation the signal-to-noise ratio
increases with time. A good signal enhancement scheme is the
key to highly sensitive assays such as ELISA. The major con-
tribution of this paper is the use of electrokinetic concentration
to realize a continuous signal enhancement scheme applicable to
homogeneous mobility shift assay.

Various schemes that combine sample concentration and
CE analysis have been reported previously, including sample
sweeping,8 preconcentration using a size exclusion membrane,”
transient isotachophoresis (t-ITP)," and temperature gradient
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Figure 1. (a) Ion-selective membrane creates a local ion depletion zone with high electric field upon applying a voltage. (b) Free aptamers and
aptamer—protein complex concentrate at different locations on the electric field profile due to their different electrophoretic mobilities. (c) Optical
image of a multiplexd PDMS device with 200 #m wide surface-patterned Nafion thin film on a glass substrate. Sample channels and side channels are
filled with red and green dyes, respectively. Experimental images are taken at the observation region.

focusing (TGF).'* In the first two cases, preconcentration and
separation are carried out sequentially; thus, band broadening
during separation reduces the sensitivity enhancement. The
t-ITP method results in very high sensitivity improvement but
imposes certain restrictions on the sample and running buffer
and the concentration factor is limited by injected plug volume.
Use of photomultiplier tubes (PMT) in conjunction with laser-
induced fluorescence (LIF) further improves the sensitivity of
the first three assays. In the TGF example, high concentration
factors are obtained as sample is focused continuously through-
out the 7.5 min experiment. However, special temperature-
sensitive buffer is needed and higher limit of detection (LOD)
is expected since detection is based on monitoring a small
decrease in the large free aptamer peak. In all these examples,
high voltages of =1 kV are required.

Our group has previously reported on nanofluidic electrokinetic
concentration devices that can continuously collect negatively
charged molecules in a given sample into a much smaller volume,
thereby increasing local concentration significantly.'> This elec-
trokinetic concentration effect has been used to enhance protein
binding kinetics to surface-bound antibodies,16 increase the sensi-
tivity of homogeneous enzyme assays,'”'® as well as improve the
sensitivity of ELISA by more than an order of magnitude."
However, simultaneous concentration and separation of biomo-
lecules based on mobilities have not been demonstrated due to the
predicted low separation resolutions at high electric field gradients
in these devices. The assay described in this paper exploits the fact
that low molecular weight aptamers with high charge density
undergo a significant mobility shift upon binding to a larger target
protein with small net charge.é’7 Therefore, bound and unbound
aptamers could be baseline-separated even under high electric field
gradient conditions. Moreover, binding of the aptamers to the
proteins makes the complex negatively charged,6 which facilitates
the electrokinetic concentration of neutral or basic proteins in
buffers at physiological pH.

In this paper, we demonstrate electrokinetic concentration-
enhanced aptamer affinity probe electrophoresis assays for two

different disease biomarkers, namely, human immunoglobulin
E (IgE) and HIV-1 RT. IgE is the least abundant class of antibodies
produced in humans and plays an important role in %enerating
allergic response as well as defending against parasites.””>' Some
recent studies have suggested the use of serum IgE as a predictive
biomarker for diseases such as asthma and peanut allergy.”"** On
the other hand, HIV-1 RT is a key diagnostic and therapeutic
target of HIV-1.">** Many aptamer-based sensors have been
used to detect IgE with different LODs; these include methods
based on fluorescence enhancement (57 pM),25’26 carbon nano-
tube field effect transistors (250 pM),”” surface plasmon reso-
nance (18.5 pM),28 CE (46 EM),577 and aptamer microarrays
using labeled IgE (10 pM).*>** Meanwhile, for detection of
HIV-1 RT, the methods reported are predominantly based on
CE (100 pM),é’lo’11 temperature gradient focusing (84 pM),
transient isotachophoresis (<1 pM), and CE followed by poly-
merase chain reaction (PCR) (30 fM). It is worth noting that the
LOD reported is dependent on detection instruments and the
affinity of the particular aptamers and that coupling the separa-
tion with amplification step often leads to dramatic increase in
sensitivity.

Using our platform, we obtained LODs of 4.4 and 9 pM for
human IgE and HIV-1 RT, respectively, in simple buffer after
30 min of preconcentration, compared to LODs of 46° and 100 pM®
obtained with conventional CE methods. These are the lowest
assay LODs reported in the literature for aptamer affinity probe
capillary electrophoresis in spite of the inferior detector used for
our assays (arc lamp and CCD) versus LIF and PMT for CE. To
demonstrate the applicability of this assay to complex sample
analysis, we performed the assay in 10-fold diluted donkey serum.
Initial experiments showed significant nonspecific interaction
between DNA aptamers and serum proteins. However, we found
that addition of nonspecific and nonfluorescent oligonucleotides
largely suppresses the matrix interference, thus enabling us to
detect IgE in 10% donkey serum with a LOD of 39 pM.

Principle of the Assay. Figure 1 shows the key operation of
the poly(dimethylsiloxane) (PDMS) microfluidic electrokinetic

7087 dx.doi.org/10.1021/ac201307d |Anal. Chem. 2011, 83, 7086-7093


http://pubs.acs.org/action/showImage?doi=10.1021/ac201307d&iName=master.img-001.jpg&w=352&h=209

Analytical Chemistry

concentration chip. Under the voltage configuration shown in
Figure 1a, ion depletion zones are created in the sample channels
at the vicinity of the ion-selective membrane due to concentra-
tion polarization phenomena. The conductivity gradient at the
boundary of the ion depletion zone gives rise to a stable electric
field gradient that can effectively focus negatively charged
biomolecules at separate locations where electrophoretic velocity
balances bulk flow velocity as illustrated in Figure 1b. Free
aptamers, which have very high electrophoretic mobilities due
to the highly negative-charged backbone of the oligonucleotide,
are concentrated at the low electric field region. On the other
hand, the aptamer—protein complex has a lower mobility due to
its larger mass; therefore, it concentrates nearer to the cation-
selective membrane where the electric field is higher. Conven-
tional aptamer affinity probe CE operates in a nonequilibrium
condition, since there are no targets in the run buffer that allow
for rebinding of aptamers that have dissociated from their initial
target during separation. A unique advantage of this platform is
that the free target protein molecules are able to travel down-
stream beyond the concentrated aptamer—protein complex
band (an even higher electric field is needed to stop the low-
mobility free protein). Therefore, aptamers that have dissociated
from their target in the complex band can quickly rebind with free
proteins in the run buffer and regenerate the complex, akin to the
equilibrium capillary electrophoresis of equilibrium mixtures
(ECEEM)*" where a plug of equilibrium aptamer—target mix-
ture is injected and separated in a capillary prefilled with target.
This is an important advantage which allows even aptamers with
relatively high Ky's to be used in this platform with good
sensitivity. Using this device, we realized a multiplexed micro-
fluidic platform where homogeneous aptamer affinity probe elec-
trophoresis assays can be performed with low voltages (30 V) and
gravitation-induced flow without the need of periphery equipments
(syringe pumps, temperature blocks) or multiple buffers.

B EXPERIMENTAL SECTION

Reagents and Chemicals. Unless stated otherwise, all chemi-
cals used in the experiments were purchased from Sigma
(St. Louis, MO). Human myeloma IgE was purchased from
Athens Research and Technology, Inc. (Athens, GA). Recombi-
nant HIV-1 RT was purchased from Worthington Biochemical
Corporation (Lakewood, NJ). Oligonucleotides were synthe-
sized and fluorescently labeled by Integrated DNA Technologies,
Inc. (Coralville, IA). IgE-binding aptamer (5'-GGG GCA CGT
TTA TCC GTC CCT CCT AGT GGC GTG CCC C-3') was
labeled with 6-carboxyfluorescein (FAM) during synthesis at the
5’ end using ethylene glycol linker.® HIV-1 RT-binding aptamer
(5/-AT CCG CCT GAT TAG CGA TAC TCA GAA GGA TAA
ACT GTC CAG AAC TTG GA-3') was labeled directly at the &'
end with FAM.® Nonfluorescent nonspecific oligonucleotides
(§-TGG TCT TGT GTG GCT GTG GCT ATG TCT GAT
CTT AAT CCA CGA AGT CAC C-3')° were also obtained from
the same source. Donkey serum was purchased from Innovative
Research (Novi, MI). All solutions were made with deionized
water (18.2 MQ) by Fluid Solutions (Lowell, MA).

Microchip Fabrication. The microchip was fabricated using
PDMS (Sylgard 184, Dow Corning Inc., Midland, MI) irrevers-
ibly bonded on a glass slide. Microchannels were molded in
PDMS by replica molding technique.'® To obtain the positive
master mold, the desired design was photolithographically patterned
onto a silicon wafer using positive photoresist. Next, the wafer was

etched to a depth of 6 um via a reactive ion etching (RIE)
process. The silicon master was further treated with trichlorosi-
lane (T2492, UCT Specialties, Bristol, PA) in a vacuum desic-
cator overnight to prevent adhesion to PDMS.

We fabricated the ion-selective nanoporous structures by
using the microflow patterning technique to obtain a thin strip
of Nafion film on a standard glass slide."”'® A 50 um deep and
200 um wide PDMS microchannel was used to define the flow
path of the Nafion solution (20 wt % solution in lower aliphatic
alcohol/H,0 mix, Sigma-Aldrich, St. Louis, MO). The PDMS
chip with microchannels was irreversibly bonded on top of the
glass slide by standard plasma bonding.

Figure 1c shows the top view of the actual PDMS device used
in the experiments. The 0.1—10 uL pipet tips (USA Scientific,
Ocala, FL) were cut at the tip end with a razor blade and inserted
into the punched PDMS holes to act as fluid reservoirs. There
were five separate inlets connecting to one outlet, allowing five
samples to be concentrated simultaneously. Two side channels
flanked the inlet channels to provide symmetrical electrical
ground. The ion-selective nanojunction was fabricated at the
center of the device to concentrate sample molecules by electro-
kinetic trapping when voltages are applied. The channels were
filled with dyed solution for visualization purpose.

Microchip Operation. Before the experiment, the PDMS
device channels were passivated with 1% bovine serum albumin
(BSA) for 10 min to reduce nonspecific binding of the sample to
channel walls. After that, the channels were flushed with DI water
three times and filled with buffer solution (10 mM Tris—HCI,
pH 7.4) until the samples were ready to be loaded. Sample was
prepared by mixing S nM fluorescently labeled aptamer with
different concentrations of analyte in buffer solution (10 mM
Tris—HCl, 1 mM MgCl,, 200 ug/mL BSA, pH 7.4 (IgE)/pH
8(HIV-1 RT)).

After 30 of min incubation at room temperature, 30 uL of
sample was loaded into each of the five inlet reservoirs and drawn
into the microchannel by applying a brief suction at the outlet
reservoir. The liquid height difference between the inlet reservoir
and the empty outlet reservoir caused a well-controlled gravita-
tional flow of sample solution from inlet to outlet, without any
need for an external pump.

Electrodes were inserted into the inlet and buffer reservoirs on
the chip and connected to a power supply (Stanford Research
Systems, Sunnyvale, CA). To initiate the concentration-enhanced
aptamer affinity probe electrophoresis assay, we applied 30 V at
the inlet reservoirs while grounding the side channels. An ionic
concentration gradient was induced near the ion-selective mem-
brane by concentration polarization eftect. Meanwhile, charged
sample molecules are continuously separated and stacked at
the location where their electrophoretic velocities equal the bulk
flow velocity. Within the experimental duration of 30 min, the
fluorescent intensity of the stacked molecules increases linearly
with time while background noise remained constant, resulting in
a high signal-to-noise ratio. To study the reproducibility of the
assay, we repeated the experiment in the same device after
removing the contents in the inlet reservoirs and replacing them
with new samples.

Measurement Instrument and Image Analysis. An inverted
epifluorescence microscope IX 71 (Olympus, Center Valley, PA)
equipped with a cooled CCD camera (SensiCam, Cooke Corp.,
Romulus, MI) was used for fluorescence imaging. A mechanical
shutter which only opens for 100 ms every 5 s when images are
taken was used to prevent photobleaching of the fluorescent
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molecules. The images were analyzed using the NIH Image]
software. Flat-field correction was performed by dividing a
reference image of the device taken before each experiment.
Concentrations of bound and unbound aptamers were assumed
to be directly proportional to the focused peak height as
demonstrated in previous work.'"* Complex peak heights are
normalized by the sum of complex peak height and free aptamer
peak height. Dose—response curves were fitted using a four-
parameter logistic model. Origin 7 software (OriginLab Corp.,
Northampton, MA) was used for curve fitting.

B RESULTS AND DISCUSSION

Optimization of the Assay. We first determine the optimal
conditions that promote stable aptamer—protein complex for-
mation in free solution. The presence of divalent cations such as
Mg>" has been reported to be necessary for certain aptamer—
protein complex formation.*” Without Mg2+, no aptamer—IgE
complex is formed, whereas the aptamer—HIV-1 RT complex
band is only weakly fluorescent. Addition of 1 mM MgCl, greatly
improves the interaction between the species. We have also
found that complex stability is a sensitive function of buffer pH.
Best results were obtained in 10 mM Tris—HCI buffer at pH 7.4
and pH 8.0 for IgE and HIV-1 RT assays, respectively.

In initial experiments, aptamer and target proteins (IgE and
HIV-1 RT) were simultaneously concentrated and separated in
bare PDMS—glass devices. We observed no complex bands until
high concentrations (>10 nM) of target proteins are added.
Precoating the microchannels with 1% BSA for 10 min enabled
us to clearly visualize the complex band corresponding to 750 pM
IgE (Figure 2a), suggesting that prevention of nonspecific
adsorption of proteins to the microchannel surface is important
to increase sensitivity. Precoating microchannel with 5% BSA did
not lead to additional improvement in sensitivity. Interestingly,
as shown in Figure 2, adding BSA into the sample increases
sensitivity of the assay. Adding 50 ug/mL BSA led to a clear
complex band corresponding to 75 pM IgE, whereas addition of
100 (g/mL BSA to the sample enabled detection of 7.5 pM IgE.
No further sensitivity improvement was obtained when more
than 200 ug/mL BSA was added to the sample. Similar trends
were observed with the HIV-1 RT assays. This observation is
thought to be due to BSA stabilizing the aptamer—protein
complex.”® On the basis of previous reports, it has been suggested
that the presence of BSA in solution helps maintain the correct
aptamer and target protein conformation for optimal binding.*®
Presence of BSA in the solvent could also maintain the ratio of
hydrophobic and hydrophilic regions on the target protein, thus
preventing it from denaturation.”* Both the IgE and HIV-1 RT
specific aptamers did not interact with BSA, as the negative
controls containing BSA but no target proteins did not form a
visible complex band. In all our subsequent experiments, the
microchannel surfaces were passivated with 1% BSA for 10 min
and 200 1g/mL BSA was added to the samples to obtain the best
sensitivities.

We also observed that the separation distance between the
bound and free aptamers increased with the addition of high
concentrations of BSA into the sample. We believe that this is due
to an isotachophoresis-like effect where preconcentration of an
intermediate mobility species (BSA) results in a broadening
electric field plateau that separates the bound and unbound
aptamer bands.”® This suggests a method whereby the separation
resolution between two species can be independently tuned by

7.5nM IgE
750 pM |gE
75 pM IgE

7.5pM IgE

0pM Igk

m

100 pm

7.5nM IgE

| -

750pM IgE

|
| r
B

75pM IgE
7.5pM IgE -

OpM IgE |—|

100 pm

7.5nM IgE - t
750pM lgE- C

E L
7.5pM IgE .

OpM IgE W

75pM IgE

=i

100 pm

Figure 2. Addition of BSA improved detection of IgE in buffer using the
concentration-enhanced aptamer affinity probe electrophoresis assay:
(a) no BSA in the sample (cannot detect 75 pM IgE); (b) S0 ug/mL
BSA in the sample (can detect 75 pM IgE); (c) 100 #g/mL BSA in the
sample (can detect 7.5 pM IgE).

adding a spacer molecule with intermediate mobility in the
sample.

Detection of IgE and HIV-1 RT from Buffer. We first demon-
strate electrokinetic concentration-enhanced affinity probe electro-
phoresis assay of IgE using a specific aptamer for this protein. Upon
binding to IgE, the mobility of a free aptamer (—2.81 x 10~ *cm”
V' s7") is expected to shift to —0.58 x 107 * em®> V' s 16
Figure 3, parts a and b, shows the representative results for
electrokinetic concentration-enhanced affinity probe electrophor-
esis assay for human IgE using anti-IgE aptamer as affinity probe.
Experiments were performed in optimized buffer conditions
(10 mM Tris—HCI, pH 7.4, 1 mM MgCl,, 200 ug/mL BSA) with
constant aptamer concentration (5 nM) and varying concentra-
tions of human IgE protein (S pM to 75 nM). During the 30 min
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Figure 3. (aandb) Experimental results for multiplexed concentration-enhanced aptamer affinity probe electrophoresis assay for detecting IgE in buffer
solution after 30 min of concentration. (c) Electropherogram for optimized electrokinetic concentration and separation of IgE aptamer (S nM) and
different concentrations of IgE: (1) 4.92 pM, (2) 0.6 nM, and (3) 6.75 nM IgE. The complex band is labeled with an asterisk. (d) The inset demonstrates
detection of 4.92 pM IgE in buffer. (e) Dose—response curve of anti-IgE aptamer with IgE spiked in buffer; error bars represent standard error from
duplicate experiments. (f) Linear relationship in the log—log plot is obtained at low concentrations of IgE. The measured LOD is 4.4 pM IgE.

experiment, the fluorescent intensity of the bands increased linearly
with time and achieved concentration factors of >1000. The
aptamer and complex bands were well-resolved (resolution~3.9).
The position of the aptamer—protein band was also remarkably
stable, moving less than 200 um after it reached an equilibrium
position at around 2 min. Slight variations in the band locations are
due to differences in gravitation-induced flow, but the ratiometric
assay results are relatively insensitive to the exact band locations. As
expected, with increasing target protein concentration, the free
aptamer peak decreased and the complex peak increased. Figure 3d
shows the aptamer—protein complex peak due to 4.92 pM IgE. For
comparison, no complex band was observed in the negative control
experiment.

The full dynamic range of the assay is shown in Figure 3e. The
dose—response curve was fitted using the four-parameter logistic
model. The average and standard deviation of the zero dose response

is calculated by performing two separate experiments where the
sample contains no IgE and taking the peak ratios as described in
the Experimental Section. Figure 3f shows a linear relationship in the
log—log plot obtained at low IgE concentrations (S pM to 7 nM).
The LOD for IgE, calculated to be the analyte concentration needed
to produce a signal three standard deviations above the zero dose
response, is 44 pM. This is the lowest LOD reported to date
for detection of IgE using aptamers. Interestingly, the apparent

K4 (1.85 nM) is found to be more than an order of magnitude lower
than the reported dissociation constant for this aptamer (64 nM).>
One possible explanation for this binding enhancement is that
aptamer—protein rebinding events in the electrokinetic concentra-
tion zone more than offset the effect of dissociation during the
experiment. Given that aptamers generally have higher Ky's com-
pared to antibodies, this scheme could significantly increase the
sensitivity and utility of an aptamer-based assay.
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low concentrations of HIV-1 RT; measured LOD is 9 pM HIV-1 RT.

Similar experiments were performed using HIV-1 RT and an
aptamer against this protein to demonstrate that this method is
general and can be applied to multiple analytes. Ufon binding to
IgE, the mobility of a free aptamer (—2.81 x 10 *cm® V™ 's™ ')
is expected to shift to —0.50 x 10~ * ecm® V™' s~ 1.>° The results
(Figure 4) showed a LOD of 9 pM, which is also among the
lowest LOD reported to date for this aptamer—protein pair.

Detection of IgE from Serum Sample. To demonstrate the
applicability of this assay to complex sample analysis, we per-
formed the IgE assay in a buffer that consists of diluted donkey
serum. Initial experiments showed significant interactions of
serum components with the aptamers. Figure S shows a repre-
sentative IgE assay performed in 1% donkey serum. We observed
fluorescent precipitation in the sample solution. Moreover, there
is formation of an extra fluorescent band in between the free
aptamer and aptamer—protein band. Interestingly, the extra
band is well-defined and baseline-separated from the other two
bands. This suggests that the aptamer is interacting with a
particular species in serum, such as DNA-binding proteins found
in mammalian serum.*® Although this interference did not
interfere with the formation and determination of the free
aptamer and the aptamer—protein complex (they are all base-
line-separated), the fluorescent precipitation in the sample
solution caused large spikes in the electropherogram.

It has been reported that serum matrix interference on
aptamer affinity probe capillary electrophoresis can be sup-
pressed by addition of nonspecific oligonucleotides that bind
competitively to the interfering serum proteins.® We found that
addition of 10 uM of a nonspecific and nonfluorescent 49-mer
oligonucleotide’® eliminated the extra band and fluorescent
precipitation in a sample solution containing 10% donkey serum.
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Figure 5. Concentration-enhanced aptamer affinity probe electrophoresis
assay for detecting IgE in sample containing 1% donkey serum. Aptamer
binding to serum components gave rise to a third fluorescent band in
between the free aptamer and aptamer—target protein band. Fluorescent
precipitation is also observed in solution.

Figure 6 shows the experimental results for IgE assay in 10%
donkey serum after 1 min of preconcentration, with addition
of 10 uM of nonspecific oligonucleotide to suppress matrix
interference. Due to the high total protein concentration in
the sample, preconcentration leads to a rapid broadening of
the electric field plateau between the free aptamer and the
aptamer—protein complex as discussed in the previous section.
We can only perform experiments for 2 min before the separa-
tion distance exceeds the microscope field of view. Due to
the shorter preconcentration time, there is less sensitivity
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Figure 6. (a and b) Experimental results for multiplexed concentration-enhanced aptamer affinity probe electrophoresis assay for detecting IgE in
10% donkey serum. (c) Dose—response curve of anti-IgE aptamer with IgE spiked in 10% serum; error bars represent standard error from duplicate
experiments. (d) The log—log plot at low concentrations of IgE in serum showing effects of nonspecific binding on sensitivity. The measured LOD is

39 pM IgE.

enhancement. We obtained a LOD of 39 pM for IgE assay in 10%
donkey serum.

The LOD using this scheme is ultimately restricted by the
specificity, rather than the affinity (Kg) of the aptamers against
the target protein. Experiments in the serum sample showed that
two bands were observed even in the case of the negative control
(Figure 6b), which indicated that nonspecific binding was not
completely eliminated by addition of nonspecific oligonucleo-
tides. On the other hand, experiments in simple buffer showed
that signal-to-noise ratio increased with time. We can obtain
better sensitivities at the expense of longer assay time. The key
advantage of this technique is a continuous influx of sample that
counteracts the effects of dissociation and a self-focusing ability
that minimizes band dispersion, so even aptamers with relatively
high dissociation constant can be used in this assay.

Bl CONCLUSION

In conclusion, this paper demonstrates the use of electro-
kinetic concentration to realize a continuous signal amplification
scheme that increases the sensitivity of homogeneous mobility
shift assay. Aptamers are attractive alternatives to antibodies for
point-of-care diagnostic purposes due to their stability, low cost,
and homogeneity. Our aptamer-based affinity probe electrophor-
esis assay in a lab-on-chip device could detect 4.4 and 9 pM IgE
and HIV-1 RT in simple buffers and detect 39 pM IgE in 10%
serum sample. These are among the lowest LODs obtained for
aptamer affinity probe capillary electrophoresis experiments.

Furthermore, this method has an advantage over many other
assays since it is rapid, uses low voltage, consumes very little
sample, can be multiplexed, and is very user-friendly (no multiple
processing steps required).

Miniaturized capillary electrophoresis devices are one of the
first microfluidic systems that gained popular acceptance and
remain a mainstay in lab-on-chip platforms. The method pre-
sented in this paper has broad applicability to improve the
sensitivity of various capillary electrophoresis assays, such as
those involving protein—protein interactions and enzymatic
reactions. We plan to pursue these topics and apply them to
clinically relevant samples in the future.

Bl AUTHOR INFORMATION

Corresponding Author
*Phone: +1-617-253-2290. Fax: +1-617-258-5846. E-mail: jyhan@
mit.edu.

B ACKNOWLEDGMENT

We gratefully acknowledge support from NIH (CA 119402)
and the Singapore—MIT Alliance-II CE programme. L.F.C. is
supported by the A*STAR National Science Scholarship.

B REFERENCES

(1) Ellington, A. D.; Szostak, J. W. Natuzg 1990, 346, 818-822.
(2) Tuerk, C; Gold, L. Seigugg 1990, 249, 505.

7092 dx.doi.org/10.1021/ac201307d |Anal. Chem. 2011, 83, 7086-7093


http://pubs.acs.org/action/showImage?doi=10.1021/ac201307d&iName=master.img-006.jpg&w=386&h=303

Analytical Chemistry

(3) Jayasena, S. D. (alidmiakeisg. 1999, 45, 1628.

(4) Gold, L.; Ayers, D.; Bertino, J.; Bock, C.; Bock, A; Brody, E. N.;
Carter, J.; Dalby, A. B.; Eaton, B. E.; Fitzwater, T. PLoS ONE 2010,
S, e15004.

(5) German, L; Buchanan, D. D.; Kennedy, R. T. Anal. Chem. 1998,
70, 4540-454S.

(6) Zhang H; Li,X. F; Le, X. C. jninuniimiinn 2008, 130, 34-35.

(7) Hecht, A. H,; Sommer, G. J.; Durland, R. H;; Yang, X; Singh,
A K; Hatch, A. V. eiabaniadaig. 2010, 82, 8813-8820.

(8) Gong, M.; Wehmeyer, K. R;; Limbach, P. A;; Heineman, W. R.
i—— 2006, 1125, 263-269.

(9) Haes, A. J.; Giordano, B. C.; Collins, G. E. Anal. Chem. 2006,
78, 3758-3764.

(10) Pavski, V.; Le, X. C. st 2001, 73, 6070-6076.

(11) Fu, H; Guthrie, J. W.; Le, X. C. Electrophoresis 2006, 27,
433-441.

(12) Buchanan, D. D.; Jameson, E. E.; Perlette, J.; Malik, A;
Kennedy, R. T. jniastsiessss 2003, 24, 1375-1382.

(13) Wang, H.; Lu, M.; Le, X. C. juisimimlagigs. 2005, 77, 4985-4990.

(14) Munson, M. S.; Meacham, J. M.; Ross, D.; Locascio, L. E.
idasiengisansei 2008, 29, 3456-3465.

(15) Wang, Y. C; Stevens, A. L; Han, J. Anal. Chem. 2008, 77,
4293-4299.

(16) Wang, Y. C.; Han, J. jughuiakig 2008, 8, 392.

(17) Lee,]. H; Song, Y. A;; Tannenbaum, S. R.; Han, J. Anal. Chem.
2008, 80, 3198-3204.

(18) Lee, J. H; Cosgrove, B. D.; Lauffenburger, D. A; Han, J. J. Am.
(eaidimsag 2009, 131, 10340-10341.

(19) Cheow, L. F,; Ko, S. H.; Kim, S. J.; Kang, K. H.; Han, J. Anal.
Chem. 2010, 82, 3383-3388.

(20) Gould, H.J.; Sutton, B.].; Beavil, A. J.; Beavil, R. L.; McCloskey,
N.; Coker, H. A.; Fear, D.; Smurthwaite, L. Annu. Rev. Immunol. 2003,
21, 579.

(21) Burrows, B.; Martinez, F. D.; Halonen, M.; Barbee, R. A.; Cline,
M. G. N. kil 1989, 320, 271-277.

(22) Roberts, G; Lack, G. | IS 2005, 115,
1291-1296

(23) Fiscus, S. A;; Cheng, B.; Crowe, S. M.; Demeter, L.; Jennings,
C.; Miller, V.; Respess, R.; Stevens, W. PLoS Med. 2006, 3, 1743-1750.

(24) Osborne, S. E.; Matsumura, L; Ellington, A. D. Curr. Opin.
Chem. Biol. 1997, 1, 5-9.

(25) He,].L; Wu, Z. S.; Zhang, S. B.; Shen, G. L,; Yu, R. Q. Analyst
2009, 134, 1003-1007.

(26) Gokulrangan, G.; Unruh, J. R; Holub, D. F.; Ingram, B
Johnson, C. K; Wilson, G. S. giislmialigig 2005, 77, 1963-1970.

(27) Maehashi, K,; Katsura, T.; Kerman, K, Takamura, Y,
Matsumoto, K.; Tamiya, E. geigsbeialggg 2007, 79, 782-787.

(28) Kim, Y. H,; Kim, J. P,; Han, S. J.; Sim, S. J. Sens. Actuators, B
2009, 139, 471-475.

(29) Cho, E.]J.; Collett, J. R;; Szafranska, A. E.; Ellington, A. D. Anal.
(ki 2006, 564, 82-90.

(30) Stadtherr, K.; Wolf, H.; Lindner, P. Anal. Chem. 2005, 77,
3437-3443.

(31) Drabovich, A.; Berezovski, M.; Sergey, N. J. Am. Chem. Soc.
2008, 127, 11224-11228.

(32) Wiegand, T. W.; Williams, P. B.; Dreskin, S. C.; Jouvin, M. H,;
Kinet, J. P.; Tasset, D. ioliidiial 1996, 157, 221.

(33) Wang, H,; Lu, M; Weinfeld, M.; Le, X. C. Anal. Chem. 2003,
75, 247-254.

(34) Melnikova, Y. L; Odintsov, S. G.; Kravchuk, Z. L; Martsev, S. P.

2000, 65, 1256-1265.

(35) Quist, J. W;; Jansen, K. G. H; Li, J; van der Linden, H. J;
Hankermeier, T. Presented at microTAS 2010, Groningen, The Netherlands
2010; 1634—1636.

(36) Thoburn, R.; Hurvitz, A. I; Kunkel, H. G. Proc. Natl. Acad. Sci.
U.S.A. 1972, 69, 3327.

7093

dx.doi.org/10.1021/ac201307d |Anal. Chem. 2011, 83, 7086-7093



