
Contents lists available at ScienceDirect

Analytical Biochemistry

journal homepage: www.elsevier.com/locate/yabio

Dual Aptamer-DNAzyme based colorimetric assay for the detection of AFB1
from food and environmental samples

Keerthana Setlem, Bhairab Mondal, R. Shylaja∗, Manmohan Parida
Defence Food Research Laboratory (DFRL), Mysore, 570011, India

A R T I C L E I N F O

Keywords:
Aflatoxin B1
Magnetic beads
Streptavidin
Biotin
Aptamers
DNAzymes

A B S T R A C T

In the present study, a colorimetric biosensor strategy is devised in combination with apta-magnetic separation
assisted with DNAzyme based colorimetric detection of Aflatoxin B1 (AFB1). The optimized analytical proce-
dures consisted of the capture of AFB1 by biotinylated aptamer conjugated to streptavidin magnetic beads and
detection by a colorimetric signal from a DNAzyme modified aptamer in presence hemin and H2O2/TMB (3′, 3′,
5, 5′– tetramethylbenzidine). The DNA concentration, incubation time, hemin, and NaCl concentrations were
evaluated and optimized. The visual optical signal thus generated could determine the presence of AFB1 in the
given sample. The selectivity of the method with other mycotoxins was evaluated. The linear range of AFB1 from
0 to 200 ppb was assessed and detected as low as 40 ppb visually. The absorbance of blue color generated by the
catalytic reaction was in a linear correlation with AFB1 concentrations and was able to detect as low as 22.6 ppb
(LOD). The suitability of the assay for AFB1 quantification in sorghum and natural samples was also evaluated.
Thus, the developed assay could be a reliable, inexpensive, alternative tool for possible use as a screening
method for aflatoxins and other mycotoxins.

1. Introduction

Food contamination by mycotoxins is significantly growing public
concern is food safety and security due to morbidity, mortality and
economic burden. Among food mycotoxins, aflatoxins (AF) are the
principal mycotoxins with perilous impacts on human as well as animal
health and listed as most potent naturally occurring carcinogens [1,2].
The four major known aflatoxins are Aflatoxin B1, B2, G1 and G2
produced by Aspergillus species. Among them, AFB1 is found to be most
prevalent aflatoxin in corn, groundnuts, dried fruits, cereals, spices and
wide varieties of agriculture and food commodities [3]. It has been
estimated that AFB1 through food and polluted air has negatively af-
fected up to 5 billion people in warm and humid climates with frequent
outbreaks [4,5]. Aflatoxin B1 contamination is strongly associated with
incidences of liver/lung cancer, malaria, growth stunting and childhood
malnutrition (kwashiorkor) and bigger risk of adverse birth defects in
Asia, Africa, and Central America [1,6]. Additionally, major revenue
losses in food and agricultural industry are attributed to crop damage
by aflatoxin presence [7,8].

As a preventive measure, several countries have imposed stringent
regulations in monitoring and surveillance of AFB1 levels in food. Food
Safety and Standards Authority of India (FSSAI), Food and Drug

Administration (FDA) and European Union (EU) has set up the max-
imum of 15–30, 20 and 2 ppb (parts per billion) of AFB1 respectively, as
permissible levels in crop and food products [8].

The official analytical methods are based on chromatography
principles such as TLC, HPLC and UHPLC–MS/MS, which utilizes cut-
ting-edge technology for accurate multi-mycotoxin detection in a wide
range of food matrices [9]. But, chromatographic methods require so-
phisticated equipments and trained personnel. In such instances im-
munoassays based on antigen-antibody interactions namely indirect
and competitive ELISA, immunoaffinity cleanups (IAC) and immuno
sensor are commonly used [10]. These assays show lower limits of
detection but they require a stable source of antibodies which are la-
borious, expensive and time consuming procedures apart from ethical
concerns on use of animal models [11]. Moreover all these methods are
associated with sophisticated instrument which are limited to well-
equipped laboratories [12]. Hence, a simple, cost-effective and fast
analytical method as an alternative to traditional technologies and in-
strumentation methodologies is desirable.

Aptamers are one such attractive alternative ligands developed by
an in vitro technique known as Systematic evolution of ligands by ex-
ponential enrichment (SELEX) [13]. These affinity ligands are single
stranded DNA/RNA oligonucleotides that bind to target molecules with
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high affinity and specificity by their unique three-dimensional (3-D)
spatial structures and folding patterns [14]. Due to their inherent se-
lectivity and affinity, several assays have been developed for detection
of AFB1 [15].

At the same time, catalytic nucleic acids such as DNAzymes have
been widely employed as catalytic colorimetric component in biosen-
sing platforms [16]. DNAzymes are G-rich single strand DNA (ssDNA)
sequences that can fold into a four-stranded structures known as G-
quadruplexes. Some G-quadruplexes have proven to bind hemin and
mimic the formation of a catalytic complex with the peroxidase activity.
These hemin/G-quadruplexes facilitates a H2O2-mediated catalytic
oxidation of chromogenic substrate (TMB, ABTS) for colorimetric signal
generation [17]. Combination of aptamers and DNAzymes as Func-
tional Nucleic Acids (FNAs) aid in an easy sensing of target by visual
color development [18]. Moreover, advantages such as thermal stability
and ease of preparation over conventional protein enzymes have at-
tracted great interest in development of biosensor techniques with
DNAzymes. Colorimetry is one such commonly used simple optical
technique for routine food analysis and this method fulfills the re-
quirements of a simple detection system.

On the other hand, aptamer-conjugated streptavidin magnetic beads
based separation technology has emerged as a fast, simple, reliable and
effective alternative to conventional immobilization techniques.
Occurrence of aflatoxin in complex food matrices hinders their effective
detection by any system. Hence, accurate extraction and separation of
AFB1 is a must prior to application into any detection platform [19].
Different types of extraction procedures have been reported by many
researchers, few involve expensive and complex systems with multiple
time consuming steps [20].

On this concern, a dual aptamer based colorimetric assay for cap-
ture and subsequent detection of AFB1 was designed. The assay consists
of aptamer-based one-step separation of AFB1 by biotinylated (Btn-
AFLA5) conjugated to streptavidin-coated magnetic beads and sub-
sequent detection by HRP-DNAzyme labeled AFLA53 (AFLA53-dna-
zyme) by generation of colorimetric signal was used. The aptamers
obtained from our previous work have been used in the present assay
[21]. We have optimized several assay parameters and performance of
the assay. The effectiveness of developed assay was evaluated using
spiked and naturally contaminated food samples.

2. Materials and methods

2.1. Chemicals and reagents

The aptamers sequences used in the present study are listed in
Table 1. All chemicals and mycotoxins were procured from Sigma-Al-
drich (St.Louis, USA) unless mentioned otherwise. The aptamer probes
were prepared in 20 mM Tris–HCl buffer (pH 7.4) and stored at 4 °C
until use. Working standards of aflatoxins and other related mycotoxins
(1 mg/mL; 1000 ppb) were prepared in absolute methanol (HPLC
grade). The chemicals and solvents used in the study are of chemical
grade and are listed in the Supporting Information 1.

2.2. Strategy for colorimetric biosensor

The colorimetric biosensor was devised using dual aptamers and is
illustrated in Fig. 1. The biotin-labeled aptamer (AFLA5) conjugated to
streptavidin magnetic beads was used as capture probe for binding of
AFB1 [22]. The bound toxin was detected by color development. The
colorimetric signal was generated employing DNAzyme modified ap-
tamer (AFLA53) as revealing probe. The two aptamers AFLA5 and
AFLA53 consisted of 40 bps and 130 bps, respectively. In the presence
of AFB1, formation of the aptamer–analyte complex takes place
opening the loop of blocking linker region. As a result, self-assembly of
the active HRP-mimicking DNAzyme occurs in presence of hemin and
catalytic oxidation reaction of H2O2/TMB takes place [16]. The visible
blue color formation in the sample mixture confirms the presence of
target and can be quantified by the UV–vis spectrometer (TECAN,
India) at 450 nm wavelength.

2.3. Optimization of the concentration of capture probe

Aptamer, AFLA5 was used as a capture probe for immobilization of
AFB1. The capture probe was biotin-tagged at the 5′ end of the aptamer
sequence (Table 1) and synthesized. The optimal concentration of
biotinylated AFLA5 (Btn-AFLA5) was investigated for effective capture
of the target (AFB1) by ELONA method [21]. Different concentrations
of Btn-AFLA5 ranging from 10 to 350 nM were incubated with 200 ppb
of AFB1-BSA bound on to microwell plates (Nunc) and enzyme-linked
oligonucleotide assay (ELONA) was performed. The resultant absor-
bance values were measured at 450 nm by TECAN multimode plate
reader (TECAN, India).

2.4. Design of revealing probe for colorimetric detection of aflatoxin B1

The hemin/G-quadruplex horseradish peroxidase-DNAzyme (HRP-
DNAzyme) has been frequently used as a catalytic nucleic acid label to
develop ultrasensitive biosensor and aptasensors. In the present study,
AFLA53 labeled HRP-DNAzyme (AFLA53-DNAzyme) was utilized as a
revealing probe to detect AFB1 by the visual colorimetric signal. The

Table 1
Oligonucleotide sequences of the aptamers employed in the present study. Aptamer Btn-AFLA5 is biotinylated at the 5′ and AFLA53-DNAzyme consists of DNAzyme
sequences represented in italics with small letters showing the poly A linker region.

Name Oligonucleotide sequence

AFLA5 (Btn-
AFLA5)

Biotin- 5′ TTCTTCTGGCTTGGTGGTTGGTGTGTCTGCTGATTTGGTA 3′

AFLA53-
DNAzyme

5′CTCGTCTCGTTCTCTCAGTCTGGTTAGCACGGGACCCAGGCTATTGGCAACTTCTAGTCCGACACGAAGAAGAAGGAGGAaaaa
GGTAGGGCGGGTTGGGTAAATaaaaGGTAGGGCGGGTTGGGTAAAT 3′

Fig. 1. Schematic illustration of capture and colorimetric detection of aflatoxin
B1 by dual aptamer-DNAzyme based assay.
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sequence of revealing probe comprises of double DNAzyme sequence
for colorimetric signal generation, a poly A linker for flexibility, ap-
tamer sequence for binding and capture of aflatoxin B1 (Table 1).
Double units of DNAzyme sequences assist in an improved visual col-
orimetric signal generation.

2.5. Colorimetric assay for determination of aflatoxin (AFB1) employing
Dnazymes

The HRP-dnazyme AFLA53 was used in the development of the
colorimetric assay. A 50 nM of AFLA53-dnazyme was incubated with,
2 μl of 0.1 mM NaCl and 2 μl of 0.1 μM hemin at 37 °C for 15 min.
Followed by incubation, developing solution of freshly prepared H2O2/
TMB was added and monitored for the development of color. The cat-
alytic oxidation reaction of H2O2/TMB in the presence of hemin gen-
erated a colorimetric signal that was visible to the naked eye. The ab-
sorbance of the color developed was measured with a UV–Vis
spectrometer (TECAN, India) at a wavelength of 450 nm.

2.6. Optimization of the concentration of revealing probe

In order to obtain an optimal colorimetric signal, the optimal con-
centration of revealing probe was investigated. A series of concentra-
tions ranging from 10 to 300 nM were tested with 200 ppb of AFB1
employing DNAzyme mediated colorimetric assay. The intensity of blue
color was observed visually and the absorbance values were noted
down using UV–Vis spectrophotometer (TECAN, India) at a wavelength
of 450 nm.

2.7. Optimization of assay parameters

After optimization of DNA concentrations of capture and revealing
probe, assay parameters such as incubation time, hemin, and NaCl
concentrations were optimized to achieve precise colorimetric signals.
Firstly, the incubation time for the best colorimetric signal was in-
vestigated with time intervals ranging from 0 to 40 min. Secondly,
hemin and NaCl concentrations ranging from 2 to 10 μM and
10–100 mM, respectively were tested and optimized employing
DNAzyme mediated colorimetric assay.

2.8. Apta-magnetic separation (AMS) and capture of aflatoxin B1

The streptavidin-coated magnetic beads (Stp-mag) used in the pre-
sent study were procured from Thermofisher Scientific, India. A 20 μl of
Stp-mag were added to 250 nM Btn-AFLA5 in 100 μl of 1x DPBS and
incubated for 30 min at RT with intermittent shaking to induce con-
jugation. Later on, 200 ppb of AFB1 was added and incubated for
30 min at room temperature. The tubes were then placed on DynaMag
Magnet rack (DMR) for 5 min. After aggregation, the supernatant was
discarded and 300 μl of 0.2% (w/v) BSA was added and incubated for
30 min at RT to block any excess activated sites. Later on, the tubes
were placed on DMR for 5 min, and the supernatant was discarded and
aggregates were washed two times with 500 μl of 1x DPBS to remove
the unbound toxin.

2.9. DNAzyme mediated colorimetric assay

Dual aptamer system was used in the assay for capture and sub-
sequent detection of AFB1. Initially, apta-magnetic capture of AFB1 was
carried out employing Btn-AFLA5. The captured AFB1 was subse-
quently detected by a visual colorimetric signal with the aid of
DNAzyme-AFLA53. The assay is illustrated in Fig. 1. Colorimetric de-
tection of captured AFB1 was carried out by incubating with 100 μl of
50 nM revealing probe, DNAzyme-AFLA53 for 30 min at RT and placed
on the DMR for aggregation. Later on, the unbound probe was removed
by washing twice with 1x PBST (0.03% of Tween 20). The colorimetric

reaction was performed by incubating with 50 μl DPBS buffer, 0.1 mM
NaCl, and 0.1 μM hemin at 37 °C for 15 min. For generation of the
colorimetric signal, freshly prepared H2O2/TMB reagent was added to
the solution and color development was monitored. The catalytic re-
action of color generation was observed visually and the reaction was
terminated with 50 μl H2SO4 (0.2 M) and the absorbance at 450 nm was
measured with a UV–Vis spectrophotometer (TECAN, India).

2.10. Specificity analysis of apta-magnetic separation assisted colorimetric
assay

Specificity and accuracy of the assay were validated in comparison
to related and other mycotoxins namely, AFB2, AFG1, AFG2, OTA, FB1,
ZEA, CIT, T-2 toxin, DON, and PAT. The mycotoxins of 200 ppb were
tested with the DNAzyme mediated colorimetric assay under standar-
dized assay parameters.

2.11. Sensitivity analysis of aptamers-magnetic separation assisted
colorimetric assay

The competency of the developed colorimetric assay was in-
vestigated with various concentrations of AFB1 (0–200 ppb). To prove
the reliability of the developed assay, spiking study was conducted with
sorghum. Sorghum samples were procured from local vendors and
surface sterilized. The sample was then ground to powder form and
tested by HPLC for mycotoxin contamination. Known concentrations of
AFB1 from 5 to 100 ppb in 2 ml of DPBS+5% methanol were added to
5 gm of sorghum samples, respectively. Spiked samples were allowed to
air dry and 10 ml of methanol: water (80:20) was added. The mixture
was then vortexed and centrifuged at 5000 rpm for 5 min at 4 °C
(supporting information 2). The supernatant was collected and sub-
jected to toxin purification by AMS method and subsequent detection
by the colorimetric assay.

2.12. Evaluation of apta-magnetic separation (AMS) assisted colorimetric
biosensor on food samples and aflatoxin-producing isolates

The practicability and applicability of the developed aptasensor was
evaluated by naturally contaminated food samples. Corn (n = 10), rice
(n = 4), groundnut (n = 12), black pepper (n = 2) and chilli (n = 3),
were obtained from local vendors and tested before performing the
assay (Table 2). Toxin extraction from naturally contaminated samples
and isolates was carried out. The extraction buffer containing 5 ml of
methanol: water (80: 20), 2 ml of hexane was added to contaminated
food sample and mixed in a mechanical mixer for 5 min, in case of
groundnuts 0.5 gm NaCl was added additionally. The mixture was fil-
tered and the filtrate was evaporated to near dryness under a stream of
nitrogen. The extracts were then resuspended in 100 μl of 1x DPBS with
0.2% methanol and tested with the developed biosensor.

2.13. Statistical analysis

All the experiments were carried out in triplicates and data obtained
was analyzed. Statistical interpretation of results was carried out with

Table 2
List of food samples analyzed by dual aptamer-DNAzyme based colorimetric
assay and found positive for aflatoxin contamination.

Sample name No. of samples No. of samples positive for aflatoxin

Corn 10 8
Rice 4 –
Groundnut 12 12
Black pepper 2 1
Chilli 3 2
Total 31 23
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the help of graphpad prism version 5.3 and standard deviation (SD) was
obtained and graphs were constructed. The level of significance was set
at p < 0.05 and the sensitivity was considered at values three times of
the blank.

3. Result and discussion

3.1. Optimization of capture probe concentration

Aptamer-conjugated streptavidin magnetic beads based separation
technology has emerged as a fast, simple, reliable and effective alter-
native to conventional immobilization techniques [19]. The biotin-
tagged aptamer (Btn-AFLA5) was conjugated to streptavidin-coated
magnetic beads and used as a capture probe. The optimal concentration
of Btn-AFLA5 for effective capture of the target (AFB1) was confirmed
by ELONA. The results suggested, 250 nM of Btn-AFLA5 was effective in
binding to 200 ppb of target toxin. As shown in Fig. 2 with the increase
of the concentration of capture probe, the absorbance values gradually
increased and remained in steady state after 300 nM of DNA. However,
the increase in absorbance values at higher DNA concentration
(300 nM) was observed which may be a result of imprecise interaction
of aptamer with the target or background development [23]. Hence
250 nM of Btn-AFLA5 was selected for the experiment. Furthermore,
the assay proves that the central domain of the aptamer plays a major
role in target binding and removal of primer regions did not affect the
capturing ability.

3.2. Optimization of revealing probe concentration

The aptamer AFLA53 sequence comprising double DNAzyme se-
quences was used as revealing probe for colorimetric signal generation
in presence of AFB1. The optimal concentration of revealing probe
(AFLA53-dnazyme) was evaluated for effective colorimetric signal upon
detection of AFB1. A series of concentrations (10–100 nM) of AFLA53-
dnazyme were tested for generation on a visual blue color. As per the
results obtained, 50 nM of revealing probe produced significant blue
color by H2O2 mediated TMB catalysis, while higher concentrations had
little to no effect in color development (Fig. 3). No color development
for the double-stranded probe in presence of AFB1 was observed; this
proved the binding toxin with single stranded aptamer probe. The
presence of a poly A linker assisted in the flexibility of aptamer se-
quence for target recognition [24]. Additionally, revealing probe
comprising of single, double and triple DNAzymes sequences was in-
vestigated for optimal blue color generation [25] (data not shown).
Double sequence of DNAzyme probe produced an optimal visible in
comparison to single and triple sequence probes, which generated ei-
ther very faint or false positive dark blue color signals, respectively.

3.3. Optimization of assay parameters for colorimetric detection of AFB1

To attain best colorimetric signal, assay parameters (incubation
time, hemin and NaCl concentration) which can influence the sensi-
tivity of the aptasensor were optimized. The colorimetric signal of
DNAzymes bound to AFB1 was compared with control under different
assay conditions. Firstly, the incubation time for the colorimetric sen-
sing platform was investigated and a strong signal was obtained after
15 min and a further increase in time duration had no effect on signal
intensity (Fig. 4a). This strengthened fast detection of toxin by the
developed assay.

Later, concentrations hemin and NaCl which also influence the
catalysis reaction were investigated. The results suggested (Fig. 4b)
that, 50 mM of NaCl generated an effective signal on contrary to higher
concentration where a reduction in absorbance signal was observed. At
a concentration of 4 μM of hemin, an effective colorimetric signal was
generated and it was observed that at higher concentrations, the ab-
sorbance signal became unstable and reduced (Fig. 4c).

3.4. Specificity of the aptamagnetic separation (AMS) assisted colorimetric
assay

The selectivity of the aptasensor for AFB1 was examined in com-
parison to related and other mycotoxins. As shown in Fig. 5, the color of
the solution turned to blue in the presence of AFB1. The absorbance
values of target toxin and aptamer complex were considered as 100 and
percentage of reactivity with other mycotoxins was calculated and
found to be 37, 15, and 13% with AFB2, AFG1 and AFG2 respectively.
Such reactivity was attributed to structural similarities of aflatoxin
members; with other mycotoxins the reactivity was less than 6% which
was similar to that of negative control [26]. These inferences facilitate
the specificity of the aptamer and the developed assay.

3.5. Sensitivity analysis of the aptamagnetic separation (AMS) assisted
colorimetric assay

The competency of the developed colorimetric biosensor was eval-
uated with various concentrations of AFB1 (0–200 ppb) and spiking
studies were conducted. As the results suggest, the developed colori-
metric assay was able to detect as low as 40 ppb and color developed
was visible to the bare eye (Fig. 6). Sorghum samples were spiked with
various concentrations AFB1 (5–100 ppb) and toxin extraction was
carried out and subjected to standardized AMS purification and col-
orimetric assay. A linear relationship between absorbance and AFB1
concentrations was observed and R2 value was found to be 0.9616

Fig. 2. Optimization of capture probe concentration, (biotin-tagged AFLA5,
Btn-AFLA5).

Fig. 3. Optimization of concentration of revealing probe (AFLA53-dnazyme),
T1-T11 indicate the different concentration of AFLA53-dnazyme (0–100 nM).
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Fig. 4. Optimization of assay parameters for colorimetric detection of AFB1; Fig. 4a. Incubation time; Fig. 4b. NaCl concentration; Fig. 4c. Hemin concentration.

Fig. 5. Specificity analysis of aptamagnetic separation (AMS) assisted colori-
metric assay.

Fig. 6. Sensitivity analysis of aptamagnetic separation (AMS) assisted colori-
metric assay.
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(Fig. 7). Limit of detection calculated from the linear regression analysis
was found to be 22.6 ppb. These observations demonstrated substantial
sensitivity of the developed assay towards AFB1 attributing to strong
aptamer ligand interaction.

3.6. Purification and detection of AFB1 from food samples

Occurrence of aflatoxin in complex food matrices hinders their ef-
fective detection by any system. Hence, accurate extraction and se-
paration of AFB1 is a must prior to application into any detection
platform [27]. The robustness of our method was assessed with natural
samples and aflatoxin producing isolates. The aptasensor was able to

successfully capture and detect AFB1 with visible colorimetric signal
from contaminated food samples (23/31 samples) and fungal isolates
(28/30 isolates) (Table 2; Table 3). This is attributed to the imprecise
and feeble interaction of aptamer with components of food matrix [28].
This insignificant variation could be resolved by keeping a blank from
the test sample extracts. These experimental results demonstrated that
AMS assisted colorimetric apta-sensor could be as a rapid, easy and low-
cost detection platform for AFB1 in food analysis. The colorimetric
signal can be detected by the naked eye or by the UV–vis spectrometer.
Moreover, the designed strategy can be adopted as a useful tool for
other toxins as an alternative capture and detection system as well.

4. Conclusion

In this study, we have reported the development of dual aptamer-
DNAzyme based colorimetric assay for the detection of AFB1. The assay
relies on the formation of a sandwich-like assemble between the target
and two target-specific aptamers. The AFB1 captured by apta magnetic
beads was detected by DNAzyme linked aptamers and a colorimetric
signal was detected and quantified. The obtained results establish that
the developed biosensing platform has high stability and specificity.
This aptamer-based purification and optical detection system might be
extended to detect multiple mycotoxins and also other targets mole-
cules directly in the field.
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