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bstract

The current work describes the systematic development of a disposable electrochemical sensor based on an aptamer receptor (aptasensor).
he optimal conditions for which aptamers perform have been thoroughly investigated by Enzyme Linked OligoNucleic Assay (ELONA) and
anipulated to achieve sufficient sensitivity in the final sensor set-up. Parameters investigated included buffer type, reagent concentration profiling,

H, ionic effect and thermo-stability. Method transfer then allowed for the preparation of the aptasensor utilising differential pulse voltammetry as
he transduction mode. The principle system chosen was for the detection of allergy (IgE), which is present in humans due to exposure to a multitude
f allergens in food and/or the environment. The system incorporates a competitive format for IgE detection using a biotinylated form of the aptamer.
nzymatic role is completed by the subsequent use of an extravidin-alkaline phosphatase label for either colorimetric or electrochemical detection.
hrough the careful choice of conditions the aptasensor functions at levels suitable for human testing (>300 ng ml−1) and exhibits sensitivity similar

o antibody-based sensors of this type. The thermo-stability of the aptamer is significantly better than a corresponding IgE antibody receptor. In

ddition the sensor using this aptamer receptor is robust (CV < 5%) and varies little from day-to-day (R.S.D. 8%). Recoveries of 100 ± 5% or better
ere obtained for two types of ELONA. The facet that the final sensor is a disposable strip makes it a suitable candidate for decentralisation of

ssaying away for the laboratory environment to a point-of-care device.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Allergy is a mysterious disease. It is a chronic condition and is
he commonest cause of absenteeism. It can be caused by any-
hing one inhales, eats or touches. The term allergy describes
he situation of “changed reactivity” to antigen stimulation irre-
pective of whether this resulted in immunity (protection) or
ypersensitivity. It can be defined as inappropriate or exagger-
ted reactions of the immune system to substances that in the
ajority of people cause no symptoms. Symptoms of the allergic

iseases may be caused by exposure of the skin to a chem-
cal, the respiratory system to particles of dust or pollen (or

ther substances) or the stomach and intestines to a particular
ood. Immunoglobulin E (IgE), though a trace serum protein,
s found on the surface membrane of basophiles and mast cells

∗ Corresponding author at: ICFO-Institut de Ciències Fotòniques, Parc
editerrani de la Tecnologia, Av. Canal Olı́mpic, s/n 08860 Castelldefels,
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n all individuals, making these cells highly sensitive to stim-
lation by IgE antibody–allergen interaction. This reaction is
he key to IgE-mediated allergy. Total IgE serum level is widely
eported as a marker of atopic diseases, such as asthma, der-
atitis, and pollenosis [1]. In allergic patients, serum total IgE

evels, in general, corresponds to the severity of the allergic dis-
ase and may be therefore used for monitoring of all kinds of
nti-allergic therapy or allergen elimination. Non-allergic, nor-
al individuals have IgE concentrations that vary widely and

ncrease steadily during childhood, reaching their highest levels
t age 15–20, and thereafter remaining constant until about age
0, when they slowly decline. In adults, normal concentrations
f IgE may reach 240–288 ng ml−1.

The majority of allergy testing nowadays is based on the
ntibody receptor. Commercially available quantitative test kits
or serum IgE are based on traditional sandwich immunoassay
echniques (ELISA) and use two antibodies specific to different

pitopes of the IgE molecule. The minimum detectable con-
entration of such assays was estimated at 12 ng ml−1 [2–4].
nother antibody-based approach involves the use of piezoelec-

ric crystals, where anti-IgE antibody immobilised on gold or

mailto:mark.kreuzer@icfo.es
dx.doi.org/10.1016/j.snb.2006.09.024
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ilver-coated crystal serves as the receptor layer [5,6]. A similar
ormat was employed using a surface plasmon resonance sensor
hat could detect IgE in a linear range from 12 to 720 ng ml−1 [7].
nti-IgE antibodies were also used for the development of an

mmunosensor that could determine IgE in blood samples (LOD
.09 ng ml−1) using screen-printed carbon electrode technology
nd amperometric detection [8].

This study describes the development of a disposable screen-
rinted electrode sensor for quantification of human IgE, based
n an alternative receptor other than an antibody. The sensor uses
n aptamer (D17.4ext) and detection is achieved by differential
ulse voltammetry (DPV). The same format was also applied
o an ELISA-type assay (ELONA) for preliminary optimisation
ork. Both systems were able to detect normal and elevated

evels of human IgE with high sensitivity and reproducibility
nd these initial findings show promise in replacing antibodies
s receptors in affinity sensors for allergy testing.

. Experimental

.1. Chemicals and reagents

Monoclonal human IgE antigen was purchased from
IATEC.com (Oslo, Norway) and the biotinylated aptamer
17.4ext (45-mer, 5′Biotin GCG CGG GGC ACG TTT ATC
GT CCC TCC TAG TGG CGT GCC CCG CGC 3′) from
iNA GmbH (Berlin, Germany). Anti-IgE antibody species
nd IgE mAb were purchased from Biospacific (CA, USA).
-Aminophenyl phosphate (p-APP) was from Universal Sen-
ors, Ireland. Extravidin-alkaline phosphatase conjugate (xAv-
P), 4-nitrophenyl phosphate di(2-amino-2-ethyl-l,3 propane-
iol) salt (p-NPP), bovine serum albumin (BSA), anti-mouse
gG-alkaline phosphatase (IgG-AP), rabbit IgG, sodium car-
onate (Na2CO3), sodium chloride (NaCl), magnesium chlo-
ide (MgCl2), potassium chloride (KCl), diethanolamine (DEA),
ris(hydroxymethyl)aminomethane hydrochloride (Tris–HCl),
ris(hydroxymethyl)amino methane (Trisma base), and polyo-
yethylene-sorbitan monolaurate (Tween-20), were purchased
rom Sigma (Dublin, Ireland). Di-sodium hydrogen phosphate
nhydrous (Na2HPO4) and potassium di-hydrogen phosphate
KH2PO4) were obtained from Fluka. Deionised water was pro-
uced with an Elix Millipore system (Millipore S.A., Molsheim,
rance).

.2. Apparatus

Polystyrene, flat bottom Falcon microtitre plates were pur-
hased from Becton Dickinson Labware (NJ, USA). The ELISA
pectrophotometer was a Microplate Autoreader (model EL311)
rom Bio-Tek Instruments Inc. (VT, USA). Incubations at ele-
ated temperatures were carried out in a thermostat oven sup-
lied by Heraeus Instruments. Three-electrode system strips
ith a 4 mm × 4 mm carbon surface were prepared using a DEK
model 247) screen-printer (Dorset, UK) together with a stain-
ess steel mesh screen (400 counts/in., mesh orientation of 45◦).
he inks used in screen-printing (Electrodag® B-0851, 423-SS
nd Ag/AgCl, 5% AgCl, Electrodag® 477 SS) were purchased
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rom Acheson (Plymouth, UK). Electrochemical measurements
ere recorded using the BAS 100 W workstation supplied by
ioanalytical Systems (IN, USA).

.3. ELONA procedures

The primary coating buffer was 50 mM carbonate/
icarbonate, pH 9.6, the assay buffer contained 42 mM Tris–
Cl, 8 mM Trisma base, 1 mM MgCl2, pH 7, the blocking buffer
as assay buffer containing 1% BSA, the substrate buffer was
.1 M DEA, 50 mM KCl, 1 mM MgCl2, pH 9.8 and the wash-
ng buffer consisted of 42 mM Tris–HCl, 8 mM Trisma base,
00 mM NaCl, and 0.05% (v/v) Tween-20 at pH 7.

Various two-dimensional capture ELONAs were performed
o optimise the concentration of immobilised IgE antigen and
est the binding efficiency of the aptamer D17.4ext. Typically
0 �l of various concentrations of IgE antigen were immo-
ilized to the surface of the wells, which were subsequently
locked with 200 �l of blocking buffer. Then 50 �l of various
oncentrations of aptamer D17.4ext followed by 50 �l of xAv-
P conjugate in assay buffer were added to the plate. Finally,
00 �l of 1 mg ml−1 of p-NPP was used as substrate and after
olour development at 37 ◦C, the absorbance was measured at
05 nm. After each step the plate was incubated for 1 h at 37 ◦C,
nd in between steps the wells were washed three times with
00 �l of washing buffer.

Competition assays were performed in a similar manner, with
he exception of the competition step, where 25 �l of IgE antigen
3-fold dilution) and 25 �l of D17.4ext (previously determined)
n assay buffer were premixed for 10 min at room temperature.
hen 50 �l per well of each mixture was added to the correspond-

ng wells and allowed to incubate for 1 h at 37 ◦C. The optimum
Av-AP concentration was subsequently added depending on
he ELONA format (1000–3000 ng ml−1).

.4. Aptasensor procedure

Non-hydrodynamic, three-electrode set-up was used during
ensor development. The current was measured by differential
ulse voltammetry. The potential wave form of this method con-
ists of small pulses of constant amplitude, superimposed upon
staircase wave form. The current is sampled twice in each

ulse period, once before the pulse and at the end of the pulse,
nd the difference between these two current values is recorded
nd displayed. The initial potential was set at −100 mV, the
nal potential at 500 mV and the sensitivity at ≤10 �A. The
emaining parameters were as follows: scan rate 20 mV s−1,
ulse amplitude 75 mV, sample width 17 ms, pulse width 100 ms,
ulse period 200 ms and quiet time 30 s.

Initially, the concentrations of IgE antigen, D17.4ext aptamer
nd xAv-AP were optimised. The procedure was the same as
n the ELONA optimisations (Section 2.3) with the following
xceptions; the primary coating volume was 5 �l, a blocking vol-

me of 150 �l, the aptamer and xAv-AP conjugate were added
n 10 �l volumes, and the substrate was 100 �l of 0.5 mg ml−1

-APP per electrode. When recording the DPV signal a single
rop of the substrate solution was pipetted onto a horizontally

http://diatec.com/
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ositioned SPE ensuring all three electrodes were covered in
olution. A measurement was also taken for the substrate buffer
rior the addition of p-APP and this value subtracted from the
ctual response. In between steps the surface of the electrodes
as sequentially washed with washing buffer and distilled H2O

nd after each step the electrodes were incubated for 1 h at 37 ◦C.
he competition assays were performed in a similar manner,
ith the exception of the competition step, 5 �l of IgE antigen

3-fold dilution) and 5 �l of aptamer in assay buffer were pre-
ixed for 10 min at room temperature in vials and then 10 �l of

ach mixture were added to the corresponding electrode area.

. Results and discussion

.1. Aptamers as receptors

Aptamers are nucleic acid ligands that can be isolated from
omplex libraries of synthetic oligonucleotides through an iter-
tive process of in vitro selection and amplification, termed
ystematic evolution of ligands by exponential enrichment
SELEX) [9,10]. This methodology can yield ligands against

wide array of targets ranging from small molecules, such
s metal ions, organic dyes, amino acids, and antibiotics, to
ucleotides, peptides, large proteins and even parasites [11–13].
he affinities of these ligands lie in the micromolar to the sub-
anomolar range and can therefore be comparable to, if not better
han, those of antibodies for the same targets. A comparison of
ptamers to the widely used antibody technology reveals various
dvantages [14,15]. These features make aptamers outstanding
andidates for therapeutic [16], diagnostic [17] and analytical
pplications [15,18]. In particular, their use as molecular recog-
ition elements in affinity sensing, even though limited, has been
uite successful when coupled with optical [19], fluorescent
20,21] and acoustic methods [22].

Aptamers have also demonstrated high specificity and can
istinguish between compounds based on differences of a single
ydroxyl or methyl group, e.g. the affinity of the theophylline-
inding RNA aptamer for its cognate ligand is 10,000 times that
f caffeine [23]. The high affinity and specificity of aptamers to
heir related targets is achieved by a combination of hydrogen
onding, stacking, non-canonical base pairing and hydrophobic
nteractions [24–26].

A well described aptamer, specific for IgE, is D17.4 pub-
ished by Wiegand et al. It was suggested that the stem-loop
ormation of this polyanionic oligonucleotide favours interac-
ion with a positively charged site located in the Ce3 region of
he protein [27]. However, this aptamer has a relatively fast dis-
ociation constant of 10 nM due to its unstable three-dimensional
tructure, which tends to spontaneously unfold and release the
nalyte, even under binding buffer conditions. In order to stabi-
ize the structure of the aptamer and increase its sensitivity, Liss
t al. extended both the 5′- and 3′-ends of D17.4 by adding four
ase-pairs, thus allowing the formation of a longer stem. This

esulted in a more stable tertiary structure and reduced the disso-
iation constant of the aptamer to 3.6 nM [28]. The engineered
ptamer was called D17.4ext (extended) and is the one used in
he development of our aptasensor.
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The primary objective of the present work was to establish a
uantitative technique utilizing aptamers, attempting to display
he usability of these receptors towards sensing and to compare
his method to existing antibody-based protocols for the detec-
ion of IgE. IgE has an importance for detection at a clinical level
f 300 ng ml−1 as this represents the normal human levels for
dults. An allergic state would thus, increase such levels and any
ssaying system would therefore have to measure levels around
his reference value and higher.

.2. ELONA optimisation

The format of the ELONA follows a standard indirect
ethod, where competition between surface-bound IgE and IgE

n solution proceeds for the biotinylated aptamer D17.4ext and
he signal achieved by the secondary label (xAv-AP). As with
ny system of this type it is essential to optimise the reagents
o provide a dose-dependent response. Two-dimensional exper-
ments, whereby optimum coating IgE and aptamer concentra-
ions were determined for both ELONA and aptasensor formats.
t was found that characteristic saturation occurring at both high
oating IgE and aptamer concentrations occurred in a dose-
ependant manner (data not shown). A combination of both
eagents was chosen based on non-excess conditions (ca. 80%
f maximum signal) and yielding a signal of ca. 1.0 A.U. At this
evel there is also conservation of reagents.

Aptamers are inherently susceptible to their surrounding
nvironment and careful control of buffer conditions is needed
29]. Buffer pH, ionic strength, additional ions and protein
ithin the assay buffer all contribute to the binding capacity
f a particular aptamer for its target. All these parameters were
nvestigated to find the best conditions yielding high affinity.

.2.1. Presence of salts
The effect of the presence of salts in the assay buffer was ini-

ially investigated, and in particular of divalent ions required by
he aptamer, to assemble into the appropriate three-dimensional
onformation [27,28]. As can be seen in Fig. 1a, the binding
apacity of the aptamer, in the presence of Mg2+, for the surface-
ound IgE, was evaluated along with the non-specific binding
NSB) component of xAv-AP in the absence of aptamer. Clearly,

concentration of MgCl2 of 1 mM yielded the best binding
ith low NSB across the range investigated. Lower concentra-

ions resulted in reduced signal, due to lack of bivalent metal
ons required by the ligand to attain the tertiary structure. The
ame effect was observed when excess concentrations of Mg2+

ere used, showing that buffers of high ionic strength disrupt
he binding between the aptamer and IgE. This is in accor-
ance to the findings of Jiang et al., who studied the effect of
onic strength on the aptamer/protein interaction by measuring
he single-molecule bond rupture force of aptamer–IgE in PBS
uffer with two different concentrations of NaCl (150 mM and
.5 M), using atomic force microscopy and the Poisson statistical

ethod [39]. It was stated that increased concentration of NaCl

n the buffer resulted in a decrease of both the mean rupture force
f the aptamer–protein and the number of the bonds formed,
ndicating that the aptamer/IgE interaction becomes weaker in
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ig. 1. Effect on aptamer binding to the immobilised IgE by (a) the addition of
he non-specific binding of extravidin-AP to the surface-bound IgE (absence of

he presence of a high salt concentration. We also performed sim-
lar experiments with Ca2+ ions and a similar trend was noted but
ot with such a dramatic change in absolute signal. The signal
nly increased by 6% up to 1 mM concentration of Ca2+ when
ompared to absence of this ion. Magnesium in this case was
argely more effective in the binding process as this ion was used
uring the PCR amplification and the ligand selection process
f SELEX [28]. The configuration (hexagonal) and lower ionic
adius of magnesium over calcium (cubic) is a probable expla-
ation to the more efficient binding of the ligand in the presence
f Mg2+. Monovalent ions were also investigated. In this case
aCl and KCl (data not shown) varied up to 100 mM but lit-

le variation in aptamer binding was seen for both salts in this
oncentration range.

.2.2. Buffer type
The binding of the aptamer was also compared between Tris

uffer and phosphate buffered saline (PBS), the latter being the
ne used by Wiegand et al. for the selection of the D17.4 lig-
nd and subsequently by Liss et al. for the development of their
uartz crystal biosensor [27,28]. The variability in our case was
H, ranging between the values of 4 and 9. Between pH 4 and 6,
he binding profile of the aptamer was identical for both buffers
t 50 mM ionic strength. In this region the binding is optimum.
rom neutral to alkaline pH 7–9, the absolute signal decreases
apidly to between 40 and 20% of that at pH 5. Tris buffer sus-
ains better binding of the aptamer over PBS in this pH region
ith signals accounting for double that of PBS. Using a lower

onic strength PBS buffer (10 mM), an identical trend was noted
s for the 50 mM PBS case (data not shown). Low binding was
bserved at pH 7 or at more alkaline pH values, while signal
ncreased to 80% of maximum at pH 6. No advantage was noted
y using this lower ionic strength buffer (10 mM). The pH buffer
rends are shown in Fig. 1b. Since the use of Tris buffer resulted
n higher signal at neutral pH values, it was decided to utilise this
uffer in all subsequent assays. It is also noted that across the
H range measured, NSB of xAv-AP (no aptamer) was minimal,
ccounting for <4% of the maximum signal.
An interesting corollary is that aptamer binding was more
fficient at acidic pH, possibly due to increased electrostatic
nteractions between the ligand and its target. However, for this
LONA, where the analyte is a protein, neutral pH values are

a
a
d
p

l2 to the buffer and (b) by changing the pH using both Tris and PBS. Blank is
er).

referential, since acidic conditions would cause damage to the
roteinaceous coating and/or analyte and thus a pH value of
was compromised even though the overall signal was only

t 50% of the maximum. Nevertheless, in situations where the
nalyte is an organic molecule with solubility problems at neutral
H, this type of receptor could be more useful over traditional
ntibodies, as denaturation of the aptamer would not occur in
cidic pH.

.3. Development of quantitative ELONAs

.3.1. Optimised ELONA
At this point, these optimised conditions were used to develop

he ELONA and Fig. 2a shows the result. Fig. 2a represents the
verage response from five curves (N = 5) performed on sepa-
ate days. Each point is therefore the average of 15 values and
ave been normalised to 100% (B/Bo) in order to compensate
bsorbance variations from day-to-day, mainly due to colour
evelopment time variations. Clearly the dose-dependent rela-
ionship is seen for IgE. Preliminary discussion at this point
ocuses on the ELONA parameter of EC50 which, was deter-
ined to be 961 ± 79 ng ml−1 and to the linear range of the assay

hat was established between 303 and 8120 ng ml−1. This assay
ill be discussed in detail in the next section in conjunction with

he Improved ELONA. Needless to say, the determination of the
urve and its associated accuracy, were quite good (cf. Table 1,
olumn 1).

.3.2. Improved ELONA
One of the typical procedures used when developing

ssays/sensors using antibodies as receptors, uses the inclusion
f proteinaceous medium during the competition step. This has a
umber of effects, most notable that the antibodies now in solu-
ion have less a tendency to adsorb to the plastic or glassware they
re contained. This in turn frees the antibodies with a higher equi-
ibrium toward the solution rather than sticking to the containers.
t must be noted that this however does not always improve assay
erformance. It may increase the absolute signal as more avail-

ble antibody (receptor) is present, but this in turn can force
ssays to become less sensitive. Re-optimisation of assay con-
itions is generally recommended at this point. Based on these
rinciples it was investigated how our previously developed
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ig. 2. Developed IgE ELONAs on microtitre plates. Optimised ELONA (a) cu
or IgE with (�, �) and without (©) incorporating BSA (0.1%) in competition
he ratio of response B, to the maximum response when no analyte, IgE is prese

ptimised ELONA would function by inclusion of a protein like
ovine serum albumin. Instantly, higher absolute signals were
vident through the incorporation of 0.1% BSA in the competi-
ive buffer (under identical conditions). Thus, this allowed for a
e-estimation of reagent conditions. What follows is therefore a
omparison of our initial Optimised ELONA (Section 3.3.1) with
he Improved ELONA system. Depicted in Fig. 2b, is a compari-
on of all developed ELONAs with and without the inclusion of
.1% BSA. Having previously re-optimised the reagent condi-
ions through aforementioned methods, assays shown in Fig. 2b
ere performed at least on four separate occasions (N = 4 or
) and averaged. Thus, each point is the average of 8–15 data
oints. Initially, it is noticeable that inclusion of 0.1% BSA
akes the assay more sensitive, EC50 lowered from 961 ± 79

o 433 ± 29 ng ml−1. Both these curves express a similar best-fit
haracteristic (Hillslope) when compared in Table 1 (columns 1
nd 2). Curves determined with BSA present (column 2) show
etter sensitivity, precision, detection (33 ± 4 ng ml−1) and cor-
elation (0.994). In addition, the EC50 is now closer to the
eference normal human level of 300 ng ml−1, thus making this
mproved ELONA more suitable for assaying samples from aller-

enic patients close to the threshold value. By the inclusion of
SA we could also investigate the Improved ELONA by further
ecreasing the concentration of aptamer to 5 ng ml−1 (Table 1,

able 1
est-fit parameters for Optimised and Improved ELONAs for IgEa

LONA parameters D17.4ext aptamer (ng ml−1)

10b 25c 5c

op 98.9 97.0 101.4
ottom 9.9 3.2 7.4
illslope −1.018 −0.870 −0.430
C50 (ng ml−1) 961 ± 79 433 ± 29 49 ± 17
OD (ng ml−1) 126 ± 7 33 ± 4 0.25 ± 0.06
inear range (ng ml−1) 303–8120 103–2407 3–736
.S.D.d (%) 2.4 2.6 3.2
2 0.973 0.994 0.984

a Absorbance values measured at 405 nm (n = 8).
b Competition step without the presence of BSA.
c Competition step with the presence of 0.1% BSA.
d Average R.S.D. across all data points of the curve.

o
a
c
r
o
t
l
d
f
s
t
t
5
C
p
m
E
o

L

own is the average of five curves on different days and (b) Improved ELONAs
Each curve is the average of at least four separate curves (N = 4 or 5). B/Bo is

.

olumn 3). Although a superfluous advantage, we can clearly
easure to lower levels of IgE with the consequence of reducing

he Hillslope. This is unwise, but highlights the flexibility of the
ptamer, detecting IgE to the picomolar level (1.38 × 10−12 M).

Keeping in mind that the overall objective was to develop
n aptasensor for IgE, it was felt that sufficient information had
een gathered to proceed to the sensor development phase.

.4. Aptasensor optimisation and development

Optimisation of the aptasensor was achieved in a similar man-
er as the ELONA previously, by checking all reagents including
oating IgE, aptamer and label. As screen-printed electrodes
SPEs) are slightly more difficult to handle than the standard
icrotitre plate format, in terms of number of replicates, sequen-

ial one-dimensional assays for all parameters were performed
ather than combined two-variable experiments. Characteristi-
ally, higher concentrations of reagents were needed due to the
inding capacity of the carbon working area and the follow-
ng conditions were chosen; coating IgE at 20 �g ml−1 (80%
f maximum signal), aptamer at 100 ng ml−1 and xAv-AP at
concentration of 2 �g ml−1 (95% of maximum signal). This

ombination of reagents yielded current signals in the 3 �A
ange for DPV measurements. With associated backgrounds
f 140 nA this gave a signal to noise ratio of 21, which effec-
ively meant it was possible to further dilute reagents and to, at
east theoretically, improve sensitivity if while using these con-
itions yielded an inappropriate range for the aptasensor. It was
ound that preliminary sensing gave curves with EC50 values
imilar to the initial developed Optimised ELONA, with sensi-
ivity around the 1000 ng ml−1 level. Subsequent profiling of
he reagent concentrations diminished the absolute signal to ca.
00 nA but allowed the sensor to function with better sensitivity.
urves depicted in Fig. 3a are three such individual aptasensors
repared on separate days (N = 3, n = 3). The aptasensor perfor-
ance is summarised in Table 2 with the LOD determined from
q. (1) using the best-fit parameters determined from the data

f the averaged curves (Fig. 3b).

OD = EC50

(
Max − Min

Max − Min − 3S.D.max .

− 1

)−1/k

(1)
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The essential characteristic of this developed aptasensor lies
n the EC50 value (451 ng ml−1) which, when compared to the
mproved ELONA of Section 3.3.2 (433 ng ml−1), shows a sim-
lar level and suitable for measuring levels found in real patient
amples. The EC50 is the point of the curve which is most
ccurately determined (point of inflection) and thus a value of
51 ± 38 ng ml−1 suggests that elevated levels of IgE in humans
an be adequately measured with this aptasensor (remember-
ng the reference value of 300 ng ml−1). In conjunction with a
avourable Hillslope (−0.788 ± 0.131), this assay does not need
o reach lower levels of IgE. We must remember that altering the
resent protein conditions of the sensor would contribute to loss
f absolute signal (ca. 500 nA) and render the accuracy of mea-
urements irreproducible (through loss of suitable signal:noise
atio). Thus, the sensor, using this aptamer, seems at the limit of
ts functionality using the current conditions. As shown earlier,
nclusion of BSA in the aptamer binding buffer led to better sen-
itivity when assayed by ELONA. This modification could also
e used for the sensor to further reduce the EC50 value closer to
he reference value of 300 ng ml−1 but the authors feel it is not
urrently required. While good results were obtained in terms of
est-fit parameters, investigation continued in order to measure
ecovery from unknown samples.

.5. Recovery experiments using improved ELONA
Having developed, what we termed as Improved ELONA
using 25 ng ml−1 aptamer) and its 5 ng ml−1 counterpart, it was
ntended to measure unknown samples of IgE within the linear

able 2
est-fit parameters for optimised aptasensor for IgE determinationa

ensor parameter Average ± S.D.

op 100.8
ottom 5.7
illslope −0.788 ± 0.131
C50 (ng ml−1) 451 ± 38
OD (ng ml−1) 23 ± 4
.S.D.b (%) 5.7 ± 0.8
2 0.972

a Values shown are for three separate assays (N = 3).
b Average R.S.D. across all data points of the curve.
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ction. Curves shown in (a) are three separate curves on different days (n = 3),
ximum response when no analyte, IgE is present Bo.

anges highlighted in Table 2 (columns 2 and 3). Table 3 shows
he results for 16 samples (4 samples × 4 assays) and also for 12
ther samples (4 samples × 3 assays) utilizing both developed
mproved ELONAs corresponding to two different linear ranges.
or the 16 samples, recoveries varied between 94 and 108%, with
veraged results for each sample between 99 and 103%. Simi-
arly for the 12 samples, recoveries again varied between 94 and
06% or 100 ± 5% for averaged values. This exhibits the abil-
ty of either Improved ELONA to accurately assess IgE levels in
nknown samples. The judicial choice of aptamer concentration
llows for either low levels (using 5 ng ml−1) or elevated levels
f IgE determination (using 25 ng ml−1) with equal precision
nd accuracy. It is worth mentioning that this lower level detec-
ion is slightly redundant but does highlight the flexibility of the
ptamer receptor.

.6. Stability test (aptamer versus antibody)

Stability is the ability of an in vitro diagnostic reagent, when
ept under specified conditions, to retain, throughout the shelf
ife its characteristics and/or performance within limits speci-
ed. It was attempted to compare the stability of a monoclonal
ntibody receptor to the D17.4ext aptamer used within this study.
sing an indirect format, the antibody system was optimised for

urface-bound IgE, anti-IgE and secondary anti-species (anti-
ouse IgG-AP) to yield an adequate signal by ELISA. This
as then compared to the developed indirect ELONA using the

ptamer. In order to minimize possible operator error, the opti-
um coating, blocking and buffer storage was performed prior

o the freezing of the microtitre plates. By freezing the plates, we
liminated any possible errors between stock solutions prepared
n different days, i.e. for the coating IgE and block (day-to-day
ariation), incubation time and temperature differences and thus,
he stability was largely focused to either antibody (IgE mAb) or
ptamer (D17.4ext). On any particular day, coated and blocked
lates were removed from the freezer, thawed and washed as
sual. Samples of IgE mAb and D17.4ext aptamer (continu-
lly stored in stock at 37 ◦C) were then added to the plate and

ubsequently developed by the appropriate secondary labels.
he commercially available secondary labels are inherently sta-
le and we can exclude them as possible sources of instability
nder the lifetime of this test. In this study, we also applied an
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Table 3
Recovery experiments performed on Improved ELONA for IgE determinationa

Assayb Real concentration (ng ml−1) Sample 1 Sample 2 Sample 3 Sample 4
100.00 40.00 8.00 2.50

1 Calculated value 105.62 38.81 7.88 2.36
Recovery (%) 105.62 97.03 98.48 94.60

2 Calculated value 103.83 38.82 8.52 2.67
Recovery (%) 103.83 97.04 106.56 106.96

3 Calculated value 104.68 41.13 7.68 2.69
Recovery (%) 104.68 102.83 95.97 107.76

4 Calculated value 102.74 39.28 8.21 2.62
Recovery (%) 102.74 98.20 102.59 104.87

Average recovery (%) 103.26 99.52 99.26 101.81

Assayc Real concentration (ng ml−1) 875.00 350.00 140.00 56.00

1 Calculated value 820.51 329.30 137.14 58.90
Recovery (%) 93.77 94.09 97.95 105.18

2 Calculated value 845.41 334.02 138.02 58.70
Recovery (%) 96.62 95.43 98.59 104.82

3 Calculated value 904.22 343.71 136.07 59.32
Recovery (%) 103.34 98.20 97.19 105.92

Average recovery (%) 97.91 95.91 97.91 105.31
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Fig. 4. Stability test of IgE mAb and D17.4ext aptamer under accelerated Arrhe-
nius conditions. Receptor solutions were kept at 37 ◦C and assayed by microtitre
p
c

4

fl
t
n

a Absorbance values measured at 405 nm (n = 3).
b Optimised ELONA using 5 ng ml−1 aptamer.
c Optimised ELONA using 25 ng ml−1 aptamer.

ccelerated Arrhenius approach (heat-stressed testing), through
ong-term storage of stock solutions of both receptors at 37 ◦C,
efore making appropriate dilutions and adding to the plates.
ccelerated Arrhenius testing is designed to increase the rate of

hemical degradation or physical change by using exaggerated
torage conditions as part of the formal definitive storage pro-
ram. This data in addition to long stability studies may be used
o assess longer-term chemical effects at non-accelerated con-
itions and to evaluate the impact of short-term periods outside
deal storage conditions [30].

Fig. 4 shows the profile of antibody versus aptamer stability.
apid degradation of the IgE mAb can be seen, from an initial

ignal of 1.987–0.370 A.U. in just 13 days at 37 ◦C, demon-
trating clearly the loss of activity of the monoclonal antibody.
he D17.4ext aptamer remained consistent without fluctuation

n absolute signal (ca. 1.5 A.U.) under the conditions chosen.
he aptamers stability to heat was very clearly illustrated and
onsidering that we used an accelerated condition (elevated stor-
ge temperature) these results point to a longer overall stability
f aptamer and can be extrapolated to normal storage conditions
14 days at 37 ◦C is equivalent to 24 months at 4 ◦C) [30]. In addi-
ion, the non-specific binding was assessed in Fig. 4, whereby
he coating IgE was replaced by rabbit IgG protein of a similar

olecular size. In all cases it can be seen that there was little
on-specific contribution (<6%) by the aptamer to binding to
he IgG. Zero control was also included in this test whereby the

limination of the receptor, leads to the degree of binding of the
econdary labels to the coating. For the mAb system there seems
higher non-specific binding effect (ca. 20% of maximum sig-
al) when compared to the aptamer one (10%).

[
[
c
n

late under optimised conditions (n = 3). Zero receptor and non-specific binding
ontrols are also included.

. Conclusions

Aptamers as receptors for sensing purposes has begun to
ourish in recent years with their application finding its way

o a variety of formats. In particular their use has been largely
oticed in quartz crystal sensing [28,31], microtitre-based assays
29,32,33], surface plasmon resonance [34] and fluorescence

35,36]. To this point, they have not been exploited in electro-
hemical methods to any great extent with the authors recog-
izing only the recent communication of Hianik et al. [37]. The
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uthors believe that the current work highlights the usability of
he aptamer receptor, although with careful, but not excessive
ontrol of the assaying conditions. No more so than the major-
ty of antibody systems. Aptamers may have advantages in the
rea of stability, with easy regeneration using harsh conditions,
nsuitable for antibodies and also in their thermo-stability (no
ffect on aptamer folding) [28]. This aptamer binding, functions
etter in acidic environment which, could be used for analytes
isplaying favourable properties (solubility) in such conditions.
here are grounds for continuation of this work, particularly in

he sensor area, and the authors are investigating the operational
apacity of the aptasensor using the Improved ELONA condi-
ions in particular to recovery experiments in a matrix, such
s blood (serum, plasma). This investigation is underway. We
eel that this work represents the beginning of electrochemical
ptasensors, exhibiting their feasibility and highlighting their
omparative sensitivity to their antibody predecessors in this
pplication [8]. Closer collaboration between aptamer develop-
rs and end-users could tailor these receptors for greater benefit
n a similar fashion as the original work of Yalow and Berson
n immunoassays in the late 1950s [38].
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