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Figure 3.1. Important small molecule targets. 
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Figure 3.2. Comparison of aptamer interaction with protein (on left, Von Willebrand factor [34]) and 
small molecules (on right, theophylline [33]). Reproduced with permission from [33, 34]. Copyrights 
2009, Elsevier; 2000, Science.  
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Figure 3.3. Size comparison of antibodies and aptamers. Here, Human IgG antibody is shown on the 
left and thrombin aptamer is shown on the right. Reproduced with permission from [55]. Copyrights 
2006, Elsevier. 
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Table 3.1. Comparison of aptamers and antibodies [10, 56] 
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Figure 3.4. Comparison of currently existing aptamer targets. The list was obtained from an Aptamer 
database from Aptagen, LLC (accessed on 14/06/18) [60]. 
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Figure 3.5. (A) Scheme of graphene oxide-based SELEX (GO-SELEX), Reproduced with permission 
from Royal Society of Chemistry [66]. (B) Scheme of capture SELEX. Reproduced with permission 
from American Chemical Society [69]. 
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Table 3.2. Aptamers selected with GO-SELEX and Capture SELEX 
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Figure 3.6. (A) Target-induced structure switching (TISS) type of assay. Here, the interaction 
between an aptamer and a target molecule leads to change in the conformation of the aptamer. The 
conformational changes can be utilised for signal generation, e.g., by using an electroactive molecule 
(EA) fused to the aptamer; (B) Target-induced dissociation (TID) type of assay. Here, the aptamer is 
hybridized with a complementary oligonucleotide (cDNA). The interaction between a target 
molecule and an aptamer leads to release of the cDNA sequence from the aptamer. The release of 
the cDNA can provide different types of signals in different assay formats, in the given example 
FRET-is used for signal generation. Adapted from [10] with permission. Copyright 2014, De Gruyter.  
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Figure 1. (A) Target-induced structure switching (TISS) type of assay. Here, the interaction between an 

aptamer and a target molecule leads to change in the conformation of the aptamer. The 

conformational changes can be exploited for signal generation, e.g., by using an electroactive molecule 

(EA) fused to the aptamer. In the figure, MGCE is a magnetic glass carbon electrode;  

(B) Target-induced dissociation (TID) type of assay. Here, the aptamer is hybridized with a 

complementary oligonucleotide (cDNA). The interaction between a target molecule and an aptamer 

leads to release of the cDNA sequence from the aptamer. The release of the cDNA can provide 

different types of signals in different assay formats, in the given example FRET-is used for signal 

generation. Adapted from [3] with permission. Copyright 2014, De Gruyter. 
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Figure 2. Composition of magnetic beads (MBs) used in analytical applications. 
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Table 1. Examples of coupling magnetic beads in aptamer-based analytical applications. 

Method Analytes 
Detection 

Limit 

Referenc

e 

Electrochemical 

Voltammetric 

Differential pulse voltammetry (DPV) Human activated protein C 2.35 µg mL−1 [55] 

DPV Thrombin 5.5 fM [56] 

DPV Thrombin 5 nM [57] 

DPV 
Human liver hepatocellular 

carcinoma cells (HepG2) 
15 cells mL−1 [58] 

DPV 
Platelet derived growth factor 

BB (PDGF BB) 
0.22 fM [59] 

DPV Adenosine 0.05 nM [60] 

DPV Hg2+ 0.33 nM [61] 

Squarewave voltammetry (SWV) 
Tumor necrosis factor-alpha 

(TNF-α) 
10 pg mL−1 [62] 

SWV Ochratoxin A 0.07 pg mL−1 [63] 

Potentiometric 

Potentiometric carbon-nanotube 

aptasensor 

Variable surface glycoprotein 

from African Trypanosomes  
10 pM [64] 

Direct Potential Measurement  Listeria monocytogenes  10 cfu mL−1 [65] 

Chronopotentiometry Vibrio alginolyticus 10 cfu mL−1 [66] 

Impedimetric    

Electrochemical impedance 

spectroscopy 
Salmonella 25 cfu mL−1 [67] 

Impedimetric microfluidic analysis Protein Cry1Ab 0.015 nM [68] 

Microfluidic impedance device Thrombin 0.01 nM [69] 

Electrogenerated Chemiluminescence 

Electrochemiluminescence resonance 

energy transfer system 
β-amyloid 4.2 × 10−6 ng mL−1 [70] 

Ratiometric electrochemiluminescence Cancer cells 150 cells mL−1 [71] 

Optical 

Fluorescence 

Signal-on fluorescent aptasensor Ochratoxin A 20 pg mL−1 [72] 

Aptamer-conjugated upconversion 

nanoprobes assisted by magnetic 

separation 

Circulating tumour cells 20 cells mL−1 [73] 

Enzyme-linked aptamer assay Oxytetracycline 0.88 ng mL−1 [74] 

Colorimetric 

Colorimetric assay (Methylene Blue-

based) 
Hg(II) 0.7 nM [75] 

Chemiluminescence 

Chemiluminescent Hepatitis B Virus 0.1 ng mL−1 [76] 

Chemiluminescence (integrated 

microfluidic system) 
Glycated haemoglobin 

0.65 g dL−1 for 

HbA1c and 8.8 g 

dL−1 for Hb 

[77] 

Surface enhanced Raman scattering 

Molecular embedded SERS aptasensor Aflatoxin B1 0.0036 ng mL−1 [78] 

Universal SERS aptasensor Aflatoxin B1 0.54 pg mL−1 [79] 

Induced Target-Bridged Strategy 
platelet derived growth factor 

BB 
3.2 pg mL−1 [80] 
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Piezoelectric 

Quartz crystal microbalance sensor Salmonella enterica 100 cfu mL−1 [81] 

Magnet-quartz crystal microbalance 

system 
Acute leukemia cells 8 × 103 cells mL−1 [82] 

PCR-based assays 

Apta-qPCR ATP 17 nM [54] 

Apta-qPCR Ochratoxin A 0.009 ng mL−1 [53] 

Rolling circle amplification Cocaine 0.48 nM [83] 

Micromagnetic aptamer PCR PDGF-BB 62 fM [84] 

Real-time PCR Escherichia coli 100 cfu mL−1 [85] 

Magnetic relaxation 

Magnetic nanosensors CCRF-CEM cell 40 cells mL−1 [8] 

Magnetic relaxation switch Pseudomonas aeruginosa 50 cfu mL−1 [9] 
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Figure 3. Utilization of MBs in aptamer-based electrochemical assays. (A) Using an electric signal 

mediator. Here, the electroactive molecules (HRP) were brought close to the electrode using aptamer-

modified MBs. Reproduced with permission from [56]. Copyright 2012, Royal Society of Chemistry; 

(B) Signal-on type of electrochemical assay. The interactions between aptamers and the target 

molecules (Chloramphenicol and PCB 72) lead to generation of electrochemical signal. Reproduced 

with permission [90]. Copyright 2015, Elsevier; (C) Signal off type of electrochemical assay. In this 

type of assay, the interaction between the aptamer and the target molecule leads to reduction in 

electric signal. Reproduced with permission from [62]. Copyright 2017, Springer. 
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Figure 4. Fluorescence-based assays. (A) Combining fluorophores and quencher molecules. Here the 

interaction between the aptamer and the target molecule leads to the release of quencher molecule and 

the increase of fluorescence signal. Reproduced with permission from [97]. Copyright 2017, Elsevier; 

(B) Label-free assay. Being oligonucleotides, aptamers can specifically interact with dyes specific for 

ssDNA or dsDNA. In this example, Tb3+ was used which interacts specifically with ssDNA (cDNA), 

which was released due to TID from ochratoxin A (OTA) aptamer. Reproduced with permission from 

[72]. Copyright 2013, Elsevier. 
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Figure 5. Chemiluminescence assay. This assay is based on TID. Here, the interaction between the 

aptamer and the target molecule (cocaine) caused the release of cDNA attached to HRP-modified 

AuNPs. Released HRP generated chemiluminescence signal which was proportional to cocaine 

concentration. Reproduced with permission from [114]. Copyright 2011, Springer. 
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Figure 6. Surface-enhanced Raman scattering-based assays. (A) Immobilization of aflatoxin B1 (AFB1) 

aptamer on gold nanorods (AuNRs). (B) Immobilization of cDNA on chitosan-modified MBs. (C) 

Schematic representation of AFB1 measurement. Here, the binding of AFB1 induced the release of 

cDNA and, in turn, AuNRs from the MBs and a decrease in SERS signal was observed. Reproduced 

with permission from [78]. Copyright 2018, Elsevier. 
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Figure 7. Apta-qPCR. This assay is based on TID, where the interaction of the target molecules 

(ochratoxin A) caused the release of aptamer from the cDNA-modified MBs. The released aptamers 

were quantified using qPCR. Reproduced with permission from [53]. Copyright 2017, Wiley. 
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Figure 4.1. Scheme of detection of small molecules using Apta-qPCR. 
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Scheme 1. Schematic representation of ATP detection by magnetic bead-based aptamer-assisted 
qPCR (Apta-qPCR) assay. 
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Table 1. List of sequences used in the work 

Name of the sequence Sequence* 

ATP PCR Aptamer 5´GGAACACTATCCGACTGGCACCACCTGGGGGAGTATTGCGGAGGAAGGTCCTTGGGCATGTCTAGCGATCC3’ 

dA-cOligo11                  3´A25-TTTGGACCCCCTC-5´ 

dA-cOligo14                  3´A25-TTTGGACCCCCTCATA-5´ 

dA-cOligo17               3´A25-TTTGGTGGACCCCCTCATA-5´ 

dA-cOligo20             3´A25-TTCGTGGTGGACCCCCTCATAA-5´ 

dA-cOligo25          3´A25-TTGACCGTGGTGGACCCCCTCATAA-5´ 

Random sequence 5’- NH2-C12-TGGACCCCCTC-3’ 

Forward primer 5’-GGAACACTATCCGACTGGCACC-3’ 

Reverse primer 5’-GGAACCCGTACAGATCGCTAGG-3’ 

dT 5’-NH2-C6-TTTTTTTTTTTTTTTTTTTTTTTTT-3’ 

Cy5-labeled ATP PCR 

aptamer 

5´-Cy5-

GGAACACTATCCGACTGGCACCACCTGGGGGAGTATTGCGGAGGAAGGTCCTTGGGCATGTCTAGCGATCC-3’ 

*Underlined bases correspond to primer binding regions. Italics bases indicate complementary sequences within the 
aptamer and oligonucleotides. dA means d(A)25 and dT means d(T)25. 2 T nucleotides were used as spacer between d(A)25 
region and complementary sequence. Justification of the sequences used in the assay is given in supplementary 
information (Figure S-2). 
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Fig. 1. Immobilization of amino-modified dT on carboxyl magnetic beads using EDC-coupling. Y-axis 1 
shows amount of immobilized dT in respect to amount of dT used for immobilization; Y-axis 2 shows 
percentage of immobilized dT in respect to amount of dT used for immobilization. 
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Fig. 2. Optimization of aptamer-hybridization using dT-beads. Aptamer and dA-cOligo were used in 
1:1 ratio. dT, immobilized on the magnetic beads, was used in different ratios compared to aptamer. 
Beads with no immobilized dT (-dT), magnetic beads immobilized with a random sequence and the 
reaction mixture without addition of dA-cOligo (-dA-cOligo) were used as negative controls. 
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Fig. 3. Effect of incubation time. Both incubation steps in the assay (incubation of aptamer with dA-
cOligo and incubation of dT-beads with the aptamer/dA-coligo complex) were optimized for ATP 
detection. 
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Fig. 4. ATP measurement using Apta-qPCR assay. The dissociation of aptamer was induced with 
different concentrations of ATP. Inset: The LOD for the Apta-qPCR assay was found to be 13 nM 
(Equation: y=7.63 + 403.94x; R2 value: 0.993). The error bars represent the standard deviations 
based on three independent measurements.  

Fig. 5. The specificity of Apta-qPCR assay. The dissociation of aptamer from magnetic beads was 
observed for ATP and AMP (1 µM); CTP, GTP, and TTP (each 10 µM, 10-fold of ATP). The error bars 
represent the standard deviations based on three independent measurements. 
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Fig. 6. ATP measurement in cell lysate using Apta-qPCR assay. Inset: The LOD for the Apta-qPCR 
assay was found to be 17 nM (Equation: y=6.73 + 410.70x; R2 value: 0.964). The error bars represent 
the standard deviations based on three independent measurements. 

Table 2. Recovery of ATP in cell lysate 

 Added Apta-qPCR assay CellTiter-Glo® Assay 

Sample ATP (µM) Concentration (µM) Recovery (%) Concentration (µM) Recovery (%) 

1 0.1 0.097 97 0.005 5 

2 0.5 0.477 95 0.527 105 

3 1 1.042 104 1.062 106 

4 2.5 2.611 104 2.565 103 

5 5 5.398 108 5.044 101 

6 7.5 7.890 105 7.492 100 

7 10 10.757 108 9.977 100 
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Figure S-1: ATP binding to ATP aptamer (adapted from Huizenga et al.1) 

Figure S-2: Justification of the sequences used in the Apta-qPCR assay. Different lengths of 
complementary sequences were used to optimize the target-induced dissociation of ATP aptamer. 
The bases in blue are complementary to the ATP aptamer. 2 T nucleotides were used as a small-
spacer between d(A)25 and complementary sequence. Here, dT-beads were used in order to avoid 
the interference of magnetic beads with ATP-induced dissociation of complementary sequence. 
Melting temperature analysis suggested the ATP-induced dissociation is better with short 
complementary sequences. 
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Figure S-3: Comparison of target-induced dissociation (TID) due to ATP addition with different 
lengths of complementary sequences. In case of 11 nt long complementary sequence, aptamer 
hybridization efficiency with dT-beads was too low (~50%). This hybridization efficiency will not 
allow detection of low ATP concentration. 

0

50

100

150

200

250

300

14 nt 17 nt 20 nt 25 nt

A
p

ta
m

e
r 

in
 s

u
p

e
rn

at
an

t 
[p

M
]

Length of complimentary oligonucleotides

TID comparison with different oligos

10 µM ATP

1 µM ATP

0.1 µM ATP



Detection of ATP using Apta-qPCR 

Figure S-4: Removal of aptamer in the washing steps using selection buffer. Here, 1000 pM of 
aptamer was used as initial concentration. (A) Aptamer:dA-cOligo14:dT-beads complex was washed 
with  selection buffer 5 times (ratio: 1:1:10.58). Presence of aptamer in each supernatant was 
checked by qPCR. (B) Non-specific binding of aptamer to magnetic beads was checked. Magnetic 
beads (without dT immobilization) were incubated with aptamer/dA-cOligo14 complex. The washing 
solutions using S-buffer were checked for the presence of aptamer. (C) Non-specific binding of 
aptamer to dT-beads was checked. dT-beads were incubated with aptamer (without dA-cOligo). The 
washing solutions using S-buffer were checked for the presence of aptamer. 
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Figure S-5: ATP measurement by magnetic bead-based Apta-qPCR assay. The dissociation of 

aptamer was induced with different concentrations of ATP. The error bars represent the standard 

deviation of three independent measurements. Apta-qPCR was able to detect ATP with a wide 

dynamic range from 50 nM to 5 mM. 

Figure S-6: Binding studies of aptamer to (A) ATP and (B) complementary oligonucleotides (cOligo14) 
using microscale thermophoresis (MST).  
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Figure S-7: ATP measurement in cell lysate by magnetic bead-based Apta-qPCR assay. The error bars 
represent the standard deviation of three independent measurements. Apta-qPCR was able to 
detect ATP with a wide dynamic range from 50 nM to 5 mM. 
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Table S-3: Comparison of recent methods used for ATP detection 
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Figure 4.2. Chemical structure of (A) ochratoxin A and (B) ochratoxin B 
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Table 1. List of oligonucleotides used in this work 

Name of the sequence Sequence (5’ to 3’)* 

Ochratoxin A Aptamer TGGTGGCTGTAGGTCAGCATCTGATCGGGTGTGGGT

GGCGTAAAGGGAGCATCGGACAACG 

dA-Complementary 

sequence (dA-cOligo) 

AAAAAAAAAAAAAAAAAAAAAAAAA-TA-TGT CCG 

ATG C 

Random sequence NH2-C12-TGGACCCCCTC 

Forward primer TGGTGGCTGTAGGTCA 

Reverse primer CGTTGTCCGATGCTC 

dT TTTTTTTTTTTTTTTTTTTTTTTTT-C6-dT-NH2 

*Underlined bases correspond to primer binding regions. Italics bases indicate complementary 

sequences within the aptamer and oligonucleotides. In dA-cOligo, TA was used as a spacer between 

d(A)25 region and complementary sequence.  
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Figure 1. Schematic illustration of Apta-qPCR for Ochratoxin A detection. Binding of OTA results in 
dissociation of the aptamer from the dT beads. The dissociated aptamer was separated from the dT 
beads using a magnetic stand and was quantified using real-time PCR. 
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Figure 2. Immobilization of amino-modified dT on carboxyl magnetic beads using EDC-coupling. Y-
axis, in black, shows the amount of immobilized dT; Y-axis, in blue, shows percentage of immobilized 
dT in respect to amount of dT used for immobilization.  
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Figure 3. Characterization of apta-beads complex. dT beads with different dT oligo densities on the 
magnetic beads were incubated with 1:1 ratio of aptamer to dA-cOligo. Maximum hybridization was 
observed with 1:1:12 of aptamer:dA-cOligo:dT.  
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Figure 4. Release of aptamer in the washing steps using selection buffer. Here, 1 nM aptamer was 
immobilized in apta-beads complex. Release of aptamer was only observed in first two washing 
steps. The apta-beads complex remained stable after wash 2. 
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Figure 5. Incubation time investigation of OTA-induced dissociation of aptamer from apta-beads 
complex. The optimum time for OTA-induced dissociation was found to be 20 min.   

Table 2. Comparison of recent aptamer-based assays for the detection of Ochratoxin A 

Method LOD Detection range Ref 

Chemiluminescence resonance energy transfer 

(CRET) aptasensor  

 

0.22 ng/mL 0.1 to 100 

ng/mL 

[11] 

Luminescence resonance energy transfer-based 

aptasensor 

0.027 ng/mL 0.05 to 

100 ng/mL 

[31] 

Single-walled carbon nanohorn aptasensor 7.36 ng/mL 8.56 to 

2140 ng/mL 

[39] 

Monolithically integrated optoelectronic aptasensor 2 ng/mL 4 to 100 ng/mL [27] 

Picogreen dye-based fluroscence aptasensor 0.058 ng/mL 0.128 to 

4 ng/mL 

[25] 

Fluorescence-based nano-graphite sensing 8 ng/mL 8.5 to 171 [26] 
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ng/mL 

Dot immunogold filtration assay 10 ng/mL 20 to 1000 

ng/mL 

[30] 

Surface plasmon resonance  

 

0.01 ng/mL 0.05 to 10 

ng/mL 

[29] 

Impedimetric immunosensor 0.01 ng/mL 0.05 to 5 ng/mL [40] 

Electrochemical immunosensor 1 ng/mL 2.5 to 100 

ng/mL 

[41] 

Apta-qPCR assay 0.009 ng/mL 0.039 to 1000 

ng/mL 
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Figure 6. The aptamer-dissociation from apta-beads complex in response to OTA addition. The 
decrease in Ct in response to higher OTA concentrations reflects to the dissociation of aptamer from 
apta-beads complex into the supernatant. The assay was able to detect OTA with the linear 
relationship of Ct values from 0.039 to 1000 ng/mL, R2 = 0.95. The limit-of-detection (LOD) of the 
Apta-qPCR was found to be 0.009 ng/mL OTA as shown in Inset figure.  



Detection of Ochratoxin A using Apta-qPCR 

Figure 7. The aptamer-dissociation from apta-beads complex in response to spiked OTA in beer. The 
decrease in Ct in response to higher OTA concentrations reflects to the dissociation of aptamer from 
apta-beads complex into the supernatant. The assay was able to detect OTA with the linear 
relationship of Ct values from 0.1 to 1000 ng/mL, R2 = 0.95. The limit-of-detection (LOD) of the Apta-
qPCR was found to be 0.078 ng/mL OTA as shown in Inset figure. 
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Table 4.1. List of oligonucleotides used in this work 

Name of the sequence Sequence (5’ to 3’)* 

Oxytetracycline Aptamer 

[19, 109] 

CGT ACG GAA TTC GCT AGC ACG TTG ACG CTG 

GTG CCC GGT TGT GGT GCG AGT GTT GTG TGG ATC 

CGA GCT CCA CGT G 

dA-Complementary 

sequence (dA-cOligo) 

AAAAAAAAAAAAAAAAAAAAAAAAA GAT CCA CAC 

AAC A 

Random sequence NH2-C12-TGGACCCCCTC 

Forward primer CGT ACG GAA TTC GCT AGC 

Reverse primer CAC GTG GAG CTC GGA TCC 

dT TTTTTTTTTTTTTTTTTTTTTTTTT-C6-dT-NH2 

*Underlined bases correspond to primer binding regions. Italics bases indicate complementary 

sequences within the aptamer and oligonucleotides.  
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Figure 4.3. Scheme of Apta-qPCR for the detection of oxytetracycline 



Unpublished work 

Figure 4.4. Immobilization of amino-modified dT on carboxyl magnetic beads using EDC-coupling. Y-
axis, in black, shows the amount of immobilized dT; Y-axis, in blue, shows percentage of immobilized 
dT in respect to amount of dT used for immobilization.  
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Figure 4.5. Characterization of apta-beads complex. dT beads with different dT oligo densities on the 
magnetic beads were incubated with 1:1 ratio of aptamer to dA-cOligo. Here, 1:1:4.75 = 100 pmole 
dT/mg magnetic beads; 1:1:7 = 150 pmole dT/mg magnetic beads; 1:1:12 = 250 pmole dT/mg 
magnetic beads; 1:1:19.4 = 500 pmole dT/mg magnetic beads; 1:1:29.1 = 1000 pmole dT/mg 
magnetic beads; 1:1:45.45 = 2000 pmole dT/mg magnetic beads; -dT beads = Magnetic beads 
without immobilisation; -random sequence = Magnetic beads with a random sequence; -dA-cOligo = 
No addition of dA-cOligo. Maximum hybridization was observed with 1:1:12 of aptamer:dA-
cOligo:dT.  
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Figure 4.6. Release of aptamer in the washing steps using selection buffer. Here, 1 nM OTC aptamer 
was immobilized in apta-beads complex. Release of aptamer was only observed in first two washing 
steps. The apta-beads complex remained stable after wash 2. 
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Figure 4.7. The aptamer-dissociation from apta-beads complex in response to OTC addition. The 
decrease in Ct in response to higher OTC concentrations reflects to the dissociation of aptamer from 
apta-beads complex into the supernatant. The assay was able to detect OTC with the linear 
relationship of Ct values from 0.078 to 1000 ng/mL, R2 = 0.95. The limit-of-detection (LOD) of the 
Apta-qPCR was found to be 0.025 ng/mL OTC as shown in Inset figure.  
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Figure 4.8. Scheme of aptamer-based colorimetric assay for the detection of ATP and ochratoxin A. 
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Table 4.2. List of oligonucleotides used in this work 

Name of the sequence Sequence (5’ to 3’) 

ATP Aptamer [17, 28] GGA ACA CTA TCC GAC TGG CAC CAC CTG GGG 

GAG TAT TGC GGA GGA AGG TCC TTG GGC ATG 

TCT AGC GAT CC 

Ochratoxin A aptamer [27, 

45] 

TGG TGG CTG TAG GTC AGC ATC TGA TCG GGT 

GTG GGT GGC GTA AAG GGA GCA TCG GAC AAC G 
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Figure 4.9. AuNPs size determination. Here, the AuNPs synthesized in the lab are compared with the 
AuNPs from Sigma Aldrich having particle size of 15 nm. Both particles have absorption maximum at 
520 nm.  
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Figure 4.10. Colorimetric detection of ATP. (A) Naked-eye observation of ATP measurement. (B) 
Linear range for the detection of ATP was found to be from 0.066 µM to 666 µM. 
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Figure 4.11. Colorimetric detection of OTA. Linear detection range for the detection of OTA was 
found to be 0.05 to 50 nM. 
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