















































































































































c) Enzyme Linked Aptamer Assay (ELAA) analysis

To validate the results obtained from SPR and EMSA analysis, direct-ELAA was conducted
by first immobilizing 50 pL/well of 20 pg/mL RBP4 protein in 50 mM carbonate-bicarbonate
buffer (pH 9.0) in a polystyrene 96-well microtiter plate. The plate was then incubated for 30
min at 25 °C. The buffer containing the unbound RBP4 protein was decanted and the plate
was washed three times with 200 uL of washing buffer (1x PBS containing 0.05% Tween 20
pH 7.4). The wells were blocked with 200 pL of 5% skim milk powder in PBS-tween 20 pH
7.4 for 30 min at 25 °C, followed by three more washes with 200 uL. of washing buffer. A
total of 50 uL. of 100 nM biotinylated RBA-1 in 1x SELEX buffer was added to each well
and the plate was incubated at 25 °C for 30 min. The buffer containing the unbound aptamer
was decanted and the wells were washed three times with 200 uL of washing buffer. To each
well 50 pL of 0.5:10000 dilutions of SA-poly HRP (1 mg/mL stock) was added, followed by
an incubation at 25 °C for 30 min. The wells were then washed five times with 200 uL of
washing buffer. Thereafter, 50 uL. of TMB substrate solution was added to each well and
incubated for 15min at 25 °C, in the dark. The reaction was stopped by the addition of
50 uL/well of 0.5M H2SOs and the optical density was measured at 450 nm using the
SpectraMax 340PC384. The above experiment was followed for the biotinylated RBA-2/15
mer’ poly-T.

2.2.2.3 Identification of dual aptamers for RBP4

a) Characterization of dual aptamers for RBP4 by SPR

The duality of these aptamers were evaluated using a sandwich based SPR. The same
equipment as described in Section 2.2.1.3 was used. After insertion of the Au sensor chips,
the sensor chips were primed using KH2PO4 (1 M, pH 3.8). This was followed by activating
channel one on the sensor chip, using EDC/NHS buffer (35 puL of a 4:1 mixture of EDC (400
mM) and NHS (100 mM), at a flow rate of 5 pL/min. The thiolated RBA-2 aptamer, at a final
concentration of 10 uM, was prepared in KH2PO4 (1 M, pH 3.8) and 50 pL was injected into
channel two, at a flow rate of 5 pL/min. Following immobilization of the thiolated RBA-2,
any excessive groups were deactivated by injecting 20 uL 10 mM of 6-mercapto-1-hexanol.
To remove the unbound proteins, the sensor chip surface was then regenerated three times, by
injecting 35 pL of NaCl/NaOH buffer (2 M/50 mM) at a flow rate of 5 uL/min. RBP4 protein

was diluted in 1x SELEX buffer to a final concentration of 100 nM and injected for 6 min at
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a flow rate of 10 pL/min. The baseline was allowed to stabilise by allowing the selection
buffer to flow over the sensor chip for approximately 1-2 hrs. Subsequently, 50 pL of each
aptamer (RBA-2, RBA-3 and RBA-3) at increasing concentrations (31.25 - 1000 nM),
prepared in 1x SELEX buffer, were injected for 6 min at a flow rate of 5 pLL/min. Thereafter,
200 pg/mL of streptavidin was injected for 6 min at a flow rate of 5 pL/min. The sensor chip
was then regenerated, three times, as previously described; and the baseline was allowed to
stabilise by allowing the selection buffer to flow over the sensor chip for approximately 1-2

hrs. SPR data analysis was performed using BlAevaluation software.

b) Characterization of dual aptamers for RBP4 by ELAA

To validate the results obtained from the sandwich-SPR analysis, an ELAA was conducted by
washing the melaimide activated plate with 200 pL/well of washing buffer (1x PBS
containing 0.05% Tween 20 pH 7.4). The wells were coated with 50 pL of 20 nM of thiolated
aptamer in 1x PBS buffer and incubated. at-25.°C, overnight. The buffer containing the
unbound RBP4 was decanted and-theplate-was-washed three times with 200 uL. of washing
buffer (1x PBS containing 0.05% Tween 20.pH 7.4). The wells were blocked with 200 pL of
5% skim milk powder in PBS-tween 20 (pH 7.4) for 30 min at 25 °C, followed by three more
washes with 200 uLL of washing buffer.' A total of 50 pL of 100 pg/mL RBP4, made in 1x
SELEX buffer, was added to ‘each well and incubated at 25 °C for 30 min, followed by
washing the wells three times with '200'uL"of washing buffer. Then, 50 pL of different
concentration (1 - 100 nM) of the '5’-biotinylated RBA (RBA-1, RBA-2 and RBA-3) in 1x
SELEX buffer were added to the wells, and followed by incubation at 25 °C for 30 min. The
buffer containing the unbound aptamer was decanted and the wells were washed three times
with 200 uL. of washing buffer. To each well, 50 pL of 0.5:10000 dilutions of SA-poly HRP
(12 mg/mL stock) was added, followed by an incubation at 25 °C for 30 min. The wells were
then washed five times with 200 uL. of washing buffer. Thereafter, 50 pL of TMB substrate
solution was added to each well and incubated for 15 min at 25 °C in the dark. The reaction
was stopped by the addition of 50 uL/well of 0.5M H>SOsand the optical density was
measured at 450 nm using the SpectraMax 340PC384.
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2.2.3 Synthesis and characterization of AUNPs

AuNPs were prepared by citrate reduction of HAuCls according to the previously reported
protocol (Sibuyi et al., 2017). After the synthesis, characterizations were done with respect to

the optical properties using the following techniques:

2.2.3.1 UV-vis spectrophotometric analysis

To measure the absorbance spectra, 100 pL of the AuNP sample was added in a flat bottom
Greiner 96 well plate and the absorbance’s were measured using a POLARstar Omega
microplate reader set to a wavelength (A) range of 400 to 700 nm. The data was analyzed
using Microsoft Excel.

2.2.3.2 Hydrodynamic size, Polydispersity Index and Zeta Potential measurements

The hydrodynamic size, polydispersity index (PDI) and zeta potential (C-potential) of the
AuNPs were analyzed using.-a—Malvern Zetasizer -Nano-ZS90. To determine the
hydrodynamic size and PDI, 1 mL of-the AuNPs was placed into 10 mm o.d. square
polystyrene cuvette and the content was analyzed at 25 °C using dynamic light scattering
(DLS). For C-potential measurements, 0.7 mL of the AuNPs was transferred into a disposable

folded capillary cell and then analyzed at a voltage of 4 mV/at 25 °C.

2.2.3.3 Transmission Electron Microscopy and Energy dispersive x-ray analysis

The AuNPs were centrifuged at 14000 rpm at 25 °C for 30 min, resuspended into 1 mL of
deionized H.O (dH.0) and sent for Transmission Electron Microscopy (TEM) analysis
(Department of Physics, University of the Western Cape). The sample solution was prepared
by drop-coating one drop of the sample solution onto a carbon coated copper/nickel grid. The
sample solution was then dried under a xenon lamp for 10 min and analyzed by the High-
Resolution TEM. Transmission electron micrographs were collected using an FEI Tecnai G2
20 field-emission gun (FEG) TEM, operated in bright field mode at an accelerating voltage of
200 kV. Energy dispersive x-ray spectrum (EDX) was collected using an EDAX liquid
nitrogen-cooled lithium doped silicon detector. The core diameter of the AuNPs was
calculated by measuring the circumference of individual particles in the TEM micrographs

using Image J software.
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2.2.4 Functionalization of ssDNA aptamer probe to AuNPs
2.2.4.1 Conjugation and characterization of the apt-AuNPs

For conjugation, 5 pL of thiolated RBA-2 aptamer at different concentrations (25, 50, 75 and
85 uM) was stabilized with 1 uL of 10 mM TCEP, and incubated for 1 hr at 25 °C, shaking at
650 rpm. Following incubation, 0.5 mL of prepared AuNPs was added to the thiolated RBA-
2, in each tube and the mixture was left to incubate for 16 hrs at 25 °C, shaking at 650 rpm.
Subsequently, the mixture was aged (by adding 10 uL for every 20 min) with 50 uL of 1 M
NaCl and 5 pL of 500 mM Tris-acetate buffer (pH 8.2). The mixture was further incubated
for 24 hrs under the same conditions. Thereafter, the apt-AuNPs conjugates were
characterized by measuring the absorbance spectra, size, PDI and (-potential as previously
described in Section 2.2.3.1 and 2.2.3.2. The apt-AuNPs colour change was detected by
visual observation. The unconjugated aptamers were removed by centrifuging the sample
mixture at 10 000 rpm for 20 min at 4 °C-and-resuspending the pellet in 250 puL of dH.O
(three times). The apt-AuNPs conjugates were concentrated by centrifuging using the above
conditions and resuspended in®30 pL of dH20. The apt-AuNPs conjugates were then
characterized by the UV-vis spectrophotometer (as previously described in Section 2.2.3.1)
and the concentration of the unconjugated aptamers for each sample was quantified using

Qubit assay according to the manufacturer’s protocol (Invitrogen, 2010).

2.2.4.2 Conjugation and characterization of the apt-AuNPs (Large scale)

For conjugation, 10 uL of 5’-thiolated RBA-2 aptamer (50 uM) was stabilized with 2 uL of
10 mM TCEP, and incubated for 1 hr at 25 °C, shaking at 650 rpm. Following incubation, 1
mL of prepared AuNPs was added to the thiolated RBA-2 and the mixture was left to
incubate for 16 hrs at 25 °C, shaking at 650 rpm. Subsequently, the mixture was aged (by
adding 10 pL for every 20 min) with 100 pL of 1 M NaCl and 10 pL of 500 mM Tris-acetate
buffer (pH 8.2). The mixture was further incubated for 24 hrs under the same conditions. The
unconjugated aptamers were removed by centrifuging the sample mixture at 10 000 rpm for
20 min at 4 °C and resuspending the pellet in 250 uL of dH.O (three times). The apt-AuNPs
conjugates were concentrated by centrifuging using the above conditions and resuspended in
30 pL of dH2O. The experiment was done eight times and the 30 pL of the apt-AuNPs from
each tube were combined to make a final volume of 240 pL. Thereafter, the apt-AuNPs

conjugate was evaluated and characterised by the Cary 100 Bio UV-vis spectrophotometer
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(scan from 200 nm to 800 nm) and by gel electrophoresis. The gel was performed using ultra
low pure agarose gel (1%) in 1x TBE buffer and ran for 20 min at 120 V. The gel was stained
with 3 pL of GelRed and the UVP Trans-illuminator and a camera phone were used to take

images for analysis. The experiment was repeated using biotinylated RBA-2/15 mer’ poly-T.

2.2.5 Preparation and evaluation of the LF test strips

To prepare the lateral flow test strips, HF180 nitrocellulose membrane, and the absorbent pad
(composed of cotton litter fibers grade 320) were used. The test line was prepared by drawing
a line with a yellow micropipette tip containing 12 pL of a pre-incubated (15 min at 25 °C)
mixture of 1.7 mg/mL of streptavidin and 100 puM of the biotinylated RBA-1 in 1x PBS
buffer. The control line was prepared by drawing a line with a yellow micropipette tip
containing 12 pL of RBP4 (0.5 mg/mL) in 1x PBS buffer. Subsequently, the membrane was
allowed to dry at 25 °C for 1 hr, followed by blocking with 1% w/v skimmed milk powder
and 0.1% v/v empigen detergent in PBS-Tween20-(pH.7.4) for 15 min. The membrane was
left to dry overnight, at 25 °C. The test strips were-then-cut into strips of 4 mm wide. Then, 5
ML of the RBA-2-AuNPs prepared in Section 2.2.4.2, was mixed with 10 uL of 1x SELEX
buffer. The mixture was incubated for 10 min at 25 °C before being wicked onto the test strip.
A Smartphone camera was used to take an-image of the test strip. The experiment was repeated
following the above protocol with slight modification: A) 2 mg/mL of the RBP4 protein was
immobilized on the control line; B) the biotinylated poly-A aptamer was immobilized on the
control line and 2 mg/ml of the RBP4 was immobilized on the test line. The thiolated RBA-

2/15” mer poly-T was used for this experiment.
2.2.6 Development of a colorimetric aptasensor
2.2.6.1 Optimization of the aptamer and NaCl concentration

For aptamer and NaCl concentration optimization, a total of 200 pL of different
concentrations of the biotinylated RBA-2/15" mer poly-T was added to 360 pL of AuNPs in
different 1.5 mL tubes (final aptamer concentration: 0, 25, 50, 75 and 100 nM). The tubes
were vortexed, followed by incubation at 25 °C for 30 min. A total of 75 uL of the apt-
AUNPs was added to a 96-well microtiter plate, followed by the addition of different
concentrations (0, 20, 40, 60, 80 and 100 mM) of NaCl. The samples were incubated at 25 °C
for 5 min. The UV-vis spectra were measured using the SpectraMax 340PC384 and the

absorption ratio A620/520 was calculated to determine the aggregation kinetics.
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2.2.6.2 RBP4 detection based on colorimetric technique

For this experiment, 450 uL of AuNPs and 225 pL of 100 nM biotinylated RBA-2 /15° mer
poly-T solution were added into a 1.5 mL tube, mixed and incubated at 25 °C for 30 min.
Subsequently, 75 pL of the apt-AuNPs was added into 1.5 mL tubes. Then, 25 pL of different
concentrations of RBP4 protein (0, 7, 15, 31, 62, 125, 250 nM) were added into the apt-
AuUNPs conjugate, mixed thoroughly, and incubated for another 15 min under the same
conditions. The apt-AuNPs-RBP4 was transferred into their respective wells on a 96 well
microtiter plate and 5 uL of 1 M NaCl solution was added to the wells. The absorbance of the
above solutions at 520 nm and 600 nm were recorded using a SpectraMax 340PC384. The
experiment was performed in duplicate and the average absorbance was calculated and used

for the standard curve.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Secondary structure predictions of the selected aptamers

The aptamer secondary structure prediction plays a vital role in binding to the target because
different folds allow the aptamer to exploit various binding mechanisms. Aptamers assume
their structures upon binding to their target through a “lock and key” mechanism whereby
they organise themselves to fit to the target. This allows aptamers to bind to their target with
a greater specificity and affinity (Gold et al., 1995, Eaton et al., 1995). For this reason, it is
absolutely necessary to evaluate the secondary structures of the aptamers in order to have a
better understanding of their versatility. This analysis was carried out using M-Fold mapper.

The M-fold program predicted multiple secondary structured for RBA-1 (Appendix A);
whereas, RBA-2, RBA-3 and RBA-4 had only one structure (Figure 3.1 and 3.2). However,
only one predicted structure of RBA-1 will be reported in this study as it is assumed to be the
most stable structure due to having the lowest-minimum free energy. The predicted structures
of all aptamers contained random region sequences.and-both-the forward and reverse primers.
The primer sequences are highlighted in colours whereby the green colour represent the
forward and the blue colour represent the reverse primer. Looking closely at the predicted
structures, it was apparent that both primers were involved in the formation of part of the
stem-loop structures on RBA-1,-RBA-3 and ‘RBA-4, whereas, only the reverse primer was
involved in the formation of part of a'stem loop on RBA-2. Interestingly, RBA-1 showed to
have a bulge composed of -CAG- at base 5-7 which is not observed on other aptamer
structures (Figure 3.1). Furthermore, a stem-loop composed of -TAGTAAGTGCAA- was
present at base 62-73 for all four predicted structures, which is a component of the reverse
primer (highlighted by the red boxes). Although the primer regions are involved in the
formation of the secondary structure, they are not expected to have recognition sites.
However, these stem-loops may play an ancillary role in the binding of these aptamers to the

target protein.

The results in the present study indicated that RBA-1 and RBA-3 shared a conserved motif of
-GTTG- at base 44-47; whereas, RBA-1 and RBA-2 shared a motif of -AGGGG- at base 26-
32. This provided a possibility of these aptamers binding to RBP4 with a higher affinity. Qin
et al. (2013) previously reported that conserved motifs which are often located in stem-loop

structures are most likely to be responsible for aptamer binding to the target.
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The results further revealed that RBA-3 had the lowest minimum free energy (AG = -5.48 kJ
mol™?). Therefore, this aptamer may be highly stable and may have a high binding affinity as
compared to other aptamers. RBA-1 and RBA-4 had relatively similar structures; however,
RBA-4 (AG = -4.35 kJ mol ) had the second lowest minimum free energy while RBA-1 (AG
= -2.37 kJ mol™) had the highest minimum free energy. The minimum free energy of RBA-1
was comparable with that of RBA-2 (AG = -2.84 kJ mol-1). despite having slightly different
structures. Li et al. (2015) have isolated four sSDNA aptamers (Q2, Q3, Q4 and Q5) of which
the M-fold results revealed that all aptamers contained stem-loop structures, with Q4
exhibiting the lowest minimum energy value of -25.14 kJ mol™,

Even though we have assumed that RBA-3 will bind to the RBP4 with a higher affinity, it
was also possible that the non-binding domain may interfere with the interaction between the
aptamer and target protein by formation of complex secondary structures, which in turn may
inhibit the binding domain to fold into the desired confirmation for binding the target. In
order, to validate the binding affinity-and-specificity-of these.aptamers, kinetic studies were

used.

38



T
. 20 é\ /\T— 40
~T—~A_
Al C< 30 ¢
A Q T-A GGGT C G —a._g
é G G N _aAC L
T\r / 0 20/ A7 T
\A C/G\C T/ \I'\ 50
N ~ G
/
10 A~ G\G G\A A a
\C/ N | |
s G\G 2 T
? \ S v
T G T &
| T . ;
/ A
7 - S s
T v c 10 N \ 7 oa
RN VAN C PR
/C\ A\-\ G/G\ /G(G\G \G\A A ' C\T A
C//’\\;t\/T\;t\/C< CeTe T (/: T e AT A7 <
70 — N 60 T i s A{ A
i \ 50 G /G/ \ A/
T A T C._ %
i ; G\T’G
SN G /
Ap-T 70
RBA-1 RBA-2
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An alternative way of predicting secondary structure is by analyzing the G-quadruplex of the
aptamers. G-quadruplexes are usually formed in the presence of a guanine-rich nucleotide
sequence in a square planar array. Each G-quadruplex is then assigned a G-score which can
be defined as the probability of the aptamer and the number of guanines present to form
Quadruplex forming G-Rich Sequences (QGRS) (Viglasky and Hianik, 2013). For the
present study, the predictions of the G-quadruplex secondary structures were made
computationally using a QGRS Mapper.

The results obtained in this analysis demonstrated that RBA-1, RBA-2 and RBA-3 were able
to form G-quadruplexes with G-scores of 21, 18 and 3, respectively (Table 3.1). On the other
hand, RBA-4 was not able to form the G-quadruplex structures; however, this was acceptable
because not all aptamers are able to form/contain such structures. The number of bases
responsible for forming G-quadruplex structure for RBA-1 was 14 nucleotide’s (nts), starting
at position 31 on the sequence of 76 nts full length aptamer sequence. RBA-2 had 28 nts also
starting at position 31; whereas,-RBA-3"had 30 nts-starting-at position 21 of the full length
aptamer sequence. Furthermore, RBA-1and RBA-2-had-the highest G-Scores of 21 and 18,
respectively. This indicates that both aptamers had a higher number of guanines which are
responsible for forming QGRS secondary structures. In addition, these aptamers were also
stable. This is because the importance of G-quadruplexes lies in the stability of their 3D
aptamer structure and in the improvement of electrostatic .interactions to the positively
charged binding sites on the ligands.. This. is- mostly-attributed to the fact that the negative
charge density of G-quadruplexes is twice as high as that of linear DNA (Gatto et al., 2009).
Using the same software, an independent study by Espiritu et al. (2018) identified three
aptamers (AP65A1, AP65A3 and AP65A6) that had a G-score of more than 20, indicating a
high probability of forming G-quadruplexes.

Table 3.1: G-quadruplex structure of the aptamer.

14  GGGAGGGTGGCGGG

RBA-2 31 28  GGTCCGTCGTGGGGTAGTTGGGTCGTGE 18
RBA-3 21 30 GGTGTGGGCAGTCCAGTTCCAATGTTGGGG 3
RBA-4 0 0 N/A 0
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3.2 Evaluation of the binding affinity of the selected aptamers

Evaluating the Kinetics of these aptamers allow the understanding of how rapidly the
aptamers and RBP4 associate and also how soon the aptamer-RBP4 complex dissociates. It is
well documented that the tighter the bond of the aptamer ligand, the lower the dissociation
constant (Kp) will be. Therefore, an ideal aptamer would have a fast association rate but a
slow dissociation rate, resulting in an aptamer-ligand complex maintained for longer,
subsequently leading to a lower equilibrium Kp. In regards to the above statement, it is
assumed that a low Kp shows higher binding affinity (Stoltenburg et al., 2007). And since
PoC tests are desired to be fast and accurate, low nM and pM values are preferred ranges
which allows binding in seconds to minutes only (Svobodova et al., 2012).

3.2.1 Binding of aptamers to RBP4 by SPR

For this study, aptamer interactions were evaluated in real time using the Biacore 3000 SPR
instrument. SPR is a phenomenon that happens-on-the surface of a metal film when the
incident light is polarized parallel to-the plane of incidence. The electron-plasmon oscillation
generates the evanescent electromagnetic field that penetrates the metal film into the sample
solution near the film. By fixing the light source and the metal film, the change in the angle
of the reflected light is related only-to the refractive index of the sample solution near the film
(Homola, 2008). The resonance signal is related linearly to.the analyte immobilized at a

broad concentration range (Zhu.et al.,.2015, Drescher_et al.,-2009).

The target protein (RBP4), was immobilized on the CM5 sensor chip, to allow for subsequent
aptamer binding (Figure 3.3). Four channels were used in this study, the first channel was
activated with EDC/NHS, the second channel was allotted for immobilization of the RBP4
and the third channel was used as control (IgG) and the fourth channel was blocked with
EDC/NHS. When the protein was immobilized on the chip, there was interaction between the
His-tagged RBP4 via the amino group on the surface of the chip. The association followed a
single exponential curvature until it reached equilibrium. When the surface of the chip
became saturated, an association constant was observed. 1gG was used as the counter protein;
thus, it was immobilized in the same manner as above. After immobilization of the two
proteins on the surface, the four aptamers were injected in their respective channels on the

sensor chip to investigate their binding affinities. The aptamers were injected at different
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concentrations, at a constant flow rate. The binding affinities of the aptamers to RBP4 were

measured by the changes in the resonance unit.

Figure 3.4 shows that the response units increased with the sampling time and reached the
steady value at 700 s. According to the results, RBP4 bound to the aptamer with a fast
association rate constant and the relative response return to the baseline at 450 s after sample
injection. RBA-1 at 10 uM gave a response unit (RU) of 327, while RBA-2, RBA-3 and
RBA-4 at 1 uM had a RU of 153, 147 and 91, respectively. The sensorgrams also indicated
that the dissociation curve did not show any decrease; thus, indicating that there was a tighter

binding of the aptamers to RBP4.

The Kp of the aptamers was estimated using the Langmuir 1:1 model, with a range of
concentrations (10 - 40 nM). This model is the simplest and most widely used in literature
(Chang et al., 2014; Kaur and Yung; 2012). The obtained sensorgrams showed specific shift
at the beginning of association phase-in-majority of curves which complicated the fitting.
This specific shift in the sensorgram may be attributed to the presence of 0.02% Tween which
was part of the constituents in the binding buffer. Hence, for the calculation of Kp, different
selections for fitting (part of association and dissociation curve) were used and resulted in

different Kp values.

Based on the selections used, a good fit to the Langmuir 1:1'model was obtained for RBA-1,
RBA-3 and RBA-4, as demonstrated by the Chi?(y?) values (Table 3.2). The ¥ is a statistical
measure of closeness of fit of experimental data to the theoretical model used to determine
the Kbp. It describes how well the results agree with the curve-fitting of the model used. The
2 values lower than the noise RU (in this case, ~ 20 RU), indicate a good fit. Therefore, for
Kinetic evaluations, the results were found to be within acceptable ranges of the relevant
statistical measures (Gopinath, 2010). However, RBA-2 displayed a kinetic parameter that
does not fit the Langmuir 1:1 model used for analysis. This is sometimes experienced as
SPR-based kinetic evaluations can be affected by several factors such as the purity of
reagents, the immobilization procedure and level, ligand activity, flow rate and analyte
concentration range (Gopinath, 2010). However, the encountered problem could not be
attributed to the above factors as the aptamers were injected over the same ligand surface

using the same immobilization procedure. Therefore, it can be hypothesized that the
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conditions in which the binding reactions took place were much suitable for the other three
aptamers and may be unfavorable for RBA-2.

The results further demonstrated that all four aptamers had a higher binding affinity for
RBP4. RBA-1, RBA-2 and RBA-4 had Kp values within a nM range and RBA-3 showed a
Ko value within a pM range; which are the preferred ranges for aptamer-protein interactions
(Table 3.2). O’Sullivan and her team were able to select an aptamer that bind with a high
affinity to Trichomonas vaginals Adhesion protein. This aptamer (AP65_A1) had a Kp value
of 56 nM and a 2 value of 3.21 which indicated a good fit to the Langmuir 1:1 model
(Espiritu et al., 2018).

Interestingly, the present study has shown that RBA-2 exhibit a dissociation constant of 3.74
nM which is much lower than that of the reported Kp value of RBA-2 (Kp = 0.2 + 0.03 puM)
by Lee et al. (2008). In the present study, RBA-2 showed higher affinity to RBP4 which may
be attributed to the modification introduced-at-the-5’ end. It is common to see such
differences in the binding affinities of aptamers free in solution and immobilized, as the
immobilization process may obstruct the folding of the aptamer into its optimum 3D structure
for target binding. This is often resolved by using spacers to extend the aptamer from the
surface and facilitate its 3D formation optimum target binding (Espiritu et al., 2018). An
independent study investigated how the immobilization orientation of the aptamers affects
their functionality in SPR measurements. The study demonstrated that the immobilization of
aptamer (PA#2/8) at its 5’ end resulted in low binding affinity to the target protein (Protein
A). However, a high binding affinity of the aptamer to Protein A was observed with a 3’ end
immobilized aptamer. This indicated that a free 5° end of the aptamer was necessary for its
correct folding as basis for formation of the binding complex with the target (Stoltenburg et
al., 2015). In contrast to the study by Stolenburg et al. (2015), the present study showed that a

5’ end immobilized aptamer resulted in high binding affinity of the aptamer to the target.

Furthermore, to corroborate the statements made above regarding the binding affinities of
these aptamers, the intrinsic relationship between the affinities and structures were
investigated. Aptamers were compared with regards to their binding affinities and secondary
structures. The results revealed that the aptamer (RBA-3) with the highest binding affinity
had a complex structure with an extra stem-loop (Figure 3.1). This indicated that the

closeness of the loops did not affect the binding affinity of this aptamer to the target.
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Moreover, this aptamer had the lowest minimum free energy, indicating that it was more
stable; hence, it was not surprising that it had a higher binding affinity to RBP4. Interestingly,
despite a huge difference of minimum free energies between RBA-4 and other two aptamers
(RBA-1 and RBA-2) and also their structures, there was no significant difference in their
binding affinities.

lgG was used as a control to conclusively confirm aptamer selectivity to the target protein.
The results demonstrated that all the aptamers had a high binding affinity to RBP4 whilst
having no interaction with 1gG. This suggested that the aptamers used in this study were only
specific to RBP4. A previous study used adiponectin, visfatin, bovine serum albumin and
human serum albumin proteins as counter targets to evaluate the aptamers’ specificity. Their
study revealed that RBA-1, RBA-3 and RBA-4 were not specific to RBP4, thus, they were
not considered for further characterization (Lee et al., 2008). A second study by the same
group also showed that RBA-2 was only specific to RBP4 (Lee et al., 2012); thus, making
this aptamer a good candidate for-downstream applications due.to its specificity.
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Figure 3.3: Representative sensorgram for the coupling of RBP4 on an SPR sensor chip surface.
RBP4 and IgG were immobilized using amine coupling chemistry. Activation of the sensor chip was
achieved by injecting the EDC: NHS over the surface of the chip to activate the carboxyl groups of the
ligand. Activated carboxyl groups which had no proteins bound were then blocked with ethanolamine. The
surface was regenerated and unbound proteins were removed with 2 M NaCl + 50 mM NaOH.
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Table 3.2: Affinity dissociation constant of the candidate aptamer by SPR.

RBA-1 3nM 6.2
RBA-2 3.74nM 33.9
RBA-3 2.52 pM 1.71
RBA-4 3.65nM 15.7
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Figure 3.4: Measurement of the interaction of aptamers with RBP4 by SPR. Dissociation constants for the selected aptamers immobilized on a CM5 sensor chip

were determined by SPR. Data are presented as real-time graphs of response units against time and were evaluated using BlAevaluation 3.0 software (Biacore).
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3.2.2 Binding of aptamers to RBP4 by EMSA

To further confirm the interaction of the protein and the selected aptamers, an electrophoretic
mobility shift assay (EMSA) was employed. EMSA is a rapid and a sensitive method for the
detection of protein-nucleic acid interactions. It is based on the principle that a nucleic acid
bound to the target protein will migrate slower through a gel matrix than the free nucleic acid.
This technique is used for qualitative purposes; however, under suitable conditions, it can
also be employed to provide quantitative data for the determination of binding stoichiometry,
affinities and kinetics (Hellman and Fried, 2007).

For this study, RBA-1 and RBA-2 were selected to validate their interaction with RBP4. The
selection of RBA-2 was based on the results published from a previous study which
demonstrated RBA-2 was specific to RBP4 (Lee et al., 2008); whereas, the selection of was
based on the secondary structure prediction analysis. As shown in Figure 3.5, there were
bands appearing near the 75 bps band, which corresponds to the free aptamer. The migration
of the band produced for RBA=1/RBP4 was much slower than the migration of the band
produced for the free RBA-1. This suggested that RBA-1 was able to interact/bind with
RBP4; thus, validating the results obtained| from the SPR analysis. However, the same shift
was not observed with RBA-2/RBP4. This could be attributed to rapid dissociation during
electrophoresis which prevented detection of complexes or slow dissociation which resulted
in underestimation of binding density. It was'postulated that the His-tag modification on the
target protein might also be preventing the aptamers from binding. In addition, the control
(lane 6) had a band at around 200 bps which was also found in the protein/aptamer complex

suggesting that the band could have found during the refolding of the aptamer.

Based on the results from the previous experiment, a second experiment was performed with
different concentrations of RBP4 incubated with a fixed concentration of the RBA-1. As
shown in Figure 3.6, there were bands appearing near the 75 bps band which corresponded to
the free RBA-1. There were also bands obtained on top of the wells which were associated
with the aptamer/protein complex; however, the same effect was observed in lane 1 (RBA-1
only); thus, suggesting that the bands were not due to the slow migration of the
protein/aptamer complex. Therefore, the results obtained by EMSA analysis did not provide
conclusive evidence of molecular interaction and must be done in combination with other

methods.
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Figure 3.5: Evaluation of RBP4 binding to RBA-1 and RBA-2 aptamers using EMSA. RBP4 was
incubated in 100 mg/mL of aptamers for 30 min, the samples were electrophoresed in a native
polyacrylamide gel. The red arrow (y) indicate the migration of the aptamer/protein complex, while the

green arrow (x) indicate the migration of the free aptamers.
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Figure 3.6: Evaluation of RBP4 binding to RBA-1 aptamer using EMSA. RBP4 was incubated in
different aptamer concentrations for 30 min, the samples were electrophoresed in a native polyacrylamide

gel. The green arrow (x) indicate the migration of the free aptamers.
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3.2.3 Binding of aptamers to RBP4 by ELAA

Due to the inconclusive results obtained using EMSA analysis, a direct enzyme linked
aptamer assay was established to confirm the interaction between the two aptamers (RBA-1
and RBA-2) with RBP4, respectively. ELAA is a fundamental tool of immunological,
medical, and biochemical research. It is based on the principle of target-aptamer interactions
in combination with photometric visualisation of the binding results and is typically
performed in microtiter plates (Stoltenburg et al., 2016). The use of a plate-based ELAA is a
generally rapid and a simple way to screen and characterize aptamer binding to protein

targets.

Figure 3.7: A shows that when RBA-1 was immobilized, a slight increase in the signal was
observed; however, there was also a signal in the control which was attributed to the
background signal. The results were inconclusive and indicated that there was no interaction
between RBA-1 and RBP4. However, Figure 3.7:-B.shows that when RBA-2/15 mer’ poly-T
was immobilized, an increased signal was obtained; and a negligible background signal was
observed in the control (0 mg/mL).: The results demonstrated that the RBA-2/15 mer’ poly-T
was able to bind to RBP4. The enhanced affinity of this aptamer to the protein may be
attributed to the poly-T modification introduced at the 5° end. This is because the use of a
spacer decreases steric hindrance resulting in a better folding and target recognition (Zhu et
al., 2011).

The results obtained by ELAA supported the results obtained by SPR analysis; however, the
results demonstrated the use of spacers are required for ELAA. Using the same technique,
Stoltenburg et al. (2016) evaluated the binding interaction between protein A aptamer and
Staphylococcus aureus. Their study demonstrated that ELAA allowed a high affinity
detection of Protein A by the aptamer as compared to other methods which were previously
used for analysis and that the truncated 3’-biotinylated aptamer PA#2/8 showed the best
binding features Kp =11.3 £1.4 Nm.
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Figure 3.7: Evaluation of target binding of aptamer (RBA-1 and RBA-2) using ELAA. Protein
solution of 20 pug/mL was used for coating the microtiter plates. 100 nM of 5'-biotinylated RBA-1 and of
5'-biotinylated RBA-2/15 mer’ poly-T were added-for-binding (A and B), respectively. The blank reaction

(0 ng/mL) represents the control without-any-protein.coating.

3.3 Identification of dual aptamers

We further investigated the possibility of having dual aptamers that bind to two different sites
of RBP4. The first mention of dual aptamers that bound to distinct sites of human thrombin
was reported in 1997 by Tasset and colleagues (Tasset et al., 1997). These thrombin dual
aptamers have been used in several analytical techniques and diagnostic applications (Xu et
al., 2009). The biggest advantage of having dual aptamers is an easy and broad modification
of the capture and reporter aptamers in order to enhance the detection of target in sensing
platforms (Raston and Gu, 2015). Herein, two assays (SPR and ELAA) were used to evaluate
the possibility of having two aptamers that bind to RBP4 at two different sites.

Due to the high specificity of RBA-2 as previously reported in Section 3.2, this aptamer was
chosen as the capture aptamer. The SPR analysis showed that RBA-1 bound to RBA2-
captured/immobilized RBP4 as indicated by an increase in the sensorgram. In contrast, there
were no significant changes observed when RBA-3 and RBA-4 were injected into RBA2-
captured/immobilized RBP4 (Figure 3.8). The results indicated that there was an interaction
of RBA-2 and RBA-1 with RBP4; thus, suggesting that these dual aptamers bind distinctively
to different sites on RBP4 protein. However, the results also indicated that the aptamers-

RBP4 complex dissociate rapidly. In contrast, the lack of observed changes with RBA-3 and
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RBA-4 suggested that they bind at the same site on RBP4 as RBA-2. However, it is possible
that by reversing the immobilization and using RBA-3 and RBA-4, we could have found
different interactions. Similarly, Ahmad Raston and Gu (2015), have successfully developed
cognate dual aptamers for another diabetes biomarker (vaspin). Jauset Rubio et al. (2016)
also reported on B-conglutin dual aptamers binding distinct sites. The SPR analysis in their
study showed that two aptamers were able to bind to B-conglutin as indicated by an increase
in the sensorgram when the full-length (B-CA I and B-CA 11) were used.

In order to validate the obtained results, evaluation of the dual aptamer was performed using
an ELAA. Once again, RBA-2 was used as a capture probe and was immobilized on the
plate. RBP4 was incubated with the aptamers and the unbound was removed by washing.
Figure 3.9 shows that at 100 pg/ml RBP4 concentration, RBA-1 showed a concentration
dependent increase in signal. This suggests that with an increasing concentration of RBP4;
RBA-1 and RBA-2 bound to RBP4, again validating the results obtained using SPR. In
contrast, incubation with RBA-3-and-RBA-4 did not increase the signal, further proof that
they bind to same site as RBA-2. Using a-similar method,-dual aptamers that bind to platelet-
derived growth factor B-chain homodimer (PDGF-BB) were conjugated to the surface of a
green fluorescent ferritin nanoparticle |(which functioned ‘as a reporter aptamer) and the
bottom of wells respectively for a sandwich ELISA. This aptamer-based ELISA was capable
of detecting PDGF-BB at a cancentration as ‘lowas 100 fiM, with higher sensitivity than
antibody-based ELISA due to the multivalency.effect of aptamer-conjugated nanoparticles
(Kim et al., 2011). Li et al. (2018) also identified dual aptamers that bind distinctively to
rongalite using ELAA. The aptamers were further used in the development of a sandwich LF

test strips.

The results obtained in the current study supported that RBA-1 and RBA-2 indeed had
different secondary structures (as shown by M-Fold) and that they bind at different sites of
RBP4. Therefore, RBA-2 was selected as capture aptamer and RBA-1 as reporter aptamer for

RBP4 detection in the development of the LF test strips.
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Figure 3.8: Dual aptamer based sandwich assay-by-SPR: the binding assays were performed using 10
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Figure 3.9: Dual aptamer based sandwich assay by ELAA: using 500 uM of thiol-RBA-2 immobilized
on the plate, RBP4 (0 - 100 pg/mL) and 10 uM reporter aptamer (RBA-1, RBA-3 and RBA-4).
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3.4 Synthesis and characterization of AUNPs

Recent advances in nanotechnology have provided a depth of insight and new opportunities
for the application of nanomaterials in biological analysis and disease diagnosis (Matsui et
al., 2004; Saji et al., 2010; Zhu et al., 2004). These nanomaterials are usually integrated in
various parts of existing sensing platforms in order to offer innovative detection systems
(Quesada-Gonza'lez and Merkogi, 2017). Among these sensing nanomaterials, AuNPs have
been mostly used in the development of colorimetric biosensors due to their unique optical
properties, strong SPR and high extinction coefficient in the visible wavelength
spectrum/range (He et al., 2008; Kim et al., 2016; Lin et al., 2005; Liu and Lu, 2004). In
addition, they are highly stable and available in large quantities with controlled size and
shape (Zhang et al., 2012). Hence, their application has remarkably increased the speed and
success of PoC testing. For this experiment, AuNPs were synthesized by using citrate
reduction method (Sibuyi et al., 2017) and characterized using UV-vis spectrophotometer,
DLS, {-potential and TEM.

3.4.1 UV-vis spectrometry of AUNPS

UV-vis spectrometry is an important aspects of characterizing AuNPs. With increase in NPs
size, the absorption spectra shift-tolonger wavelengths-and. the width of the adsorption
spectra is related to the size distribution range. Generally, AuNPs display a single absorption
spectrum between ranges of 510 - 550 nm with a bright ruby-red colour, which may vary
depending on their size (Verma et al., 2014). In this study, the absorption maximum (Amax)
was observed at 517 nm, which indicated that the AuNPs were approximately 14 nm in size
(Figure 3.10). The AuNPs had an absorbance value of 1,084 OD, and a concentration of 6.94
nM which is within the preferred concentration range for conjugation. The concentration of

the AuNPs was calculated based on the formula:

C=A450/¢450

Where: C = concentration, A450 = absorbance at 450 nm, €450 = molar extinction coefficient
at 450 nm.

Furthermore, the absorption spectra of the AuNPs was sharp, thus indicating that the AuNPs

were uniform and stable. Similar findings were reported on AuNPs of variable sizes between
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13-20 nm with Amax around 520 nm (Agnihotril and Bhide, 2012; Liu et al., 2010; Qadami et
al., 2018).
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Figure 3.10: UV-vis spectrum of the citrate-capped-AuNPs.

3.4.2 DLS and PDI analysis of the AUNPs

Hydrodynamic size of AuNPs was measured by DLS, which is one of the most preferred
analytical methods for the characterization of AuNPs size. In the measurement, particles are
exposed to a laser beam and the particles size is specified from the scattered light generated
as a result, using the dependence of particles size on the spatial intensity and distribution

pattern (Bhattacharjee, 2016)

As shown in Figure 3.11, the AuNPs had an average hydrodynamic diameter of 16.82 nm,
which could be due to the hydrodynamic capacity of H,O surrounding the AuNPs. About
97.8% of the AuNPs were within 17,93 nm and only 2.2% were about 5077 nm in size. This
indicated that most of the AuNPs were of a smaller size. The PDI of the AuNPs was found to

be 0.228, which indicated that the AuUNPs were mostly monodispersed.

55



Size (d.nm}: % Intensity: St Dev (d.nm):

Z-Average (d.nm): 1682 Peak 1: 17,93 a7 .8 6,034
Pdl: 0,228 Peak 2: BOVT 2.2 5841
Intercept: 0,927 Peak 3: 0,000 0.0 0,000

Result quality : Refer to quality report

Size Distribution by Intensity

o1 B IR R R R R -

Intensity (Percent)

100 1000 10000

Size (d.nm}

,i Record 1538: Citrate-capped AuNPs |

Figure 3.11: Size distribution of the citrate-capped-AuNPs determined by the Malvern Zetasizer.

3.4.3 {-potential of the AUNPs

In this experiment, (- potential of the AUNPs was measured. The term (- potential describes
the electrostatic potential around the particle surface. NPs bearing a {- potential between -10
mV and +10 mV are considered to be neutral, whereas NPs with a {- potential less than -30
mV or greater +30 mV are considered as charged and more likely remain stable in the
solution. This is because they will not aggregate and will repel each other due to their
electrostatic forces around the charges. On the other hand, the NPs with a (- potential greater
than -30 mV or less than +30 mV are considered unstable and will eventually aggregate due

to VVan Der Walls inter-particle attraction (Nanocomposix, 2012).

The AuNPs showed a (- potential of -30.1 mV (Figure 3.12) which indicated that the AUNPs
were highly stable and convenient for conjugation. The negative charge also indicated that
the particle size was smaller than 100 nm, which was confirmed with the data obtained from
UV-vis spectrophotometry and DLS. Other studies have reported synthesis of AUNPs with a
(- potential of -43.2 mV (Lata et al., 2015) and -44 mV (Nara et al., 2010).
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Figure 3.12: Zeta potential analysis of the citrate-capped AuNPs determined by the Malvern

Zetasizer.

3.4.4 TEM analysis of the AUNPs

In order to confirm the results obtained, the ’ AuNPs-were further characterized by TEM. This
technique is the most commonly-—used- technique to—-determine the size, morphology,

topography, composition and crystallography of the sample (Wang, 2001).

TEM images showed that the AuNPs were mostly spherical in shape (Figure 3.13: A). The
images further revealed that the. AuNPs were relatively monodispersed, this is due to the
negatively charged layer of citrate ions which makes them to repel each other (Verman et al.,
2014). The AuNPs dispersion showed no sign of aggregation. The core diameters of AUNPs
were found to be 13.59 £ 3.04 nm which corroborate the results obtained from the UV-vis
spectrophotometry (Figure 3.13 B). This data corroborates other published results of citrate-
capped AuNPs (CAUNPs) (Bai et al., 2015; Verma et al., 2014).
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Figure 3.13: (A) TEM images of the-citrate-capped-AuNPs-and (B) their size distribution. The
magnification was at 10 nm. The core diameter of the AuNPs/ was calculated by measuring the

circumference of 23 individual particles of the TEM images of AuNPs using the Image J software.

3.4.5 EDX analysis of the AUNPs

In order to validate the presence of Au in the NPs solutions, the energy dispersive x-ray
spectra (EDX) of the AuNPs was carried. EDX is a techniques used to obtain the elemental
and chemical composition of NPs. It relies on the unique atomic structure of each element.
Therefore, the x-ray spectrum emitted by different atomic structures is clearly distinct

between different elements (Rao and Biswas, 2009).

The EDX spectrum of the AuNPs, in Figure 3.14 shows the presence of gold (Au), which
was expected. However, there are other traces of other elements such copper (Cu), carbon (C)
and oxygen (O). The presence of Cu and C was due to the holey carbon coated Ni/Cu grid
that the AuNPs were placed on during the analysis whereas O may have been adsorbed onto
the samples surfaces. The results are corroborated by Tejaswi et al. (2016) in which Au, Cu

and O were also observed.
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Figure 3.14: The chemical composition/EDX spectrum of the AuNPs.

3.5 Functionalization of ssDNA aptamer probe to AuUNPs

3.5.1 Conjugation and characterization of apt-AuNP

The multifunctional properties of AuNPs offer unique opportunities for their use in the
development of various diagnostic—methods—and-—devices.; AUNPs prepared via citrate
reduction method show uniformity; -stability- and -wider applications in immunoassays
(Thobhani et al., 2010). Moreover, thiolated compounds (aptamers, antibodies, peptides) can
adsorb onto the AuNPs due to the high affinity of gold for thiol; thus, enhancing their
stability and functionality (Zhang et al., 2012). Therefore, in this study, RBA-2 which was
modified with thiol at its 5* end was used for conjugation to the AuNPs. To confirm that the
thiolated aptamer probe conjugated to the AuNPs, samples were characterized using the UV-
vis spectrophotometry, Zetasizer and Qubit assay. Stability tests were also done to detect any

colour changes after conjugation.

3.5.1.1 UV-vis spectrometry of the apt-AuNPs

The UV-vis spectrophotometry has been widely used to determine the absorption spectrum of
AUNPs in order to indicate immobilization of aptamers or other biomolecules on the surface
of the AuNPs. AuNPs exhibit a strong Amax in the visible region that can be used to determine
whether modification of the NP surface has been successful (Philip, 2008). The colloidal SPR

depends on several factors such as the size, solvent and surface modification, and is useful in
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distinguishing AuNPs conjugates as well as to monitor adsorption of the sSDNA aptamers on
the surface of the AuNPs.

Figure 3.15 shows the UV-vis spectra of the AuNPs, and apt-AuNPs with and without NaCl.
The red shift in optical properties of the apt-AuNPs conjugates indicated the adsorption of the
aptamers on the surface of the AuNPs was successful. The Amax Of AUNPs was obtained at
517 nm and shifted to 522 nm for 25 puM, 519 nm for 50 puM, 518 nm for 75 uM, and to 525
nm for 85uM upon conjugation. The red shift could be attributed to successful conjugation of
the aptamers to the AuNPs; whereas, a small decrease in the peak intensity of the AUNPs can
be attributed to the decrease in the interparticles distance as a result of conjugation (Liu and
Lu, 2006, Qadami et al., 2018).

60



0,5 1 A ApNPs (-AulNPs) 0,5 4 C ApNPs (-AuMNPs)
25 pM Apt+ApNPs 75 v Apt+ ApMNPs
0,4 - (+MNacl) 0,4 - (+Nacl)
— AUNP (+NaCl) — AUMNP (+NaCl)
So,3 - S 0,3 -
] (1]
b= =2
2 2 0,2
- -n .
-30,2 = -
0,1 - 0,1 -
0 T T T T T v o T T T T T 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) wavelength (nm)
0,5 - B ApNPs (-AulNPs) 0,5 - D ApNPs (-AuMNPs)
S0 UM Apt+ApNPs 75 1M Apt+ApNPs
0,a - (+Nacl) 0,4 - (+Nacl)
—— SAUMNP (+MNaCl)
AuMNP (+MNacCl)
S 0,3 - S 0,3 -
g B
5 S
wy < —
2 0,2 - = 0.2
0,1 - 0,1 -
o T T T T T 1 O L] L] L] L] L] 1
400 450 500 550 600 650 700 400 450 500 550 600 650 F00
Wavelength (nm) Wavelength (nm)

Figure 3.15: Comparison of the UV-Vis spectra of the AuNPs, apt-AuNPs conjugate with and without NaCl as indicated by +NaCl and -NacCl, respectively.
A: 25 uM aptamer concentration; B: 50 uM aptamer concentration; C: 75 uM aptamer concentration; D: 85 UM aptamer concentration.
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3.5.1.2 Analysis of the stability of the apt-AuNPs conjugate

Visual detection, in which the changes in the colour of the AuNPs can be directly observed
by the eyes, has gained a wide attention and serves as a preliminary characterization which
does not require using any expensive and complicated instruments. It helps researchers to
explore the stability of the AuNPs under various concentrations of proteins or aptamers. It is
mostly applied in colorimetric assays in the presence of a target molecule (Guan et al., 2014;
Zhang et al., 2012). Hence, this technique was used in this study to analyze the stability of
the apt-AuNPs conjugates.

Figure 3.16, shows the obvious ruby-red to purple/blue colour change observed upon
addition of NaCl in tube 1 (AuNPs). Addition of NaCl led to a slight colour change when 25
MM aptamer was used. This indicated that the surface of AuNPs was not fully covered by
aptamers, hence the addition of NaCl caused aggregation (Ou et al., 2010). In contrast, the
colour of apt-AuNPs at 50 - 85 puM remained: ruby-red which is the same colour as the
AuNPs (tube 0). This indicated that the surface of the AuNPs was fully covered with
aptamers via the thiol group. The absence of a color change at higher concentrations
indicated that the apt-AuNPs were stable. Thus, the minimal aptamer concentration required
to stabilize the AuNPs was 50 uM. The results are corroborated by the results obtained by
Zhang et al. (2016) and Chen et al. (2015).
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Figure 3.16: Colour change detection by naked eyes. Tube O: AUNPs (-NaC'I);‘ Tube 1: 0 iJ.M; Tube 2: 25 UM; Tube 3: 50 uM; Tube 4: 75 uM; Tube 5: 85 uM

aptamer concentration and AuNPs (+NaCl).
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3.5.1.3 DLS, PDI and ¢-potential analyses of the apt-AuNPs

DLS is able to monitor not only the core of NPs but also the surface modifications. Because
adsorption of ssSDNA probes onto AuNPs would cause an increase in the size of particles,
DLS was used to evaluate adsorption by measuring sizes of the modified particles It is well
established that, at a low surface coverage, the ssDNA probe lays flat on the surface, due to
non-specific binding. However, as the surface coverage increases, the aptamers starts to adopt
a more perpendicular conformation due to electrostatic repulsion between the aptamers and
the AuNPs, which may lead to an increase in the hydrodynamic diameter (Liu and Liu, 2017).

In this experiment, the hydrodynamic diameter of the AuNPs was 16.82 and conjugation of
aptamers to AuUNPs had no significant effect on the hydrodynamic diameter, ~ 18 nm (17.85 -
18.42 nm) in the absence of NaCl. At 25 uM aptamer concentration, the hydrodynamic
diameter of the AuNPs increased to 54.66 nm; for 50 - 85 puM, the hydrodynamic diameter
increased upon the addition of salts to 31 nm+(30.94.- 31.71 nm). The results further indicated

that the optimal loading capacity of apt-AuNPs was at a concentration of 50 pM.

The PDI results (Table 3.3) indicated that in the absence of NaCl, the AuNPs at all aptamer
concentrations remained monodispersed. However, in the presence of NaCl, the PDI of the
AuNPs at 0 and 25 UM increased to 0.378 and 0.44, respectively. This indicated that the
AuNPs were polydispersed; whereas, the results for. higher concentrations (50 - 85 puM)
indicated that the AuNPs were still monodispersed with;a;PDI of 0.257 - 0.266. There were
no major changes observed on the PDI (0.134 - 0.244) in the absence of NaCl.

Addition of aptamers had no effect on the (-potential of conjugated AuNPs compared to
control (Table 3.3). The {-potential increased from -30.31 to -20.93 after exposing the apt-
AuNPs to NaCl. These changes can be attributed to molecules attached to the AuNPs
surfaces and could be used to predict how these AuUNPs are going to behave when used in the
LFA and also the shelf life of the LF.
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Table 3.3: DLS, PDI and {-potential of the apt-AuNPs conjugate determined using the Zetasizer.
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16.82

17.89

17.85

18.04

18.42

0.228

0.244

0.223

0.221

0.134

-30.31

-35.2

-28.9

-34.8

-29.6

658.2

54.66

30.94

31.71

31.70

0.378

0.44

0.266

0.265

0.257

-25.8

-22.8

-20.93

-22.2

-25.4

3.5.1.4 UV-vis spectrometry of the apt-AuNPs

The UV-vis spectrophotometry was_used to-check-the-absorption spectra after removing the

unbound aptamers from the apt-AuNPs. The UV-vis spectra show (Figure 3.17) that the apt-

AuUNPs at 50 - 85 uM in the presence of NaCl were stable while apt-AuNPs in the absence of

NaCl were not stable. There SPR shifted to longer wavelength which resulted in a formation

of a new peak between 600 - 700 nm;-which indicated that there was aggregation (Zimbone et

al., 2014). This results were further corroborated by the visible colour change from ruby-red

to dark purple/blue (shown by photograph insert).
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Figure 3.17: UV-vis spectra of the apt-AuNPs after removing the unbound aptamers. The maroon colour represent the apt-AuNPs in the presence of 1 M
NaC1 (+NaCl) and blue colour represent the apt-AuNPs in the absence of NaCl (-NaCl). A: 25 uM aptamer concentration; B: 50 uM aptamer concentration; C: 75

MM aptamer concentration; D: 85 pM aptamer concentration.
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3.5.1.5 Quantification of ssSDNA aptamer bound to AuNPs

To determine the concentration of the aptamers bound to the AuNPs, a reliable quantification
of the ssDNA aptamer is important. The amount of the sSSDNA aptamer after conjugation may
be very low due to insufficient breaking of the disulphide bonds by TCEP, therefore, a
sensitive assay for quantification is needed. The Qubit high-sensitivity assay which is able to
accurately detect as little as 50 pg/uL of the sample was used for quantification. Besides its
specificity, this assay is more advantageous than the Nanodrop as common contaminants
such as salts, free nucleotides, solvents, detergent or protein that may be present in the sample
are tolerated in the assay.

The results shown in Table 3.4 indicated that a reliable quantification of 25 uM was not
possible. This could be attributed to the concentration not being sufficient to cover the whole
surface of the AuNPs; thus, indicating that an increase in concentration is still needed. On the
other hand, a reliable quantification of 14.6,-17.8-and 11.6 ng/mL were detected for 50, 75
and 85 uM, respectively. Although the aptamer concentration in the conjugates was not
directly quantified due to the quenching effect of AuNPs on the dye, the method used in this
study support the results given by preliminary characterization and suggest that the aptamers

at certain concentration were able to fully cover the surface of the AuNPs.

Table 3.4: Quantification of sSDNA by 'Qubit assay.

[Apt] (LM) [Aptin H20] (ng/mL)  [Unbound apt] (ng/mL) [Bound apt] (ng/mL)
25 10.4 Samples too low Not calculated
50 20.7 14.6 6.1
75 33.3 17.8 15.5
85 36.4 11.6 24.8
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3.5.2 Conjugation and characterizations of RBA-2 to AuNPs (Large scale)
3.5.2.1 UV-vis spectrophotometry of the apt-AuNPs

Conjugation of the RBA-2 aptamer to AuNPs was done in a large scale for use in the
development of the LF test strips. Figure 3.18 shows the UV-vis spectra of the AuNPs, and
apt-AuNPs conjugate. The Amax OFf AuNPs is obtained at 522 nm with a high symmetry and
narrow width, which indicated that the prepared AuNPs were monodisperse and had narrow
size distribution. The Amax Of the AuNPs shifted to 525 nm upon conjugation with aptamers.
The intensity of the apt-AuNPs conjugate peak was reduced compared with the unconjugated
AuUNPs peak. The red shift and the decrease in the peak intensity of the AuNPs may be
attributed to the decrease in the interparticles distance as a result of apt-AuNPs conjugation
(Aaryasomayajula el al., 2014). However, the results were inconclusive because the presence
of aptamers was not further confirmed by a peak at 260 nm because the AuNPs also showed a
peak at 260 nm. Similar data was observed when the biotinylated RBA-2/15 mer’ poly-T was

used.

— Apt-AulNPs

2,5 AuNPs

15

Absorbance

0,5 B

200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3. 18: UV-vis analysis of AUNPs and apt-AuNPs conjugates. (A) citrated-capped AuNPs; (B) 50
UM of the biotinylated-RBA-2 was conjugated to the AuNPs.

3.5.2.2 Gel electrophoresis analysis of the apt-AuNPs

Gel electrophoresis was also used to confirm successful conjugation of the aptamer to the
AUNPs based on the mobility shift effect. As indicated in Figure 3.19, in lane 2, the
unconjugated AuNPs did not migrate into the gel and formed a black precipitate immediately

after mixing with the loading dye. In lane 3, a distinct band, which corresponded with the apt-
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AUNPs conjugates was observed. Lane 4 showed the aptamer band (arrow; at about 75 bp).
The band was faint, which could be attributed to the low aptamer concentration used. There is
a clear retardation in the apt-AuNPs migration along the gel (lane 3) compared to AuNPs
alone. This can be attributed to both the increased size of the apt-AuNPs complex, as well as
to each AUNPs bearing multiple copies of the aptamer. Furthermore, the colour of the AuNPs
remained ruby-red, indicating that the AuNPs were still stable. Similar data was observed

when the biotinylated RBA-2/15 mer’ poly-T was used.

A  UV-Trans-illuminator B Visual observation

1 2 3 4 5 6 1 2 3 4 5 6

Figure 3.19: Analysis of apt-AuNPs conjugation by 1% agarose gel electrophoresis. Images were
analyzed by (A) UVP Trans-illuminator-and(B) visual-observation.1:- 100 bp O’gene ruler; 2: AuNPs; 3:

apt-AuNPs conjugate; 4: free aptamer (arrow).

3.6 Development of the lateral flow test strips

Previous studies have demonstrated the feasibility of developing strip biosensors based on
aptamer-functionalized AuNPs for the detection of thrombin (Xu et al., 2009), ochratoxin A
(Zhou et al., 2016) and vaspin (Raston et al., 2017). For the extended application of RBP4
aptamers selected by Lee et al. (2008), we combined the high affinity, specificity, and
stability of aptamers to develop an aptamer-based lateral flow test strips for rapid and

sensitive detection of RBP4.

For the preparation of the test line on the lateral flow test strips, streptavidin was set as a
bridge, which can be immobilized on the nitrocellulose membrane by electrostatic adsorption
and linked biotin-modified aptamer through the specific reaction of streptavidin and biotin.
This was done to prevent nucleic acid from being washed away easily by the sample flow

when sprayed onto the nitrocellulose membrane directly because they have no specific
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binding force to the nitrocellulose membrane. Then, RBP4 (0.5 mg/mL) prepared in PBS
buffer was directly immobilized on the control line. When the apt-AuNPs conjugate mixture
was wicked on the edge of the nitrocellulose membrane, it migrated through capillary action

to interact with RBP4 on the control line.

Based on the results on Figure 3.20, there was an appearance of a line on the control line
which was observed within five min. The presence of a line was regarded as positive results;
however, the intensity of the line was weak and decreased gradually until it disappeared after
washing with the 1x SELEX buffer which indicated that there is no interaction between the
aptamer and the protein. It was postulated that the negative results obtained may be due to
low concentration of the RBP4; thus, the concentration was increased to 2 mg/mL and the test
strips were prepared in the similar manner as before. Nevertheless, the results were still
negative. This could be attributed to the protein being subjected to desorption upon direct
immobilization on the LF test strips. The presence of His-tag modification on the protein
might also be a key factor that resulted to -negative results.

Hence, a new experiment was performed with a new RBP4 protein (1.3 mg/mL) and thiolated
RBA-2/15-mer poly-T. The use of spacers allows more space for the aptamers to fold into
their active structure and therefore result-in a higher ratio of functional aptamers. A biotin-
modified poly-A aptamer was immobilized on the control. The choice of using the biotin-
modified complementary poly-A aptamer was because the new set of aptamer incorporated a

15 mer’ poly-T spacer.

The results obtained in Figure 3.21 indicated that before wash, there was a band obtained at
the test line and the unbound labelled reporter aptamer conjugate migrated along the
nitrocellulose membrane and was captured at the control line by the biotinylated poly-A
aptamer; whereas, other excessive solutions went to the absorption pad. The intensity of the
colour at the control line corresponds to the amount of the unbound aptamer captured by the
complementary aptamer. The band, which was initially obtained at the test line, had a weak

intensity and gradually disappeared after washing with 1x SELEX buffer.
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Control line

Test line

Figure 3.20: Detection of RBP4 (0.3 - 2 mg/mL) by the conventional LFA. RBP4 was immobilized on
the control line and RBA-1 was immobilized on the test line.
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Figure 3.21: Detection of RBP4 (1.3 mg/mL) by the conventional LFA. RBP4 was immobilized on the
test line and biotinylated poly-A aptamer was immobilized on the control line.
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3.7 Development of a colorimetric aptasensor

The present study further investigated the possibility of developing a colorimetric aptasensor
for the detection of RBP4. This assay is based on colour change from ruby-red to blue/purple
due to conformational change of aptamer in the presence of the target molecule, and the
phenomenon of salt-induced AuNPs aggregation which could be monitored by eyes or UV-
Vis spectrophotometer.

3.7.1 Determination of the optimum concentration of NaCl and aptamer

It is well known that AuNPs are highly reactive and aggregate easily in the presence of salts,
so it is important to monitor the salt-induced AuNPs aggregation kinetics for the development
of a colorimetric aptasensor. To optimize the performance of the developed assay, various
conditions such as, RBA-2/15 mer’ poly-T and NaCl concentrations were investigated, as
described in Section 2.2.6.1.

Figure 3.22 indicate the photograph insert of the reaction conditions (A) and the absorbance
ratio (A660/520) (B). It was apparent that the AuNPs with and without aptamers barely
aggregated under 20 mM NacCl solution. The control AuNPs (without the aptamer) changed
colour from ruby-red to purple/blue with-an increased NaCl concentration (40 - 100 mM) and
the percentage aggregation Kinetics increased and reached saturation at 80 and 100 nM. Thus,
the minimum required NaCl is 60 nM. The observation suggested that the Na* and CI- ions
destroyed the ionic environment and led to the aggregation of AuNPs in the absence of
aptamers. Addition of 25 nM aptamer, partially protected the AuNPSs; whereas, it can be seen
that when the aptamer concentration were 50 - 100 nM, the protection efficiency against salt-
aggregation of AuNPs was excellent which was indicated by the ruby-red colour and a lower

percentage aggregation Kinetics.
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Figure 3.22: Optimization of the biotinylated-aptamer and NaCl concentrations for the development of the aptasensor. (A) Photograph insert; (B) Absorbance

ratio. Final aptamer concentrations: 0, 6.25, 12.5, 25, 50 and 100 nM; final NaCl concentrations: 0, 20, 40, 60, 80 and 100 mM.
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3.7.2 Sensitivity of the aptasensor for RBP4 detection

The sensitivity of the colorimetric sensor for the detection of RBP4, under the optimized
experimental conditions, was measured with different concentrations of RBP4 as described in
Section 2.2.6.2.

Figure 3.23 shows that the colour of the AuNPs changed from ruby-red to purple/blue
(insert) and the absorbance ratio (A600/A520) gradually increased with an increase of RBP4
concentration. The results demonstrate that RBA-2 bound to RBP4, thus, detached from the
AuNPs, leaving the AuNPs unprotected. In the presence of 60 mM NaCl, the AuNPs
aggregated. The aggregation was confirmed by the red shift from 520 nm to 600 nm as
indicated by Figure 3.23: A. The assay was reproducibly sensitive with a limit of detection
of 45.32 nM (R? = 0.9656) (Figure 3.23: B). The detection limits of the same protein
obtained using ELAA and aptamer-based SPR analysis were 0.45 and 75 nM (Table 3.5),
respectively (Lee et al., 2012; Lee et .al;-2008). This indicated that the colorimetric
aptasensor was more sensitive compared to-the aptamer-based SPR; but, less sensitive as
compared to the ELAA. The results in-this study were obtained within 5 min. One of the
major advantages of POCT is that it provides much faster access to test results, allowing for
more rapid clinical decision making and more appropriate treatments and interventions.
Moreover, the method required much smaller sample volume than those needed for testing in

the central clinical laboratory.
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Figure 3.23: Sensitivity analysis of the colorimetric aptasensor. A: Absorption spectra of apt-AuNPs solutions treated with different RBP4 concentrations. Inset:
visual colour changes of the sensing solution treated with 0, 7.81, 15.63, 31.25, 62.5, 125, 250 nM RBP4. B: Standard curve for different absorbance intensity
(A600/A520) corresponding to different concentrations of RBP4. Each data point represents the averaged results of four separate experiments, each with two

replicates.
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Table 3. 5: Comparison of the colorimetric aptasensor with other methods for RBP4 detection.

AUNPs and aptamer Colorimetric 45.32 Present study
Aptamer and antibodies ELAA 0.46 Lee et al. (2012)
Aptamer SPR 75 Lee et al. (2008)
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CHAPTER 4: CONCLUSION

4.1 Conclusion

The aim of the present study was to characterize RBP4 aptamers for the development of
aptamer-based PoC diagnostic kit for diabetes. The aptamer were previously selected by Lee
et al. (2008) and the sequences were analysed using bioinformatics tools in order to
determine their secondary structures. The interactions of these aptamers with RBP4 was
evaluated by SPR (Section 3.2). The secondary structures correlated with the findings of
kinetic studies which revealed high binding affinities of aptamers to RBP4 and enhanced
stability as denoted by the stem hairpin loops. Binding of the aptamers to RBP4 was in a
low nM range for three aptamers and pM for one aptamers, which is the preferred range
that allows binding in seconds to minutes only (Svobodova, et al., 2012). The results were
further validated by ELAA and EMSA; however, the EMSA results were inconclusive. Even
though ELAA showed binding of the-aptamers-to- RBP4, there should be more optimization
steps for improving the results. Sandwich-SPR demonstrated that RBA-1 and RBA-2 bind to
different sites on RBP4 and the results were| validated by sandwich-ELAA.

AuNPs were successfully synthesized and characterized. The AuNPs had an average size of
14 nm and Amax 0f 517 nm; a PDI of 0.226 and (- potential of -30.31 mV. The latter indicated
that the AuUNPs were indeed stable. TEM analysis' revealed that the AuNPs were
monodispersed and spherical. All the' characterizations indicate that AUNPs are negatively
charged, stable and convenient for the functionalization with aptamers. Conjugation of the

aptamers to the AuUNPs was achieved and used for the development of lateral flow test strips.

The development of the LF test strips was unsuccessful. Only one test strip showed positive
results; however, the intensity was low and the results were not reproducible when different
apt-AuNPs dilutions and also high concentrations of the RBP4 were used. Although, the LF
test strips gave negative results, the present study has demonstrated the feasibility of
developing an aptamer-based LFA for the detection of T2DM biomarker. Thus, further
optimizations of different types of membranes, buffers, pH and target concentrations, are
needed in order to obtain better resolutions and intensity on the test strips. The present study
has successfully developed label-free aptasensor assay for RBP4 detection with a detection
limit of 45.32 nM. The principle of such high sensitivity for RBP4 detection was based on the

aggregation of AuNPs controlled by the salt induced and the special interactions between
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RBA-2 and RBP4. The results indicated that the developed method had a relatively stable
precision and satisfactory reproducibility. Therefore, the study has shown successful
development of a simple yet effective colorimetric assay for RBP4 detection and the assay is
not limited to this target, but also other targets with aptamers available without any special

laborious instruments.

4.2 Limitation of the study

The present study has limitations that need to be addressed. The obtained sensorgrams
showed specific shift at the beginning of association phase in majority of curves which
complicated the fitting. The ELAA results for the identification of dual aptamers were not
reproducible. The limitation factor was the newly ordered protein. Furthermore, the results
obtained by EMSA analysis does not provide conclusive evidence of interaction, which may
be due to the aptamers binding near the His-tag modification and or the incorrect gel

percentage used.

The size, PDI and (- potential of the apt-AuNPs analysis was not repeated because the
AuNPs were no longer stable after 10 months’ storage. The development of LF test strips was
not successful; perhaps, due to less cancentration of the target protein, incorrect buffers and

pH used.

4.3. Future studies

Future studies will include aptamer characterizations using different techniques such as a
BLI and MST to validate the binding affinities of the aptamers and to identify dual
aptamers. Different parameters such as different membranes, buffers, and target
concentration will be optimized for the development of LF test strips. The stability of the
AUNPs over a certain period will also be monitored in order to provide an insight on the

shelf life of the LF test strips to be designed.
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APPENDIX A: MULTIPLE SECONDARY STRUCTURES OF RBA-1
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Figure A.1: Secondary structure prediction of RBA-1: (2) (AG=-0.18 kJ mol™) and (3) (AG=-0.06 kJ mol™) as predicted by the M-fold program. The AG

represents the minimum free energy of each aptamer. The forward primer sequence (base 1-18) is shown by the green colour and the reverse primer (base 59-76) are
shown by the blue colour.
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Figure A.2: Secondary structure prediction of RBA-1: (4) (AG=-0.04 kJ mol™) and (5) (AG= -0.43 kJ mol™) as predicted by the M-fold program. The AG

represents the minimum free energy of each aptamer. The forward primer sequence (base 1-18) is shown by the green colour and the reverse primer (base 59-76) are
shown by the blue colour.
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Figure A.3:Secondary structure prediction of RBA-1: (5) (AG= -0.55 kJ mol™) as predicted by the M-fold program. The AG represents the minimum free

energy of each aptamer. The forward primer sequence (base 1-18) is shown by the green colour and the reverse primer (base 59-76) are shown by the blue colour.
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