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Figure 57. Effect of LF-225 concentration on the efficiency of target-aptamer assembly
and Exo III kinetics for cocaine detection. The SF-SSA-modified AuNPs were first
treated with optimized DTT concentration of 1000 uM to obtain the surface coverage of
30 DNA strands per AuNP, to which variable concentrations of LF-225 DNA were added
ranging from 10 uM to 0 nM. (A) 0 uM; (B) 0.1 uM; (C) 1 uM; (D) 5 uM; and (E) 10
nM. (F) Signal enhancement fold between cocaine and DI calculated with Agso/Asy, after
30-min Exo III digestion.

A short stem length of LF would destabilize the aptamer complex in the absence of
cocaine, thereby greatly decreasing background assembly. We further tested the effect of
concentration of short LF such as LF-425 and LF-225 on target-aptamer assembly and
Exo digestion. When LF-225 was added in the concentration range of 0 uM to 10 nM, the
Exo reaction was the slowest for all employed concentrations due lower stability of the
target-aptamer complex and no specificty was observed between cocaine sample and DI
sample (Figure 57). When the LF-425 was used for cocaine assembly and Exo digestion,
we observed similar reaction kinetics as that of LF-225, with the complex formation

between the AuNP-conjugated SF-SSA and LF-425 without much improvement

specificity for the presence or absence of cocaine (Figure 58).
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Clearly, LF-725 showed a slight improvement of specificity over all other LFs we tested.
However, the difference was not significant to observe a distinguished color change in

the presence of cocaine.
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Figure 58. Effect of LF-425 concentration on the efficiency of target-aptamer assembly
and Exo III kinetics for cocaine detection. The SF-SSA-modified AuNPs were first
treated with optimized DTT concentration of 1000 uM to obtain the surface coverage of
30 DNA strands per AuNP, to which variable concentrations of LF-425 DNA were added
ranging from 5 uM to 0 nM. (A) 5 uM; (B) 1 uM; (C) 0.5 uM; (D) 0.1 uM; and (E) 0 nM.
(F) Signal enhancement fold between cocaine and DI calculated with Agso/Asy, after 30-
min Exo III digestion.

To achieve more specific and switch-like binding of the aptamer to cocaine target, we
introduced a second target-binding domain into our SSA with a single target-binding
domain and studied new aptamer sequence affect on formation of cocaine-aptamer
complex. We confirmed that the binding of aptamer to cocaine target at the first binding
domain stabilizes the structure of the aptamer, facilitating the cocaine binding at the
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second binding domain. ™ This kind of phenomenon called cooperative behavior was
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first observed in ligand-binding proteins that are highly responsive to ligand

. . 149
concentration, such as hemoglobin.
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Figure 59. Utilizing SSA-925 to derivate CBSA-5325. Both structures demonstrated
cocaine-bound status.

Our SSA contains a three-way junction target-binding domain, surrounded by three
double-stranded stems (stems 1, 2 and 3). We have determined that stem 3 is essential for
cocaine binding, while both stem 1 and stem 2 contribute to the stability of the three-way
junction structure that forms upon target binding.”” We derived a cooperative binding
split aptamer (CBSA) utilizing SSA-925. Specifically, we replaced thymine at position 6

from 3’ end with the intact stem 3 to form CBSA-5325 (Figure 59).
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Figure 60. Effect of LF-CBSA-5325 concentration on the efficiency of target-aptamer
assembly and Exo III kinetics for cocaine detection. The SF-SSA-modified AuNPs were
first treated with optimized DTT concentration of 1000 uM to obtain the surface coverage
of 30 DNA strands per AuNP, to which variable concentrations of LF-CBSA-5325 were
added ranging from 1 puM to 0 nM. (A) 0 uM; (B) 0.01 uM; (C) 0.05 uM; (D) 0.1 uM;
and (E) 1 nM. (F) Signal enhancement fold between cocaine and DI calculated with
Ass0/Asy, after 30-min Exo III digestion.

The resulting CBSA also consists of a short fragment (SF-SSA) and a long fragment (LF-
CBSA-5325). Note that LF-CBSA-5325 can utilize the same AuNP-conjugated SF-SSA
to form target-aptamer complex in the presence of cocaine. Because the AP site is
inserted between two binding domains, we assume that Exo III is able to recognize the
duplexed AP site and perform its endonucleolytic cleavage. To confirm this, we first
tested the digestion of Exo III using the LF-CBSA-5325 to confirm that the cocaine-
CBSA assembly is a preferred substrate for Exo III. Specifically, the colorimetric
detection of cocaine was performed in a final reaction volume of 25 pL reaction buffer

containing 10 mM Tris buffer (pH 7.4), with 100 mM NaCl, 1 mM MgCl,, various

concentrations of LF-CBSA-5325, 100 nM SF-SSA-modified AuNPs with optimized
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probe density and 20 U Exo III, in the presence and absence of cocaine (250 uM) at room
temperature. Experimental results indicated that the CBSA-5325 system did not show
much improvement in the specificity of the reaction, however further slowed down the
reaction speed primarily due to the formation of destabilized cocaine-CBSA complexes
(Figure 60, A, B, C, D and E). Highest signal enhancement fold of 0.13 was observed
with 100 nM LF-CBSA-5325 (Figure 60B, 13F).

There is very poor color distinction between the samples with and without cocaine when
the concentration of the LF-CBSA-5325 increased or decreased from 100 nM (Figure
60F). The poor digestion kinetics observed as a slow color change (Figure 60A) when the
concentration of the LF-CBSA-5325 is 1 uM, which may be attributed to the limited
number of duplex formed on the particle surface due to excessive long fragments causing
steric hindrance. On the other hand, reducing the LF-CBSA-5325 concentration to 50 nM
gave an increased digestion kinetics, however with poor specificity (Figure 60C). Further
decreasing the LF-CBSA-5325 concentration to 10 nM did not yield an improved
specificity without distinctive color change (Figure 60F) possibly due to the scarcity of
the cocaine-specific duplex formation at lower LF concentration (Figure 60D). As
expected, the signal enhancement fold of 0.04 (Figure 60F) obtained in the absence of the
long fragment is similar to the fold observed with 10 nM LF-CBSA-5325 due to the non-

specific Exo digestion (Figure 60E).
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Figure 61. Utilizing CBSA-5325 to engineer CBSA-5345. CBSA Structure of folded
split cocaine aptamer with dual binding domain assembled in the presence of cocaine
comprising of short fragment and a long fragment.

To improve the stability and specificity of the cocaine-CBSA complex, we converted
CBSA-5325 into CBSA-5345 by adding two new base pairs between two binding domain
(Figure 61). Specifically, two additional bases (A, G) were added after the AP site of LF-
CBSA-5325, towards the 3° end of the sequence. Thus, the introduction of these two
bases will increase the length between two binding domains from five bases in CBSA-
5325 to seven bases in CBSA-5345. This increased length may greatly improve the
stability of cocaine-CBSA complex as observed in case of SSA-725 but with additional
benefit of cooperative target-binding behavior. The long fragment LF-CBSA-5325 is also
modified by the addition of two complementary bases T and C to hybrid the added A, and
G bases in SF-CBSA-5345, will therefore be referred to as LF-CBSA-5345.

Other CBSA aptamer (SF-CBSA-5335) was engineered from the SF-CBSA-5325 apart

from SF-CBSA-5345. This modified aptamer added one additional base (G) between two

binding domain (Figure 62), towards the 3’ end of the short sequence. The addition of an
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extra base in SF-CBSA-5335 increased the length between two binding domain and
improved the stability of the cocaine-CBSA complex. The overall thermo stability of the
duplex for easy access of Exonuclease to the AP site may be improved when the binding
domains are equidistant from the AP site on either side rather than variable lengths in SF-
CBSA-5345 and SF-CBSA-5325. The presence of one less base in SF-CBSA-5335
compared to SF-CBSA-5345 will ensure faster dissociation of the complex once the
cocaine-CBSA complex is digested. The long fragment complementary to the SF-CBSA-
5335 will be modified from the existing LF-CBSA-5325 by adding a complementary C

base to the added G base in SF-CBSA-5335 and therefore will be referred to as LF-

CBSA-5335.
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Figure 62. Utilizing CBSA-5325 to engineer CBSA-5335. CBSA Structure of folded
split cocaine aptamer with dual binding domain assembled in the presence of cocaine
comprising of short and a long fragments.

To optimize the SF-CBSA density on the AuNP surface for maximum target-CBSA

binding with the LF-CBSA in presence of cocaine we used different concentrations of

DTT to achieve maximum signal enhancement fold with a rapid reaction time. DTT
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incubation assay was performed on the SF-CBSA-5345 modified AuNPs, the same way
as described above. As the DTT concentrations increased from 0 uM to 400 uM, we
observed the change in reaction rate relative to the digestion kinetics of Exo III (Figure
63, B to E). Although the rate of Exo digestion was visualized in the form of a color
change from red to light purple in both samples with and without cocaine, the maximum
signal enhancement fold of 0.28 for cocaine after 30-min of Exo III digestion was
observed at 300 uM (Figure 63 D and F). At low concentrations of DTT such as 100 and
200 uM, the surface density of SF-CBSA-5345 on the AuNPs is too high therefore
limiting the assembly efficiency of the SF-CBSA-5345 with the LF-CBSA-5345 to form
the cocaine-CBSA complex, and preventing the specific enzyme digestion (Figure 63B
and 63C) resulting in a poor signal enhancement fold of 0.08 and 0.25, respectively
(Figure 63F). At very high DTT concentration such as 400 uM resulted in very few SF-
CBSA-5345 fragments remained on the surface, indicated by an aggregated state even
before addition of Exo III (Fig. 63E), therefore unfavorable for sensitive colorimetric
detection. Thus, we chose an optimum DTT concentration of 300 uM, which has enough
SF-CBSA-5345 fragments on the surface of the AuNP to remain in non-aggregated state
and facilitate high assembly efficiency of cocaine-CBSA complex and faster Exonuclease

kinetics in the presence of cocaine compared to its absence.
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Figure 63. Effect of DTT concentration on the surface coverage of SF-CBSA-5345
resulting in change of Exo III kinetics for cocaine detection. The SF-CBSA-5345-
modified AuNPs were first treated with different concentration of DTT (0 - 400 uM); (A)
0 uM; (B) 100 uM; (C) 200 uM; (D) 300 uM; and (E) 400 uM to obtain different surface
coverages. (F) Signal enhancement fold between cocaine and DI calculated with
Asso/Asy, after 30-min Exo III digestion.

Using the optimized surface coverage of SF-CBSA-5345, we further tested the LF-
CBSA-5345 concentration effect on target-CBSA assembly and Exo digestion by varying
the concentrations from 1 to 0 uM (Figure 64 A, B, C, D and E). Faster enzyme digestion
was observed in the samples with and without cocaine, when the concentration of LF-
CBSA-5345 is 1 uM (Figure 64A) without any specificity, whereas slight improvement
in specificity was observed at LF-CBSA-5345 concentrations of 100 and 50 nM with
optimum signal enhancement fold of 0.2 for both (Figure 64F). Clearly, there is only a

slight improvement in the stability and specificity of the cocaine-CBSA complex when

we increased the number of bases after the AP site to 4 at the 3° end of SF-CBSA-5345.
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Therefore, we tested the newly designed CBSA-5335 to further improve the stability of

the cocaine-CBSA complex and enhance the specificity of enzyme digestion.
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Figure 64. Effect of LF-CBSA-5345 concentration on the efficiency of target-aptamer
assembly and Exo III kinetics for cocaine detection. The SF-CBSA-5345-modified
AuNPs were first treated with optimized DTT concentration of 300 uM to obtain the
surface coverage of 26 DNA strands per AuNP, to which variable concentrations of LF-
CBSA-5345 were added ranging from 1 puM to 0 nM. (A) 1 uM; (B) 0.1 uM; (C) 0.05
uM; (D) 0.01 puM; and (E) 0 nM. (F) Signal enhancement fold between cocaine and DI
calculated with Agso/Asz, after 30-min Exo III digestion.

DTT incubation assay was performed on the SF-CBSA-5335-modified AuNPs, the same
way as described above to optimize the surface density of SF-CBSA-5335 to achieve
maximum signal enhancement fold with faster reaction rate. An optimum surface
coverage of the SF-CBSA-5335 was obtained with the DTT concentration of 100 uM
(Figure 65C) with a maximum signal enhancement fold of 0.5 (Figure 65E). This is quite
a significant improvement in the specificity and the speed of the CBSA-based, Exo

digestion compared to the cocaine-aptamer complex formed with the CBSA-5345.

Therefore, we decided to keep the AP site equidistant from the two binding domains in an
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attempt to improve stability and duplex formation so that Exo III can bind to the AP site

of the folded cocaine-CBSA complex in the presence of cocaine. Optimizing the surface

coverage was however essential to get maximum signal enhancement fold.
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Figure 65. Effect of DTT concentration on the surface coverage of SF-CBSA-5335
resulting in change of Exo III kinetics for cocaine detection. The SF-CBSA-5335-
modified AuNPs were first treated with different concentration of DTT (0 - 150 uM); (A)
0 uM; (B) 50 uM; (C) 100 uM; and (D) 150 uM to obtain different surface coverages. (E)
Signal enhancement fold between cocaine and DI calculated with Agso/Aszz after 30-min
Exo III digestion.
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Figure 66. Effect of LF-CBSA-5335 concentration on the efficiency of target-aptamer
assembly and Exo III kinetics for cocaine detection. The SF-CBSA-5335-modified
AuNPs were first treated with optimized DTT concentration of 100 uM to obtain the
surface coverage of 30 DNA strands per AuNP, to which variable concentrations of LF-
CBSA-5335 were added ranging from 5 uM to 0 nM. (A) 5 uM; (B) 0.1 uM; (C) 0.05
uM; (D) 0.01 puM; and (E) 0 nM. (F) Signal enhancement fold between cocaine and DI
calculated with Agso/Asz, after 30-min Exo III digestion.

The concentration of LF-CBSA-5335 was further optimized to improve the assay’s
specificity. Using the optimized surface coverage of SF-CBSA-5335 treated with 100 uM
DTT, we further tested the LF-CBSA-5335 concentration effect on cocaine-CBSA
assembly and Exo digestion by varying the concentrations from 5 to 0 uM (Figure 66 A,
B, C, D and E). When the LF-CBSA-5335 concentration was decreased to 50 nM, we
observed a clear distinct purple color change occurring at 45 min in the presence of
cocaine and achieved the highest signal enhancement fold of 0.6 (Figure 66C, 66F).
However, it took at least 45 min to observe a distinct deep purple color change even with

the optimized SF-CBSA-5335 surface coverage and LF-CBSA-5335 concentration

(Figure 66C), whereas the control without cocaine still remained red. Therefore we
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engineered another CBSA based on CBSA-5335 to further increase specific Exo

digestion speed and reduce the formation of non-specific target-CBSA complex.
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Figure 67. Utilizing CBSA-5335 to engineer CBSA-5335-10T. CBSA Structure of
folded split cocaine aptamer with dual binding domain assembled in the presence of
cocaine comprising of short fragment and a long fragment.

Building on the sequence design of SF-CBSA-5335 for improved specificity of the stable
cocaine-CBSA complex, another modification was made to the 3” end of SF-CBSA-5335
by adding 10T linker therefore referred to as SF-CBSA-5335-10T (Figure 67). We also
assume that the addition of 10T linker in SF-CBSA-5335-10T may favor the formation of
cocaine-CBSA complex and Exonuclease digestion at a relatively faster rate. These
thymine bases at the 3’ end of the SF-5335-10T may reduce the non-specific enzyme
digestion in the absence of cocaine, therefore improving the signal enhancement fold.
Note that the LF-CBSA-5335-10T remains the same as the LF-CBSA-5335.

We first changed the DTT concentrations from 0 to 500 uM, however keeping the long
fragment concentration to 50 nM as optimized earlier for S-CBSA-5335, to optimize the

surface coverage using DTT incubation assay on the SF-CBSA-5335-10T-modified

AuNPs, the same way as described above. An optimum surface coverage of the SF-
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CBSA-5335-10T was obtained with the DTT concentration of 400 uM (Figure 68D) with
a maximum signal enhancement fold of 0.6 (Figure 68F). This is a slight improvement in
the specificity and the speed of the Exo digestion compared to the cocaine-CBSA
complex formed with the CBSA-5335, but the samples without cocaine are digested at a
slower rate (Figure 68 A, B, C, D, and E). The long fragment remains same as the one we
used for SF-CBSA-5335. An optimum signal enhancement fold was observed for 400
uM DTT with the color change occurring at around 40 min (Figure 68F). Using the
optimized DTT, the concentration of long fragment was optimized again. As expected, 50
nM LF-CBSA-5335 gave the highest signal enhancement fold of 0.65 (Figure 69F) with

the color change reaction in the presence of cocaine after 40 min (Figure 69C).
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Figure 68. Effect of DTT concentration on the surface coverage of SF-CBSA-5335-10T
resulting in change of Exo III kinetics for cocaine detection. The SF-CBSA-5335-10T-
modified AuNPs were first treated with different concentration of DTT (0 - 500 uM); (A)
0 uM; (B) 200 uM; (C) 300 uM; (D) 400 uM; and (D) 500 puM to obtain different surface
coverages. (E) Signal enhancement fold between cocaine and DI calculated with
Asso/Asy, after 30-min Exo III digestion.
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Figure 69. Effect of LF-CBSA-5335 concentration on the efficiency of target-aptamer
assembly and Exo III kinetics for cocaine detection. The SF-CBSA-5335-10T-modified
AuNPs were first treated with optimized DTT concentration of 400 uM to obtain the
surface coverage of 30 DNA strands per AuNP, to which variable concentrations of LF-
CBSA-5335 were added ranging from 5 pM to 0 nM. (A) 0 uM; (B) 0.01 uM; (C) 0.05
uM; (D) 0.1 uM; and (E) 5 uM. (F) Signal enhancement fold between cocaine and DI
calculated with Agso/Asz, after 30-min Exo III digestion.

5.4 Conclusions

To conclude this chapter, we first compared different aptamer sequence combinations
with single binding domain by optimizing the surface coverage of the short aptamer
fragment on the AuNP using the DTT displacement assay. We further characterized the
accurate surface coverage at each of those DTT concentrations using the OliGreen assay.
The effect of long aptamer fragment concentration was studied and optimized for
improved specificity. We have also studied the effect of incorporation of the second
binding domain with variable chain lengths on either side of the AP site. Based on our

results, we finally shortlisted the sequence combination with maximum signal

enhancement fold to modify and synthesize the sequence with two AP sites, which is

135



instrumental in faster, and specific reaction to observe a distinctive color change in the
presence of cocaine. In the future, we will focus on application of the system in the real

world samples such as saliva to evaluate its sensing performance.
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CHAPTER 6: Summary and Future Work

6.1 Summary

This dissertation describes the combination of CNTs and AuNPs with simple fabrication
techniques like vacuum filtration to create sensor platforms for multi-analyte detection in
complex samples, as well as the generation of an instrument-free platform that combines
AuNPs and DNA aptamers for the colorimetric detection of cocaine. The focus of this
study was to develop suitable on-site small-molecule detection strategies using low-cost
nanomaterials and energy-efficient methods for sensitive analyte detection based on the
following strategies: 1) using M-SWCNTs and unmodified AuNPs for the construction of
highly-conductive porous gold films on MCE filter paper using vacuum filtration, which
are suitable for electrochemical detection of multiple analytes (e.g. DA and 5-HT); ii)
using vacuum filtration to fabricate a thin P-SWCNT film on MCE paper to detect
NADH in complex biosamples; and iii) engineering aptamer sequences as a means to
optimize the speed and specificity of an enzymatic reaction for amplified colorimetric
cocaine detection using AuNPs.

We report here a simple and novel strategy for preparing disposable, paper-based, porous
AuNP/M-SWCNT hybrid thin gold films with high conductivity, rapid electron transfer
rates and excellent electrocatalytic properties that take ~20 minutes to prepare. The entire
process requires only two steps of ambient vacuum filtration with two aqueous solutions
containing M-SWCNTs and AuNPs, which respectively form a porous underlayer
comprising a network of interconnected ligaments and pores and an upper layer of
citrate-coated AuNPs that assemble into a conductive and porous thin gold film. These

films are prepared at room temperature in a highly reproducible fashion without the need
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for sophisticated instruments or a clean-room environment. Our vacuum filtration
fabricated gold films can distinguish the presence of DA and 5-HT either individually or
simultaneously, with a resolution that greatly exceeds that of commercially available flat
gold slides or porous gold films prepared by more labor-intensive electrodeposition
techniques. We have also further expanded our vacuum filtration fabrication technique to
generate porous P-SWCNT film electrodes for the electrochemical detection of both
naturally available and enzymatically-generated NADH in complex matrices such as
saliva and cellular extracts. Quantification of NADH in such complex matrices can
provide valuable information for disease diagnosis and drug detection, and our assay
yielded results that are comparable with commercial colorimetric assays. By using filter
paper as a substrate to support these nanomaterials, we were in both instances able to add
to the virtues of our composite films by making the resulting devices flexible, cheap, and
biodegradable, while providing a porous matrix that traps the nanotubes during the
vacuum filtration to simplify the fabrication process. Finally, we have developed an
instrument-free colorimetric detection strategy for practical POC applications, in which
we used AuNPs modified with DNA aptamers to sensitively detect cocaine. Importantly,
by comparing different sequence combinations with single and dual binding domains and
optimizing the surface coverage of aptamer fragments on the AuNP, we were able to
further enhance the performance of our detection assay.

6.2 Future work

Looking at existing paper-based sensors, it is evident that there has been extensive
development over the last few years that has led to ‘“smarter” paper-based sensors.

Nanomaterials such as carbon nanotubes or graphene can potentially be used as a
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conductive underlay for the deposition of a variety of different nanoparticles, including
gold, silver, copper, platinum or palladium, to form various pure or alternating layers of
metal films. Such hybrid metal films could be used in electrochemical catalysis or
electro-optical devices, as well as in reflective, conductive or energy-collecting metallic
coatings. We believe that our technique delivers a simple, adaptable and general means
for the rapid fabrication of such diverse metal films onto membranes under ambient
conditions, and that this process could likewise serve as a prelude to the transfer of such
films to other metal or flexible substrates for diverse applications. Although there is huge
potential in paper as a substrate for on-site detection devices, current strategies for
fabrication and analysis still lack the performance and robustness of standard analytical
techniques. Further research related to fabrication techniques and the incorporation of
novel functional materials onto the surface is needed to overcome the challenges involved
with developing a more stable platform capable of measuring multiple analytes in
complex samples with high sensitivity. And although colorimetric techniques offer a
suitable strategy, as described in this thesis, for achieving EATR-amplified cocaine
detection with high specificity, working with real-world samples such as saliva is likely

to pose additional challenges that will need to be addressed in future research.
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