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A novel aptamer based dot-blot assay for the detection of immunoglobulin E (IgE) was developed. A biotinylated aptamer was
employed as the bio-recognition element to specifically interact with the target protein immobilized onto a nitrocellulose mem-
brane substrate. Avidin conjugated horseradish peroxidase was introduced onto the membrane through the biotin-avidin system to
catalyze the hydrogen peroxide mediated oxidation of 3,3",5,5'-tetramethylbenzidine, thereby producing the blue-colored insoluble
product. The intensity of the dots increased as the concentration of IgE increased. The spot intensity was quantified using a simple
portable instrument. A linear response relationship between the spot intensity and the concentration of IgE over the range of 50
nmol/L to 1 pmol/L. was obtained. The detection limit for IgE using the aptamer-based assay was 2.89 nmol/L. This assay was
found to discriminate IgE from non-target proteins such as thrombin, bovine serum albumin and immunoglobulin G.
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An allergic reaction can result in various autoimmune dis-
eases, including atopic dermatitis, bronchial asthma, plant
allergy, urticaria and eczema. In particular, atopic dermatitis
is of particular interest because patient numbers have dra-
matically increased in recent years with over 10% of chil-
dren worldwide thought to be suffering from an atopic re-
lated allergy [1,2]. Immunoglobulin E (IgE) key role in al-
lergic reactions was discovered by Ishizaka et al. [3] and
Johansson et al. [4]. IgE plays an important role in the aller-
gic response, which is widely reported as a marker of atopic
diseases, such as asthma, dermatitis and pollenosis [5]. As a
result, rapid detection of the levels of IgE in serum samples
is very important in dealing with patients that have aller-
gy-mediated disorders. Traditional methods for the detec-
tion of IgE are the radioallergosorbent test (RAST) [6], the
enzyme-linked immunosorbent assay (ELISA) and the
dot-blot ELISA [7].

The dot-blot ELISA is a common technique used to de-
tect the presence of IgE in real samples [7,8]. The assay
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replaces the plastic binding matrix with a nitrocellulose
membrane (NC membrane) with higher adsorption qualities,
and therefore, facilitates the binding of larger quantities of
target proteins [9,10]. Consequently, the dot-blot ELISA
possesses higher sensitivity. In addition, since it does not
require highly trained technicians and expensive equipment,
this detection method can be used for point-of-care testing
and on-spot monitoring in clinical, environmental and in-
dustrial analysis [11,12]. The traditional dot-blot ELISA
used for the detection of IgE employs an antibody as the
bio-recognition element. The antibody based assay; howev-
er, suffers from some limitations due to the inherent disad-
vantages of antibodies, such as instability to harsh condi-
tions, limited modifications of the protein and selection in a
biological system [13]. Therefore, new bio-recognition ele-
ments are highly desirable to explore novel dot-blot assays
for the detection of IgE with enhanced performance.
Recently, aptamers have proven to be efficient alterna-
tive receptors to antibodies and have been developed as
molecular tools in the field of analytical chemistry. Ap-
tamers, which are selected from large composite oligonu-
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cleotide libraries by an in-vitro evolution process named
SELEX (systematic evolution of ligands by exponential
enrichment) and readily synthesized in accordance with
their reported sequences [14,15], are short single-stranded
oligonucleotide ligands that bind targets with high affinity
and specificity, because of their specific base sequences and
steric configuration [16]. Compared with antibodies, ap-
tamers possess some favorable advantages, such as high
affinity, chemical stability and high flexibility. Moreover,
they can be easily modified and controlled without obvious
deactivation [17,18]. Since the discovery of an aptamer of
IgE by Wiegand et al. [19] in 1996, several aptamer based
assay methods have been developed to detect IgE [20-22].
However, an aptamer based dot-blot assay as a rapid and
inexpensive method for the detection of IgE has not been
reported previously.

In this study, a novel dot-blot method for the detection of
IgE using an aptamer as the bio-recognition element was
developed. The NC membrane was employed as the sub-
strate for blotting the IgE. First, the biotinylated aptamers
specifically interacted with IgE which was immobilized
onto the NC membrane (Figure 1). Avidin conjugated
horseradish peroxidase (HRP) then bound the biotinylated
aptamers via the biotin-avidin interaction. Finally, 3,3",5,5'-
tetramethylbenzidine (TMB) was catalyzed by the HRP to
generate a color change. The spot intensity caused by the
color change was found to be proportional to the concentra-
tion of IgE. Experimental results demonstrate that the de-
veloped method could offer high sensitivity and specificity
for the determination of IgE concentrations.

1 Experimental

1.1 Reagents

The 5'-biotinylated anti-IgE aptamer was synthesized by
Sangon Biotechnology Co., Ltd (Shanghai, China), and its
base sequence is: 5'-biotin-GGGGCACGTTTATCCGTC
CCTCCTAGTGGCGTGCCCC-3". Human IgE was pur-
chased from Abcam (Cambridge, UK). Casein, thrombin
and immunoglobulin G (IgG) were purchased from Sig-
ma-Aldrich (St. Louis, MO, USA). Non-protein blocking
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reagent, TMB and bovine serum albumin (BSA) were ob-
tained from Sangon Biotechnology Co., Ltd (Shanghai,
China). Instant skimmed milk powder was purchased from
Boster (Wuhan, China). The avidin conjugated horseradish
peroxidase (avidin-HRP) was obtained from Cusabio Bio-
tech Co., Ltd (Wuhan, China). The nitrocellulose membrane
(NC membrane) with pores of 0.45 um was purchased from
Bio-Rad (Hercules, CA, USA). Other chemicals were rea-
gent grade and were used without further purification. All
solutions were prepared with 18.2 MQ cm resistivity deion-
ized water (Millipore, Bedford, MA, USA).

The IgE was dissolved in a 0.01 mol/L phosphate buffer
solution (PBS, pH 7.4). The aptamer was dissolved in the
binding buffer (20 mmol/L Tris, 140 mmol/L NaCl, 5
mmol/L KCI, 1 mmol/L. CaCl,, 1 mmol/L MgCl,, pH 7.4).
The solution of aptamers was heated at 95°C for 10 min and
gradually cooled to room temperature for 30 min. The
thermal treatment disrupts any pre-existing higher order
structures that may interfere with the immobilization pro-
cess. This thermal treatment therefore allows biotin at the 5’
end to interact freely with avidin and promotes aptamer
refolding for improved binding efficiency [23].

1.2 Instrument

Assays strips were scanned using an ESEQuant lateral flow
reader (QIAGEN, CA, USA). The test dot intensity was
analyzed using the supporting ESEQuant LF studio soft-
ware. Analytical parameters are: peak area at fixed baseline
and range tolerances 5 mm left and 5 mm right of the test
line center location.

1.3 Aptamer based dot-blot assay

Five microliters of IgE solutions at different concentrations
were spotted onto the surface of the NC membrane. When
the strip dried, it was immersed into the blocking solution to
block the margined sites for 1 h at room temperature. Ex-
cess blocking agent was removed by rinsing with PBST
(PBS containing 0.05% Tween 20) washing buffer for 2 min.
Then, the 5 pL of the biotinylated aptamers were added onto
the membrane for each dot to bind the IgE for 1 h in a hu-
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Figure 1 Schematic of the aptamer based dot-blot method for the detection of IgE.
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midified chamber. After rinsing the strip with the PBST
washing buffer three times (10 min every washing time), 5
pL of avidin-HRP was dropped onto the membrane at each
dot. The strip was washed four times to remove the un-
bound avidin-HRP and then the fresh TMB-H,0, substrate
solution was added onto the membrane in the dark for color
development. Blue dots emerged within seconds and the
intensity of these dots increased over 15 min. Finally the
strip was rinsed with deionized water and an image of the
dried strip was acquired by a digital camera.

2 Results and discussion

2.1 Characterization of the aptamer based dot-blot
assay

The detection principle is shown in Figure 1. First IgE was
immobilized onto the NC membrane by electrostatic and
hydrophobic interactions between the protein and the NC
membrane [24]. The NC membrane provides a binding ca-
pacity of 80—100 pg/cm? of protein. The margin sites on the
membrane were blocked according to a similar interaction.
After cleaning the strip with the washing buffer, the bioti-
nylated aptamers were added onto the dots to bind IgE. The
biotinylated aptamers recognized IgE immobilized on the
membrane. After washing, the avidin-HRP was blotted onto
the membrane to bind the biotinylated aptamers via the bio-
tin-avidin interaction. The biotin-avidin interaction pos-
sesses high specificity and the highest affinity constant re-
ported (10" L/mol), about 10°~10° times greater than an
interaction between an antigen and antibody [25]. Due to
the function of the biotin-avidin system, the colorimetric
signal was visibly amplified. Thus the introduced avi-
din-biotin system has effectively improved the sensitivity of
the method for the detection of IgE. Finally, the unbound
avidin-HRP was removed by washing carefully and then the
fresh TMB-H,0, substrate buffer was added. The avidin-
HRP transferred and amplified the binding event to color
signals due to the catalytic activity of HRP. The blue oxida-
tion product of TMB is a cationic free radical and insoluble
in water, which may explain why it can be absorbed onto
the membrane to give the blue dots [26]. These blue dots
emerged in seconds and intensified over 15 min. The inten-
sity of these dots provided a direct measure of the IgE con-
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centration.

2.2 Optimization of the reaction conditions

Several parameters were optimized systematically for the
detection of the target protein IgE, including the blocking
reagent, the concentration of the biotinylated aptamers and
the avidin-HRP.

(1) Blocking reagent. Due to the few antecedents in
using aptamer reagents for dot blot assays, the procedure
needed to be optimized in terms of surface blocking. The
efficiency of the blocking process is extremely important as
it reduces the “noise” in the final product, thereby leading to
clearer results and the elimination of false positives. The 1%
non-protein blocking reagent, 5% skim milk, 5% BSA, 5%
casein and a mix of 5% casein and 1% non-protein blocking
reagent in Tris-buffered saline (TBS) were used to block the
excess sites on the membrane. As shown in Figure 2, the
four spots of 1% non-protein blocking reagent, 5% skim
milk, 5% BSA and 5% casein on the strip were colored blue
to varying degrees, indicating non-specific adsorption. The
largest degree of non-specific binding was obtained when
using 5% skimmed milk as the blocking reagent. This is
probably because of the skimmed milk containing small
amounts of endogenous biotin residues which caused a high
background signal when there was a biotin-avidin system in
the assay [27]. In contrast, the mix of 5% casein and 1%
non-protein blocking reagent eliminated virtually all
non-specific background binding, thus this mixture served
as the blocking agent in the following experiments.

(ii) Concentration of the biotinylated aptamers and the
avidin-HRP. The amount of the biotinylated aptamers
plays an important role in the analytical performance of the
method for the detection of IgE. A range of quantities of the
biotinylated aptamers (0.5, 1, 2.5, 5, 7.5 and 10 pmol/L)
was investigated. In the dot-blot assay, the appearance of
color at all biotinylated aptamers concentrations examined
was observed. As expected, the concentration of the bioti-
nylated aptamers was proportional to the spot intensity
(shown as Figure 3(a)). The spot intensity of 1007.42 a.u.
was obtained by using 5 pmol/L biotinylated aptamers,
whereas a small increase in spot intensity (1097.23 a.u.) was
observed when using 10 pmol/L biotinylated aptamers.
Here, 5 pmol/L biotinylated aptamers were considered to be

(d) (e)

Figure 2 Dot photos for the detection of IgE using different reagents for the blocking. The blocking reagents using for the corresponding spots. (a) 1%
non-protein blocking reagent, (b) 5% skim milk, (c¢) 5% BSA, (d) 5% casein, and (e) the mix of 5% casein and 1% non-protein blocking reagent. The con-

centration of IgE was 1 pmol/L for each spot.
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Figure 3 (a) Spot intensity of the colored spot using different concentra-
tions of the biotinylated aptamers (0.5, 1, 2.5, 5, 7.5 and 10 pumol/L). (b)
Spot intensity of the colored spots using different concentrations of the

avidin-HRP (1:400, 1:300, 1:200, 1:150, 1:100, and 1:50).

adequate and selected as the optimal concentration in the
following experiments.

The concentration of the avidin-HRP used in the assay
was investigated to find the optimal concentration for the
detection of IgE. Different concentrations of the avidin-
HRP (1:400, 1:300, 1:200, 1:150, 1:100, and 1:50) were
employed. As shown in Figure 3(b), the spot intensity was
observed to initially increase with increasing dilution of the
avidin-HRP, reaching a maximum at a 100-fold dilution of
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the avidin-HRP. Further increases in the dilution of the avi-
din-HRP to a 400-fold dilution caused a decrease in the spot
intensity. Thus, a 100-fold dilution of the avidin-HRP was
selected as the optimal concentration of the avidin-HRP for
subsequent experiments.

(ii1) Analytical performance. The efficiency and mini-
mal detection limit were analyzed using the freshly prepared
aptamer based dot-blot assay performed under the optimal
reaction conditions, including the mix of 5% casein and 1%
non-protein blocking reagent as the blocking reagent, 5
pmol/L biotinylated aptamers, and avidin-HRP at a dilution
ratio of 1:100. A series of IgE concentrations were quanti-
fied (i.e. 1000, 500, 250, 100, 75, 50 and 10 nmol/L) in the
dot-blot assay. PBS was used as the negative control. As
shown in Figure 4(A), the final result was visibly observed.
The blue color of these spots darkened with increasing con-
centrations of IgE. When the level of IgE was above 10
nmol/L, it could be effortlessly distinguished by the naked
eye. The colorimetric signal reached a saturated state when
the concentration of IgE was > 1 pmol/L, and thus there
would be no distinct differences in overloaded protein sam-
ples. By careful observation, we found that the color in the
center of the dots was fainter than on the borders. This ob-
servation may be attributed to the diffusion of IgE from the
center to the surrounding area, which was caused by the
concentration gradient of IgE and the pervasion movement
of the solution on the NC membrane [11,26].

The spot intensity was quantified by the portable instru-
ment of the ESEQuant lateral flow reader. The plot of the
spot intensities as a function of the IgE concentrations is
shown in Figure 4(B). The results demonstrate that the color
intensity decreased linearly with decreasing concentration
of IgE. The spot intensity of 1000, 500, 250, 100, 75, 50 and
0 nmol/L IgE were 1508.90, 917.24, 434.01, 236.32,

AR

75 pmol/L 50 pumol/L 0 pmol/L

0
0 01 02 03 04 05 06 07 08 09 1.0 11

Concentration of IgE protein (umol/L)

Figure 4 (A) Dot photos for the colorimetric detection of the different concentrations of IgE. (a) 1000, (b) 500, (c) 250, (d) 100, (e) 75, (f) 50, (g) O
nmol/L). (B) The linear relationship between the spot intensity and the concentrations of IgE in the range of 50 nmol/L—-1 pumol/L. Data were collected from

three independent experiments.



2942 Wang YX, et al.

188.07, 106.32 and 27.06 a.u., respectively. A linear re-
sponse relationship between spot intensity and IgE concen-
tration in the range from 50 nmol/L to 1 pmol/L was found.
The linear regression equation is ¥ = 1493.1X + 67.014 with
R*=0.99.

The detection limit (LOD) of IgE was calculated as three
times the standard deviation for the average measurements
of blank samples (LOD = 3 x SD/slope) [28,29]. The stand-
ard deviation (SD) of the blank sample (zero concentration)
was 1.44. Therefore, the LOD was determined to be as low
as 2.89 nmol/L, which is lower than the critical concentra-
tion defined as being an abnormal level (i.e. ~4 nmol/L).

Compared with other methods for the detection of IgE,
the aptamer based dot-blot assay has some advantages, in-
cluding simplicity, rapidity and sensitivity. Due to the
strong affinity between the aptamers and proteins, dots can
be visible to the naked eye or quantified by a hand-held
instrument. The combination of aptamer properties (small
size, high affinity and stability) and NC membrane attrib-
utes (simple, high adsorption of protein material and low
cost) yields an assay that has good specificity and sensitivi-
ty, which is suitable for the rapid detection of IgE on-site
with high-throughput.

(iv) Specificity. To test the specificity of this assay,
three types of proteins, namely BSA, thrombin and IgG,
were employed. Among these proteins, IgG has a similar
molecular structure to that of IgE and serves as a good test
protein for the aptamer binding specificity. The analytical
procedure was the same as the IgE detection method used.
The final coloration images are shown in Figure 5. The two
spots of 1 pmol/LL. BSA and 1 pmol/L thrombin were not
colored blue, whereas the spot of 1 pmol/L IgG was found
to color slightly. In contrast, the positive signal from the
fourth spot on the right was quite apparent, in which, 1
umol/L IgE was added. The result indicates that the aptamer
is specific towards IgE in this assay.

(v) Stability. The relationship between the scanning
time and relative intensity of the spots with 1 umol/L IgE
was investigated. As shown in Figure 6, the intensity was
stable during the scanning time (0—40 min), and then de-
creased after 40 min. Therefore, 40 min was sufficient time
for the acquisition of the image and the measurement of the
spot intensity. The NC membrane can be kept for a longer
period under dark conditions.

3 Conclusion

In conclusion, we have developed a simple, rapid and inex-
pensive dot-blot assay to detect IgE. This assay was based
on biotinylated aptamers recognizing IgE and the color de-
velopment of avidin-HRP. The aptamer based dot-blot assay
for the detection of IgE possesses particular advantages,
including high binding affinity on the NC membrane which
allows fast and strong attachment of the protein and the ac-
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Figure 5 The specificity of the aptamer based dot-blot assay. Dot photos
for 5 pL of (a) 1 pmol/LL BSA, (b) 1 umol/L thrombin, (c) 1 pmol/L IgG,
and (d) 1 umol/L IgE solutions.
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Figure 6 The stability of the aptamer based dot-blot assay.

cumulation of the solid color product over a small area;
thereby enhancing the signal intensity. In addition, the result
was visibly observable and quantification can be obtained
using a simple portable instrument. This is a colorimetric
assay for the highly efficient sensing of IgE, and the assay
gives excellent analytical performance such as a low detec-
tion limit, low cost, considerable time saving and high se-
lectivity.
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