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e Novel colorimetric antibody-aptamer
sandwich assay using starch-iodine
complexation.

o Central composite design for fast and
efficient sensor optimization.

o Ultrasensitive detection of OTA using
PADs with LoD of 20 pg mL™! using
5 pL.

e Applied for OTA detection in bever-
ages, urine and human serum.
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Colorimetric sandwich-type biosensors that can both provide sensitivity competitive with fluorescence-
based approaches, and leverage reagents that are cost-effective, widely available and as safe as possible,
are highly sought after. Herein, we demonstrate an alternative highly-sensitive colorimetric method for
paper-based sandwich-type biosensing that uses starch—iodide complexation to simplify practical bio-
sensing using ubiquitous reagents. Targeting the mycotoxin ochratoxin A (OTA), a covalently-
immobilised OTA antibody on a cellulose surface captures OTA and forms a sandwich with OTA
aptamer-conjugated glucose oxidase. Adding the chromogenic reagents at an optimized concentration, a
distinct blue color develops within 30 min, offering excellent contrast with the clear/white of the
negative sample. With a sampling volume down to just 5 pL, the assay exhibits concentration limits of
detection and quantitation of 20 and 320 pg mL™, respectively, and a linear range from 107! to
10° ng mL~! (R? = 0.997). The method displays excellent selectivity against related mycotoxins, excellent
%recovery (95—117%) and robust operation in complex matrices (beer, urine and human serum), with no
significant difference versus gold-standard liquid chromatography. Along with its excellent analytical
performance, this assay benefits from non-toxic and extremely cheap reagents that can be safely
disposed of in the field, and presents an attractive alternative to toxic dyes and nanoparticles.

© 2020 Elsevier B.V. All rights reserved.
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analyte concentrations have been sought after for centuries [1-3].
In more recent times, such approaches have been translated to
paper-based analytical devices (PADs), providing simple solutions
for point-of-need and point-of-use testing [4—6]. Although colori-
metric detection schemes are typically less sensitive than electro-
chemical- or fluorescence-based methods [7], they are ideally
suited for application in PADs due to the simplicity of both readout
and operation [8,9].

Colorimetric detection methods have traditionally used ligands
that form complexes with a specific target ion or molecule (e.g. the
complexation of Ni with dimethylglyoxime [10]), or covalent bond-
forming reactions (e.g. creatinine with picrate [2]). However, such
approaches are highly specific to their target analyte, and are thus
inherently limited in their versatility and scope. More recently,
noble metal nanoparticles have been extensively investigated and
employed as reporters in colorimetric sensing [11]. Their intense
localized surface plasmon resonance (LSPR) leads to phenomena
that can readily be harnessed in biosensing [12,13]. However, there
is an inherent cost associated with the use of gold, silver and
platinum (even at low masses or concentrations) that limits how far
device costs can be driven down [14]. In addition, the synthesis of
noble metal nanoparticles remains a non-trivial and resource-
intensive undertaking [15]. Finally, and critically, there are
ongoing concerns related to the environmental effects of metal
nanoparticles, with little understanding of how composition, size,
shape and surface functionality affect their downstream toxicity
[16]. Such disadvantages have inspired us to investigate viable al-
ternatives that circumvent such issues, yet retain the required
simplicity and sensitivity.

Various biosensor platforms have used the enzyme by-product
H,0, to oxidize indicating dyes (e.g. 3,3',5,5'-Tetramethylbenzi-
dine, TMB, and 2,2’-azino-di-(3-ethylbenzthiazoline sulfonic acid),
ABTS™) [17,18], however such dyes are relatively expensive, offer
low sensitivity, and are not environmentally friendly. Using the
same oxidizing strategy, but with the cheap and environmentally
benign reagents iodine and potassium iodide (KI), an extremely
effective colorimetric signal can be developed. Here, dissolution of
elemental iodine in aqueous KI yields triiodide (I3), which can
subsequently form intermolecular charge-transfer complexes and
polyiodide homopolymers with starch molecules, yielding a dark
blue/purple coloration [19]. Although this intense chromogenic
response has commonly been used for direct starch testing in food
[20], few works have investigated the phenomenon as a novel
concept in the medical diagnostics field, despite the obvious po-
tential [21]. For example, an important work by Liu et al. demon-
strated the use of starch—iodide complexation to generate a
colorimetric response in a microwell plate-based assay for the
detection of prostate specific antigen (PSA), showing detection
down to 0.46 pg mL~! [22]. However, although this approach would
be suitable for clinical and laboratory settings, it is not deployable
to the point-of-care or resource-limited settings. The idea has been
recently extended to a PAD system to detect hydrogen peroxide and
glucose (with LODs of 0.05 and 0.1 mM respectively) [23], however
the expansion and optimization of this approach into sandwich
assays for field-deployable and point-of-care platforms for di-
agnostics has not been demonstrated previously. In summary, we
feel there is much potential still to be unlocked in the application of
this phenomenon for universal and point-of-care diagnostics,
which inspired us to extend the technique into a PAD system
incorporating a sandwich-type analyte capture mechanism, for a
new class of molecular target.

Herein, we report a simple yet powerful antibody—aptamer-
based PAD with colorimetric readout targeting ochratoxin A (OTA),
a carcinogen (class 2 B) generated by Aspergillus and Penicillium
contaminated in food and drink and in bodily fluids, as a model

toxin [24]. As illustrated in Scheme 1, covalent immobilization of
anti-OTA antibodies (antiOTA) on a cellulose surface (Scheme S1)
allows capture of OTA and further labelling by aptamer-conjugated
glucose oxidase (AGOx) via a sandwich mechanism. Subsequent
introduction of a starch, KI and glucose solution into the PAD
chamber yields a distinct color change to blue/purple for the pos-
itive test due to the H,0; produced by AGOx. Smartphone-captured
images can be directly analyzed to extract color intensity and
quantify analyte levels. Due to high surface-to-volume ratio, this
approach allows high sensitivity and precise quantitation of OTA in
complex matrices, such as beer, urine, and human serum.
Furthermore, through the use of experimental design, rapid and
resource-efficient optimization of KI, starch and glucose concen-
trations was performed. The optimized PAD-based sensor demon-
strates much promise for environmentally friendly, highly
sensitive, cost-effective, simple and robust biosensing for deploy-
ment in a variety of low resource settings.

2. Materials and methods
2.1. Reagents and materials

Rabbit anti Aspergillus ochraceus ochratoxin A (antiOTA) was
purchased from Bio-Rad (California, USA). The OTA aptamer (5'-
biotin-AAA AAA AAA AGAT CGG GTG TGG GTG GCG TAA AGG GAG
CAT CGG ACA-3’) was purchased from Microsynth (Balgach,
Switzerland). Ochratoxin A (OTA), Aflatoxin B1 (AFB1), Aflatoxin B2
(AFB2), citric acid, sodium citrate, glucose, KI, starch, HEPES, EDTA,
Trizma base™, Tween 20, NaNOs, CaCl,, PBS tablets, NaCl, skimmed
milk, NalO4 and KCl were purchased from Sigma-Aldrich (Buchs,
Switzerland) and used as received. All other reagents, including
Ochratoxin B (OTB) (AdipoGen AG, Epalinges, Switzerland), HCI
(Fluka, Buchs, Switzerland), 3-aminopropyltrimethoxysilane
(Tokyo Chemical Industry, Eschborn, Germany), glucose oxidase-
conjugated avidin (Rockland, Hamburg, Germany) and MgCl,
(Acros Organics, Geel, Belgium), were analytical reagent grade and
used as received. All aqueous solutions were prepared with DNase
and RNase free water (Thermo Fisher Scientific, Reinach,
Switzerland). All images were taken using an unmodified Sony
Xperia XZ Premium smartphone camera and analyzed using Image]
software (National Institutes of Health, Maryland, USA).

2.2. Device fabrication

Circular wax chambers of 8 mm diameter with 1 mm thickness
were printed on Whatman No. 1 cellulose paper (Sigma-Aldrich,
Buchs, Switzerland) prior to incubation at 170 °C on a heating plate
for 1 min (to allow wax to penetrate into the paper). Yellow wax
was chosen to define the sample reservoir, as it is the ‘opposite’
color—following the logic of typical color models—of our
starch—iodide complex, which develops as blue/purple. Using yel-
low has the added benefit of reducing the potential for interference
by the color of the sample, which in the current study was also
yellow (beer, human serum and urine). An antibody conjugation
protocol reported by Peng et al., employing the amino-aldehyde
reaction to form imine linkages, was used (Scheme S1) [25].
Addition of amino groups onto the cellulose was achieved by
applying a mixture of 3-aminopropyltrimethoxysilane (APS) and
acetone (1:10) to the chambers, before drying at room temperature
for 5 h. Subsequently, the PAD was rinsed with acetone and baked
in an oven at 110 °C for 3 h to complete silicon-oxygen condensa-
tion on the cellulose surface. Next, antiOTA antibodies were treated
with NalO4 in acetate buffer (pH 5.5) to generate aldehyde groups at
the end of the Fc-region, and then introduced into the amino
functionalized chamber, forming imine linkages between the
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Scheme 1. A schematic illustration of the colorimetric paper-based assay. Surface-immobilized antiOTA antibodies bind OTA from solution, with aptamer-GOx conjugates then
binding to OTA and forming a sandwich complex. Subsequent addition of glucose, starch and potassium iodide sees the GOx produce H,0,, leading to the formation of triiodide that
complexes with starch and produces the blue color. In the absence of OTA, the sandwich complex cannot form and the blue coloration does not occur.

treated paper and antiOTA at room temperature, and over a period
of 1 h. Finally, devices were rinsed three times with buffer con-
taining 10% (w/v) skimmed milk powder, 50 mM Tris, 0.15 M NacCl
and 0.05% Tween 20 (pH 7.4), allowed to dry at room temperature
and then stored in the dark at 4 °C.

2.3. Aptasensor-GOx conjugation

Biotinylated aptamers (sequence previously reported in
Ref. [26]) were conjugated with avidin-conjugated glucose oxidase,
via biotin-avidin binding at a 3:1 M ratio (4 °C overnight). Solutions
were stored in the dark at 4 °C, then diluted to 10 nM in binding
buffer (10 mM Tris, pH 8.5, 120 mM NacCl, 5 mM KCl, 10 mM MgCl,
and 20 mM CaCl,) before use.

2.4. Assay procedures

For the UV—vis spectroscopy experiment, 10 puL of 1000 U L~
AGOx/GOx, 10 pL of 100 pM H305, 100 uL of 10% starch solution,
50 pL of 5.2 mM KI, and 40 pL of 22.5 mM of glucose were used and
adjusted to 1 mL using PBS buffer 100 mM pH 7.42, resulting in 10 U
L1 AGOx/GOx, 1 pM H»0,, 1% starch solution, 260 mM KI, and
900 puM of glucose.

For the GOx optimization experiments in microwells, 25 pL of
3.6 mM glucose and 25 pL of AGOx/GOx was added into each well,
followed by 50 pL of 520 mM KI and 2% starch solution. Solutions
were incubated for 30 min before capturing images with a smart-
phone for further analysis using the Image] software.

For GOx optimization on the PAD, 1 puL of GOx and 1 pL of glucose
was added to each reservoir, followed by 3 pL of the CCD optimised
iodine and starch solutions (4.5 mM glucose, 1.5% starch, 450 mM
KI). The PAD was incubated in a humid chamber for 30 min to
generate the color, before capturing images for analysis via Image].

In experiments assessing the analytical performance, 5 pL of
standard solution was applied to the antibody-immobilized reser-
voir, left for 10 min, then the samples were removed by micropi-
pette, followed by three washes with 20 puL milliQ water to remove
unbound sample. Then, 5 uL aptamer/GOx was applied to form the
sandwich, before washing three times with milliQ water after
10 min, followed by 5 pL of the optimized chromogenic reagents
(0.9 mM glucose, 1% starch and 260 mM KI) for a 30 min incubation

in a humid chamber before capturing images for analysis.

2.5. System optimization

Central composite design (CCD), an experimental design
method, was used to optimize concentrations of KI, glucose and
starch. The levels and ranges of these (independent) variables are
provided in Table 1 and Fig. S1. The three variables/factors were
studied at three levels; therefore, the CCD model required 20
separate experiments, inclusive of 5 centre point repeats (Table 2
and S2). To allow possible application of PADs in a field, remote
or point-of-care setting, negative (i.e. no analyte or H,0O) controls
were used for background subtraction. Captured images were im-
ported into the Image] software, where simple RBG analysis was
performed. The signal color intensity was determined by sub-
tracting the negative control as a background for each image. Thus,

the response signals were normalized (normalized intensity =

Background intensity—Sample intensity
Background intensity X 100)

Response surface modelling, statistical analysis and optimization
were performed using the matrix and equations described in pre-
vious studies [26,27]. Paired t-tests and coefficients of determina-
tion (R?) were used to assess output data. Intensities were
normalized using the percentage difference between the analyte
and the background signal. Data operation was investigated using
Equation S1 and S2. Response data from the experiments were
expressed by polynomial regression, generating the following
model,

before

optimization.

Table 1
Experimental ranges and levels of the three independent variables used in the
central composite design for signal optimization.

Variables (unit) Actual Level Coded Level

Low Middle High Low Middle High
Starch (% w/v) 0.5 1 1.5 -1 0 1
KI (mM) 100 200 300 -1 0 1
Glucose (uM) 300 600 900 -1 0 1
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Table 2

Experiments conducted for the central composite design for signal optimization
using KI concentration, starch concentration and glucose concentration. The
normalized intensity response data for the experiments and the back-calculated
response from the resultant model are shown.

Run Coded value %Normalized intensity
KI Starch Glucose Experiment Predicted

1 1 1 1 63.32 + 0.76 63.77
2 1 1 -1 29.78 + 0.19 33.61
3 1 -1 1 60.38 + 0.47 62.12
4 1 -1 -1 31.86 + 0.05 29.31
5 -1 1 1 60.41 + 0.12 59.24
6 -1 1 -1 31.62 + 0.15 26.16
7 -1 -1 1 72.20 + 0.31 64.65
8 -1 -1 -1 33.10 + 0.35 28.93
9 1.68 0 0 50.05 + 0.48 46.18
10 -1.68 0 0 32.92 +0.08 42.05
11 0 1.68 0 51.64 + 0.33 51.25
12 0 -1.68 0 46.53 + 0.21 52.19
13 0 0 1.68 68.56 + 0.10 70.65
14 0 0 —-1.68 12.14 £ 0.34 15.31
15 0 0 0 50.95 + 0.17 51.00
16 0 0 0 51.37 £ 0.15 51.00
17 0 0 0 51.20 + 0.20 51.00
18 0 0 0 51.59 + 0.15 51.00
19 0 0 0 51.03 + 0.17 51.00
20 0 0 0 50.80 + 0.17 51.00

n n n-1 n
y =intercept +> biX;+> biX? +> Y biXiXi + e (2)
i=1

i=1 i=1 j=it1

where y is the predicted response, b; is the linear coefficient, bj; is
the quadratic coefficient, b; is the interaction coefficient, with X;
and X; representing the variables. Optimum variable values were
predicted via response surface analysis of the combined variables.
Constraints in this regard were applied to predict the optimum
variable conditions that would yield the highest normalized signal
intensity (Table 2). Model efficiency was assessed by performing
the suggested experiments and comparing real and predicted re-
sults. Coefficients of determination and paired t-tests were then
used to assess model robustness. The numerical optimization of the
response was predicted according to a second order polynomial
model.

2.6. Operation of PAD and real sample analysis

The PAD assay was performed by adding 5 pL of sample into the
paper reservoir, leaving for 10 min, then removing the excess
sample solution by micropipette. The wells were washed three
times with 20 pL milliQ water to remove unbound sample. Next,
5 uL aptamer/GOx was applied to form the sandwich complex for
10 min, before washing with milliQ water three times. Finally, 5 pL
of chromogenic reagents were added and incubated for 30 min in a
humid chamber before taking images for analysis. Ultrahigh per-
formance liquid chromatography (UPLC) was used to compare both
standard OTA solutions and spiked-beer samples (following pro-
cedures reported by Wei et al. [28]) Beer samples were degassed
with argon and then applied directly to either the PADs or UPLC for
analysis. Testing was performed by spiking OTA into beer at 1, 5 and
10 ng mL~, For complex sample analysis, artificial urine and hu-
man serum (Sigma-Aldrich, Buchs, Switzerland) were assayed,
comparing blank and OTA-spiked samples at the same concentra-
tion used for the beer samples.

2.7. Characterisation

Limits of detection (LOD) and limits of quantification (LOQ) were
calculated as 3 and 10 times the standard deviation of the blank
measurement, respectively. Values were calculated using a linear fit
of the linear range in the plots of signal intensity versus log
concentration.

3. Results and discussion
3.1. Colorimetric method validation

To confirm that starch—iodide complex formation is initiated by
H,0o, a series of solutions containing permutations of 0.1 mM H,0»,
0.2 M KI and/or 1% (w/v) starch in PBS were probed using ab-
sorption spectroscopy. Starch solutions containing either KI or H,0;
exhibited minimal absorbance between 300 and 800 nm (Fig. 1a).
In contrast, the H,0, and KI solution was pale-yellow in color, with
a distinct absorption peak between 290 and 360 nm, indicative of
residual I3 formation [29]. With all three components present, the
solution turned a distinct blue, with a broad absorption peak
centered at 560 nm, and lower intensity I3 peaks still visible below
400 nm. The reduction and shift of the I3 peaks, and the emergence
of the 560 nm peak, confirmed starch—iodide complexation [22],
which only occurs when the 1™ is oxidized by H,0; into I, and
recombined with I~ to form I3.

Next, we investigated whether H,0, generated by GOx would
also initiate starch—iodide complexation, and whether AGOX,
which is required to allow biotinylated aptamer and GOx conju-
gation via biotin-avidin interaction, showed the same efficacy as
unconjugated GOX. Specifically, enzyme was introduced into a KI/
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Fig. 1. Different permutations of the assay components were studied in solution by
UV—vis absorption spectroscopy to characterize the starch—iodide complexation
process. The plots present absorption spectra of (a) H,0,, starch and KI combinations,
and (b) starch, KI tested with and without glucose (Glc), aptamer-conjugated GOx
(AGOx) and unconjugated GOx. All solutions were prepared in 0.1 M PBS buffer at pH
74.
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starch solution, with subsequent addition of glucose initiating the
production of H,0,. Fig. 1b shows the development of absorption
features indicative of starch—iodide complexation for both GOx and
AGOx, with solutions turning blue/purple. Interestingly, in the
presence of AGOX, an increase of the absorption band between 300
and 560 nm was observed, which indicates formation of amylo-
pectin (an insoluble hyper-branched glucose polymer) [30], and
suggests that avidin could form an amylopectin-like amylose
complex. This observation is consistent with the results of Lui et al.,
who suggested that peptides or proteins enhance color intensity in
starch—iodide complexes via the formation of films or particles
[23]. Here, we believe that avidin, present in the AGOx conjugate,
plays a similar role. Overall, the data confirm that the proposed
AGOx-based Hy0,-induced colorimetric signal transduction strat-
egy is viable and of potential utility in a surface-based analyte
sandwich format.

3.2. Assay optimization

Having established the basic working principle, we then deter-
mined which reagent concentrations (glucose, starch and potas-
sium iodide) would yield optimal signal strength. In previous
studies, assay optimization was performed via a one-factor-at-a-
time (OFAT) approach to determine appropriate iodine, starch
and H,0, levels. In this respect, it is likely that application of a
design of experiments (DoE) approach—such as central composite
design (CCD), which utilizes simple matrix-based regression to
predict optimal values [31]—would be useful in extending and
optimizing the performance of the starch-iodide system towards a
range of biosensing applications. Here, we used CCD to guide this
process, as this model contains linear, quadratic, and interaction
coefficients that allow capture of non-linear relationships between
variables that are overlooked in the typical OFAT approach [31].
Table 1 and Fig. S1 presents the independent variables used in the
optimization. The ranges were refined from literature results by
performing a small number of initial test experiments, and then
converted to coded values (which are used to normalize the values/
ranges between variables such that resultant coefficients can be
directly compared). CCD analysis was performed using a microwell
plate-based assay as described in the Methods section (see Fig. S1),
using the design model shown in Table 2 and S2. This yielded the
polynomial equation

subsequent experiments. Red circles in Fig. 2a—c indicate the as-
calculated values, with optimized parameters providing 72% of
the normalized intensity for the blue/purple starch—iodide com-
plex in the presence of 0.1 U L~! GOx, for 30 min. The predicted
response values extracted from the model were then compared to
experimental data (Table 2), with paired t-tests (t-value = 0.027< t-
critical = 2.09, o = 0.05, 95% confidence) indicating no significant
difference between the experimental and predicted data sets
(N = 20). Additionally, both experimental and predicted data
exhibited excellent correspondence (R®> = 0.934), as shown in
Fig. 2d.

3.3. Enzymatic activity

After optimizing reagent concentrations, we next assessed the
GOx activity. In our system, H,0; is first produced by oxidation of
glucose to glucono-1,5-lactone, and free I is then oxidized to I3,
which subsequently initiates starch—iodide complexation. A GOx
concentration series between 0.1 and 10 U L~ was prepared in
solutions containing the optimized reagent concentrations in a
microwell plate format. Fig. 3a shows the dose-dependent rela-
tionship between GOx and signal intensity, measured 30 min after
GOx addition. This time was chosen based on a study of signal in-
tensity over time, which showed the response to plateau after
30 min (Fig. S2). These data are extracted by image analysis of the
microwell plate, showing a linear range between 0.1 and 1.0
U L' (R? = 0.989, Fig. 3a inset). The use of optimized reagent
concentrations ensured high analytical sensitivity with respect to
GOx detection, yielding an LOD of 0.03 U L™! and a limit of quan-
titation (LOQ) of 0.10 U L™, based on 3 and 10 times the standard
deviation of background, respectively.

Having determined the efficacy of the approach in free solution,
we next sought to translate the sensing and signal transduction
mechanisms to a PAD format. Antibody was modified onto the PAD
covalently using a process as illustrated in Scheme S1. Fig. 3b pre-
sents data measured using the same conditions as in Fig. 3a, but
with reactions proceeding in paper wells instead of microwells. The
paper wells require a sample volume of just 5 pL, compared to
100 pL for the well plate, but still achieve an equivalent LOD (0.03
UL~")and LOQ (0.09 U L"), and wider linear range (0.1—-6.0 U L™,
R? = 0.987), compared to the well-based assay (Fig. 3b inset). The
main factor in this excellent performance of the PAD-based mea-
surements is the large surface-to-volume ratio—a key advantage in

y=51.0+1.23[KI] — 0.28Starch] + 16.5[Glucose] — 2.43[KI|> + 0.25[Starch]? — 2.84[Glucose]? -+ 1.77[KI][Starch] — 0.73[KI] [Glucose]

— 0.66]Starch][Glucose]

which models the percentage difference between the analyte signal
and the background intensity, given the coded values of the reac-
tion variable concentrations. Fig. 2a—c shows three contour plots of
normalized signal intensities as a function of two variables at a
time. Fig. 2a and b indicate an optimal range for starch and KI
concentrations between 0.5 and 1.5% (w/v) and 200—300 mM,
respectively, with Fig. 2b and c indicating an increasing signal in-
tensity with increasing glucose concentration. Optimal values for
each variable were determined by partial differentiation of Equa-
tion (1), and yielded values of 258.8 mM for KI, 1.01% (w/v) for
starch, and 902 pM for glucose. These estimates were rounded to
260 mM for KI, 1% (w/v) for starch, and 900 uM for glucose in

(1)

microfluidic systems [32,33]—resulting in a much larger effective
sensing area versus the microwell surface assay. These preliminary
data indicate that the proposed strategy is highly suitable for use
within a PAD-based sensing format.

3.4. Analytical performance

Dynamic Range, Limit of Detection and Limit of Quantitation: To
test the developed sensing system (illustrated in Scheme 1), a
calibration curve was constructed using an OTA concentration se-
ries between 1072 and 10% ng mL~. Using the optimized reagent
concentrations, signals were extracted and quantified by image
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that yielded optimal assay response. (a, b, ¢) Surface contour plots report how normalized signal intensities (assay response) vary across the parameter space; plotted against two
variables at a time. (d) The variation of predicted values (obtained from regression of Equation (1)) as a function of experimental values reveals close correspondence between the

model and experimental data (dashed line indicates y = x).
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Fig. 3. A study of the colorimetric response due starch—iodide complexation in the
presence of GOx and glucose under optimized conditions (N = 3). (a) Variation of
intensity as a function of GOx concentration for experiments performed in microwell
plate format. The photo (left) shows the assay solutions in the microwells, with GOx
concentration increasing down the columns. (b) Variation of intensity as a function of
GOx concentration for experiments performed in the PAD device. The photo (left)
shows the paper device, with GOx concentration increasing down the columns. Insets
show the linear response regions for both microwell- and paper-based assays, and the
black dashed lines indicate the position of the linear range in the context of the whole
data set.

a) _80F
X
2
T 60+
=4
L
=4
=40t
~ o
o)
N
B P 2e
° £ Ry L L
]
o =z
0 n 1 1 L 1
P 2 0 2 4 6
OTA concentration (log ng/mL)
b) -
X 20 ]
2 ] |
@ q5{] 1
L
£
- 10H
(5]
N
£ 5
B
= ol PR N e N Y
OTA OTB AFB1 AFB2 Mix

Fig. 4. Characterization of the paper-based assay. (a) A calibration curve presenting
normalized signal intensity obtained from the corresponding PAD image as a function
of OTA concentration, (N = 5). (b) Normalized signal intensity from the PADs in the
presence of potential interferents (OTB, AFB1, and AFB2 at 10 ng mL~') and OTA at
1 ng mL~!, and their mixture (N = 3).

analysis, as shown in Fig. 4a. Variation of extracted intensity values
(N = 5) as a function of OTA concentration was linear between 10!
and 10° ng mL~! (Fig. 4a dashed line), with an LOD and LOQ for OTA
of 20 pg mL~! and 320 pg mL~, respectively. Moreover, comparison
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Table 3
A comparison of reported colorimetric detection techniques for OTA determination.

Year Bio-recognition elements LOD (ng mL™ ') Linear range (ng mL™") Sample References

2014 Aptasensor and DNAzyme 0.4 N/A Buffer [38]

2016 CMOS sensor 2 2—-10 Beer and Wine [39]

2016 Aptasensor and Au@Fe304 0.03 0.5-100 Cereal [40]

2017 Aptasensor and AuNPs 20 32-1024 White Wine [41]

2018 ELISA with acid-base indicator 0.05 0.125-3.0 Corn [42]

2018 ELISA/urease-induced AuNP 0.04 0.05—0.64 Corn, Rice, Wheat, White Wine [43]

2018 Aptasensor/enzyme in liposome 0.023 0.05-2.0 Corn [44]

2019 Aptasensor with nanozyme 0.35 0.5-120 Grape Juice [45]

This work Antibody/Aptasensor-GOx 0.025 0.1-10° Beer, Urine, and Human Serum This work

of the LOD and linear range of the paper-based sensor with liter-
ature OTA colorimetric sensors (Table 3), confirms significant en-
hancements in sensor performance over the state-of-the-art.
Assay Selectivity: The selectivity of the biosensor was assessed
by examination of its response to potential (and common) inter-
ferents, including ochratoxin B (OTB), aflatoxin B1 (AFB1), and
aflatoxin B2 (AFB2). In all experiments, the concentration of each
interferent was set to 10 ng mL~, a value that is an order of
magnitude higher than OTA (1 ng mL™'). Fig. 4b shows a high in-
tensity signal for OTA, but a negligible response from all studied
interferents, with signals originating from the pure OTA sample and
mixed sample being identical. It should be noted that a marginally
higher signal from OTB (versus AFB1 and AFB2) is expected since
antiOTA exhibits trace binding with OTB (<1% in comparison with
OTA, as indicated by the manufacturer) [34,35]. However, when
compared to the pure OTA sample, such a signal is insignificant (t-
value = 0.11, t-critical = 2.90, N = 3). Accordingly, the biosensor
achieves excellent selectivity for OTA over OTB, AFB1, and AFB2,
which is a direct result of the high selectivity inherent in the
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antibody-aptamer system.

Assay Accuracy: To validate the accuracy of the developed PAD
system, we compared it to the gold standard method ultrahigh
performance liquid chromatography (UPLC), and a previously
developed electrochemical aptasensor [26]. Testing an OTA con-
centration series (1—10 ng mL~!) with each method (N = 3), the
PAD gave a coefficient of determination (R?) of 0.985 against UPLC
and 0.987 against the electrochemical aptasensor (Fig. 5a). A t-test
comparison indicated no significant difference between each
method, with excellent agreement at the 95% confidence level
(e = 0.05; t-values = 1.20 and 0.57 versus UPLC and the electro-
chemical aptasensor, respectively; t-critical = 2.30).

3.5. Complex sample analysis

Complex matrix validation was performed through the analysis
of beer, artificial urine and human serum, all spiked to 1 ng mL!
OTA. The results demonstrated excellent performance of the apta-
sensor in all matrices (Fig. 5b). The larger variance in serum was
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Fig. 5. Further characterization of the paper-based assay. (a) A comparison of OTA concentrations obtained when using the PAD, UPLC and an electrochemical aptasensor, to analyze
standard solutions. (b) Normalized signal intensity obtained from the different sample matrices: PBS, beer, artificial urine and human serum, both blank and spiked with OTA to
1 ng mL™". (c) Comparison of OTA concentrations between the PADs and UPLC in beer samples spiked with OTA to 1, 5 and 10 ng mL~". (d) Variation of efficiency as a function of
storage time for PADs detecting OTA (1, 10, and 100 ng mL~") over a period of 30 days (N = 3).
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Table 4
Determination of OTA concentration in spiked beer samples comparing the PADs with UPLC, and comparing OTA concentration in blank and spiked artificial urine and human
serum.
Sample Spiked OTA Detected (ng mL™!) Recovery (%) %RSD t-value
(ng mL™Y) PADs UPLC PADs UPLC PADs UPLC
Beer 1 1 0.98 + 0.05 1.00 + 0.02 98.00 99.69 4.99 2.63 0.07
4.98 + 0.20 4.86 + 0.05 99.60 97.29 4.01 1.98 0.36
10 9.63 + 0.41 9.50 + 0.32 96.30 94.97 4.32 1.01 0.3
Beer 2 1 1.17 + 0.04 0.99 + 0.04 117.0 99.17 3.39 0.46 0.15
5.09 + 0.12 4.66 + 0.10 101.8 93.14 2.26 1.61 0.45
10 9.83 +0.15 11.1 £ 031 98.30 110.71 1.49 0.55 0.33
Beer 3 1 1.16 + 0.03 1.06 + 0.05 116.0 105.8 2.58 141 0.46
5.03 +£0.25 4.59 + 0.12 100.6 91.81 4.97 141 0.45
10 9.66 + 0.47 10.7 £ 035 96.60 107.5 493 0.7 0.41
Urine 1 0.96 + 0.03 — 96.00 — 3.75 - -
5.08 +0.12 - 101.6 - 2.49 - —
10 10.0 + 0.08 - 100.1 - 0.84 — —
Human Serum 1 1.00 + 0.03 — 100.0 — 3.76 - -
5.01 + 0.07 - 100.2 - 1.55 — —
10 9.53 + 0.25 — 95.30 — 2.69 — —

likely due to the large amount of protein, predominantly serum
albumin, interfering with sandwich complex formation [36].
Similarly, the artificial urine sample used in the current study
contains 0.5% peptone, a soluble protein formed in the early stage of
protein breakdown during digestion [37]. Thus, samples containing
high concentrations of protein can slightly compromise detection
efficiency through interference of the binding of AGOx and antiOTA
with the analyte. Next, we spiked beer, artificial urine, and human
serum with OTA at concentrations between 1 and 10 ng mL™!, and
calculated the detectable amount of OTA as a %recovery (Table 4).
Significantly, all recoveries were measured to be between 95 and
117%, comparing well with corresponding recoveries from UPLC
analyses. Further, we used the spiked beer samples as a direct
comparison with UPLC (Fig. 5c¢), confirming excellent agreement
between detection methods (R> = 0.985) with RSD less than 5%.

3.6. Assay stability

Reagents and device stability over extended periods of time are
vital factors for the practical application of sensing systems. To
assess shelf lifetimes, a set of PADs (totalling 500 detection cham-
bers) was stored under nitrogen at 4 °C for up to 30 days. Color
intensity (extracted using Image]) was then used to quantify the
response for 1, 10, and 100 ng mL~! OTA solutions in PBS (Fig. 5d).
Collected data indicate a deterioration in response for all OTA
concentrations when compared to data originating from freshly
prepared PADs, however these were determined as not statistically
significant (t-values for the three concentrations were 2.76, 3.26,
and 4.18 for 1, 10, and 100 ng mL~! (N = 3), respectively, with t-
critical = 4.30). However, the average intensities originating from
stored PADs did exhibit a 20% reduction in signal intensity (Fig. 5d),
which is likely a result of partial denaturisation of the antibodies on
the paper surface. Such effects could be further minimized by
freeze-drying the PADs prior to storage.

4. Conclusions

We show for the first time the application of starch—iodide
complexation as a colorimetric reagent in a PAD device for bio-
molecular detection using a sandwich-based assay format. Target-
ing OTA as a model analyte using an antibody—aptamer capture

mechanism, we optimized reagent concentrations (iodine, starch,
and glucose) using central composite design, and achieved an LOD
of 20 pg mL~, an LOQ of 320 pg mL~! and a linear range between
107! and 10° ng mL™! (six orders of magnitude) against standard
OTA solutions. The system exhibits excellent performance in com-
plex matrices (human serum, artificial urine, and beer), comparing
well with gold-standard UPLC. Overall, the sensing approach
described herein exhibits great potential as a universal, environ-
mentally friendly and cost-effective PAD biosensing platform to
detect a wide range of analytes based on antibody and/or aptamer-
based affinity reactions. We have demonstrated excellent sensi-
tivity, selectivity, accuracy, precision and robustness in real-world
samples, and excellent promise for universal point-of-use ana-
lyses. For example, this approach could be developed as an in vitro
diagnostic device for widespread medical testing, and for deploy-
ment in resource-limited settings.
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