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Résumé

Des millions de patients souffrant d’insuffisance cardiaque bénéficieraient d’analyses sanguines
hebdomadaires pour surveiller I’évolution de leur état de santé comme c’est le cas avec les
personnes atteintes du diabete. Cependant, il n’existe pas de technologies d’analyses sanguines
rapides et efficaces pour détecter des marqueurs d’insuffisance cardiaque, telle que la créatinine,
la NT-proBNP et la troponine | par exemple. La possibilité pour les patients de surveiller leurs taux
de créatinine régulierement, du confort de chez soi, améliorerait largement leur qualité de vie
ainsi que leur taux de survie. En suivant leur taux de créatinine, le patient pourrait prédire des
signes d’insuffisance cardiaque, et ainsi faire ajuster leur plan de traitement en conséquence.
Poury arriver, les biocapteurs électrochimiques, dont un exemple est le glucomeétre, représentent
une classe prometteuse de dispositifs d’analyse sanguine puisqu’ils sont faciles a utiliser, rapides,
peu colteux, sensibles, stables et potentiellement universels. Les biocapteurs électrochimiques
a base d’ADN pourraient potentiellement étre adaptés en biocapteur de créatinine, par
I’'entremise d’aptameres. Le but de cette recherche est de développer un nouveau mécanisme de
détection universel et efficace pouvant étre adapté directement a partir des stratégies de
sélection des aptameres. Pour ce faire, nous avons identifié et caractérisé un élément de
bioreconnaissance sélectif pour la créatinine. Ensuite, nous avons cong¢u une nouvelle stratégie
de détection et nous avons validé cette nouvelle stratégie par spectroscopie de fluorescence
avant de l'adapter pour une détection électrochimique. Par la suite, nous avons optimisé les
performances du biocapteur en modulant des parameétres analytiques tels que sa gamme linéaire
et son gain de signal, tout en validant ses performances dans une matrice complexe comme le
sérum. Les résultats de cette recherche suggerent que la stratégie de conception du nouveau
biocapteur électrochimique a base d’aptamére est prometteuse pour la détection efficace de
biomarqueurs sanguins. Ce type de mécanisme pourrait étre facilement adapté pour détecter
d'autres molécules cliniguement pertinentes en modifiant simplement la stratégie de sélection

de I'aptamére.



Mots-clés : biocapteur, capteur électrochimique, aptameére, créatinine, SELEX,

électrochimie, sérum, sang.



Abstract

Millions of patients suffering from heart failure would greatly benefit from weekly blood analysis
to help them manage their disease state like patients suffering from diabetes. However, no simple
blood monitoring technologies detecting heart failure biomarkers, such as creatinine, NT-proBNP,
and troponin |, are available. The ability to determine and regularly monitor the creatinine level
in the home setting would greatly improve the patient’s quality of life and survival rate. Knowing
the concentration of creatinine help to predict heart failure and to revise the treatment plan if
the concentration of creatinine is abnormal. To achieve this, electrochemical sensors, like a
glucometer, represent a promising class of blood analysis devices due to their ease of use, fast
response, low cost, inherent sensitivity and stability, and potential universality. More specifically,
DNA-based electrochemical biosensors could potentially be adapted into a creatinine sensor by
using aptamers specific to a biomarker. To achieve this goal, we identified a selective
biorecognition element for creatinine detection and characterized it. We also designed a novel
sensing aptamer-based strategy and validated this strategy by fluorescent spectroscopy before
transposing it into the electrochemical format. We then optimized the performance of the sensor
by tuning its signal gain and characterizing the dynamic range while also validating its
performance in serum. The results of this work suggest that the electrochemical aptamer-based
strategy represents a promising sensing mechanism. We believe this mechanism could be easily
adapted to detect other clinically relevant molecules by simply relying on the aptamer’s selection

strategy.

Keywords : Biosensor, electrochemical sensor, aptamer, creatinine, SELEX, electrochemistry,

serum, whole blood.
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Science and everyday life cannot and should not be separated. Science, for me, gives a partial

explanation of life. In so far as it goes, it is based on fact, experience and experiment.

Rosalind Franklin

13



Acknowledgements

| would like to thank my committee members Prof. Joelle Pelletier, Prof. Antonella Badia,

who have provided valuable comments, insights, directions, and many discussions.

| would like to thank my supervisor, Prof. Alexis Vallée-Bélisle, for giving the opportunity
and accepting me into his research group. | am also grateful for providing guidance and spending

dozens of hours of his time.

| would like to acknowledge the lab members of AVB lab. | greatly enjoyed working with
Dominic Lauzon, Guichi Zhu, Xiaomeng Wang, Arnaud Desrosiers, Simon Diallo Blais, Yasmine
Nicole, Nagarjun Narayana Swamy, Liliana Perdo and Scott Harroun. | could not have asked for

better friends and colleagues, and | truly hope we will still keep in touch.

During my time as a PhD candidate and then as a Master’s student at Université de
Montréal, it was my privilege and pleasure to interact with faculty staff as well as with

TransMedTech and PROMOTE NSERC scholars and coordinators.

| would have had a tough time getting through this degree without my friends, colleagues,
and mentors. Last but not least, | would like to thank my family, who supports me during my
studies and continuously believes in me. Without my family, none of this would have been

possible.

14



Chapter 1 — Introduction

Heart failure tops the list of diseases causing death in developed countries, such as the
United States and Canada, costing over $30 billion yearly.? % By 2030, it is estimated that ~2-3 %
of North America's population (10 million people) will be prone to developing heart failure. In
Canada, heart failure has already reached 2 % of the population (Table 1), and the numbers are
steadily increasing. According to a recent survey, one in three Canadians is affected by heart
failure; they either suffer from heart failure themselves or their relatives and friends have been

affected by it. It is the fastest uncontrollable spreading cardiovascular condition.?

Table 1. 2021 Statistics of the Heart and Stroke Foundation of Canada. Experts predict an

increase in the people affected or diagnosed with heart failure.

Population in Canada 37 000 000
Living with heart failure 750 000
Diagnosed with an incurable condition 100

The main challenge confronting heart failure patients is that nearly 1 in 4 heart failure
patients (25%) are typically readmitted to hospital within 30 days of their discharge, and most of
them are readmitted within 6 months after initial hospitalization.* These readmissions are often
attributable to factors such as improper medical treatment, inadequate follow-up, and non-

adherence to recommended diets.% 3

1. Monitoring Heart Failure

Current strategies for monitoring heart failure are not accurate and effective. They are
mainly based on physiological parameters such as heart rate, weight, or blood pressure.> ©
Checking your heart rate is a good way to gauge your health. It gives an overview of heart muscle
function; however, variation in heart rate cannot be specifically linked to heart failure. Monitoring

body weight daily can provide a warning sign that the body is not functioning well and holding on



to fluid. Nonetheless, this method lacks specificity and might not provide a guideline on lifestyle
management. Finally, blood pressure can provide information about potential hypertension and,
as a consequence, cardiovascular risk. It is a warning signal but may not always lead to heart
failure. To be proactive and accurately monitored, patients must go to hospital, spend time
standing in line, and wait for blood test results. Overall, the process is long and uncomfortable for

patients and patients may not be able to get help on time.

Monitoring heart failure markers at home could significantly improve patients’ quality of
life and their daily routines. Thus, it would be important to develop a tool to help patients and
their physicians monitor health status from home. Monitoring HF at home is challenging because
of the necessity to detect various biomarkers in a complex medium and not rely only on
physiological parameters.” According to recent clinical studies, creatinine is one of the promising

biomarkers because of its primary role in heart failure and kidney disease.®°®

A good practical example of how such technology may function is the widely used glucose
meter. It provides rapid, accurate, and affordable blood sugar testing for patients who are
suffering from diabetes.? ! The glucometer, a groundbreaking technology developed more than
40 years ago, allows patients to self-monitor glucose fluctuations multiple times per day in order
to successfully manage their personal treatment.'® People living with diabetes use glucometers
to determine how much insulin to take, evaluate the body’s response after physical exercise, and
adjust their lifestyle accordingly. Daily blood sugar is measured in a single drop of blood as part
of patient’s routine. Thus, similar technology would be ideal for monitoring creatinine on a regular

basis at home.
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1.1. Creatinine: an important biomarker to assess renal function

and predict heart problems

Creatinine is a small molecule generated as a waste product from muscle metabolism.? It
is a clinically relevant biomarker because the creatinine molecule is not metabolized or
reabsorbed by the kidneys. Therefore, a creatinine test assesses kidney function in clinical

laboratories and can help predict heart failure.

Creatinine is a by-product of creatine breakdown and is formed by a multistage synthesis.
The process takes place mainly in the liver, the kidneys and the pancreas.'? The biosynthesis of
creatine and creatinine is presented in Fig. 1. Creatine is synthesized through two enzymes glycine
amidinotransferase (AGAT) and guanidinoacetate methyltransferase (GAMT) that mediate
reactions involving three amino acids: L-arginine (Arg), glycine (Gly) and S-Adenosyl methionine
(SAM). The transfer of an amidino group from Arg to Gly forms ornithine and Guanidinoacetate
(GAA); it is the first stage of the biosynthesis of creatine. In the second stage, GAA is methylated
at the amidino group and leads to creatine (Fig. 1A).:3 Creatinine can be non-enzymatically
hydrolyzed and cyclized into creatinine irreversibly. This reaction is temperature and pH-
dependent.!* On the other hand, creatine can be reversibly phosphorylated by an enzyme
(creatinine kinase, CK) to make phosphocreatine (Fig. 1B). This process is highly energetic and
requires adenosine triphosphate (ATP). Later, phosphocreatine can be spontaneously broken

down to creatinine during a nonenzymatic cyclization reaction.

The presence of creatinine in the blood signals kidney dysfunction, which can lead to heart
failure. Heart failure has a direct impact on renal function because healthy kidneys depend on
vascular health. High blood pressure can cause changes in small blood vessels, such as dilation or
constriction. Thus, the kidneys cannot remove waste products from the blood, and high creatinine

levels become a signal of the inability to maintain the cardiovascular system.
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Figure 1. Biosynthesis of creatine. A) Scheme of creatine biosynthesis, and B) Creatine is
metabolized to creatinine (CRT) through two possible reactions. The figure was taken

without modification. 13

How can physicians make a conclusion about bodily dysfunction and diagnose kidney
disease linked to heart failure? First of all, there are two principal ways of measuring creatinine
levels: in blood or in urine.® In blood, it is called “serum creatinine”, and physicians measure its
concentration to test kidney function. On the other hand, a urine test indicates the amount of
creatinine which has passed through the kidneys into the urine. Two main parameters obtained
from creatinine measurements can be considered as reliable indicators of renal function and a
good predictor of heart problems.® The efficiency of creatinine filtration is called the creatinine
clearance rate, and with this rate, it is possible to estimate glomerular filtration rate (GFR). GFR
is the rate of blood flow that is filtered by the glomerulus and shows how well the kidneys are
functioning.'> % If a physician knows the exact concentration of creatinine either in blood or in
urine, GFR can easily be calculated to diagnose the functioning of the glomeruli and the stage of

kidney malfunction. Usually, the creatinine concentration in urine ranges from 20 to 275 mg/dL
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(the equivalent of 1.7 — 24.3 mM). Patients typically store their urine in a special jug for one day
and return it to the hospital or clinic for analysis. This test is inconvenient and requires careful
sample collection. In contrast, a blood test involving the prick of the finger seems relatively rapid
and easy to perform. The optimal range of creatinine in serum is 0.6-1.2 mg/dL (equivalent to 53-
106 uM).'t A concentration higher than 106 uM is associated with the risk of heart disease. The
patient should consult a physician or go to a hospital for treatment. A concentration lower than
53 uM can indicate abnormal renal function. Therefore, having a sensor at home could prove

useful.

Monitoring heart disease typically requires a holistic approach to achieve better clinical
outcomes. Ideally, several markers should be considered at the same time (e.g., creatinine, B-
type natriuretic peptide (BNP), N-terminal fragment of its prohormone (NT-proBNP), hemoglobin,
troponin |1, etc.).”” 18 Taken together, these biomarkers allow one to assess risk and provide

accurate feedback to clinicians and patients.
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1.2. Current state-of-the-art detection of creatinine

There are several techniques currently used to estimate creatinine concentration in

clinical laboratories. These techniques are based on enzymatic or non-enzymatic reactions.®

1.2.1. Chemical method based on Jaffe’s reaction for detection of

creatinine
One non-enzymatic method is the Jaffe reaction. It is a colorimetric assay using ultraviolet-
visible (UV-Vis) spectrophotometry. In this reaction, creatinine and picric acid form the orange-
red Janovsky complex in an alkaline environment that can be detected and quantified at a
wavelength of 510 nm (Fig. 2). This method is widespread due to its simplicity and low cost for

determining GFR. In fact, it has been used for more than 136 years.?°

OH

o} rc! Ny ON
X\f N
N
Ch, NO,
Creatinine Picric acid Janovsky complex

Figure 2. Jaffe’sreaction. Creatinine (colorless) forms an orange-red complex with picric acid

(yellow), called the Janovsky complex. The figure was taken without modification.??

However, this detection method has some disadvantages. One of the main drawbacks is
that it is not specific to creatinine. Other metabolites in the patient's sample (serum and/or urine)
have been shown to form coloured complexes with alkaline picric acid (e.g. bilirubin, glucose,
hemoglobin, and some proteins).'® *° Consequently, these non-creatinine-related chromogens
lead to a 15-25% higher signal than creatinine.?> 22 Moreover, it is a time-consuming method that
requires sample pre-treatment involving centrifuging and pipetting solutions. Also, the method

needs more than 0.15 mL of a biological sample.
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1.2.2. Enzymatic strategies for the detection of creatinine

As no alternative chemical methods were found, enzyme-based assays were developed.
The main advantage of using enzymes to detect creatinine is their high selectivity, as they do not
react with other molecules in biological samples. However, finding the right enzyme may be
challenging. Particularly, to detect the creatinine molecule, clinical laboratories often use the
combination of two or three enzymes to improve the assay’s specificity increasing the cost of the
routine analysis.'® Typically, enzymatic strategies for detecting creatinine are based on three well-
known reactions (Fig. 3).22 In the enzyme-based creatinine sensors, an enzyme cleaves a substrate
(creatinine), and the product of the reaction generates a measurable signal. The measurable
signal can be obtained through detecting a by-product of the reaction, such as H,0,, cation
ammonium (NH4*) or ammonia (NHs), using a specific transducer. Therefore, the concentration

of creatinine depends on the initial substrate concentration as well as on the enzyme activity.

Enzymes
Creatinine amidohydrolase (CA)
A) Creatinine + H,0 Creatine
. Creatine amidinohydrolase (Cl) .
Creatine + H,0O Sarcosine + urea

i Sarcosine oxidase i
Sarcosine + H,0 + O ———————— Glycine + formaldehyde + H,0,

e

Enzyme
Creatinine Deiminase (CD)

B) Creatinine + H,O N-methylhydantoine + NH;

Enzymes
Creatinine amidohydrolase (CA)

C) Creatinine + H,O Creatine

" Creatine amidinohydrolase (Cl) ;
Creatine + H,O Sarcosine + urea

Urease

Urea + 2H;0 —— 2NH3 + CO4

Figure3. Examples of three main enzymatic reactions to detect creatinine. The figure was

taken without modification.??
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Today, an effort is made to implement the use of quick and relativity portable
electrochemical sensors with enzymes in current devices; however, there is still room for
improvement, and they are yet to be optimized. As we may see from Table. 2, these devices are
not user-friendly because they remain typically too expensive to be employed at home (>40005)
and often require special assistance.?3-2° Reflecting on these facts, biosensors could be a good
alternative to facilitate patients' daily routines by enabling them to monitor their markers in the

comfort of their home.13

Table 2. Comparison of the point-of-care devices based on enzymatic reactions coupled

with the electrochemical reader.

Characteristics | StatSensor 3 i-STAT?* ABAXIS PICCOLO Epoc Blood
Xpress?® Analysis?®
Design
Volume 1.2 uL 65 uL 100 pL 92 uL
Time 30 sec 2 min <14 min 1 min
Price 4000 CAD 4500 CAD 5200 CAD? + 7000 CAD
+ strips 700 CAD | + cartridge 200 reagent disk 200 | + card 1400 CAD
(14 CAD per | CAD (19 CAD per | CAD (20 CAD per | (28 CAD per
test)?’ test)?® test)3 test)3!
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1.3. Biosensors as promising diagnostic devices

1.3.1. What is a biosensor?

A biosensor is an analytical device that uses a biorecognition element (bioreceptor) to bind
a target molecule (referred to as the binding event) and a chemical or physical transducer to
process and produce a measurable signal (signal output) (Fig. 4).3% 33 Various biorecognition
elements have been employed in different biosensors, including enzymes, antibodies, nucleic
acids or cells.3* Upon specific recognition of the analyte, the binding event leads to the generation
of an electrochemical, optical, thermal, spectroscopic, or another type of signal that can be

transduced into a measurable readout.

Components of biosensors

Analyte Receptor Transducer Signal output

wiliote
O ‘(’rcﬁ_@ Enzyme Electrochemical r(-
D % Antibody Optical {\f\/\"

_— S
WM™ WM™ Nucleic acid Thermal
[ J
( @ Cell Piezoelectric Measurable signal
Binding event Signal transduction

Figure4. The scheme represents the main components of the biosensor. The figure was

taken without modification.3®

Oftentimes, the purpose of developing a biosensor is to have a small device that can monitor
an analyte of interest outside of a central laboratory. The analyte is typically a molecule or group
of molecules present in saliva, blood, sweat or other biological fluids that can be detected with
or without pre-treatment of the sample. Various biorecognition elements have been employed
to build biosensors, including enzymes, antibodies, protein receptors, nucleic acids, or cells.3336
These elements enable specific recognition of the analyte and can be coupled to various signalling
mechanisms to transduce biomolecular binding into specific readouts (e.g., electric, colorimetric,

etc.).3337
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Biosensors represent a revolutionary solution in the medical field for improving patient
health. According to recent research, the worldwide market size for point-of-care biosensors will
reach $43 billion by 2029.38 This can be explained by the steadily growing number of lifestyle
ailments (e.g., cancer, genetic disease, heart failure). Biosensors have already been successfully
developed in clinical applications and compare favourably with other analytical devices.?° To date,
they range from the simple lateral flow immunoassay that uses antibodies for a recognition
element (pregnancy test - Fig. 5A) to the portable glucometer that uses enzymes for a recognition
element (glucometer - Fig. 5B).*%4 These biosensors are cost-effective and have been

commercially available for more than 30 years.

A) B)

Figure 5. Commercially available biosensors. A) Pregnancy test (Lateral flow immunoassay),
B) Glucometer (electrochemical enzyme-based sensor). These figures were taken without

modification.?* 4>

Although enzyme-based sensors (e.g., glucometers) have seen widespread use for treating
diabetes, their working mechanism displays certain limitations. Firstly, enzyme-based sensors are
not universal since they cannot be adapted to detect molecules that are not involved in a known
enzymatic reaction. Secondly, enzymes are very sensitive to environmental conditions and may

not work well in complex matrixes (e.g., blood, urine, sweat, etc.). Lastly, enzymatic activity
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depends on the quality and immobilization of enzymes, which requires laborious development to

achieve reproducible fabrication and suitable shelf-life.46-48

Despite their great success, antibody-based sensors (e.g., pregnancy tests) also display
many limitations. Similar to enzyme-based assays, antibody-based sensors can also be sensitive
to environmental conditions. The main limitation of antibody-based sensors, such as lateral flow
immunoassays, is that signalling mechanisms employed in this class of sensors generally provide
qualitative or semi-quantitative results. The device only provides a “yes or no” answer. Thus, it is
not applicable to determine the precise concentration of molecules which is needed for various

health applications, such as glucose or creatinine monitoring.

In order to develop sensors that would provide the most benefits for future applications,
the World Health Organization has concluded that the ideal biosensor should possess the

following characteristics:*% >0

1) Sensitive and specific,

2) Quantitative,

3) Work in a complex medium (e.g., whole blood, saliva, urine),
4) User-friendly (ease-to-use),

5) Cost-effective (manufacturable),

6) Rapid,

7) Versatile.
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1.3.2. Electrochemical DNA-based sensors

1.3.2.1. Background

Electrochemical biosensors are a subclass of chemical sensors that transduce the
molecular binding event into the generation of an electrochemical signal.>! The main advantages
of electrochemistry are exemplified by the glucometer. The glucometer is cheap, rapid,
guantitative, portable, and provides a signal in complex samples such as serum or whole blood.
We note that electrochemical detection has achieved widespread use in clinical analyses due to
the abovementioned characteristics. Thus, biosensors coupled with electrochemical methods are

becoming an efficient and promising tool for analytical application.

1.3.2.2. E-DNA sensor

Electrochemical DNA-based (E-DNA) sensors represent a group of biosensors that utilize
DNA either as a biorecognition element or as a signalling mechanism to convert a biological
reaction into a measurable electrochemical signal.>® >3 The first electrochemical DNA (E-DNA)
sensor based on target binding-induced folding of attached DNA probes was introduced by Plaxco
and Heeger in 2003. The 5’ terminus of a short single-stranded DNA that formed a stable stem-
loop architecture was covalently attached to a redox reporter, and its 3’ terminus was covalently
attached to a thiol moiety for immobilization onto a gold surface via a gold-thiolate bond. A
complementary DNA strand binds to the E-DNA sensor triggering the opening of the hairpin and
the removal of the redox reporter, methylene blue, far from the gold surface (Fig. 6).>* This results
in a decrease in the Faradaic current due to reduced electron transfer efficiency. This biosensing
architecture was reported to detect less than 10 pM of the target, demonstrating that

electrochemical DNA-based sensing can provide highly sensitive detection.
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Figure 6. One component E-DNA sensor based on DNA hybridization. The detected target is

a DNA fragment of complementary sequence. The figure was adapted from Plaxco et al.>*

The main limitation of such a sensing architecture, however, is that the signalling mechanism
displays a “signal-OFF” electrochemical output, meaning that the sensor signal decreases with
increasing analyte concentration. “Signal-ON” sensor architectures are generally considered
more reliable because the generated signal does not interfere with various artifacts that decrease
the signal (e.g., non-specific binding, sensor degradation).>> It is therefore preferable to have a
“signal-ON” sensor because the signal is generated by detecting a specific molecule, and there is
no loss of the initial current. Another limitation of the above-mentioned sensing architecture
based on DNA hybridization is that it cannot be applied to detect non-nucleic acid targets such as

proteins.

1.3.2.3.  Electrochemical Aptamer-based sensors (AB-sensors)

In order to further expand the universality of E-DNA sensors in terms of the variety of
target analytes, Plaxco et al. >* also introduced electrochemical aptamer-based (E-AB) sensors.
Aptamers are single-stranded DNA or RNA sequences consisting of around 20-80 nucleotides (nt)
that have been selected to fold and bind to a specific target analyte. An aptamer’s binding ability
does not depend on the chemical reactivity of the target; therefore, the most important
advantage of using DNA as a biorecognition element sensor is that it can cover a range of targets,
including ions, small molecules, proteins, and even cells.3® 68 These aptamers are generally

designed or identified using a selection strategy first introduced in 1990 called Systematic
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Evolution of Ligands by Exponential Enrichment (SELEX) (see section 1.3.3 for more details on
SELEX).>® 0 Since then, the SELEX method has been dramatically improved, with the possibility of
selecting aptamers against various target molecules with high affinity and specificity.®% 62 In 2005,
the group of Kevin Plaxco adapted one of these aptamers into an E-AB sensor for the sensitive,
selective, and rapid detection of thrombin.®3 Using this sensor, they demonstrated the detection
of 64 nM of thrombin directly in bovine serum. Their sensor design is relatively simple (Fig. 7A).
A short single-stranded aptamer containing a redox element is first immobilized on a gold
electrode using a gold-thiolate bond. In the absence of the target, the aptamer remains unfolded,
and the redox element (methylene blue) is able to reach the gold electrode and transfer its
electrons efficiently. Upon binding to the thrombin protein, the aptamer folds into a G-
quadruplex conformation (formed from four stacked guanine), significantly altering electron

shuttling, thus creating a “signal-OFF” sensor.

Protein
(Thrombin)

v
Methylene blue %
~50

—’

Aptamer

A) “Signal-OFF”

Methylene blue

B) Small molecules
(Cocaine)

B o “Signal-ON”

Aptamer ’ :,7_\};0 (\ :.

Figure 7. E-AB sensors based on binding-induced conformational changes. Detected targets
are: A) thrombin and B) cocaine. Detection of thrombin and cocaine are based on their specific

aptamers. These sensors are generally referred to as one-component sensors since they
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combine both the recognition mechanism and the signalling mechanism in a single component.

The figure was adapted from Plaxco et al.63 ¢4

One year later, the same group also adapted this strategy to the detection of small
molecules (e.g., cocaine) by creating a “signal-ON” sensor.%* They fabricated this sensor using a
structure-switching mechanism similar to the one mentioned above (Fig. 7B). In the absence of
the target, the aptamer remains partly folded, and the redox element transfers electrons with
reduced efficiency. Upon binding to cocaine, the aptamer folds and brings a redox element closer
to the gold surface, thus producing a “signal-ON” output. It is worth noting, however, that the
performance of these E-AB sensors is also strongly dependent on the length, the secondary
structure, and the stability of the aptamers employed. Indeed, in order to be efficient, these
biosensing architectures require careful optimization of the folding energy of the aptamers.®®
More specifically, the aptamers must remain relatively unfolded in the absence of the target

without being too destabilized.

1.3.2.4. Kinetically programmed aptamer-based sensors

Another promising strategy, the “kinetically programmed DNA assay”, was developed by
Guichi Zhu from our laboratory of Biosensors and Nanomachines.®® He has been developing a
universal aptamer-based strategy for detecting any specific targets in a single-step assay. His
strategy employs a kinetically programmed hybridization assay where an aptamer, a signalling
DNA strand, and a capturing DNA strand are added together simultaneously (Fig. 8). This approach
relies on their different binding kinetics. Thus, three competitive reactions occur which can form
the complexes target-aptamer (T-A), aptamer-signalling DNA (A-S), and signalling DNA-capturing
DNA (S-C). So, in the presence of a target, the target rapidly sequesters the aptamer (also called
the recognition reaction, k1), and the signalling strand cannot hybridize with the aptamer (this
reaction is called the inhibition reaction, kz). As a result, the signalling DNA has no other choice
but to bind to the complementary capturing DNA located on the surface of the electrode (also
called the signalling reaction, ks3). This results in the generation of an electrochemical signal. In
contrast, in the absence of the target, the aptamer will hybridize with the signalling DNA strand,

so only a few available signalling DNA strands will be able to reach the surface and hybridize with
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the capturing DNA strand. This biosensor is able to get a high, observable signal gain of 100 %
after 5 min of reaction. Having k1 > k, > ks leads to successful performance since the aptamer
binds more rapidly to the ligand compared to the signalling DNA strand. More importantly, this

mechanism is not affected by non-specific interactions and provides relatively fast hybridization.

)

k2 T Inhibition

Medium reaction
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‘_Fast arge Aptamer . S -C
+ Capturing
S Signalling DNA k3
DNA N - .
a . £ Signalling
—>
Slow
Electrosurface

. J

Figure 8. Representation of the new kinetically programmed strategy. Three components
(target, aptamer, and signalling DNA) are added simultaneously to the capturing DNA attached to

a gold surface. The figure was adapted from Zhu et al.%®

The number of publications in the field of biosensors continues to rise steadily, and
researchers keep exploring ways to translate novel sensing architecture into point-of-care
devices. Despite noteworthy advances in electrochemical aptamer-based sensors, the reported
architectures remain limited by various challenges. For example, as we have seen before, Plaxco’s
strategy (Chapter 1, section 1.3.2.3) requires an individual optimization of the aptamer’s folding
energy. It is therefore hard to control when creating a “signal-ON” or “signal-OFF” sensor.%% 64 Of
note, thermodynamics play a pivotal role in this particular biosensing architecture. Additionally,

an important consideration is the surface density of immobilized aptamers. It should be optimized
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individually to avoid steric hindrance. Moreover, sensor aging drastically affects the intensity of
the signal. The strategy proposed by G. Zhu likely solves these limitations and systematically
increases the gain of the assay. However, as we will see later, even this kinetically programmed

strategy is not found to be as universal.

1.3.3. Novel aptamer-based signalling mechanism based on selection strategies

New sensing strategies are often described as being “universal”. In fact, many strategies
are not universal at all, and they still face challenges. More specifically, none of the
aforementioned strategies have been universal for detecting a large variety of targets. As we can
easily observe, none are used as universal sensors on the commercial market. Our motivation
behind developing universal electrochemical aptamer-based biosensors is to make the assay
more adaptable to the detection of any target with minor optimization. Therefore, we started
with an in-depth analysis of how aptamers are selected. We were inspired by the idea of whether

we could imitate the selection process to design a new sensing architecture.

1.3.3.1. Conventional aptamer selection strategies
In general, selection strategies select for optimal activity. In the case of aptamers, they are
selected based on their binding affinity to a specific target molecule (ions, toxins, drugs, peptides,
proteins, cells, etc.). What is often forgotten, however, is that typically selection strategies also

select for a specific structure-switching mechanism.®’

SELEX typically starts with a random library of single-stranded nucleic acids (DNA or RNA)
attached in vitro by solid-phase synthesis (Fig. 9). The screening library is based on random
sequences from 20 to 80 nt flanked by two conserved regions at the 5’ and 3’ extremities (15-25
nt). The process begins with incubating a “random library” (usually 10%> sequences) and a target
under desired conditions. After washing out unbound sequences (elution step), bound sequences
move on to the partitioning round. This step helps to remove loosely bound aptamers (with low
affinity to the target) and find sequences displaying strong interactions. The partitioning round is
the most challenging and, at the same time, is a very diverse step. It can be done either by
attaching an aptamer to a solid support (e.g., beads, sepharose) or binding in solution. Usually,

counter and negative selections occur during this selection period to identify an aptamer with
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better selectivity.®® Counter-selection is performed against molecules with similar structures and
chemical groups to improve aptamer selectivity and affinity. Negative selection is performed to
avoid interference of non-target bound aptamers and enhance working efficacy under desired
reaction conditions.®® Negative selection is helpful when we need to work in a special
environment in the sample (e.g., acidic pH, specific ions, complex biological samples, etc.). When
it comes to working in a complex matrix such as serum, whole blood or saliva, we want to ensure
that the aptamer will specifically and selectively bind to the target of interest and not bind to
other molecules. The specific aptamer sequences are then amplified via polymerase chain
reactions (PCR). Single-stranded DNAs are regenerated from PCR to constitute a new pool called
the enriched library. This pool undergoes all steps again until the resulting aptamer pool is

sufficiently enriched. During the last SELEX round, the enriched pool is cloned and sequenced.>®
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Figure9. General scheme of SELEX (Systematic Evolution of Ligands by Exponential
enrichment) process with main steps. See the main text for more details. The figure was taken

without modification.>®
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1.3.3.2. A capture-SELEX strategy

A capture-SELEX is a variant of conventional SELEX. Recently, this type of SELEX has been
getting much attraction because it allows for designing aptamers against different molecules,
particularly small molecules (Fig. 10).”Y73 In this selection approach developed by the Stojanovic
lab, the “designed DNA library” consists of two strands: a capturing strand and an aptamer. Each
strand of the “aptamer library” contains a capturing strand-binding region, a random region, and
a competitive stem region that directly participates in the structure-switching of the aptamer in
the presence of the target. Here, a capturing strand from the selection (blue line) is attached via
biotinylated DNA to an agarose-streptavidin column. This capturing strand is complementary to
the capturing strand binding region of the random sequence of the “aptamer library” (green line).
If no binding happens, then there is no induced conformational change, and the aptamer still
attaches to its complementary capture strand.”® However, upon binding to a target, the target
induces dissociation of the aptamer from the capturing strand. The aptamer changes its
conformation and releases the short capturing strand from the selection. This is called a
partitioning mechanism. The unbound sequences are removed by washing several times.
Conversely, the bound sequences are amplified by PCR for large-scale cloning and sequencing as

in conventional SELEX.

The main advantage of the capture-SELEX is that it is well-suited to selecting aptamers for
small molecules (e.g., creatinine).”® 7> Often small molecules cannot be immobilized on a solid
surface. However, in this method, the library of DNA sequences is attached to the support instead
of the targets; therefore, there is no need to modify the target chemically. Another advantage of
this method is that using unmodified small targets can increase possible interactions with the
aptamer and therefore improve its binding affinity. And lastly, using the capture-SELEX method
allows for adapting the structure-switching mechanism in a fluorescent screening assay that is

based on the selection.b1 68 75
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Figure 10. Example of a capture-SELEX procedure optimized by M. Stojanovic. ’° This selection
protocol relies on a structure-switching mechanism. Top: designed DNA library (an aptamer and
its complementary capturing strand). Bottom: Al) The aptamer attaches to a capturing strand;
A2) The target induces dissociation of the aptamer from the capturing strand which changes its

conformation. The figure was modified from Stojanovic et al.”®
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Recently, this capture-SELEX has become popular due to its ease of being adapted into a
fluorescence-based sensor.”! 7678 A few detailed examples are presented in Fig. 11. For example,
Y. Li designed a novel approach to transform the capture-SELEX into a fluorescence signalling
system. In his strategy, the sensor consists of three DNA strands: an unlabelled aptamer, a strand
with a fluorophore (F), and one strand with a quencher ‘capture strand’ (Q). The latter strand is a
good example of imitating a complementary ‘capturing strand’ from the selection. The Li group
designed strands based on DNA’s complementarity; therefore, two parts of the aptamer are
complementary to the strand with the fluorophore and the quencher (Fig. 11A). Specifically, the
three mentioned strands stay intact, remain quenched, and do not produce a signal (low
fluorescence). However, in the presence of a target molecule, the aptamer changes its
conformation, detaches the capturing strand, and increases a fluorescence signal (high

fluorescence).”

Another successful example of the adaptation of the capture-SELEX strategy into molecular
beacon aptamers was demonstrated by the Group of Morse in 2007 (Fig. 11B). Morse chemically
labelled the aptamer with a fluorophore at its 5’ extremity, and the capturing strand (the same
strand that comes from the selection) was labelled at its 3’ extremity. When no target is present,
the two complementary strands form a duplex and stay together, leading to a low fluorescence
signal. However, upon binding to the target, the introduced target induces a conformational
change of the aptamer leading to a high fluorescent signal.®° This specific labelling (like a
molecular beacon) was well explored and incorporated in an efficient aptamer’s screening by

many other groups.’? 81,82
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Figure 11. Capture-SELEX strategies enable easy adaptation into a fluorescent sensor. A) Y.Li
et al. 7° designed a variation involving an immobilized capturing strand that hybridizes within the
aptamer's random region and dehybridizes in the presence of a target molecule. B) Morse et al.
8 demonstrated the adaptation of capture-SELEX into molecular beacon aptamers. The
introduced target induces a conformational change of the aptamer and leads to the dissociation
of the two strands (aptamer and a short capturing strand). These figures were taken without

modification. 7°-80
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1.4. Aim and thesis structure

The capture-SELEX strategy is an alternative aptamer selection method for binding targets
with high affinity without disrupting the natural state of the targets. We decided to take
advantage of this strategy and hypothesize that the already optimized structure-switching

mechanism selected from this approach could be readily adapted into an effective
electrochemical sensing strategy (Fig. 12). Therefore, the aim of this project is to develop a

sensing mechanism for creatinine based on the capture-SELEX selection strategy.
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Figure 12. Designing an aptamer-based signalling mechanism based on its selection strategy

(capture-SELEX). Top: In the absence of the target (creatinine), the signalling DNA, containing a
methylene blue redox element, stays bound to the aptamer and cannot reach the gold electrode
surface (low electrochemical signal). Bottom: In the presence of the target, the duplex formed
between the signalling DNA and the aptamer dissociates, releasing the signalling DNA that can

hybridize with the capturing DNA on the electroactive surface (high electrochemical signal).
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To reach that aim, we must achieve specific objectives. Therefore, we first identified and
characterized an aptamer selected using a capture-SELEX strategy. Then we adapted the aptamer
into a sensing architecture, optimizing and tuning different parameters. And finally, we validated

the sensor, spiking the molecule of interest (creatinine) in a complex matrix.
This thesis is organized into four chapters:

Chapter 1 provided a background and literature review on monitoring heart failure, biosensors,

and the aptamer SELEX strategies.

Chapter 2 described the main methodology and instrumentation setup that has been used to

develop and characterize a creatinine biosensor.

In Chapter 3, we further discussed and interpreted the obtained experimental results in greater

depth and their impact on the designed electrochemical strategy.

To conclude the thesis, Chapter 4 summarized the main results and proposed perspectives for

future work.
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Chapter 2 — Methodologies for the development of new

electrochemical aptamer-based sensors

This chapter described the main methodologies and a detailed plan for developing a new
strategy aimed at facilitating the successful development of an electrochemical aptamer-based
sensor (Fig. 13). The first step involved in the design of such a sensor was to identify a high affinity
and selective aptamer recognition element and characterize it (step 1, section 2.1). In this study,
we also employed UNAfold, a computational software, which helped to understand how the
aptamer may fold and estimated the main parameters (e.g., base pair composition and melting
temperature). To measure the binding affinity between the target and the aptamer, we used
Isothermal Titration Calorimetry (ITC). Then we proposed to design a sensing mechanism based
on the selection process of the aptamer (step 2, section 2.2) and carefully synthesized, purified
and quantified all the designed DNA strands (step 3, section 2.3). With all the strands in hand, the
next step was to validate the new biosensing architecture via a simpler fluorescence experiment
(step 4, section 2.4). For some well-known biosensing architectures, it is possible to move on
directly to electrochemical experiments. However, in this work, we demonstrated how
fluorescence experiments could help validate the binding-induced structure-switching
mechanism of the aptamer. Once this mechanism was validated, we could then adapt this
strategy for electrochemical detection (step 5, section 2.5). In order to start these electrochemical
experiments, we need to carefully choose the electrode system and the redox element,
functionalize the electrodes with DNA and choose the electrochemical technique. With this in
mind, we needed to characterize and optimize the electrochemical parameters. The performance
of the biosensor was evaluated using four analytical parameters: sensitivity, specificity,
repeatability, and dynamic range (step 6, section 2.6). Finally, the ability to detect the analyte of

interest was further assessed in a clinically relevant complex matrix: serum (step 7, section 2.7).
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Figure 13. Overview of the methodology to create a new sensing strategy based on the

capture-SELEX selection strategy. These essential steps are introduced and explained in Chapter
2.
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2. ldentifying a selective biorecognition element

We previously described creatinine as a good marker for HF problems. To recognize this
small biomolecule, we identified a potential creatinine DNA binding aptamer developed by the
group of Prof. Milan Stojanovic (Columbia University, USA). The SELEX strategy employed by Prof.
Stojanovic relies on the capture-SELEX format already presented in Chapter 1, section 1.3.3.2. In
order to explore the universality of our design strategy, we identified a moxifloxacin binding
aptamer from the Aptamer Group Company (United Kingdom)®® that has been also selected
through the capture-SELEX strategy. Both aptamer’s sequences are protected; therefore, their

whole sequences are not shown in this thesis.

2.1. Analyzing DNA structure

Next, we aimed to better understand the secondary structure of the selected aptamers.
To do so, we employed computational software such as UNAFold and Integrated DNA
Technologies Oligoanalyzer Tool 8 8 Folding predictions of the aptamers were performed at
room temperature (23°C) under reaction conditions of 150 mM Na*, and 2 mM Mg?*. These
analyses predicted a potential secondary structure of the aptamers (e.g., intramolecular stem-
loop). Such knowledge was important to design and optimize the sensing architecture (step 2,

section 2.2).

2.1.1. Measuring binding affinities using Isothermal titration calorimetry (ITC)

To estimate the binding affinity between the creatinine and its aptamer, we used an ITC
instrument from GE Healthcare called MicroCal iTC 200 (Scientific platform BMM at Université de
Montréal, department of biochemistry, faculty of medicine) (Fig. 14A). This physical technique is
label-free, non-distractive, sensitive, and allows us to determine the quantitative thermodynamic
parameters such as the variation in entropy (AS), the variation in enthalpy (AH), the free energy
changes (AG), stoichiometry (n) and dissociation constant (K4) through a computerized curve-
fitting of the obtained data.®® The Ky (dissociation constant) is a measure of the strength of the
molecular interaction between creatinine and the aptamer and is defined by the concentration

of creatinine at which 50 % of the aptamer is bound. Lower Ky values imply higher affinities
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between the ligand and the biomolecule of interest, which means that even at a low

concentration of creatinine, the binding event will happen.
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Figure 14. Overview of Isothermal Titration Calorimetry. A) GE Healthcare MicroCal iTC 200
B) ITC experimental design and data analysis (Top: raw data and Bottom: Wiseman plot). These

figures were taken without modification.?”- 88

Briefly, the ITC instrument measures the heat variation (heat absorbed or released) involved
in the molecular association (i.e., the binding of creatinine to its aptamer) that takes place in the
cell during the titration. Usually, the larger molecule goes into the cell while the smaller one goes
into the syringe (Fig. 14B). To determine the appropriate sample concentrations, we used an
experimental design mode ‘Highest Quality’ and a c-value parameter from the standard software.
The c-value is a concentration-dependent parameter that predicts the shape of the binding curve,
its optimal value ranges from 10 to 500 (Fig. 15).8° If the c-value is out of this range during
computational design, it might lead to inaccurate results and, therefore, miscalculations of the

association or dissociation equilibrium constants.
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Figure 15. The examples of simulated curves at different c-values using the same ligand and
titrant. In the simulated graph, the measured energy is plotted on the y-axis (kcal/mole of
injection), while the x-axis is represented by a molar ratio (ligand/macromolecule). The figure was

taken without modification.®®
Equation 1. Formula to calculate a c-value
c=n- MtOt " KA

Where c-value is a theoretical affinity-related parameter, also known as a ratio between
macromolecule and dissociation constant, n — binding stoichiometry, M;,; — molar concentration

of ligand in the cell. K, — association equilibrium constant.
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Typically, for a 1:1 binding reaction when there is only one binding site, the concentration
of titrant (here it is creatinine) should be 10-20 times higher than the concentration of the
molecule in the cell (aptamer).2% The molecule in the cell should be saturated or be so close to

being saturated by the end of the titration.

According to our computational simulations and calculations (Eq. 1), aptamer should be
added to the cell as a big molecule at a concentration of 100 uM, and the syringe should be filled
with 1500 uM of small molecule creatinine.®° Both samples (titrant and ligand) were diluted in a
buffer: HEPES (10 mM), NaCl (150 mM), KCl (5 mM), MgCl, (2 mM), pH = 7.5. 7° The experiment

was performed with 16 injections at room temperature.
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2.2. Engineering a biosensing strategy

As explained previously (Chapter 1, section 1.4), here we proposed and developed an
electrochemical sensing strategy based on the capture-SELEX strategy to select the creatinine
aptamers (Fig. 16A).”° Due to the folding of an aptamer in the presence of the target in the
capture-SELEX, the aptamer is released from the column and dissociated from the capturing
strand from the selection. Therefore, we decided to imitate the strand separation in the

electrochemical strategy.

The sensor consists of a gold screen-printed electrode, a capturing DNA strand (capDNA),
a signalling DNA strand (sigDNA), an aptamer, and a molecule of interest. Here, we are going to
introduce the terminology and the specific labelling for this designed biosensing strategy (Fig.

16B).

A) Selection procedure B) Sensing strategy

Capturing strand from selection

e T 1
T4CCaAGAGECLTOCTE
-Gt GCTCTCGGGACGA TCGTCCCGATGCTGCAATCGTAA-S .
L | ! | Without target
Capturing strand binding region Random region Competitive stem region

Current, nA

Without target With target Capturing DNA Eﬁ/\ptamer

Aptamer Voltage, V
. @ Formed duplex between aptamer
Molccjulc and signalling DNA

Gold electrode
J ¥—> < “Signal-ON”

&
Methylene blue o
g
5
M\ qulu ©
Voltage, V

With target

@f%

%

Signalling DNA

v

Dissociate

Figure 16. The biosensing strategy based on the capture-SELEX strategy. A) The schematic
presentation of the selection procedure. B) The schematic presentation of electrochemical

aptamer-based sensing mechanism. See the main text for more details.

In order to mimic the SELEX strategy, we decided to use exactly the same strands as in the

capture-SELEX strategy but labelled them with specific chemical moieties. The capDNA is a single-
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stranded DNA that can be attached to a gold surface of the electrode through the formation of
the S-Au bond via the thiol group. The thiol group can be chemically attached to the DNA
sequence in 3’ (see sections 2.3.1 and 2.5.2).6% %0 31 Additionally, we mimicked the capturing
strand from the selection strategy (here sigDNA) in the electrochemical strategy, labelling this
strand with methylene blue redox element responsible for electron shuttling. (see section 2.5.3).
In my designed strategy, the sigDNA is complementary to the capDNA. However, at the same
time, the sigDNA is complementary to the aptamer too. Keeping in mind that the aptamer can
specifically bind to an analyte and change its conformation, as discussed previously (see Chapter

1, section 1.3.2.3), we designed the following mechanism.

The first step in fabricating our sensor is to immobilize the capDNA (concentration of 3 uM)
onto the gold surface.®? The preformed duplex between the aptamer (concentration of 300 nM)
and the sigDNA (concentration of 100 nM, strand with a redox element, see section 5.3) is added
to the gold electrode. The incubation time of the duplex was 10 min at room temperature in a
dark place to prevent the degradation of the light-sensitive redox element. This step helps to
imitate a part of the selection procedure since the aptamer has been selected using a ratio of 1:3
(one part of the aptamer and three parts of its complementary strand). The idea is that the formed
duplex between the aptamer and the sigDNA (two strands stay intact together) has a reduced
electrochemical signal because only a few sigDNA strands are able to reach the electrode surface
and hybridize with the capDNA (Fig. 16B top). Due to the folding of aptamer in the presence of
the molecule of interest (for example, 0.5 mM of creatinine), the aptamer is released from its
complementary strand sigDNA with methylene blue, and the duplex dissociates, thus releasing
the sigDNA that now fully hybridizes with the capDNA (designed strand complementary to
sigDNA) on the electrode surface. This produces a high electrochemical signal by having the

redox-label strand with methylene blue close to the electrosurface (Fig. 16B bottom).*?
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2.3. Design and Synthesis of DNA strands

2.3.1. Sequences of DNA-based sensor

The DNA strands used in this work are presented in the table below (Table 3). The

sequences are listed from 5’ to 3’.

Table 3. Sequences of designed DNA strands.

Name of Base pair
Melting
the DNA sequence (5’-3') Length | composition,
temperature
sequence GC content %
Capturing
C TCT CGG GAC GAC-SH 13 69.2 % 54.9 °C
DNA
Signalling
Methylene blue-GTC GTC CCG AGA G 13 69.2 % 54.9 °C
DNA (13)
Aptamer

CTCTCGG GAC GAC(N40Confidential)
A) 66 50 % 77.9°C
G GGG TGT CGT CCC

Original
Aptamer CGAC (N40Confidential) G GGG TGT
54 44.4 % 75.5°C
B) CGT
Aptamer
(N40Confidential) GGG GT 45 40 % 72.3°C
Q)
Aptamer
(N34Confidential) GG 36 342 % 66.9 °C
D)
Capturing
strand BHQ-GTC GTC CCG AGA G 13 69.2 % 54.9 °C
with BHQ
Capturing
strand BHQ-GTT CTATTCTTCA 13 30.8% 38.4°C
with BHQ
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for

aptamer
with
internal
FAM
Aptamer -
with FAM CTCTCGGGACGAC(N40Confidential) 66 50 % 77.9 °C
label GGGGTGTCGTCCC
Aptamer
CTCTCGGGACGAC(N40_T-
with
_Confidential) 66 50 % 77.9 °C
internal
GGGGTGTCGTCCC
FAM
Signalling
Methylene blue - C GTC CCG AGA G 11 72.7 % 49.3 °C
DNA (11)
Signalling | Methylene blue - C GTC GTC CCG AGA
14 71.4 % 58.9 °C
DNA (14) G
Moxi
Confidential 43 Unknown Unknown
aptamer
Capturing
TGA GGC TCG ATC-SH 12 58.3 %
DNA_Moxi 49.5 °C
Signalling
Methylene blue -GAT CGA GCC TCA 12 58.3% 495 °C
DNA_Moxi
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2.3.2.  Synthesis of all designed strands

The designed DNA strands (labelled and unlabelled) were synthesized using a H-6
DNA/RNA Synthesizer from K&A Laborgeraete, Schaafheim. The strands were made by solid-
phase chemistry using different phosphoramidites (Biosearch Technologies). All syntheses were
performed on a 1 umol scale using CPG (Controlled Pore Glass) solid — support (Glenresearch).
Following synthesis, unlabelled strands, including thiol modifications, were then deprotected
with 1 mL of 30 % aqueous ammonium hydroxide for 16 hours at 55 °C. The strands with
methylene blue were deprotected for 48 hours at room temperature in a dark place to prevent
its degradation since methylene blue is light-sensitive. Depending on the modifications, the DNA
strands were then purified either by reverse-phase cartridge (RPC) or by high-performance liquid

chromatography (HPLC).

2.3.3.  Purification of DNA strands by Reverse Phase Cartridge

Unlabelled DNA strands and strands containing the thiol group or the ‘Black Hole
Quencher®-1’ (BHQ-1) modifications were purified by RPC, because these strands have a 5’
hydrophobic protecting group (4,4'-dimethoxytrity, DMT) that enables the strands to be retained
by the hydrophobic resin of the cartridge. RPC purifications were performed with MicroPure Il
columns (BioSearch) according to the standard K&A Laborgeréte’s protocol using a P-8 purifier

from K&A Laborgeréte, Schaafheim.

2.3.4.  Purification of labelled DNA strands by HPLC

DNA strands synthesized without a 5" DMT protecting group (i.e., strands containing 5’-
methylene blue or 5 - fluorescein (FAM)) were purified using high-performance liquid
chromatography (HPLC), a 1260 Infinity Quaternary LC System from Agilent Technologies. The
two mobile phases were used: 0.1 M triethylamine pH=7.2 (TEAA) and HPLC grade acetonitrile
(ACN) with the following elution gradient of 5-100 % over 21 minutes. The stationary phase was
an XBridge Oligonucleotide BEH C18 OBD Prep Column, 130 A, 2.5 um, 10 mm x 50 mm from
Waters Corporation. The labelled strands with methylene blue and FAM were detected using a
standard diode-array detector monitoring two absorbances: 260 nm (DNA), 665 nm (methylene

blue), and 520 nm (FAM).
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2.3.5. Quantification of DNA strands

All DNA strands were quantified by absorption spectroscopy using a Nanodrop 2000c
Spectrophotometer from Thermo Scientific. All synthesized strands were diluted in deionized
water, and 1.5 pL of the samples were used. The concentrations of all DNA strands were

calculated using the Beer-Lambert Law (Eq. 2):
Equation 2. The Beer-Lambert equation
A=¢c-c-l

Where A is the absorbance measured with Nanodrop 2000c, ¢ is the molar absorption coefficient
(M1ecm; for unlabelled DNA - £ depends on the DNA strand composition and can be estimated
from the Integrated DNA Technologies OligoAnalyzer Tool. For labelled DNA the molar absorption
coefficients of methylene blue- and FAM-labelled DNA are is 65000 Mt cm™ and 75000 M cm?
respectively, c is the molar concentration (M), and / is the optical path length (0.1 cm). DNA has
an absorption maximum at 260 nm. The labelled DNA strand with a redox moiety like methylene
blue gives a shifted peak around 665 nm. Another peak of the labelled DNA with a FAM moiety
would be at nearly 520 nm. All DNA strands were prepared as 100 uL of 100 uM stock solutions

and stored at -20 °C.

2.4. Fluorescent experiments

Fluorescence spectroscopy was performed with a Cary Eclipse Fluorescence
Spectrophotometer from Agilent Technologies. All measurements were done in quartz cuvettes.
The settings were: excitation (ex)/emission (em) slit widths of 5 nm, excitation of 498 nm and
emission of 520 nm for FAM. All experiments were done at room temperature. Firstly, the
aptamer with FAM label alone was recorded by adding 1.2 pL (final concentration 120 nM) to 1
mL of buffer (see section 2.1.2), mixing by pipetting prior to transfer into a quartz cuvette. After
3 min, the duplex was formed in a solution at a 1:1.2 ratio (1 Quencher and 1.2 Fluorophore) by
adding 1 plL of the strand with BHQ-1 quencher to the previous solution. Binding with the
molecule was initiated by gradually spiking 5 uL and 100 pL of 100 mM creatinine after 15 min

when the equilibrium of the duplex was reached.
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2.5. Electrochemical sensor

This section gives an overview of the electrode system, followed by an explanation of the
functionalization procedure, choice of the redox element, characterization of the electrodes, and

optimization of the electrochemical parameters.

2.5.1. Electrode system

Electrochemical measurements were performed using the ‘Phase Zero Sensors’ screen-
printed electrodes from Conductive Technologies. These electrodes consist of a PET (polyethylene
terephthalate) protective layer, a gold working electrode, a gold counter electrode, and a
silver/silver chloride (Ag/AgCl) reference electrode with a screen-printed insulating dielectric (Fig.
17).°* In principle, the working electrode is the electrode where the applied potential is
controlled, and the current flow is measured. The potential is applied to the working electrode
with respect to the reference electrode, which has a fixed and well-defined potential and no
current passing through it. The counter electrode allows an electrochemical reaction to occur on
its surface and transfer electrons. Consequently, in the three-electrode system, current flows
from the working electrode to the counter electrode and the reference potential does not
change.®> The working electrode area has a diameter of 2 mm.%* The required volume to cover

the electrode system and perform the experiments is 65 pl.

Reference electrode

Ag/AgCl
(Ag/AgCl) Wokring electode

Counter electrode (Au)

(Au)

Figure 17. The screen-printed electrode ‘Phase Zero Sensors’. Three electrode system: a
working electrode (Au), a counter electrode (Au), and a reference electrode (Ag/AgCl). The figure

was taken without modification.?*
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2.5.2. DNA Immobilization onto the gold electrode surface

The first step is to obtain a reliably clean gold surface. The screen-printed CTI electrodes
from Conductive Technologies were cleaned with 100 % isopropanol for 2 min by adding 65 pl to
the working area. After the cleaning procedure, the electrodes were washed with deionized

water, followed by drying with nitrogen (N2) gas.

The electrochemical performance relies on the proper immobilization of DNA to the
electrode surface. Among methods such as physical adsorption, linker-mediated coupling or
bioaffinity interaction coupling, we chose chemisorption.®® Surface functionalization was done
according to the protocol of Keighley et al.’” The protocol begins with the incubation of 4 pL of
10 mM TCEP (tris(2-carboxyethyl) phosphine) and 2 puL of 100 uM capDNA for 1 h in a small
Eppendorf tube. TCEP reagent cleaves the S-S bond of the capDNA into 6-Mercapto-1-hexanol
(MCH is a short-chain alkanethiol molecule) and 3’-SH-DNA (Fig. 18A). After 1 h of this reduction
reaction, the buffer was added to dilute the mixture to the final concentration of capDNA of 3 uM
(Fig. 18B). Then 5 uL of 3 uM reduced constructs was loaded to the working electrode surface
(Fig. 18C).% All the electrodes were incubated overnight at 4 °C to attach capDNA and to form a
self-assembled monolayer (SAM) on the gold surface (Eqg. 3). Later, the electrodes were rinsed

with DI water again.
Equation 3. The chemical reaction for the immobilization of capturing DNA on the gold surface

DNA-probe — SH + Au — DNA-probe — S — Au+e~ + H*

To obtain a well-formed Au-S-DNA/MCH layer, the electrodes were treated a second time
with 5 pl of 2 mM of 6-Mercapto-1-hexanol (MCH) for 2 hours to remove loosely bound DNA and
form a stable self-assembled monolayer. After passivation, the gold electrodes were again rinsed

with DI water, followed by drying with N gas.
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Figure 18. Schematic design of the capDNA and its immobilization onto the gold electrode
surface. A) Structure of the synthesized capDNA strand. B) Treatment with a reducing reagent
(TCEP). C) Immobilization of the capDNA onto the gold working electrode followed by MCH

passivation.
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2.5.3. Redox element

Over the past decade, methylene blue has been a redox element of choice to generate the
electrochemical readout signal in E-AB-sensors. It is well-suited for electrochemical sensors
because MB provides an efficient electron transfer (2 electrons during the redox reaction), good
sensitivity, and strong stability at the negative potential window (Fig. 19A).° We covalently
attached this redox element to a DNA strand to design a signalling strand (sigDNA) that will

produce an electrochemical signal (Fig. 19B).

A) B)
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\ng/ T/

Gold electrode
o . i V
Methylene blue

3,7 - bis(dimethylamino)phenothiazine Potential, V

Signalling DNA
(DNA with methylene blue)

oxidation
uorINpaa

Current, nA

Figure 19. Redox element — methylene blue. A) Chemical structures of methylene blue. The
figure was taken without modification.®® B) Top: A sigDNA strand containing methylene blue
hybridizes on the electrode surface with the immobilized capDNA strand. Bottom: The

electrochemical response of methylene blue and voltammogram of the expected peak reduction.
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2.5.4. Square wave voltammetry

Square wave voltammetry (SWV) is a form of pulse voltammetric technique that detects a
change in current with great sensitivity. The current is sampled twice, just before the end of the
forward-going pulse (point i1) and at the end of the reverse pulse (point i;) at the constant
frequency.® The difference between the two sampled currents is plotted versus the applied
staircase potential, as shown in Fig. 20. It is also a method of choice that has seen widespread
adoption in the community due to its ability to discriminate between charging and faradaic

currents and therefore achieve better sensitivity.>®

A) _—
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Figure 20. Square wave voltammetry overview. A) The waveform of square wave
voltammetry combines staircase potential and square wave potential. B) The difference in
currents sampled between point i1 and point i; against applied potential. The figure was taken

without modification.19°

55



In this work, SWV was used to determine the variation of electrochemical response in
the presence of an analyte. Different creatinine concentrations were added to samples to obtain
a binding curve. The electrochemical measurements were done at room temperature using
square wave voltammetry from -0.10 V to -0.55 V (vs. Ag/AgCl) to record the reduction peak of
methylene blue, with an amplitude of 25 mV and an optimal frequency of 90 Hz for 150 cycles.
All peaks were extracted in the PSTrace software (of Palmsens Instrument) and drawn in

KaleidaGraph graphing program.
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2.5.5. Optimal frequency for electron transfer

Often the electrochemical response can be improved by tuning the frequency of the
electrochemical method. The optimal frequency corresponds to the frequency at which the
electron transfer is the most efficient. Therefore, the optimal frequency represents the maximal
transferred charge and can be tuned by changing the frequency of the electrochemical method.
To determine the optional frequency, we used SWV measurements.>® To do so, the SWV was run
in arange from -0.55V to-0.15 V (vs. Ag/AgCl), using a 0.001 V step, a 100 mV/s scan rate, a 0.025
V amplitude, and frequencies ranging from 2 Hz to 750 Hz. After all measurements, we drew a
Lovric Graph to find the optimal frequency for electron transfer (Fig. 21). For this assay, we
determined that the maximum cumulative charge (top of the peak height) would be at a

frequency of 90 Hz.
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Figure 21. Lovric Graph shows the dependence of cumulative charge and frequency. Optimal

frequency represents the maximum transferred charge.
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2.5.6. Calculation of signal enhancement (signal gain)

The signal gain was calculated based on the definition of signal enhancement.°! Signal
enhancement represents the difference between the peak current after adding the analyte and
subtracting the initial peak current (without the analyte) divided by the initial peak current (Eqg.
4).

Equation 4. The formula for the calculation of the signal gain

Iwith analyte — lIwithout analyte

Signal gain (%) = 100 %

Iwithout analyte

2.6. Sensor characterization

The performance of a biosensor can be evaluated using four analytical parameters:
sensitivity, specificity, experimental reproducibility, and dynamic range. These parameters will
help to develop an effective biosensing architecture for future point-of-care devices. The
sensitivity is defined as the ability of the sensor to respond reliably and quantitatively to changes
in different analyte concentrations. Usually, sensitivity is closely associated with the limit of
detection (LOD), and the LOD is the lowest concentration of an analyte that can be reliably
detected with stated confidence.!?? The sensitivity can be determined by the concentration
variation in the electrochemical measurements; it is defined as the slope of the linear response.
However, in our work, this characterization step is still ongoing and needs more time to be
completed (the results are not shown). The specificity was defined as the ability of the sensor to
distinguish the analyte from other molecules in the sample.'%? The specificity of this biosensor
was tested by comparing the heat response measured by the ITC instrument in the presence of
urea. We choose this molecule as a model because it has a similar chemical structure to
creatinine. The instrument and intra-assay precisions were done during my research work. The
instrument precision means that the same sample with the same volume was repeatedly
introduced into an instrument more than ten times. The intra-assay precision is defined by
analyzing samples several times by one person on one day with the same instrument.1®? The
dynamic range was defined as the concentration range over which there is a measurable

response.’?? To identify the dynamic range, a binding curve was used to evaluate the sensor’s
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performance. Typically, the dynamic range is defined by the analyte concentration over which the
sensor response ranges from 10 % to 90%. The electrochemical current is plotted on the y-axis,
while different measured concentrations are plotted on the x-axis (log function). All experiments

were repeated at least three times (n=3).

2.7. Sensor validation in serum

In order to determine the ability of the sensor to detect the specific target in its intended
biological matrix, we validated our sensing mechanism in serum (ISERS50ML-36688-12,
Innovative Research). For our preliminary results, we additionally spiked 1 mM of creatinine in
serum with an unknown creatinine concentration. Keeping in mind that serum naturally contains
creatinine, we needed to degrade the creatinine molecule in the sample prior to performing our
measurements. To do so, for our negative control, we added an enzyme ‘creatinine deiminase’
(Creative-Enzymes, 10U/mg, 5KU, activity 1500 U/ml) to cleave creatinine into N-
methylhydantoin and ammonia.'%® Using this enzyme for the negative control helped us to
properly validate the designed sensing strategy in a complex sample and avoid false-positive

results.
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Chapter 3 — Results and Discussion

This chapter presented the characterization results of the creatinine aptamer. Two
attempts to adapt this aptamer into an electrochemical sensor using already developed sensing
strategies were reported: the “one-component assay” (see Chapter 1, section 1.3.2.3) and the
“three-component assay” (see Chapter 1, section 1.3.2.4). As we will see, these attempts have
not been successful. In response, we have engineered and tested a novel signalling mechanism
inspired by the selection procedure employed for the creatinine aptamer selection. To begin with,
we designed and tested this strategy using fluorescence spectroscopy. Then, we adapted the
fluorescence signalling mechanism into an electrochemical signalling mechanism. This signalling
mechanism was further characterized, optimized, and validated in a complex biological medium
such as serum. The potential universality of our proposed sensing mechanism was further

suggested by adapting a commercially available aptamer to detect the Moxifloxacin antibiotic.

3.1. Characterization of the creatinine aptamer

The aptamer is the key recognition element responsible for selectively detecting the
target. Finding an aptamer for detecting small molecules has been shown to be challenging.”* We
have the aptamers that have been selected for creatinine binding and that have a length of 66 nt,
which is above the average length of aptamers. Usually, the length of aptamers is typically
between 25 and 50 nt.1%4197 We first analyzed the potential fold of the one aptamer (see Chapter
2, section 2) using UNAFold to estimate its secondary structure, its stability, its melting
temperature, and its GC content under our reaction conditions: 10mM HEPES, 150 mM NaCl, 5
mM KCl, 2 mM MgCl, and pH = 7.5, room temperature (Fig. 22A).7% 84 The predicted structure of
the aptamer has a stable stem, three loops, and shows good stability (negative free energy of

Gibbs -7.25 kcal) (Fig. 22B).
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Figure 22. Characterization of the creatinine aptamer. A) The predicted secondary structure
of the creatinine aptamer, and B) Its characteristics predicted by UNAFold. Of note, the complete

sequence of the aptamer is not disclosed due to an ongoing non-disclosure agreement.

3.1.1.  Characterization of the aptamer binding affinity

We then characterized the aptamer’s binding affinity. We performed ITC experiments,
which showed that the aptamer binds to creatinine with a calculated Kq value of 19 uM (Fig. 23A)
(see Chapter 2, section 2.1.1 for the details of the calculations). We found that the binding of
creatinine with the aptamer is driven by a negative change in enthalpy (AH = -13.6 kcal/mol),
indicating that it is an exothermic process. Also, we obtained n = 1.3, suggesting a single binding
site. Interestingly, the calculated Kq value (19 uM) also corresponds to the clinically relevant
ranges of creatinine (see Chapter 1, section 1.1; [equivalent to 53-106 uM]) suggesting that this

aptamer may display an optimal sensing range.
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In order to explore the selectivity of the aptamer-creatinine interaction, we measured the
binding affinity between the aptamer and urea. Urea and creatinine are two small molecules with
similar chemical groups (e.g., amino groups), and since the normal urea concentration is around
100-fold higher than the creatinine concentration, potential interference is possible. We,
therefore, ran an ITC experiment on urea and confirmed that no interaction was detected

between the creatinine aptamer and urea (Fig. 23B).
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Figure 23. ITC characterization of the creatinine aptamer. A) Top: raw data, and Bottom:
binding isotherm of the aptamer with creatinine. B) Top: raw data, and Bottom: binding

isotherm of the aptamer with urea.
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3.1.2.  Attempt at designing a shorter creatinine aptamer

After confirming that the aptamer selectively binds to its target, we explored whether we
could further reduce the length of the aptamer. Indeed, long aptamers often display folding
challenges.>” 7> 108 Knowing that the extremities of the aptamer are made of a DNA sequence
designed for structure-switching mechanism, we decided to cut the extremities of the aptamer
while verifying if the aptamer still retained its binding affinity. We found that deleting 4 WC bp in
the stem and 5 nt in the tail to get a length of 54 nt enables to keep a Ky value of 54 uM versus
19 uM for the original aptamer wild type (Fig. 24B). The increase in K4 value (less than 3-fold)
suggests that the deleted base pairs were contributing to the binding affinity of creatinine. In
contrast, the 45 nt aptamer (- 8 WC bp and — 5 nt in the tail) (Fig. 24C), and the shortest 36 nt
aptamer (removed 30 nt from the left side) (Fig. 24D) displayed no binding activity to creatinine.
All these results confidently suggest that the whole length of the aptamer is important and should
not be modified. Removing base pairs from the original aptamer can disrupt its binding site
leading to low or no binding to the target. Given the smallest affinities of the shorter versions of

the aptamer, we decided to keep the original 66 nt version for the adaptation into a sensor.
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Figure 24. Reducing the length of the aptamer reduces its affinity for creatinine. The

original aptamer length is 66 nt. We removed various sections (see blue box) to create shorter
aptamers with lengths of 54 nt, 45 nt and 36 nt, and then determined their binding activities

to creatinine.
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3.2. Engineering signalling mechanisms

Many strategies have been explored to date to adapt aptamers into efficient
electrochemical sensors.®% 106, 105-113 | this section, we first explored the integration of the
creatinine aptamer into an E-AB sensor using the “one-component” and “three-component”
assays. Because these two strategies failed, we developed a novel signalling mechanism based on

the capture-SELEX procedure.
3.2.1. Classic electrochemical aptamer-based assays

3.2.1.1.  One-component assay

The most popular signalling mechanism employed to adapt aptamers into electrochemical
sensors consists of attaching the aptamer directly to the electrode via one of its extremities while
adding a redox molecule to its other extremity. This “one-component” sensor (see Chapter 1,
Section 1.3.2.3), pioneered and popularized by Prof. Plaxco, has already been tested on various
creatinine aptamers.®® ¢ 105 |ndeed, Prof. Plaxco has confirmed with us that none of the
creatinine aptamers worked in the well-known “one-component” assay. The reason behind this
failure was not clear. Destabilizing mutations to optimize the folding-upon-binding mechanisms

of these aptamers were also tried, but none of them produced working sensors.

3.2.1.2. Three-component assay

Motivated by recent successes obtained in our laboratory on a newly developed “three-
component” aptamer-based signalling mechanism (see Chapter 1, section 1.3.3), we decided to
test this approach with the creatinine aptamer. To do so, we designed the MB-labelled sigDNA
that is complementary to the first 13 nt of the 5’ end of the aptamer (Fig. 25A). We performed
the assay, as reported, in a one-step manner by simultaneously adding all three components (the
sigDNA, the aptamer, the capDNA-electrode) to the sample containing or not 0.5 mM of
creatinine. The kinetic rate ki (between creatinine and the aptamer) is expected to be much faster
than k; (kinetic rate between aptamer and sigDNA) and ks (kinetic rate between sigDNA and the
capDNA).
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Figure 25. Adapting the creatinine aptamers into a “three-component” strategy failed. A) The
schematic design of the kinetic assay. B) The electrochemical detection of creatinine. All three
components were added together according to the “kinetically programmed strategy”. The data
points are the average of triplicated measurements. The error bars, representing the standard

deviations, are too small to be seen.

In the presence of high creatinine concentrations, we expected the aptamer to be
sequestered in a conformation that precludes binding to the complementary sigDNA. In this case,
the sigDNA containing methylene blue would be free to reach and hybridize the capDNA at the
surface of the electrode, thus generating a large electrochemical current. Unfortunately, we did
not observe a difference in signal between the sample containing creatinine (blue data) or not
(pink data) (Fig. 25B). Although the sigDNA seems to be able to bind to the aptamer (see pink
data: lower electrochemical signal in the presence of the aptamer), creatinine binding to the
aptamer (blue data) does not appear to sequester the aptamer further and limit its ability to bind

to the sigDNA. Unfortunately, these results also suggested that the “three-component” strategy

is not universal either.
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3.2.2. Signalling strategies based on SELEX

Over the years various groups employed a fluorescent strategy based on the SELEX
strategy to characterize the affinity of their selected aptamers (see chapter 1, section 1.3.3). 7% 7%
81 We therefore hypothesized that employing a similar strategy to create an electrochemical
sensor may represent a universal signalling mechanism. We tested this idea by first employing a
fluorescent signalling mechanism, which is simple in terms of performance.'* We then adopted

a similar strategy for an electrochemical sensing assay.

3.2.2.1. Validating the signalling mechanism based on the selection strategy using
fluorescence

A fluorescent assay provides a rapid and inexpensive strategy to characterize a signalling
mechanism. We, therefore, employed this experiment to demonstrate that creatinine binding
induces dissociation between a signalling DNA sequence (sigDNA or capturing strand from the
selection) and the aptamer. To do so, we labelled the 5'-terminus of the aptamer with the FAM
moiety and the 3’-terminus complementary strand (i.e., the sigDNA) with the BHQ-1 moiety that
absorbs efficiently the wavelength emitted by FAM.1> In this experiment, if the sigDNA is released
from the aptamer in the presence of creatinine, an increase in fluorescence should therefore be
detected. We first noticed that the unbound aptamer produces a high fluorescent signal via its
FAM moiety, with an intensity of around 180 a.u. (Fig. 26A). As expected, when adding the
complementary strand (sigDNA) containing the BHQ-1, the fluorescence decreased by 86 %. We
then spiked increasing amounts of creatinine (0.5 mM and 10 mM) and observed a simultaneous
increase in the fluorescence signal (relatively 88 % and 172 %), confirming that creatinine induces
the dissociation of the sigDNA from aptamer. This result suggests that the signalling mechanism
is similar to the proposed structure-switching mechanism selected via the capture-SELEX strategy.
It also demonstrates that it is likely adaptable to an electrochemical format since we can also label

the releasing strand with a redox element.

While investigating this signalling mechanism, we also considered the effect of changing
the binding location of the sigDNA in the aptamer-sigDNA complex. Since the selection strategy

was not performed using this specific aptamer duplex, we hypothesized that creatinine addition
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might not be able to release the signalling strand. We, therefore, labelled the aptamer with an
internal Fluorescein moiety (FAM attached to thymine) that matches the location of the new
complementary signalling DNA (Fig. 26B). When the aptamer was alone, the FAM produced a high
fluorescence signal (near 100 a.u.), and once hybridized to its quencher-labelled complementary
strand we observed a slow (around 15 min) signal decrease by up to 80%. However, no increase
in fluorescence signal was observed upon the addition of 0.5 mM and even 10 mM creatinine,
suggesting that creatinine is not able to displace the sigDNA from the aptamer. It is therefore
unlikely that this specific signalling mechanism will work in an electrochemical format. Overall,
these results confirm that the selection process involved in the capture-SELEX has already
optimized a signalling mechanism that triggers the dissociation of a capturing strand from the
selection (here the sigDNA) upon binding to the target (creatinine), which can be readily

adaptable into an electrochemical format.
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Figure 26. The importance of the sigDNA location in fluorescent assays. A) The schematic

representation of the aptamer and the capturing strand from the selection. Fluorescence data
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shows that, in the presence of creatinine, the sigDNA dissociates from the aptamer, thus
generating a fluorescent signal. B) Fluorescent imitation of the assay based on another strategy.

The sigDNA decreases fluorescence upon adding creatinine; no fluorescent signal was observed.

3.2.3.  Adapting the signalling mechanism into an electrochemical format

3.2.3.1. Design and validation

The SELEX-based signalling mechanism releases a short DNA strand. Thus, we decided to
label the released strand with the redox element methylene blue so that it could be easily
detected following hybridization with its complementary DNA strand attached to an electrode
(Fig. 27A; see more details in Chapter 2, section 2.2 and 2.5.2). We then hybridized this released
strand, now called sigDNA, to its aptamer and added this DNA duplex to a sample containing, or
not, creatinine. In the absence of creatinine, we found that the sigDNA remains relatively
sequestered by the aptamer and does not hybridize efficiently with its complementary DNA
strand on the surface of an electrode (Fig. 27B, pink). In contrast, in the presence of creatinine,
the sigDNA dissociates from the aptamer and produces a higher electrochemical current (Fig. 27B,
blue). More specifically, when employing 100 nM of sigDNA and three times more aptamer (300
nM), a signal gain of 55% (equation 4) is observed in the presence of 0.5 mM creatinine after 15

min (Fig. 26B).
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Figure 27. Electrochemical adaptation of the signalling mechanism. A) A schematic
representation of the signalling mechanism based on the selection procedure. Top: without
creatinine, and Bottom: with creatinine. B) Electrochemical detection of creatinine. Pink: without
creatinine, and Blue: with creatinine. The signal gain in the presence of 0.5 mM creatinine was
55% after 15 min. The data points are the average of triplicated experiments. The error bars,

representing the standard deviations, are too small to be seen.

3.2.3.2.  Optimizing the sigDNA:aptamer ratio

A 55% signal increase in the presence of 0.5 mM creatinine is a good starting point for
sensor development. To further improve the signal gain of this sensor, we decided to explore
different sigDNA:aptamer ratios (from 1:1 to 1:4). We hypothesized that increasing the aptamer
concentration relative to the sigDNA may enhance the signal gain by reducing the signal
background in the absence of creatinine (i.e., more sigDNA in complex with the aptamer) (Fig.
28). As predicted, we found that increasing the concentration of aptamer (e.g., 1:2 and 1:3)
decreases the signal background and improves the signal gain by approximately 50 %. However,
adding too much aptamer (1:4) seems to reduce the efficiency of sigDNA dissociation drastically.
This is likely attributable to the increased energetic cost related to dissociating the sigDNA from
the aptamer in the presence of high concentrations of aptamer, which drives the equilibrium
toward DNA duplex formation. These results confirmed our hypothesis that the signal gain might
be improved by changing the ratio between sigDNA:aptamer. Interestingly, the ratio (1:3) that
was used in the selection procedure was also found to be optimal for generating the higher signal
gain. It is the only case in which an unexpected increase in the signal gain is observed 3 min after
beginning the reaction (Fig. 28C). This can be explained by the strong interaction between the
sigDNA and the aptamer in solution (decrease in signal gain) followed by the dissociation of the

two strands on the electrode surface in the presence of creatinine (increase in signal gain).
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Figure 28.

Optimizing the signal gain by exploring different sigDNA:aptamer ratios (from 1:1
to 1:4). The data points are the average of triplicated experiments. The error bars, representing

the standard deviations, are too small to be seen.
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3.2.3.3.  Other strategies to improve a signal gain

In order to improve the signal gain of the sensor, we further explored the effect of varying
the affinity between the aptamer and the sigDNA.® A higher affinity aptamer-sigDNA duplex
should lead to a smaller background signal in the absence of creatinine, but it should also require
more energy (i.e., more creatinine should be added) to enable duplex dissociation.''” To identify
the optimal aptamer-sigDNA affinity, we designed complementary sigDNA with lengths varying
from 11 to 14 nt (Fig. 29). We found that the lower affinity duplex displayed a similar gain to the
original length (13 nt) (58% vs 55% after 15 min) despite showing a higher background. In contrast,
the higher affinity duplex (with the longer sigDNA 14 bp) increased the gain of the assay up to
75% via a reduced background signal. This result confirmed that a stronger aptamer-sigDNA
complex enabled the sequestration of more sigDNA, thus reducing the background while still
allowing sufficient dissociation in the presence of an intermediate concentration of creatinine
(0.5 mM). Interestingly, the similar curve trends were observed with sigDNA 13 and 14
nucleotides in less than 3 min (Fig. 29 B and C). These results suggest that forming a more stable
duplex between the sigDNA-aptamer affects the duplex association/dissociation occurring on the

electrode surface.
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Figure 29. Increasing the hybridization length and affinity of the sigDNA for the aptamer
reduces background signal and improves signal gain. The data points are the average of triplicated

experiments. The error bars, representing the standard deviations, are too small to be seen.

3.2.3.4. Determinating the dynamic range of the sensor

A practical creatinine sensor needs to be precise between 27 uM and 1056 uM, which
corresponds to the typical range of creatinine concentration measured in human blood (Chapter
1, section 1.1).1*® However, the normal creatinine concentration in whole blood typically ranges
from 50 uM to 100 uM; higher concentrations are considered abnormal. The aptamer employed
in this study possesses a Kg of 19 uM (see Chapter 3, section 3.1), which suggests that the optimal
sensitivity of the sensor should be between 2.1 uM and 171 uM (i.e., a typical 81-fold between
10% and 90% signal).1*® To determine whether our engineered signalling mechanism has an effect
on the dynamic range of the creatinine aptamer, we performed a binding curve by spiking
different concentrations of creatinine in buffer (from 30 uM to 1 mM). By doing so, we obtained
a significantly more cooperative binding curve that did not fit well with the classic binding

isotherm but rather with a Hill equation displaying a Hill coefficient of 2. The sensor, therefore,
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displays a 9-fold dynamic range with a cooperative dose-response curve 1'% 120 ranging from 40
to 360 uM with a Ky value near 120 uM, which is 6-fold higher than the value obtained for the
creatinine aptamer alone by ITC (e.g., 19 uM). This can be explained by the higher energetic
binding cost required to displace the sigDNA. However, we are still looking for a potential
hypothesis to explain the highly cooperative response of this sensor. Interestingly, a similar high
cooperativity was observed on an uric acid aptamer-based sensor that also employed a strand-
displacement strategy, but, unfortunately, no explanation was provided.’® Future work exploring
the role of the sigDNA lengths or the effect of varying ionic strength of cations (e.g., K*, Na* or
Mg?*) may reveal further insight into this behaviour.”® 121-124
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Figure 30. Binding curve and dynamic range of the electrochemical creatinine sensor. The
data points are the average of triplicated measurements. The error bars, representing the

standard deviations, are too small to be seen.

3.2.3.5.  Detecting creatinine in serum

The new electrochemical sensing strategy demonstrates good performance in buffer.
However, we also wanted to test its ability to detect creatinine in a complex medium such as
serum. To determine whether the sensor works in serum, we first increased the working

concentrations of sigDNA and aptamer in order to enhance the electrochemical signal, which is
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typically lower in serum. Therefore, we used 200 nM of sigDNA and 600 nM of aptamer while
keeping the optimal ratio of 1:3 between the sigDNA and the aptamer. We employed
commercially available human serum of unknown creatinine concentration. For the negative
control, we spiked the serum sample with creatinine deiminase, an enzyme that degrades
creatinine into ammonia (blue data). We then evaluated the performance of the sensor by
comparing the electrochemical signal obtained in serum (pink data), in serum with 1mM of added
creatinine (red data) to serum containing the enzyme (blue data) (Fig. 31). The signal gain of an
unknown creatinine concentration was 150 % compared to serum without creatinine (negative
control with enzyme) after 5 min (pink data). Interestingly, the signal gain of detected 1 mM
creatinine in serum was 400 % after 5 min but steadily decreasing with time (red data). This can
be explained by DNA dissociation from the electrode surface; therefore, less sigDNA hybridizes to
the capDNA and produces the electrochemical signal. Of note, the hybridization of the sigDNA
also performs well in serum, as evidenced by a simple hybridization experiment performed in the

absence of the aptamer (green data).

The preliminary results of the sensor displayed encouraging results in detecting the
creatinine molecule in a complex matrix such as serum. However, there is still room for
improvement, and more work and effort are required to determine the binding curve, the

dynamic range and optimize the sensor’s performance and reproducibility.
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Figure 31. Creatinine detection directly in serum. The signal gain in the presence of an
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3.3. Potential universality of the SELEX-based sensing strategy

To explore the universality of our proposed SELEX-based electrochemical sensing strategy,
we have also adapted this signalling mechanism for the detection of moxifloxacin, an antibiotic
use to treat bacterial infections.’>> To do so, we employed a moxifloxacin binding aptamer
provided by the aptamer GROUP company that was selected by employing a similar SELEX
strategy similar to the creatinine aptamer. Since no information was available concerning the
affinity of this aptamer for moxifloxacin, we used ITC to determine its Kq (41 uM) (Fig. 34A). We
then designed the DNA strands with specific labelling (see chapter 2, section 2.2) (e.g., capDNA
and sigDNA) and tested the sensor directly in an electrochemical format. When employing 100
nM of sigDNA and 125 nM of aptamer, we obtained a signal gain of 150 % after 15 min in the
presence of 100 uM moxifloxacin (Fig. 34B). Adding the preformed duplex sigDNA-moxifloxacin
aptamer led to a low electrochemical signal (pink data). But, upon binding to moxifloxacin
antibiotic, this duplex dissociated, releasing more sigDNA and producing a large electrochemical
signal as expected (blue data). These results suggest that developing electrochemical aptamer-
based sensors based on the selection procedure employed to select the aptamer provides an

efficient, optimal way to develop novel electrochemical sensors.
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Figure 32. Developing a moxifloxacin sensor using a SELEX-based signalling mechanism. A) ITC

characterization of the aptamer from Aptamer GROUP. B) Electrochemical detection of

Moxifloxacin using a SELEX-based signalling mechanism. The signal gain was 150% after 15 min.

The average data points are calculated from triplicated measurements. The error bars,

representing the standard deviations, are too small to be seen.
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Chapter 4 — Conclusions and Outlook

We have proposed and developed a novel strategy to engineer aptamer-based
electrochemical biosensors by taking advantage of the capture-SELEX strategy by which aptamers
are typically selected. More specifically, we developed two novel electrochemical biosensors: one
for the detection of creatinine, an important marker of heart failure, and one to monitor

Moxifloxacin, an important antibiotic.

The overall design strategy of this new class of sensors is relatively simple. We started by
identifying and characterizing an aptamer that can bind to the specific marker of interest (in our
case, creatinine, in order to monitor heart failure). Using ITC measurements, we determined the
affinity between the aptamer and creatinine to make sure that the final sensor displays sufficient
sensitivity for clinical application. In the case of creatinine and its aptamer, we found a
dissociation constant, K4, of 19 uM, which seems ideal for the typical clinical range of creatinine
in blood (53 to 106 uM).*! We also explored the relative selectivity of this aptamer by attempting
to measure binding affinities between the creatinine-binding aptamer and another small amino-

rich molecule present in blood (e.g., urea) and no binding was observed.

Prior to developing the new sensing architecture, we tried to adapt this aptamer to the
well-known “one-component” and “three-component” electrochemical sensing mechanisms.%%
121,126 However, the results were not encouraging, and these strategies did not work. Future
research efforts could also be focused on the three-component assay to identify a more efficient
binding location for the sigDNA in order to compete more successfully with the aptamer and the
capDNA. Indeed, we tried only one location at the extremity of the aptamer, and maybe that
location still enables creatinine binding, thus resulting in the sequestration of the sigDNA even in
the presence of creatinine. Knowing that this aptamer is longer and contains stable secondary
structures, we also explored three shorter versions of the aptamer (54 nt, 45nt and 36 nt) that
may reduce the folding stability while facilitating the binding of the sigDNA. However, the shorter
aptamer versions showed lower affinity or no affinity at all for creatinine, and we conclude that

it is best to maintain the full aptamer length.



Since the SELEX-based signalling mechanism releases a short DNA strand, we first tested
our designed strategy using a fluorescence assay often employed by the capture-SELEX research
groups to characterize their selected aptamers.’?73: 78,79, 81,82, 127 This was realized by labelling the
aptamer and the short strand (sigDNA) with a fluorophore and a quencher, respectively. In this
first effort to detect creatinine by imitating the capture-based selection procedure, we
successfully detected 0.5 mM of creatinine. Then we adapted this signalling mechanism into an
electrochemical format by labelling the short DNA strand with a redox element (i.e., methylene
blue) and observed a signal gain of 55 % after 15 min in the presence of 0.5 mM creatinine.
Additional experiments were done to improve the signal gain of the sensor. For example, different
ratios of sigDNA/aptamer ranging from 1:1 to 1:4 were explored. As expected, we found that
having more aptamer decreased the background and improved the signal gain, but too much
aptamer also requires higher creatinine concentrations to compete. We have also explored
different lengths of the sigDNA to try to decrease the background signal and found that using the
longer 14 nt sigDNA; the sensor achieved a signal gain of 75 % after 15 min (versus 55% for the

13 nt sigDNA).

Using this creatinine sensor, we then determined the dynamic range of our new
biosensing strategy by spiking different concentrations of creatinine in a buffered solution. This
preliminary binding curve suggests a cooperative dose-response relationship (a 9-fold dynamic
range), enabling the accurate measurements of concentrations between 40 uM and 360 uM of
creatinine. The higher estimated Ky value of the sensor, 120 uM, is 10-fold higher than the one
measured between creatinine and the aptamer using ITC (e.g., 19 uM). However, the ITC
experiment was performed in the absence of sigDNA, which likely reduces the energetic penalty

related to the displacement of the sigDNA by the creatinine molecule.

Preliminary experiments on creatinine detection directly in serum displayed encouraging
results. However, further experiments are needed to determine the dynamic range of this sensor
in a complex medium, its reproducibility and performance optimization. If the selectivity and
specificity of this sensor do not display satisfying performance, three other creatinine aptamers

provided by our collaborator could also be adapted and tested.
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Finally, we also explored the potential universality of our proposed signalling mechanism
by developing a biosensor using the moxifloxacin aptamer. These results were encouraging
because we obtained a large signal gain of 150 % after 15 min without any optimization. We hope
that through the lens of a chemist, our contribution to the field of biosensors has shown how to
design and adapt aptamer selection strategy (e.g., the capture-SELEX) in an electrochemical

format.

In perspective, we believe that the next generation of electrochemical aptamer-based
sensors may likely be developed by mimicking the selection strategy mechanism with which they
have been selected. Nowadays, several companies are developing and improving aptamers,
leading them to next-generation technologies.?3 128 129 perhaps in the near future, novel aptamer
selection strategies could also be designed to select aptamers that are already optimized for a
desired, preferred signalling mechanism. Therefore, the collaborative efforts of scientists from
different fields should be considered to accelerate the advances in biosensors to detect heart

failure markers and make the technology more affordable for patients.

We also predict that recent advances in the development and commercialization process
of electrochemical DNA-based sensors are bringing us closer to the day when heart failure

patients will be able to monitor themselves in the comfort of their home.
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