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Medicinal chemists would rather have a
method that proceeds in 10% yield on 90% of
the substrates, than one that proceeds in 90%

yield but on only 10% of the substrates.

Phil Baran, 2023 (paraphrased)
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LIST OF ABBREVIATIONS

AFM Atomic force microscopy

ALP Alkaline Phosphatase

AUNP Gold nanoparticles

cfDNA Cell free DNA

CVv Cyclic voltammetry

DMAP 4-Dimethylaminopyridine

DPV Differential pulse voltammetry

ECD Electrochemical detection

FET Field-effect transistor

FRET Forster resonance energy transfer

FTIR Fourier transform infrared spectroscopy

HPLC High performance liquid chromatography

LSV Linear sweep voltammetry

MOSFET I\/Ietal_—Oxide Semiconductor Field-Effect
Transistor

PCR Polymerase chain reaction

PEDOT Poly-(ethylenedioxythiophene)
Polarization-modulation infrared reflection

PM-IRRAS absorption spectroscopy

RCA Rolling circle amplification

RNA-pol RNA polymerase

RPA Recombinase polymerase amplification

SAM Self-assembled monolayer

SCE Standard calomel electrode

SERS Surface-enhanced Raman spectroscopy

SPE Screen printed electrode

SPR Surface plasmon resonance

SWV Square wave voltammetry

TMA Transcription-mediated amplification

TMB 3,3".5,5'-Tetramethylbenzidine

WGA Whole genome amplification

XPS/ESCA X-ray photoelectron spectroscopy / Electron

spectroscopy for chemical analysis
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Abbv. Reference electrode V vs. NHE/SHE!?
SCE Standard calomel electrode 0.242V (4.7 V*)
Ag/AgNOs | Silver-Silver nitrate (10 mM [ 0.54 V

AgNO:s in acetonitrile)
Ag/AgCI Silver-silver chloride (3M KCI) | 0.197 V
SHE Standard hydrogen electrode ov

* [Estimated potential in absolute terms (vs. vacuum). In
electroanalytical chemistry the convention is using relative potentials.

Note: Substrate — this term (depending on context) is used to describe
both an enzymatic/biomolecular target (a chemical species) and a solid
material on which a process is occurring (a solid phase).

Note: Amplification — this term (depending on context) is used to
describe both sample amplification (e.g., DNA synthesis) and signal
amplification (e.g., a catalytic reaction, an accumulation reaction or an
electronic approach).

Note: A probe generally means a chemical species.

Note: Label-free terminology is used to mean the absence of a labeling
step, and not purely the absence of a label.
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THESIS LAYOUT

This thesis is composed of four publications and a discussion of their
interplay in the field of biochemical assay and sensor design.

The four publications are included at the end. The related
supplementary material was not included but is available at the publisher
website.

This Thesis also includes appendices with additional unpublished
experimental data to further expand on the practicality and the relevance of
the publications provided.
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INTRODUCTION AND SCIENTIFIC NOVELTY

DNA detection has very broad importance in screening for various
pathogens as well as identifying and monitoring other (micro- and macro-)
organisms. Some of the most important cases of DNA detection can be
found in various healthcare applications for instance, diagnosing a specific
tumor type or patient pharmacogenetic marker before prescribing a medical
intervention.

Nucleic acid biosensors are devices capable of recognizing and
detecting a target nucleic acid and can be referred to as genosensors. These
devices are promising in their highly accessible nature with the potential
benefits of sensor and data ownership, privacy and the convenience of low-
power, miniaturized sensors, thus enabling distributed use of diagnostic
tools.

The first intended users of these sensors would be analysts
(professionals) with the vision of a broader acceptance by the public.

The opening quote from Dr. Baran offers wonderful insights into the
critical aspect of medicinal (electro)chemistry end-user preferences. | feel
this sentiment is directly translatable to the analysis field, where an assay
with excellent cross-compatibility is generally more desirable and reliable
than one with narrow application scope even if such an assay were to have
greater sensitivity.

One exciting target for a genosensor would be pharmacogenes. It is
only through extraordinarily good design or luck that pharmaceuticals are
broadly safe and effective despite a massive quantity of variants of receptors,
hydrolases, oxidases, ligases and transport proteins in the human population.
While some medicines have pharmacogenomics—based guidelines®s,
screening is yet to become commonplace. Some of the challenges in broader
adoption include the cost and other difficulties in testing, a lack of clinical
expertise or guidance, ethical concerns and the lack of clear cost—benefit
evidence. ®" Looking ahead, broad integration of pharmacogenetic screening
may improve outcomes and additionally facilitate the highly important
processes of drug design and clinical trials and introduce a larger variety of
precision pharmaceuticals.®

Microbial contamination of food, water and other samples is also a
highly relevant target for a genosensor, as often a portable solution may be
preferable.  Notable environmental examples include Legionella
pneumophila,® Escherichia coli*® and Enterococcus spp.!* in water, various
mould species'? in air, with Campylobacter jejuni® and Cyclospora
cayetanensis** being some of the food—borne cases.
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Diagnosis of infection in humans and animals is also an excellent
application for genetic detection. Identification of infectious agents and of
resistance genes like SARS-CoV-2, Ebola, HIV, Hepatitis C as well as C.
difficile strains, MRSA Staphylococci, Mycobacterium tuberculosis, VanA
Enterococci and others is used in practice in the form of dedicated clinical
devices and highly valuable.!>1®

The development of electrochemical DNA detection offers certain
unique advantages, such as miniaturization, low power modules and thus
portability and modularity. Electrochemical biosensors are also quite
amenable to motion and positioning.

The goal of this dissertation is the advancement of genetic assays
towards highly approachable and accessible genosensor devices. This is to
be approached through the development of biosensors for specific DNA
sequence recognition. Some small progress has been made in DNA sample
preparation and DNA modified electrode array synthesis, however these
areas are outside the scope of the thesis. The core focus of the dissertation is
to assess the analytical performance and workflow design of genosensors
and gain insight into their advantages and limitations, before committing to a
specific design or application.

1. Objectives

To achieve this goal 3 objectives were set:
1. The detection of the presence of a specific DNA sequence with
biosensors.

2. The differentiation between single-point mutations and between the
two homozygous alleles of a DNA target and the heterozygous
variant based on nucleic acid affinity.

3. An overarching theme of this work is achieving these tasks in a
manner that is easily translatable into a portable and inexpensive
device — a sensor.

The workflow of achieving these goals can be broadly described as
nucleic acid target selection and recognition system design; the formation of
DNA monolayers and solid-phase hybridization research; electrochemical
measurements and  signal analysis;  supporting  characterization,
manufacturing and design tasks.
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2. Defense statements

1. Specific detection of oligonucleotides, including the quantitation of
the target nucleic acid (detectable at 3.5 nM) and its digestion by
nucleases in complex biological samples can be achieved via simple
electrochemical methods.

2. A novel single-surface isothermal melting approach has been
developed and precalibrated genotyping of  important
pharmacogenes from non-invasive saliva samples was performed at
5/5 concordance with sequencing.

3. One or multiple base mutations were electrochemically measured in
the target DNA sequence via their dissociation rate constants and
expressed as shifts in binding affinity (with propagated standard
deviations of 0.2 kcal mol™?), correlating well with computed values.

3. Publications

The results of this work were published as four articles. Some further
supporting data was added as thesis appendices.

The first publication “Biosensor prototype for rapid detection and
guantification of DNase activity” and its supplement Appendix I cover the
development of a sensor for the detection and quantification of nucleases.

The biosensor was able to detect DNase | — an important target in
biotechnology at 0.34 mU ml?* via dsDNA probe lysis — providing a
convenient method for quantifying the nuclease activity of a sample. The
target was first digested with a sample by mixing it into a liquid sample or an
extract from a solid and allowing the reaction to occur at an elevated
temperature. Afterwards the hybridization rate was monitored in situ, i.e., the
read-off was being performed in a diluted digestion solution. Notably the
digestion sample was diluted with a very high salinity electrochemical
solution intended to stop the hydrolysis reaction.

Interestingly, when the system was tested with an ssSRNA probe for
RNase A, the sensitivity was quite good — 1x10® Kunitz U ml, due to high
intrinsic RNase stability and activity.
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Figure 1. A representation of the workflow of the nuclease quantitation
assay. CV - cyclic voltammetry.t’

The device prototype design includes a measurement container with a
Peltier thermostated cell, magnetic stirring and an electrode holder. In this
case a fluidic system was not developed as the sample preparation may vary
significantly. An Arduino Due based potentiostat which had been developed
in—house was applied to the prototype with a custom python program to
collect and fit and output the data.

Based on these results, it was concluded that MB-labeled oligo capture
on gold to be suitable for further genosensor development, with
hybridization rate as a viable parameter for nucleic acid quantitation.

The second publication “Electrochemical DNA Hybridization Signal
Amplification System Using Methylene Blue and Ascorbic Acid” and its
supplement Appendix Il cover the development of a method for amplifying
DNA hybridization signal and observing the hybridization to solid phase at
temporal resolution on the order of seconds.
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Figure 2. A representation of the workflow of the ascorbate mediated real-
time hybridization monitoring assay. CA — chronoamperometry.

This was achieved via labeling the target strand with an oxidizer (MB*)
and introduction of a reducer into the solution (ascorbic acid) thus allowing
for amperometric signal monitoring. The assay showed response in the 5-
100 nM range producing signal on the order of 0.5-2.5nA. The oligo
association rate constants were measurable at different conditions and were
in the range of 1000-8000 M s for varying [NaCl].

Based on these results | would expect a genosensor workflow to be in
the range of 1-2 hours and predict the need to employ nucleic acid
amplification for the measurement of real samples.

The third publication “Fabrication of porous black gold films by one-
step anodic treatment: towards the development of SERS-active
nanosensors” and its supplement Appendix III cover the development of a
method for manufacturing SERS active electrode surfaces.
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Figure 3. A representation of the workflow for generating SERS-active gold
electrode surfaces. CA — chronoamperometry.

The electrodes prepared by our team show the promise of facile
manufacturing and powerful Raman enhancement of 1.4x107. An
enhancement factor of 10°-10° is generally considered reasonable.® Clear
SERS spectra of (Au-bound) 4-mercaptobenzoic acid and (SAM-adsorbed)
doxorubicin were observed. Interestingly, the electrodes could be used to
verify covalent surface modification and distinguish between adsorbed and
bonded species.

While novel synthesis of solid phase DNA surfaces was not completed
in this thesis, | am in the process of developing novel coupling reactions
with varying degrees of success. Highly sensitive structural characterization
is a key step towards developing such chemistries.

The fourth publication “Constant Temperature Electrochemical
Biosensor for SNP Detection in Human Genomic DNA Based on DNA
Melting Analysis” and its supplements Appendix IV and V cover the
development of an assay for detecting the CYP2C19*17
(NG_008384.3:9.4220C>T) allele. 4220C>T is an interesting pharmacogene
in that it is located in the non-coding region of the genome. The CYP2C19
enzyme contributes to the oxidative metabolism of many pharmaceuticals.
We have successfully detected the *1 (normal), *1/*17 (rapid) and *17/*17
(ultrarapid) diplotypes in synthetic and PCR amplified biological samples.
The sensor was melting kinetics-based, showing a >2c signal difference
between the diplotypes. The signal measured was the dissociation rate
constant ratio or in other words, relative affinity for two reporter sequences.
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The two reporter sequences were read over a 20-minute interval each at
0.05 Hz providing two 60 datapoint decay curves. Significant improvements
over previous publications were achieved by performing ex situ
hybridization by adding a small amount of buffer directly to the PCR
amplicon and immersing the electrode in a small volume of concentrated
sample for target capture. Additionally, polycationic ZNA probes were used
on the electrode to allow the DNA duplex to collapse and transduce the
signal even with longer DNA targets. Of the 6 tested saliva samples 5 were
identified correctly with 1 QC fail. Additional sequence data can be obtained
from the melting kinetics.

O LSV
( S Capture 2
( Recover
% target

42°C

|

Saliva sample|

]~

PCR amplification

500 1000

Figure 4. A representation of the workflow of the isothermal genotyping
assay. LSV — linear sweep voltammetry.

While a device prototype was not constructed the design does not
require many additional parts relative to our nuclease detection prototype
device, where the measurement comprises potential sweeps under stirring
and constant temperature. In fact, if the hybridization and the isothermal
DNA amplification were to be conducted at the 42 °C measurement
temperature, the devices would almost be cross-compatible.
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Scientific novelty

A novel device for nuclease detection was produced. The device was able
to measure DNase | concentration using screen-printed electrodes.

A novel biosensor for cytochrome P450 2C19 promoter region variants
was designed. The biosensor utilizes a novel approach to detection via
isothermal electrochemical dissociation rate monitoring. | believe | have
developed the first isothermal dissociation kinetics-based DNA biosensor. A
somewhat similar single molecule, polarization-based approach has been
previously described. ¥ While not completely novel, the design also grants a
rare capability of differentiating between the homozygous and heterozygous
samples on a single electrode. | believe this research was also the first to
describe an electrochemical measurement of a single stranded nucleic acid
base stacking energy.

A novel approach to gain additional sequence information from
electrochemically measured melting rates via lookup of computed sequence—
based properties was developed.

A novel method for manufacturing SERS-active electrodes was also
developed.

Relevance

Publication | — DNase detection was mainly intended as an
environmental test, but it may have various applications in diagnostics.
Nucleolytic activity in saliva was measured. For further example application
in RNase detection, see Appendix |.

Publication 1l — DNA hybridization signal amplification and real time
hybridization monitoring are mostly relevant to research. For additional data
on the applicability of the system to a sandwich configuration and one-pot
multiplexing, see  Appendix Il.  Amperometric  multipotentiostat
measurements at steady temperature may be feasible as a DNA quantitation
platform.

Publication 1l1 — SERS-electrochemistry cross-compatible electrodes
are mainly relevant in research at the moment. The flexibility of two
detection methods may prove very powerful either in analyzing captured
molecules or for electrode quality control (QC). In terms of QC, this method
does allow for a facile surface chemistry standardization. For additional data
on the application of SERS in characterizing surface conjugation see
Appendix IlI.

Publication IV - Highly specific DNA detection with SNP
discrimination has broad relevance, however the target is a pharmacogene,

20



therefore, it is mainly relevant in diagnostics, however the system could be
adapted to any short desired sequence.

For further data on signal transduction, see Appendix IV.

For further sequencing calculations, see Appendix V.
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LITERATURE REVIEW
1. Genotyping methods and pharmacogenetic assays

For genetic diagnostics and research, sequencing methods are generally
considered the best option due to the amount of information they provide
and how powerful these methods are in terms of indels and short tandem
repeats. There are special cases like OGM (optical genome mapping) for
aneuploidies?®, imaging methods like ChIPSEQ for DNA-protein
interaction? and MassARRAY for methylation.??

DNA microarrays have improved considerably since they began seeing
widespread use and have continued to improve even recently.? They
typically range from 200 000 to 4 000 000 features (e.g., SNPs) and can
accommodate on the order of 1-24 samples. Typically, these assays require
relatively clean, fragmented whole genome amplicon which is usually
prepared in large amounts due to the number of targets. The whole assay
may take on the order of 3-4 days (Thermo Fisher Scientific Axiom,
Illumina Infinium)®2 and usually has a large footprint (e.g., a dedicated
laboratory) due to the number of steps and equipment involved in
amplifying, extraction, hybridization and scanning. However, the end result
provides a large amount of highly valuable data and this approach is still
generally cheaper than sequencing. Multiplex ligation-dependent probe
amplification (MLPA) is a powerful approach with a feature number closer
to 60.2627 Another electrophoretic method named Shifted termination assay
(STA) while lower in feature number (~20) is much more rapid than MLPA
(~3 h vs. ~18 h) and has reasonable mutant allele fraction sensitivity of ~ 1-
2%.28,29

For detecting a smaller number of features (e.g., 6), ddPCR and gPCR
methods dominate. These methods are generally quite fast and require very
little sample. TagMan StepOnePlus and SpartanRX have been used as on-
site assay and point of care approaches for pharmacogenetic testing in a
clinical trial with reported measurement time of 2-3 h.*° ddPCR solutions
currently are bulkier than what would be considered point of care, however
they are used for high sensitivity applications such as cfDNA and have high
throughput 3132

In terms of point of care or “point of use” devices for so-called
“molecular diagnostics” bacterial and mycobacterial tests are of note. For
instance, in water system applications, relatively recently LuminUIltra
launched a GeneCount® Cube gPCR device for Legionella spp.®
Genomadix’s PCR-based pharmacogenetic Cube CYP2C19 System has been
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approved in 2023, for genotyping buccal swab samples in ~1 hour.®** For
application in food, a cyclospora targeting device/assay was recently
developed by Rheonix.™

For infectious disease, Cepheid provides a GeneXpert POC device
dedicated for mostly infectious disease such as Influenza, Streptococcus,
Chlamydia, SARS-CoV-2 and a number of others.®

2. Nucleic acid preparation

Nucleic acid extraction

As a common step prior to DNA analysis, DNA isolation can be
extremely important. As a more universal approach, DNA is traditionally
extracted by homogenizing the cells via proteinase K and surfactants with or
without a chaotropic agent such as urea or guanidine.® The sample is usually
further treated with ~5 M NaCl, optionally washed with a non-polar solvent
and precipitated with EtOH or i-PrOH followed by centrifugation.

For small samples, guanidinium SCN-phenol-chloroform extraction is a
highly practical approach, considering that the method is amenable to DNA
or RNA extraction. 33

Another popular approach is affinity chromatography, sometimes
referred to as “spin column chromatography* where lysed samples are
passed through a stationary phase in a centrifuge tube.®® This approach
conveniently allows for DNase pretreatment on solid phase before elution.

Pipette-tip affinity chromatography has emerged as an appealing next
step for oligonucleotide isolation. TruTip offers an approach where a lysed
sample is bound, washed and eluted inside a pipette tip for RNA or DNA
extraction.® It has incorporated a monolithic stationary phase — a great
approach for minimizing pressure difference and allowing for high flow,
while the affinity methodology negates any monolithic column drawbacks —
such as manufacturing repeatability or inferior resolution. Chromatography-
based approaches are amenable to automation. An alternative automatable
approach entails nucleic acid binding on magnetic beads — following a very
similar protocol, except with the solid phase dispersed in the sample and
magnetically retained.*

Another proposed approach is the ePrep system wherein a disposable
electrophoresis chamber is used to isolate nucleic acids rapidly and with high
throughput. #* Currently, magnetic bead-electrowetting combined systems
are considered state of the art.*?
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Nucleic acid amplification — targeted

Regular PCR amplification is very commonly used for amplifying a
specific sequence. With regards to solid-phase capture, an advantage of PCR
lies in performing an asymmetric amplification — adding an overabundance
of the desired primer. This removes the need for denaturing the product —
which has a tendency to renature — leaving only a limited amount of sSSDNA
available for binding. Isothermal sample amplifications are especially
attractive —recombinase polymerase amplification (RPA) has been applied
successfully in point of care applications.*® What‘s even more exciting is that
asymmetric RPA has been performed in a point of care prototype
electrochemical platform and combined with the phosphorylated primer
exonuclease digest, where it was found that asymmetric amplicon was not
further improved by exonuclease treatment.*

Nucleic acid amplification - WGA

WGA (whole genome amplification) methods are currently exclusively
or almost exclusively intended for DNA production. MSD (multiple strand
displacement) is a highly appealing method as it is isothermal and provides
reasonable yields of DNA.* Another method for unbiased single—cell
amplification is MALBAC* (multiple annealing and looping—based
amplification cycles), additionally providing “labeled” amplification
products — which may be important for designing assays. This method,
however is not isothermal.

Notably, RNA polymerase-mediated nucleic acid amplification methods
like TMA* (Transcription-mediated amplification) and Self-sustained
sequence replication®® exist since the 1990s. There, a RNA-pol promoter is
introduced into a DNA amplicon and then transcribed into many RNA
copies (to be reverse-transcribed by RT or detected otherwise). This would
seem like an appealing technology for WGA - rapidly and isothermally
generating a single stranded, easily fragmentable RNA amplicon. Yet to the
best of my knowledge, no such product or suitable (i.e., promoter—free)
novel RNA polymerase has come to market since the inception of this idea.
In spite of all that could have been, TMA-like targeted amplification has
been incorporated into genosensors.*

Nucleic acid fragmentation

If WGA is performed — often the fragments are far too long to hybridize
to a sensor or difficult maintain in a denatured state. Commonly used
fragmentation methods include uracil glycosylase (if the amplification was
performed with uracil), restriction endonuclease digestion and ultrasound.°
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Covaris ultrasound based fragmentation has been used with genome
sequencing.!

A unique non-enzymatic, approach involves guanine alkylation and
opening of the ribose by piperidine, to the best of my knowledge, it appears
this chemistry has been completely abandoned.®? Non-specific
exo/endonucleases have been used.5*5

Statistically, we can calculate, that when fragmenting (assuming
completely random cuts) to ~100 bp fragments, a hydrolytic approach is
expected to produce reasonable amounts of ~ 35 % guaranteed intact 100 bp
“target” fragments (1 cut/100 bp ~ 35 % yield; 2 cuts/100 bp ~ 12 % yield)
regardless of starting fragment size: (20 Mbp - 2 kbp):

Non-sequence Non-sequence Non-sequence
P(Non-sequence bonds)= l;%?gls x_b (7),2?;21 * ¥ b Onoé,so'tgl cuts
bonds bonds - 1 bonds - n cuts

n cuts = DNA size /100 - 1

The complete fragmentation of the complementary strand is an equally
important approach to allow and to speed up hybridization. Digestion with
lambda exonuclease (A Exo) after amplification with phosphorylated primers
is a common approach.®®

3. Nucleic acid capture and detection

Hybridization

For high selectivity the probe-target duplex length must be relatively
short. We can see an example of a 7 bp-mismatch target showing a high
affinity at 55°C when the probe is quite long (70 bp).*® While high
resolution melting is able to distinguish between 300 bp sequences®’,
realistically, a probe above 30 bp may already be less-suitable for detecting
SNPs.®8 For recognition at “low” temperature toehold hybridization has been
developed.>® Toehold probes allow for excellent tuning of affinity® and have
been used for high sensitivity genotyping.5! We must however acknowledge
that they may suffer from the fact that a liable blocking strand is required —
therefore hybridization cannot be carried out at elevated or cycling
temperatures. On the other hand, in sandwich hybridization at elevated
temperature it is quite viable for two shorter synthetic strands (in
stoichiometric excess) to displace one longer native complementary strand
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thus securing the target strand. This however only applies if a simultaneous
sandwich hybridization is performed.
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Figure 5. Possible solid phase hybridization approaches. A — simultaneous
sandwich, B — stepwise sandwich, C — distal toehold probe, D — hairpin

probe
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When it comes to hybridizing to a solid substrate, the probe density
plays an important part in the possibility and the density of hybridization. It
is generally thought that ~4x10* molecules cm™ is a viable density with
~1x10"® being excessive.®* Conceptually reminiscent of molecular beacon
FRET quencher systems, liquid phase hybridization detection (i.e., without
DNA on solid phase) via electrochemical and HPLC has been proposed.®5-6

Electroanalytical methods

Generally, potentiostatic (and potentiodynamic) methods (i.e.,
electrolytic mechanisms driven by the potentiostat as opposed to galvanic
mechanisms) will be used in this work in order to induce the desired
electrochemical reactions by applying a voltage, leading to a measurement of
an analytical signal as an amperage.

Linear sweep voltammetry (LSV), where a linear increase in potential at
the working electrode (Volts) up to a desired point produces a current
response (Amperes) and cyclic voltammetry (CV), where the potential scan
is additionally reversed are classic electroanalytical techniques. In a
voltammogram we typically look for current-potential peaks. They provide
the potential at which a species reacts, the number of electrons involved in
the reaction and offer insight into the species’ diffusion behavior and
electron transfer rate. In regards to the methods used herein, the direct
guantitation of a surface-adsorbed species can be achieved, via the gquantity
of electrons transferred (over a surface area) by fitting an electrochemical
peak using the following equation:

n?F%v [0lig] exp [Z—I; (E - EO)]

i(E)=- +ag+a;(E -Ey) +ay(E - Ey)?

RT (1 + exp [% (E - Eo)])2

Equation 1. The monolayer voltammetric current—potential curve
fitting equation with background compensation for the quantitation of a
redox-active species.®” The left side of the equation is in the shape of a peak

and the right side is a polynomial background:
i —current (A, the y-axis),

n — the number of electrons participating in the reaction (for methylene blue (MB) — 2
electrons),

F — Faraday constant (96 485 C mol?),

v — the chosen potential scan rate (e.g., 0.05 V s, while for surface adsorbed species
high scan rates — in V s are often desirable, labeled DNA performed poorly under high scan
rates),

R — the gas constant (8.3145 J K- molY),
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T — the chosen temperature (in K),

E — electrode electrochemical potential (the x-axis),

Eo — standard redox potential of the electroactive species (i.e., MB) (~0.255 V vs.
Ag/AQCI; this value is fitted within a narrow range as it depends on the DNA-MB layer
behavior; although not extensively applied in this work, the obtained Eo is a useful metric for
bound DNA construct characterization),

ao:a2 — the background current coefficients (although not extensively applied in this
work, the obtained coefficients may be useful for the detection of abnormal/faulty electrodes
in an automated device),

[Olig] — the amount of the surface adsorbed species (i.e., MB modified DNA (mol),

Note: in this case the electrode area is not considered; in my experience it is more
convenient to calculate the absolute moles and to normalize the surface area afterwards if
needed. It is assumed that the MB reduction reaction does not change the labeled DNA
reporter strand hybridization affinity in any impactful way.

For sharp, well background-subtracted peaks, the maximal current at
the voltammetric peak could be used to extract the surface—bound reporter
quantity (symbols as previously defined; A — area in cm?; [Olig] in mol
cm?), 68

i, = [n®F?/4RT] [Olig] Av

Equation 2. Peak current — surface coverage and scan rate relationship.

This approach may be beneficial for a more rapid, facile computation
avoiding the need for non-linear least squares, especially if an assay is
intrinsically ratiometric.

Figure A5 3.1 is presented as an LSV example sweeping from 0 mV
(relative to Ag/AgCl 3M KCI) towards -450 mV. The downward—facing
peak is caused by electron transfer from the electrode to a DNA-tethered
redox species (MB) — inducing a reduction reaction. LSV does not reverse
the scan, providing less information, but for quantitation purposes, it enables
a faster scan and minimizes the time the electrode is passing current.
Kinetics can be monitored by running voltammograms sequentially on the
order of every few seconds to minutes depending on the scan rate (mV s —
Vst
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Figure A5 3.1. LSV peaks of surface-adsorbed MB label with fitting
(red trace, Equation 1), under non-melting conditions (these LSVs are
averaged to produce the 20 nM target DNA datapoints in Figure A5 3 (A)).
Top: 0.5 mm, bottom: 1.6 mm electrodes.

Amperometry is a simple electrochemical technique where a static
potential is applied and not varied and the current is monitored over time,
producing a current vs. time curve. With fast current sampling this technique
is effectively a real-time measurement.

For context, while (electrosynthetic) electrolysis may be performed at
multiple (tens) of volts (albeit this is usually relative voltage), in sensors
amperometry is often performed at hundreds of milivolts. This method
practically eliminates all capacitive current and the measured faradaic
current is proportional to the concentration of the electroactive species. The
measured faradaic current is typically continuously decaying as the
electroactive species is consumed, however this effect can be quite small at

small electrodes. 870

DA

i(t) = igi=0)exp 5V t

Equation 3. The function of the current decay over time under stirred

conditions in constant potential amperometry.
i —current (A, the y-axis),
D — the diffusion coefficient (um? s%)
A — the electrode area (um?)
& — the diffusion layer thickness (um)
V — the solution volume (um?)
t —time (s)
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Notably, sometimes an exhaustive electrolysis method can be desirable,
and a membrane or a frit may be employed to prevent the migration to and
regeneration of an electroactive species at the counter electrode.

Grafting and monolayer formation

To create a heterogeneous phase suitable for DNA recognition the DNA
probe (or another recognition molecule) must be affixed to the surface.
Preferably, the spaces in between the DNA probes are to be backfilled in a
way that does not interfere with hybridization but eliminates non-specific
signal.

The coupling of gold to thiols is a classic approach where a sulfhydryl
or a disulfide generates an Au-S bond on a gold surface.” This reaction is
rapid (a few minutes for initial coverage) and forms high density, highly
repeatable self-assembled monolayers (SAMs).”? The Au-S bond has
significant stability issues at reductive voltages and elevated temperatures.”™
Trithiolated layers have been used at relatively high (80° C) temperatures.’™

Gold-alkyne bonding is a novel approach showing somewhat improved
stability over thiols.”” Gold-phosphine monolayer bonding has been
described in literature’®"8 but is very uncommon in practice.

Grafting of highly stable aromatic layers can be achieved in mild
reductive conditions via in situ formed aryldiazonium compounds — this
conjugation can vyield well-controlled relatively thin layers.”® The
aryldiazonium salts can be prepared in situ via a traditional cold acidic
NaNO, solution or in organic solvents via organic nitrites.28" The
electrochemically generated radicals seemingly did not destroy a linked
antibody during grafting.®? It must be emphasized that it is easy to deposit a
very thick polymer-like layer especially if the diazonium solution is formed
in situ and the concentration may be unknown. Diazotization of aliphatic
amines is almost never performed due to poor stability.

Non-diazotized aromatic and importantly — aliphatic amines can be
grafted directly via electrochemical oxidation, providing a convenient way
of highly stable directed aliphatic modification.8*-#

It is important to be aware of potential driven decarboxylation® which
occurs at similar potentials (around ~950-1000 mV vs. SCE). From personal
experience in grafting Q-amino acids, this can make later functionalization
via amidation impossible, however carboxyls can be preserved by carefully
controlling the potentials (I would recommend up to ~600mV wvs.
Ag/AgNOQ;s in acetonitrile). The decarboxylation is in and of itself an another
approach to graft (oxidation-stable or protected) functional groups. Notably,
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an entire research field of carbon-carbon bond formation via
(electrochemical) decarboxylation has recently come to the foreground?®,
despite being proposed in the 1890s.%

H.G H.C H.C HaG

B (Q < T 1

Figure 6. From left to right: Thiol SAM, Alkyne SAM, Grafted aliphatic
amine, Thiol-ene grafting, Aryldiazonium grafting, PEDOT polymer, N-
heterocyclic carbene SAM (see text for details).

A functionalization-ready surface can be prepared by electrochemical
polymerization — such as the formation of an azido-PEDOT layer.®°

A classic approach common in immunoassays has also been used where
target DNA is adsorbed on polystyrene-polybutadiene copolymer from
solution.®® Electrochemically triggered grafted group deprotection is
possible.®**2 An elegant photocatalyzed thiol-ene approach has been put
forth for both directed conjugation and patterning, but we must be aware that
the generation of a sulfhydryl covered surface is not an easy task.®® An
approach with wonderful acid/base, thermal, oxidative and organic solvent
stability based on N-heterocyclic carbene (NHC) films has come to the fore
recently. These SAMs are created on gold via a carbene — a (shelf-stable)
neutral diradical-like compound derived from a deprotonated heavily
substituted imidazolium salt.** Unfortunately, despite otherwise superb layer
stability, NHC layer degradation is observed upon electrochemical
reduction. Commercial applications like CombiMatrix® protect their
platinum surfaces with a polymer, presumably to i) allow reliable covalent
bonding, ii) prevent metal-catalyzed side reactions.

A notable outlier in generating monolayers is the non-covalent
pyrenebutyric acid (and derivative) stacking onto graphene and related
substrates.*
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Conjugation

The DNA probe may be introduced via grafting or chemically linked to
the grafted molecular layer as a separate step.

Crosslinking may have originally become highly relevant as a method
of gluing cellulose with the classical agents such as glutaraldehyde,
polyepoxides and divinylsulfone now having been used for around a
century.®” Shortly after the introduction of “one carbon bridge” and “zero-
length” crosslinkers® via formaldehyde activation and EDC crossreaction
respectively, the concept of “two step zero-length crosslinking” in the form
of activated esters was proposed via R-CO-NHS for amides in 1990.%°
Notably, the concept of an activated carboxylic acid in the form of R-CO-
DMAP* cation for ester synthesis emerged much earlier in 1979.2%° This
procedure was a massive leap forward and is still commonly used, with
powerful new acylation agents still emerging.}>1% Emphasis on longer
heterobifunctionalized crosslinkers came soon after.%’

The notable Sharpless Lab changed the landscape of conjugation
chemistry with their selective aqueous azide-alkyne addition.981%° Anp
amino-yne reaction with terminal or non-terminal electron withdrawing
group containing alkynes has been shown.!? Similarly, the thiol-ene click
reaction is another useful approach.’! DNA is traditionally linked via the
azide-alkyne addition, maleimide coupling or via amide bonds.*?

Unlabeled DNA signal transduction
One of the simplest ways to transduce a hybridization signal is via an
intercalating agent. Intercalation can usually occur via:
 Outside edge binding — more phosphate specific (e.g., [Ru(bpy)s]*?)
» Intercalation — usually flat aromatic compounds (e.g., ethidium
bromide)
» Groove binding — usually larger molecules than intercalation (e.g.,
Hoechst dyes) 113114
Intercalators besides fluorescence and redox signals can also produce a
catalytic signal.'*® Unfortunately, this chemistry can be unreliable — for
instance binding to ssDNA!® as well as adsorbing to proteins, lipids or a
solid substrate.
Intercalation of agents like methylene blue to detect DNA is still used as
an alternative to covalent modifications or for binding structures like G-
quadruplexes.t’
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Labeled DNA signal transduction

Covalently bound labels are available via: a complementary reporter
strand via sandwich hybridization!', distance-dependent signal via opening
of a hairpin''®, modified dNTP incorporation via a polymerase!?® and
(indirectly) via covalently modified Cas9.'2

In electrochemical analysis, it can be very difficult to eliminate the signal
from soluble redox-active molecules and DNA labeling is by far the more
reliable approach for specificity.

Although electron transfer via the DNA duplex in a fashion similar to a
highly conjugated molecular wire has been proposed!122123 (ysually under
very strict conditions), it is difficult to account for and rule out the effects of
geometry changes when solubilized dsDNA is interrogated on a surface.

Figure 7. A representation of charge transport through a DNA molecule.

For instance, a case of reported rapid, low voltage, long-distance
dsDNA charge-transfer'!® could be explained by the presence of spermidine,
which is now known to collapse the DNA strands on surfaces.!?*% If such
relatively flat DNA duplexes were produced by DNA collapse, they would
likely result in behavioural similarities between long and short redox-labeled
oligomers (appearing as intantaneous, through-DNA conduction). Further
support of contact-mediated charge transfer is expressed in literature from
observations where both duplex formation and increasing monolayer
densities result in lowered charge-transfer rate.?® Since 2000s-2010s DNA
seemingly has achieved limited application as a molecular wire at mild
votages and highly conjugated modifications yield vast improvements in its
conductivity.'?” Generally, an electroactive label proximal to the electrode
produces a powerful signal and the label distal to the electrode produces a
weak signal (i.e., minimal dsDNA conductivity is observed). These effects
have been demonstrated via SWV to occur simultaneously as the DNA
hybridization process “quenches” an existing distal label signal and
introduces an increasing proximal label signal. The authors note that
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proximal reporter signal is still diminished due to ion screening and should
be higher.!?® In a similar fashion, many assays utilize the dsDNA signal
quenching as a means to detect hybridization via a labeled hairpin probe.?
The restraining of a dsSDNA molecule has also been attempted via increasing
viscosity through addition of glycerol.*?® | suspect that the changes in the
screening ability of the solution by glycerol were quite marked, recognizing
the difficulty to increase the matrix viscosity without affecting the matrix in
other ways.

Similar behavior has been demonstrated via CV also reporting the
electron transfer rate constant via SWV to be 0.7:140s* for distal and
proximal MB labels respectively.**

Signal amplification

Note: The categories are arbitrary. There may be large overlaps
between the concepts.

Oligomerization

By forming large clusters of a signaling molecule the signal can be
significantly amplified. In electrochemical assays by conjugating a large
amount of MB onto gold nanoparticles detection in the 50fM range has been
reported.’3! As biotin-steptavidin can form dendritic structures via anti-
strepatvidin-biotin and the reagents are commercially available, this
approach is common. Commercially available large beacons such as
FluoSpheres (Thermo Fisher Scientific) or DiagNano™ Streptavidin
Quantum Dot Beads (CD Bioparticles) are also available.

Catalytic

Catalytic signal amplification entails connecting an enzyme or another
catalytic subunit as a signal transducer. Often the difference between a
catalytic and a cumulative signal is arbitrary and | make these distinctions to
create a theme for the reader. Conjugates such as streptavidin-HRP or ALP
are a common and powerful approach. One of the mainstay methods is the
HRP-H,0,-TMB reaction in ELISA™2. For electrochemical genosensors
sensitivity with HRP detection down to 60fM has been reported.!3

Cumulative

Cumulative signal amplification approaches typically rely on deposition
or growth of a product on the signal transducer. This category includes one
of the original signal amplification approaches: silver staining in
microbiological and medical imaging.'* Biometallization approaches can be
regarded as cumulative and very high sensitivities have been achieved.351%¢

Resistive signal amplification
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Resistive signal amplification is again, almost identical to cumulative
approaches as some analyte or product must be deposited onto a conductive
surface. However, in this case the focus is on generating a very large signal
on the “naked” sensor which subsequently is quenched by analyte
recognition. For electrochemical genosensors HRP mediated precipitation of
benzo-4-chlorohexadienone with reported sensitivities in the 600fM range.*%
Polymer and dendrimer'® substrates are used for obtaining high resistive
signals.

Charge accumulation

It is less common to accumulate a large potential bias or like-polarity
ion concentration. Such processes are highly unfavorable and are more
frequently encountered in biofuel cells. Minute charge accumulation can be
detected by tuning to a specific gate voltage in a MOSFET. If a charged
molecule (such as DNA with counter ions) is captured this small change in
gate voltage produces a large source to drain current.!?

Captured sample amplification

Additional sample amplification can be performed after hybridization.
RCA has been applied to massively increase the size of DNA reporters.®
Solid phase RPA utilizing modified dNTPs as ferrocene labels has been
applied for simultaneous signal amplification and sequence recognition.?

Electrochemical genosensors

To date some excellent electrochemical genosensor designs have been
proposed. A highly accurate device for measuring a genotype has been
reported by Yang et al. (2014).” In this case a synthetic unlabeled ssDNA
target is used. The sensor captures the target onto solid phase via a distally
labeled trithiolated probe. These probes are remarkably thermally stable up
to ~80°C. After the hybridization the device can be filled with fresh
electrolyte and a stepwise temperature ramp is performed. The melting is
monitored via alternating current voltammetry. The device consists of a
Peltier element with a gold electrode containing PDMS microfluidics
requiring sample volumes on the order of 10 pl.

Yenice et. al. (2023) has demonstrated a wonderful melting
temperature-based device. The sample is prepared from a capillary blood
sample which undergoes in-solution hybridization with a ferrocenylated
primer and is amplified isothermally via asymmetric RPA.* This yields a
sample solution with proximal-side ferrocenylated ssDNA targets which
bind to solid phase probes. As targets are synthesized with a preexisting
label, sandwich hybridization or probe labeling methods are not needed. The
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electrode array is then placed into a solid phase thermal block and the
temperature is scanned stepwise with a DPV recording at each temperature.
This creates a thermal melting curve, allowing to discern between alleles
including heterozygous samples.

The device consists of an Arduino-based syringe pump and Peltier
element with a 64 gold electrode array containing PMMA microfluidics. A
really meaningful design change reported therein is the use of an Au
pseudoreference, which greatly simplifies array manufacturing and makes
the method highly scalable.

A highly innovative approach to accelerate the kq of a dsDNA strand via
an electrostatic bias was proposed by Vernick et al. (2017).° In contrast to
potentiostat where a bias is measured versus the reference and an unknown
bias exists versus the counter electrode, the study used FET electrodes where
the bias is recorded versus the gate (Vg) which represents the surrounding
solution. The DNA probe is grafted to a carbon nanotube via aryldiazonium
followed by amide condensation and is hybridized to the target. The team
found that melting curves can be recorded at a constant temperature by
changing the Vg and these melting curves differentiate a SNP target. As the
device records source-drain current, and not a voltammetric measurement,
the bias can be applied constantly.

Realistically such FET devices are very powerful but extremely difficult
to manufacture. As the grafting is electrically switchable there is great
potential for miniaturization. While on paper nucleic acid amplification may
not be needed using FET electrodes, realistically capturing unamplified neat
genomic or viral DNA is not an easy task.

A different mode of recognition in a FET device has been shown by
Hajian et al. (2019).'2! In this case the DNA recognition event modulates the
Vy-Vs potential which causes a change in current. In this approach the DNA
recognition occurs via a dCas9 which is complexed with a target-specific
RNA sequence.

The most pressing issues in genosensors

Some excellent prototype devices have been proposed to date, such as
MEQ-LAMP and others.*+120140 While some signal amplification methods
are justifiable, polymerase-based amplification clearly serves as the
foremost, multi-purpose tool. Generally, it would be desirable to have fewer
plausible points of failure and limit the amount of enzymes, nanomaterials,
master-mixes, etc.

Label-free methods are very popular but as they are intrinsically
capable of producing a signal without any secondary labeling, it may be

36



difficult to maintain full confidence under variable test conditions without a
full suite of controls.

One of the biggest issues in genosensors is the sample automation.
Generally, sample-to-answer platforms are the most convenient and
desirable. While some simple tasks are soluble via capillary action or
vacuum-chambers, the complex sample preparation for genetic
measurements has typically been done by a pipetting robot. Currently,
various microfluidic, electrowetting on dielectric (EWOD), magnetic beads
or centrifugation options are encountered commercially for more
complicated tasks.

Another very important challenge in genosensors is miniaturization.
This means removal of the pumps, heat control, as well as power supply
potentiostat and electrode size diminution by clever design. These two latter
areas (sampling and miniaturization) are generally difficult to approach as
doing so requires complete commitment to the current (electro)chemistry.

Genotyping is an important function that does not always get directly
addressed in genosensors. The approaches of adding genotyping capability
are often via multiplexing electrodes?’, temperature sweep melting’*4! and
using two allele-specific reporters on one surface.®:

Generally, it is difficult to avoid readout multiplexing which poses
assay and device design implications — intermittent wversus constant
electrochemistry, one-pot versus separate cells, shared microfluidics versus
EWOD chips, analog signal conditioning and conversion and other
important parameters.

In a broader context, electrochemical genosensor development to
commercial products may be stifled by intrinsically low throughput. As
compared to e.g., fluorescence where no direct chemical interaction is
required (i.e., touching the solution), and 50-100 samples may be plausible
in a minute with a single sensor. Highly intricate mechanochemical (QCM)
or semiconductor (gFET) electrodes are at a further disadvantage from this
perspective.

What about sequencing?

There are many applications where DNA sequencing simply cannot be
replaced by genotyping or target detection, such as haplotype determination
(e.g., identifying the interplay and assigning all present variations to one
specific protein). Impressively, such subtle differences have been
mechanistically verified in vitro.1#?

37



Electrochemical and electronic methods have been prolific in the
rapidly evolving field of DNA sequencing and they will be briefly covered
to contrast the technologies better.

In the early days of Sanger sequencing the only electrochemical
application was gel, capillary**® and later multi-capillary electrophoresis
(Applied Biosystems 3100).244-146

Despite capillary analyzer improvements to 384-formats 47149
electrophoretic methods had a general throughput limitation and the optical
array-based Roche 454 analyzer brought a start to the NGS revolution in the
mid-2000s.%°

Despite the dominance of the chemiluminescence driven Roche 454
analyzer in the late 2000s and the latter overwhelmingly fluorescence-based
systems (such as Illumina MiSeq, NovaSeq; PacBio RS; Thermo Fisher
Scientific SOLID; MGI DNBSEQ), electronic analysis methods have
continuously brought innovations in the genetic assay field.

Sequencing by synthesis (SBS) was elegantly translated into electrical
detection bringing about the lon torrent analyzer soon after its commercial
breakout via ion-sensitive field-effect transistor (ISFET) based detection.**

A very exciting approach to electrical sequencing readout followed with
Oxford Nanopore MinlON. %21 The device uses a transposase and
sequencing adapters ligated onto a long genomic DNA strand. The readout is
at 400 bases s and over 4Mb length. The basecalling is processed via
measuring current passed through the nanopore at a bias voltage. The
company followed up with PromethlON in 2017 massively expanding the
throughput with 24 flow cells.

Prayoga Life Sciences GenapSys Sequencing Platform added to the list
with their novel electrically detected SBS approach. It uses solid phase one
nucleotide at a time addition which produces continuously increasing
electrical impedance in steps corresponding to the added nucleotide.®

LiDia-SEQ, an ISFET-based device with sample-to-answer onboard
processing is being developed by DNAe.*%

Further innovation has been demonstrated by the recently announced
Roche Axelios 1 sequencer. The device will measure current through a
nanopore by using a chemically labelled DNA sequence. The target
sequence is converted to Xpandomer sequence by coupling expandable
nucleoside triphosphate bases containing polyamine, polyphosphate and
polyether moieties. As the Xpandomer surrogate passes through a nanopore,
the current for each base is much more identifiable than for a corresponding
DNA polymer. 7
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Structural variations (such as alterations in gene copy numbers or
translocations) are detected at larger scales of the genome (100s to 100 000s
of base pairs) than DNA sequence mutations. OhmX, a solid-state
resistance-based electronic nanochannel commercial solution (single-
molecule) has been developed by Nabsys and released in 2023. 8

Overall, electronic or electrochemical DNA sequencing readout has
seen numerous applications. While sequencing workflows are generally
significantly more expensive than a genetic ("molecular diagnostics™) assay,
they can provide invaluable insights.
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DISCUSSION

The relevance of DNase and RNase in environmental and diagnostic
fields.

Both RNase and DNase monitoring are important and effective tools in
biobank, calibration and testing laboratories.™® This is especially noteworthy
for laboratories where nuclease digestion takes place as a step in nuclear
material isolation or fragmentation. At the same time, bacterial DNA/RNA
in environmental or food samples may undergo rapid degradation in
presence of nucleases, making genetic environmental tests unreliable.
Therefore, detecting the nuclease activity in samples may be a viable
precaution. Extraneous DNase seemingly did not impact DNA detection in
intact C. jejuni cells (20 °C and 55 °C pretreatment), but for cells lysed at
high temperatures, external DNase significantly decreased the nuclear
material.** Extraneous RNase | has been shown to degrade environmental
RNA with a strong impact on 16S rRNA, which is generally a good target
for determining species.*®® Considering that environmental tests for known
sequences are strong candidates for affinity based detection, the ability to
screen samples for nucleases is a powerful feature for future genosensors.
Our sensor (Publication 1, workflow: Figure 1, mechanism: Figure 8)
measured DNases recovered in environmental samples (swabs) ranging
between 0.05 U ml? (a breakroom table) and 0.0013 U ml* (a computer
keyboard) DNase | equivalents.

(A) Intact (B) Digested

Nuclease probe O 3 26l

Figure 8. A representation of the nuclease detection mechanism used.
Similarly, discernible activity was detected in commercial protein

preparations >0.05 U ml*! (Glucose oxidase) and 0.0058 U ml (Papain),*6!
indicating a widespread and unpredictable, nuclease contamination. Overall
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performance was comparable to commercial assays (Figure Al 1, Appendix

)

Both human endonucleases!®? and exonucleases!®® have been reported to
have significance in cancer diagnosis.

In short, our nuclease biosensor can be used in biotechnological
and diagnostic fields. Both RNase and DNase detection
sensitivities were comparable to commercial kits but had lower
dynamic range.

The relevance of signal amplification in genosensors.

The sensitivity in affinity based detection is twofold: there are the
equilibrium association and dissociation constants and there is the signal to
noise. Increasing the signal therefore entails producing a stronger response
at, say 0.1% surface saturation and/or increasing the target density on the
surface.

We can see that the 1-10 nM limit of detection in our genosensors
could perhaps be attributed to the fact that a substantial fraction (a few %) of
the target is captured and concentrated on the surface. At 0.8 nM [Target]
there are more available probes on the surface than there is sample in the
entire bulk of the solution (100-120 pul), (Table 1).

Target, |Target, Target captured, |Target Molecules, |Probe Surface
nM nmol nmol 0.031 cm? |captured, % |cm? molecules, saturation,
(Reporter) |cm2 (RuHex) |%
0.8 9.6x10°5 | 1.42+0.2x10% 1.5% 2.7x1010 3.5x1012 0.8%
3 3.6x104 | 1.1910.4x10% 0.3% 2.3x1010 3.5x10"2 0.7%
12.5 1.5x103 6.7+4.6x10° 4.5% 1.3x1012 3.5x10"2 37.3%
50 6x1073 1.5£0.08x10+ 2.4% 2.8x1012 3.5x1012 81.1%

Table 1. 5xSSC solution hybridization (20 minutes, one-pot, 37°C)
efficiency, of a flush DNA target on regular DNA probes (data from
Appendix V, Figure A5 2). At 0.8 and 3 nM, detection is not observed
(Note: with density-controlled ZNA electrodes, 3.2 nM [Target] is readily
visible).

Indeed, an increase in target density via probe density seems
unproductive. An improvement of 3-6x was achieved in our system by
controlling the probe density (see Figure A5 3B) and this likely cannot be
improved any further. Packing more DNA onto the surface will decrease the
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hybridization efficiency, where “high density” surfaces
(>5%10* molecules cm?) trend towards 10-20% efficiency.%* In our case,
the area just above the gold (12.5 nm) should have on the order of 4 mM
DNA.

Target hybridization efficiency improvement at low DNA
concentrations was attempted by “forcing” the hybridization through
different hybridization buffers as improvements have been noted in
literature.*®* The differences between the 5xSSC and the 30% EtOH HEPES
buffers were minimal (See Appendix V, Figure A5 2). Some other buffers
(such as 20% MeCN HEPES or regular PBS with a large amount of blocking
oligonucleotides — to check for target depletion via adsorption onto plastics
or degradation) have been briefly tested and showed no signal at low (a few
nM or lower) DNA concentrations and such experiments were not further
pursued. As an article by Vanderhoeven et. al. succinctly states: “... spot
intensity and the final detection limit are purely equilibrium-dominated
guantities, and can hence not be improved by hybridization enhancement
methods...”%%® and arrives to the conclusion that only changing the
dimensionality or reducing the feature size may improve the LOD. Notably
the authors state that the LOD is improved via the sample concentration
increase through volume contraction. Our experiments led us in a similar
direction arriving at low volume ex situ hybridization in a dedicated low
volume vessel which is not used for any measurements. Another team has
found that smaller feature size improves the hybridization efficiency and that
the feature edges show much improved hybridization efficiency.’®® An
improvement in efficiency was also observed through glycol spacers — where
a longer spacer (up to a certain point) results in higher DNA capture.®’
Others report that a 5 um feature microarray behaves as well as a 30 pm one.
The study shows that the median fluorescence intensity follows the trend
5um > 8um > 30 pm, but it is difficult to tell if the arrays are directly
comparable. 8 My preliminary results (See Appendix V) indicate that no
real improvement in sensitivity was had by lowering the feature size (Kp:
2mm = 3.8nM, 1.6 mm = 3.7 nM, 0.5 mm = 3.5nM) (Figure A5 1). At
0.5 mm diameter, it is notable that the overall current and the signal to
background become quite poor (i.e., any electrical noise or system
capacitance will have a larger impact).
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0.5 mm (ds-SAM) 3.5nM
1.6 mm (ds-SAM) 3.7nM
2.0 mm (ds-SAM) 3.8nM
2.0 mm (ss-SAM) 28.5nM

Figure A5 1. The hybridization sensitivities of different electrode disc
sizes.

Albeit these were not true microelectrodes, a decrement of 2 mm — 0.5
mm, represents an area reduction of around 15x, therefore a change in the
sensitivity on this scale would be clearly distinguishable, bringing the Kp to
0.2 nM range. This mechanistically represents the total probe molecule
impact, ruling out the target depletion mechanism.

In these electrodes, the concentration gradient is maintained at around 3
nM — 4 mM solution to surface (4 mM is an arbitrarily calculated
“concentration” of the DNA monolayer). These results strongly imply that
the mass transport (I typically used a 20-minute solid phase capture interval
for practicality) is the main limitation.

At the same time, (assuming 5 nm DNA molecule diameter), the
fraction of the “outer layer” probes (circumference probes at the electrode
edge, having few neighbors and thus very easily accessible) to total probes
on the electrode increases around 4 times. However, the outer layer fraction
is meaninglessly small, on the scale of 1 in 10°; therefore, this size reduction
does not realistically test the impact of the probe accessibility mechanism.
This mechanism was not further explored as very small electrodes would
mandate very low current measurement, which brings its own hardware and
non-diffusing molecule LSV signal transduction problems.

The bottleneck of low currents when measuring very small electrodes
with slow charge transfer via potential-sweep methods emphasizes the
appeal of constant-potential methods with a diffusing molecule as a signal
carrier, therefore, amperometry may be a viable choice for miniaturization.

In terms of an amperometric detection we have published a method for

chemical reduction-mediated signal amplification (Publication 2, workflow:
Figure 2, mechanism: Figure 9).16°
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Figure 9. Chemical MB label reduction at the electrode.

While relatively small signal amplification was achieved (a few
nanoamperes at saturation) this method remains intriguing for
microelectrode use. It is possible that drastically lowering the surface area
will allow for extremely low sample volumes. At the same time, ascorbic
acid diffusion would be improved. An amperometric approach may perform
better at very low currents than a potential sweep as it eliminates the
capacitive component. Thus, this approach remains interesting. | have
demonstrated for clarity that the reaction still works in a sandwich
configuration and in multiplex readout, but was unable to improve the
reaction rate via label positioning (see Appendix I1). Reaction rate loss has
been reported in a similar system upon chemically modifying nucleobases,
indicating that the oligo construct clearly impacts the reaction.’® In my
experiments, positioning the MB label in the middle of the DNA chain
completely destroyed the detection with DNA probes, but not with ZNA
probes (see Appendix I, Figure A2 2).

In short, sample size contraction and DNA probe density control

produce viable but limited improvements in sensitivity. Altering
hybridization buffer composition or electrode size reduction down
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to 0.5 mm did not notably improve sensitivity. Further feature size
reduction is desirable but will likely present very low currents. A
reaction monitoring approach for real-time measurement of
hybridization is presented.

The relevance of conjugation in biosensors:

Broadly speaking in chemical and biochemical assay methods and
standalone components (e.g., magnetic beads, affinity resin, solid phase
peptide synthesis, batteries etc.) solid phase (bio)molecule grafting is a
process of the highest importance. However, it is in my personal experience
and observed by some others that verifying the nature of the coupling
chemistry is difficult.'’>'"2 In fact even differentiating between adsorption/
agglomeration/ precipitation and grafting presents extreme difficulties. This
is due to i) minute chemical differences between a ligated and an adsorbed
molecule and ii) a single molecular layer represents a small quantity thus
requiring a high sensitivity method. Therefore, it is common for a grafted
molecule to be confirmed via i) function or ii) presence but not often via
iii) chemical bonding. Often the various ligation chemistries (e.g., comparing
the assay using two completely different surfaces, solvents or antibodies,
etc.) are compared as “apples to oranges”. This is somewhat unavoidable
because the reagents, the biomolecules and the surfaces have drastically
different behavior (due to size, charge, intermolecular interactions etc.),
which cannot be easily compensated for. Unfortunately, “non-ligation
controls” (e.g., minus carbodiimide) are not standard especially in more
complex assays.’217

The inability to confirm coupling with high confidence can become a
serious problem when designing new grafting chemistries and manufacturing
processes.

The widespread use of blocking agents (often containing naturally
occurring proteins, oligosaccharides or synthetic polymerst’™) in bioassays
further emphasizes the pervasive problem of unexpected adsorption events.
If a low solubility compound forms a strong non-polar interaction, it can be
surprisingly difficult to remove.

For nucleic acid detection, solution phase recognition is the extremely
scalable in terms of price and volume, e.g., for primer-polymerase methods
you could manufacture a million reactions worth of master mix.
Unfortunately, it becomes impossible to manage a library of >1000s of
primers, unless they are adhered onto a substrate. Currently, it is desirable to
attach DNA probes via various linkers to change their behavior (e.g.,
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flexibility, charge) and to selectively bind specific sequences to
multielectrodes.

The main methods to study grafting or chemical modification of a surface
at the moment are XPS/ESCA for composition and oblique reflection
FTIR/PM-IRRAS or AFM-IR for bonding.r’®” All three are highly
specialized methods. Other methods like AFM,'® SEM,® liquid
scintillation,® antibody staining® or SPR*! are capable of confirming the
presence of a modification but are not usually able to indicate bonding.

Through this discussion | wish to bring attention to an important
bottleneck in sensor array development (research and optimization) and
manufacturing (quality control). When developing a novel directed ligation
chemistry (I wish to keep the methods outside of the scope of this
dissertation as these processes are still in development) I have run into a
case of interfering non-directed ligation or adsorption problems which serve
as a good example of SERS-active electrode application. (Figure A3 6).

-0.2 0.0 0.2 0.4
E.V

Figure A3 6. A directed ligation chemistry currently in development.
Dashed line: directed ligation, solid line: simultaneous non-directed
coupling side-reaction onto a nearby electrode.

In other words, a neighboring electrode in an array (intended for a
subsequent modification for a separate target) may parasitically couple to a
biomolecule during the first step, and perhaps, show an electrochemical
signal (i.e., presence detected, without revealing the mechanism). Such non-
directed cross-reaction may well occur in photo/electrochemical, fluidic,
thermal, dropcasting or other means of directed array modification,
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underscoring the importance of a rapid, inexpensive, sensitive and spatially-
addressable auxiliary surface structural analysis method.

An interesting prospect arose during our SERS-active electrode testing
(Publication 3, workflow: Figure 3), where various surface modifications
could be structurally detected. Turns out, the adsorption and ligation of 4-
aminobenzonitrile (used as a proxy for a biomolecule) can be differentiated
based on the relevant functional group bands (see Appendix 111, Figure A3
4).
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Figure A3 4. SERS spectra of SSCNPA, SPA + CN and SPA (clean)
with tentative peak assignments.182

While limited to a gold substrate this is a facile and rapid means to
measure bonding. Such an application clearly elevates the research and
manufacturing relevance of these electrodes. Most interestingly, the
preliminary SERS experiments indicate that nanostructured gold enhances
the proximal (nearby) functional groups much better than the more distant
ones. Therefore, in principle there is selectivity for nearby bonds while far-
away bonds may perhaps be selectively enhanced separately afterward.

Aside from one or two-step couplings/graftings, conductive polymers
and MIPs (molecularly imprinted polymers) are some of the very few
commonly encountered solid phase synthesis products in electrochemical
analytical methods.

On the other hand, “piece-wise” receptor construction on the electrode
is almost never used (i.e., solid phase synthesis of peptides® and proteins to
capture small molecules, oligonucleotides to capture DNA or, for instance,
oligosaccharides to be used as antigens).

Fundamentally, step-wise solid phase synthesis is a perfectly viable and
powerful approach, especially for highly diverse molecules. If a deprotection
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or a coupling reaction can be easily confirmed via a SERS measurement,
these step-wise methods may become more approachable.

Another plausible application yet to be explored is confirming directed
(oriented) antibody linking.

In short, if solid phase synthesis or directed conjugation methods
on electrode surface do gain traction in the future, SERS will be a
good option for verifying the reactions. Verifying one-step
coupling is currently viable on SERS-active electrodes.

The importance of signal transduction in affinity genosensors:

A major signal transduction problem was encountered with larger DNA
target molecules where the distal DNA overhang produced significant
interference (Publication 4, workflow: Figure 4, signal transduction:
Figure 10). It was suspected that the MB label was encapsulated by the
overhanging strand’s negative charges or lost mobility through the increased
hydrodynamic radius and thus, the MB label was unable to approach the
electrode.

=k C Thiol
\ % Wanchor
"M e — |
Distal side Proximal side
K . Sp—

Figure 10. Sandwich representation containing the DNA probe and R*1
which has a distal MB label. Only the distal T*1 overhang is shown. The
sandwich is likely in a more “upright” conformation than shown. This is an
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attempt to represent a macromolecular structure. The “average”
conformation is not known. Elements are not to scale.

As the label is on an upper reporter strand it was impossible to get the
MB labels proximal to the surface. An attempt was made to chain the
electron transfer through:

ReporterMB — ProbeMB — ProbelTarget — Electrode

This approach would dramatically increase the remaining MB
background post melting but | expected to account for it via data fitting.
Unfortunately, this approach was also unsuccessful (see Appendix 1V,
Figure A42.2)).

Our results were comparable to other sources. Silva et. al.’¥ show
findings where if we assume perfect hybridization, as the probe density is
quite low, we can extrapolate an MB label position to signal relationship as
such:

ssDNA: Distal > Almost proximal ~ Almost distal ~ Proximal

dsDNA: Proximal > Almost proximal ~ Distal > Almost distal

This “Almost distal” middle position proves highly unfavorable for a
label as it is electronically (due to encapsulation by negative charges)
blocked from approaching the surface. Similarly, rather than affixing the
label towards the middle, keeping the label proximal and lifting the whole
duplex upwards via a spacer (where the probe effectively has a proximal
overhang) produces increasingly lowered signal.’®* Note: if we were
measuring say, some phenoxazine derivative at +0.8 V vs. Ag/AgCI, these
observations may no longer apply.

If the mechanism of conduction through dsDNA stacked nucleobases is
assumed this behavior becomes very difficult to explain. To further this
point, a distally MB-labeled ssRNA target performed perfectly well in an
RNase sensing application in Appendix I.
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Figure A4 1.3. (from Appendix 1V) shows the starting and end MB
signal at various temperatures.

Unexpected dsDNA bending has been observed in solution at
frequencies of up to a hundred thousand times higher than predicted.'®® One
of the proposed mechanisms is the melted-bubble model where DNA
spontaneously forms melted sites at ambient conditions.

Figure A4 1.3 shines additional light on the matter of through-DNA
versus DNA-mobility mediated signal transfer. Through-DNA transfer relies
on the idea of a fully pi-stacked chain, but we know this is not the case in
nature where DNA is constantly partially melting and reannealing. If ds-
DNA were the conductor, we would expect a temperature-dependent loss of
signal, rendering all melting-based sensors impractical.

An important observation regarding ssDNA came from Uzawa et al.!8
where no impact on charge transfer was noted from probe packing density.
This implies that DNA crowding is an unlikely explanation to poor signal
transduction.

In our case, the PCR amplicon has distal overhangs which impede the
voltammetric signal significantly (see Appendix 1V, Fig. A4 1.2). To fix the
signal transduction, it would have been reasonable to attempt inverting the
probe and reporter strands so that the target molecule hangs “downwards”
toward the surface, but I was concerned about the impacts this would have
on hybridization. With on the order of 3.5x10* probes/cm? we suspected our
electrodes to be near 10% of the maximum theoretical ssDNA packing®’ and
in practical terms at maximal density for dsDNA.®? The inversion of
sandwich geometry therefore raised valid concerns. The DNA probe
molecules in the immediate vicinity of the inverted target may repel the
oncoming reporter molecules.
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A safer approach seemed to collapse the sandwich structure, thus
eliminating the signal transduction problems. This was attempted via
polyamine containing ZNA-4 probes lowering the net charge of the probe
molecules from —21 to —10. This approach was very successful, eliminating
the signal transduction problems and granting tolerance for overhanging
PCR-produced targets.

Note: at the probe charge of —10, a very small amount non-specific

reporter adsorption could be observed if the electrode is

interrogated immediately after hybridization and without reaching

42 °C. This is acceptable in our system, however, at complete

neutrality we would expect unwanted DNA adsorption.

In contrast to probe-linked polyamines, adding free polyamines into
solution would possibly result in uncontrollable polyamine accumulation and
possibly lead to non-specific DNA adsorption.

Another successful approach to fixing the charge transfer problems was
also attempted. By attaching MB via a flexible polyethylene glycol sidearm
rather than directly to DNA, the MB mobility is improved. This approach
now works in both DNA— and ZNA—probe sandwiches, with a longer distal
(3’) sidearm being the most preferable (Figure A4 4.2).

In short, while it is believed that charge transduction through
dsDNA occurs, | was unable to force electrochemical
transformations of DNA-tethered methylene blue in many
configurations. It appears that under the experimental conditions
used, the charge transfer is occurring via DNA label mobility.

The importance of SNP assays

Distinguishing between two single base-mismatched sequences and
their combination can give information about slight differences in proteins
between individuals which is highly applicable to diagnostics.

In Publication 4, a PCR amplicon is captured onto a solid phase probe,
and interrogated with 2 different allele-specific reporters. In addition, an
approach similar to gene sequencing allows us to gain extra sequence
information during the screening of a specific target (see Appendix V,
Figure A55.).
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Figure 11. Sequence-dependent changes in hybridization energy. Data
from Publication 4. Unexpected offset denotes a digitally unaccounted for
nicked site heterocyclic base stacking interaction (and is equal to the
stacking affinity) (see Publication 4).

Albeit the genosensor was designed for multiplexing, in terms of true
scalability, the use of a specific reporter sequence is a major challenge.
Obijectively speaking, the use of target-specific reporters after a certain
point is not scalable. Once you are trying to measure up to 200 million
sequences it becomes to the best of my knowledge, impossible to manage the
fluid handling. While various innovative liquid handling approaches have
been proposed such as voltage-mediated dispensing from droplets,*® or
electrowetting on dielectric'® this is likely an insurmountable obstacle. For
instance, lon Torrent uses on the order of 8-14 solutions in total for any
DNA target.1%1% Therefore, the scope of applications of the proposed assay
falls more into the characterization of a handful of genetic targets.

The genosensor was not only able to detect different genotypes in real,
non-invasive saliva samples, but also characterize various other mutations by
how destabilizing they are. This was also translated into the units of kcal
mol?, allowing for measured vs. calculated energy comparison (Fig. 11).

Solution phase Gibbs free energy has been recently used in assay design
to predict crosshybridization; with a recommended difference of
>—9 + 7.5 kcal mol™* AG which results in around >1.5 kcal mol* 44G under
given conditions.®2 This is not too dissimilar from the sequences we selected
for our study, comprising around 2.2 kcal mol* (solution phase 44G) in the
case of homozygotes and half that in the heterozygous allele (see
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Publication 4). The strength of the DNA base stacking interaction was
found to be on a similar magnitude. | calculate the A|G base stacking energy
to be on the order of 2.0 + 0.3 kcal mol™* (literature ~2.1 kcal mol™).1%

The obtained equilibrium constants (Appendix V, Figure A5 1) are quite
reasonable as they suggest the binding to be on the order of 10.9-
12.2 kcal mol depending on the probe density (in agreement with DinaMelt
provided sequence-based hybridization 4G of 12.1 kcal mol?). Interestingly,
when compared to DNA hybridization, antibody-antigen and aptamer-ligand
equilibrium dissociation constants are not significantly better.1%41%

In DNA affinity sensors a fundamental limitation is reached where a
sample solution containing a similar quantity of DNA to the amount of the
interrogating probe (or size and density of an interrogating surface) will
likely give poor signal. At 0.17 pmol/surface (0.0314 cm?) that is 1.7 nM for
a 0.1 ml sample. In practice (see Appendix IV, Figure A5 3) the signal
becomes clear in the range of 3-20 nM. However, a 1.7 nM solution of the
human genome (if amplified and processed) when translated into 30 bp
oligos equals a solution with ~350 mM oligos. In practice a DNA oligo
solution of 5 mM (on the order of 100 mg/ml), is already highly concentrated
and can show marked changes in viscosity. For a more general sequencing
application a dramatic reduction in electrode size would be necessary.

In short, a novel genotyping platform has been developed, capable
of genotyping heterozygous samples at ~ 10 nM of DNA. This
suggests that the current sensitivity of the genosensor is perhaps
three to four orders of magnitude too low to perform “sequence
fishing” in a fragmented whole genome amplicon of a sample, yet,
if tergeted amplification is used, it is possible to extract some
sequence information.
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A summary of the broader insights

Generally, these genosensors are suitable for the analysis of any nucleic
acid sequence, indeed we have observed good signal transduction form an
RNA reporter. Besides recognizing a specific oligonucleotide, these assays
can be implemented to: glean additional sequence information, quantify
relative and absolute abundance, observe nucleolytic reactions and likely
others, like ligation, extension, etc.

Significant improvements were introduced to lower the required amount
of DNA from the first iteration (~195 pmol) such as in situ hybridization
signal amplification via a redox reaction (~25pmol) and ex situ
hybridization (~0.5 pmol). Attempts of hybridization acceleration, surface
miniaturization, attempting to route the redox signal transfer, chemical signal
amplification generally provided only marginal improvements in sensitivity.
DNA probe density and sample contraction provided only linear
improvements, but were impactful in ensuring good sensitivity. MB-labeled
DNA appears to perform the redox charge transfer though a chain mobility
or other physical proximity mechanism.

Applying this system to real samples research has led to an innovative
incorporation of charge-altering ZNA probes enabling the use of targets with
larger overhangs. This is yet to be published, but non-charge altering
ethylene glycol spacers between the DNA and the MB molecule performed
equally well (in combination with both DNA and ZNA probes).

While the DNA concentration inference from the hybridization rate is
accurate and also sufficient to detect DNase and RNase with good
sensitivities, fundamentally, the dynamic range for nuclease measurement is
quite low, as the concentrations needed for rapid hybridization are moderate.

While the chemically (ascorbate) amplified hybridization rate
measurement can be performed in real time, the obtained currents were quite
small, requiring a considerable amount of time (~ 1 h) to reach saturation.
With constant temperature and electrode potential, this approach could
provide the benefit of inexpensive and simple electronics.

While the decay curve of DNA melting contains its sequence
information, the resolution we currently have is much too small to perform a
de-novo sequencing of a 16-bp region. Low salt concentration and the
addition of formamide allowed us to measure relatively rapid (15-20 min)
melting reactions at moderate temperatures (42 °C). This sensor ignores by
design any need to carefully control the reporter strand crosshybridization to
a mismatched target and exploits this behavior.
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CONCLUSIONS

Overall, three nucleotide affinity based biosensor types were produced.
The results are as follows:
1. DNA and RNA sequences were detectable voltammetrically
(hybridization), amperometrically (hybridization) and
voltammetrically (dehybridization) in “synthetic” and real samples.

2. Point mutations were detected in homo- and heterozygous diploid
samples, isothermally. 5 human saliva samples were genotyped for
CYP2C19 *1 and *17 alleles correctly.

3. Sensor-relevant design features were explored and incorporated.

3.1. SPE use for nuclease detection.

3.2. A prototype analyzer was produced for Nucleases.

3.3. Nanostructured porous gold electrodes were developed
allowing to observe spatial and molecular properties via
SERS.

3.4. Electrode chemical functionalization assessment via SERS
was demonstrated as a proof of concept.

3.5. A direct PCR amplification followed by direct hybridization
were used without sample DNA or amplicon purification.

3.6. Isothermal methods significantly lower the device complexity,
size and energy use.

3.7. Amperometric DNA quantification was explored as it is
important for microelectrodes and would simplify the
potentiostat design.

3.8. Analysis of diploid samples achieved on a single surface.

3.9. One-pot melting analysis with solid phase hybridization was
achieved, thus removing pumping, heating and waste removal
steps.

3.10. Ex situ hybridization allows for sample pooling,
amplification multiplexing and sample reuse.
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SANTRAUKA/SUMMARY

Genetinio kodo seky detekcija yra ypatingai plati sritis turinti didziule
jvairove taikiniy. Tokie metodai leidzia identifikuoti ir apibrézti mikro- bei
makro-organizmus bei jy savybes. Sveikatos apsaugos sritys remiasi
ypatingai svarbiais DNR paremtais diagnostiniais metodais kaip naviky arba
sveiky Igsteliy mogaus genomo charakterizavimas. Sie metodai daZnai
naudojami  parinkti  tinkamiausiai gydymo krypciai. PavyzdZziui,
farmakogenetinis zymuo gali buiti nustatytas vieng karta prie§
farmakoterapija, tuo tarpu vézinés ligos progreso steb¢jimas gali biti
naudojamas ir terapijos metu.

Geneojutikliai yra biologiniais procesais paremti prietaisai galintys
specifiskai aptikti DNR arba RNR grandis. Genojutikliai pasizymi
prieinamumu, tiek savo kaina, tiek savo paprastumu, ir jy naudotojai turi tiek
asmeniniy duomeny, tiek analitinio instrumento fizing kontrole.

Zinoma, Zmogaus genomas néra vienintelis taikinys, mikrobinés tar§os
nustatymas maisto, vandens ir kitose terpése taip pat yra svarbi uzduotis,
tinkama genetinés analizés metodams. Mikrobiologiniai organizmai kaip
Legionella pneumophila,® Escherichia coli® ir Enterococcus'! gali biti
matuojami vandens méginiuose, jvairiis pelésiai’? — oro méginiuose, bei
Campylobacter jejuni® ir Cyclospora cayetanensis'* — maisto méginiuose.

Dar viena taikymo kryptis yra infekcijos sukéléjy identifikacija bei,
daznai tuo paciu metu atlickami, antibiotiky atsparumo matavimai. [vairiy
mikroorganizmy kaip SARS-CoV-2, Ebola, ZIV, Hepatitas C, Clostridium
difficile, meticilinui atspariy Staphylococci, VanA turi¢iy Enterococci bei

kity organizmy aptikimas yra daZnai taikomas.'>6

Problematika

Biojutikliy kontekste, nors jvairlis signalo stiprinimo metodai suteikia
didelius jautrius, DNR sekos replikacija polimerazémis atlieka tiek signalo
stiprinima, tiek méginio apdorojimg vienu metu. Taigi, DNR (arba RNR)
amplifikacija yra turbit dazniausiai naudojama fermentiné reakcija
genojutikliy dizaine. Atveijais kai metodas atsiremia j fermenting (arba kitais
baltymais, pvz., antiklinais paremtg) amplifikacija, tipiSkai, metodo veikimas
yra apribotas baltymo stabilumo ir tokie metodai gali buti maziau tinkami
komerciniam analizatoriui kurti. Dizaino atzvilgiu, norima signalo pernasa
paremti paprastesniais zondais. Zinoma, norint tyrinéti baltymy-DNR
saveika, tokie metodai yra nepakeiciami.

Metodai nenaudojantys Zzyméjimo (angl. label-free), yra labai
patrauklis, taciau, iSgaunant signalg tiesiai i§ méginio reikalinga didelé imtis
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kontroliniy matavimy, kad jsitikinti ar antriniai mechanizmai negali sukelti
nespecifinés detekcijos.

Viena i§ didziausiy kliticiy genojutikliy kiirime yra automatizuotas
méginio paruoSimas. Paprasti skysc¢io transporto uzdaviniai yra sprendziami
kapiliarinés jégos arba vakuumo pagalba, taciau sudétingesni — reikalauja
mikrofluidikos, dielektrinés membranos elektrodrékinimo technologijy
(angl. electrowetting on dielectric) arba pipetavimo roboty. Modernis
méginiy apdirbimo instrumentai taip pat daznai naudoja magnetines
nanodaleles, elektroforetinius méginio apdorojimus bei centrifigavima.
Kitas svarbus zingsnis yra miniatiirizacija, t.y. pompy bei kaitinimo sistemy
pasalinimas ir elektrody bei potenciostaty (ir jy maitinimo Saltiniy)
sumazinimas.

Genotipavimas (DNR atpazinimas organizmo kontekste) yra kitas
svarbus i§Sukis sprendziamas daugybiniais elektrodais'?®, kintamos
temperatiiros lydymu’#!*! ir naudojant du aleliams specifiskus zondus kartu
ant vieno pavirsiaus.5

Bendrame kontekste, elektrocheminé detekcija reikalauja skystinio
kontakto su analizuojamu méginiu ir $i mechanika fundamentaliai riboja
méginiy nuskaitymo spartg lyginant su pvz. fluorescencija, kur vienas
fotodetektorius gali pamatuoti 50-100 méginiy per minute. Sis trilkumas
Zenkliai didéja su elektromechaniniais (angl. ,,QCM®) ir puslaidininkiniais
(angl. ,,gFET*) prietaisais, naudojanciais daug sudétingesnius pavirsius.

Sia disertacija siekiama sukurti biojutiklius tinkamus specifinéms DNR
sekoms nustatyti, kurie palengvinty genetiniy matavimy atlikimg ir
prieinamuma. Siam tikslui pasiekti buvo apibrézti 3 uzdaviniai:

1. Specifinés DNR sekos aptikimas elektrocheminiais biojutikliais.

2. Taskinés mutacijos aptikimas biojutikliais bei atskyrimas
homozigotiniy ir heterozigotiniy méginiy.

3. Siy uzdaviniy atlikimo metu, metodo dizainas turi supaprastinti arba
palengvinti diagnostinio/analitinio prietaiso kiirimg. Technologiskai
priartéjama prie realistiSko prietaiso.

Siy uzdaviniy jgyvendinima galime pla¢iai apibrézti tiksliniy nukleino
rugs8éiy specifinio atpazinimo sistemy kiirimu, DNR molekuliniy
monosluoksniy bei hibridizacijos procesy optimizavimu, elektrocheminiy
signaly matavimu, bei duomeny analize. Atlickamos papildomos dizaino,
charakterizavimo ir gamybinés uzduotys.
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Gauti rezultatai buvo paskelbti keturiuose straipsniuose. Tolimesni
papildantys darbai buvo pridéti kaip disertacijos priedai.

Pirmajame straipsnyje buvo pademonstruotas elektrocheminis metodas
bei naujas prietaisas skirtas nukleaziy aptikimui. Sis prietaisas gali atlikti
kiekybinius deoksiribonukleazés I matavimus ant vienkartiniy elektrody.

Nukleolitiniai fermentai yra svarbiis pramonéje bei diagnostikoje. Sis
metodas naudoja dgDNR zonda, kurio skilimas (suvartojimas), sumai$ius su
kieto pavirSiaus tepinéliu arba skystu méginiu, gali biiti pamatuotas pagal
hibridizacijos greitj. Kadangi zondo hibridizacija ant komplementarios
elektrodo sekos tiesiogiai priklauso nuo zondo koncentracijos, gaunamas
hidrolitinés reakcijos naSumas ir nukleazés koncentracija gali buti
apskaiCiuota. DNazés I aptikimo riba — 0,34 mvnt. ml; Pirmame disertacijos
priede sistema taip pat buvo patikrinta naudojant RNR zonda, kur RNazés A
aptikimo riba — 1x10°® Kunitzvnt. mI. Sie rezultatai gerai prilygsta
komerciskai prieinamiems (chromogeniniams / fluorogeniniams) rinkiniams.

Antrajame straipsnyje apraSomas befermentine redukcija paremtas
DNR hibridizacijos signalo (nanoampery lygio elektros srovés) stiprinimo
metodas. Sis metodas paremtas imobilizuotos ant elektrodo paviriaus,
taikiniui komplementarios DNR grandies, ir metileno méliu Zymétos taikinio
DNR grandies hibridizacija matavimo celéje. Atliekant §j taikinio prijungima
su aksorbo rugStimi tirpale, hibridizacijai ir cheminei metileno mélio
redukcijai palankiomis salygomis, iSgaunamas amperometrinis signalas
realiu laiku. Metodas leido aptikti specifines DNR molekules 5-100 nM
koncentracijy intervale. Sistemos veikimas naudojant nezyméta DNR taikinj
papildomai parodytas antrame disertacijos priede.

TreCiame straipsnyje apraSomas vienkartiniy bei daugkartiniy aukso
elektrody pavirsiy oksidacinio nanostruktiirizavimo metodas. Siuo metodu
pagaminti elektrody pavir§iai pasizymi reikSmingu pavirSiaus sustiprintos
Raman sklaidos (SERS) stiprinimo faktoriumi — 1.4x107. Taigi, Sie
elektrodai yra tinkami (fiziniai) substratai tiek elektrocheminiams
matavimams tiek spektroskopijai. SERS spektrai buvo tinkami identifikuoti
tiek prijungta 4-merkapto benzoinés riigSties monosluoksnj, tiek
nespecifiskai adsorbuotas doksorubicino molekules. TreCiame disertacijos
priede yra aptariamas SERS pritaikymas jvertinti kovalentinéms pavirSiaus
modifikacijoms. Toks struktlirinis monosluoksnio charakterizavimas yra
labai svarbus Zingsnis kietos fazés DNR sintezei ir jungimo reakcijoms

vystyti.
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Ketvirtame straipsnyje apraSoma CYP2C19*17 alelio genotipavimo
sistema. Citochromo P450 2C19 izoforma yra atsakinga uZz jvairiy mazy
molekuliy oksidcing apykaitg. *17 alelis yra nekoduojancioje genomo dalyje
ir jtakoja fermento ekspresija, kuri yra aktuali vaisty metabolizmui.

Si sistema sékmingai identifikavo jprasto (*1), greito (*1/*17) bei itin
greito (*17) metabolizmo diplotipus, tiek Svariuose sintetinés DNR
méginiuose, tiek seiliy méginiy amplikonuose (specifiSkumas >2c). Sistema
yra paremta DNR duplekso lydymosi kinetika ir mano Ziniomis, tai yra
pirmas izotermine disociacijos kinetika paremtas genojutiklis. Taip pat, i
sistema pasizymi reta savybe — diploidinis méginys gali biiti analizuojamas
ant vieno elektrodo. Vieno pavirSiaus santykinis signalas zenkliai
supaprastina elektrody gamybinio atkartojamumo problematika.

Metodas buvo sustiprintas zip-nukleino rtigs¢iy (ZNR) pritaikymu DNR
atpazinimui ant kietos fazés bei asimetrine skystos fazés PGR — tokiu btudu
sistema yra tinkama ilgesniems DNR taikiniams ir taikiniy fiksavimas ant
elektrodo gali buti jvykdytas iSkart po amplifikavimo, be jokiy gryninimo,
fragmentacijos ar denatiiracijos Zingsniy.

Metodas taip pat buvo jautrus papildomoms taskinéms mutacijoms ir
mano ziniomis, tai yra pirmas elektrocheminis jutiklis pamataves
nukleobaziy stekingo sgveikos stiprj (iSraiska vienetais — kcal mol™).

Apibendrinantys pastebéjimai

Apibendrinant, Sie genojutikliai yra platformos, fundamentaliai
tinkamos bet kokios (santykinai trumpos) DNR sekos aptikimui ir net RNR
yra pritaikoma analité. Siy matavimy metu taip pat galima iSgauti
informacija apie DNR sekos pokycius, reliatyvy bei absoliuty kiekj,
vykstancias nukleolitines reakcijas bei DNR ilgj.

Keiciant genojutikliy dizaing, DNR jautris buvo zenkliai sustiprintas
nuo pirmo jutiklio naudojancio in situ hibridizacija elektrocheminéje celéje
(~195 pmol), iki in situ hibridizacijos redokso stiprinimo (~25 pmol) ir ex
situ hibridizacijos (~0,5 pmol). Bandyti hibridizacijos greitinimo, elektrodo
pavirsiaus ploto miniatifirizacijos, signalo pernasos mechanizmo bei redokso
amplifikacijos kravio pernaSos patobulinimai nesuteiké Zenklaus (pvz., >3x)
DNR jautrio pagerinimo. DNR zondo tankis ant pavirSiaus ir méginio tiirio
dydis keicia jautrj tiesiSkai, taciau leidzia reikSmingai ir nesunkiai pagerinti
genojutiklio veikimg. Redokso molekule Zzymétos, ant kieto pavirSiaus
esanCios DNR kriivio pernaSos elgesys sutampa su DNR mobilumo ar
kitokiu fizinio suartéjimo mechanizmu. Nors signalo pernasos pagerinimui
pritaikéme poliaminais modifikuotg kriivinj ZNR zondg (kriivio
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kompensacija paremta pernasa), elektrocheminiai Zymenys prijungti per
lanks€ius, nekrivinius etilenglikolio intarpus taip pat davé puiky signalg
(Zymens mobilumu paremta pernasa). Abi pernasos pagerinimo strategijos
suteikia galimybe matuoti DNR taikinius besitgsianCius vir§ atpazinimo
zondy, tokiu biidu jutiklis nereikalauja apibrézto ilgio taikinio.

Nors DNR (bei RNR) koncentracijos apskaiiavimas pagal
hibridizacijos greitj yra patikimas ir tinkamas nukleolitiniy fermenty reakcijy
matavimams, $io metodo dinaminis diapazonas yra palygintinai siauras,
kadangi vis mazinant DNR koncentracija, hibridizacijos laikas Zenkliai
ilgéja.

Nors MB™ redukcija askorbo riigstimi leido matuoti hibridizacija realiu
laiku ir naudojo labai paprastas pastovaus potencialo bei temperatiiros
salygas, iSgautos srovés buvo nedidelés, tuo tarpu hibridizacijos reakcija ir
srovés prisotinimas gali uztrukti ilgai (kelias valandas).

Nors lydymosi kinetika savyje turi visos DNR sekos informacija,
lydymosi greicio (bei lydymosi energijos) rezoliucija yra Zenkliai per maza
atliki de-novo 16 baziy pory DNR méginio sekoskaitai. Sis metodas yra
labiau tinkamas aptikti vienai ar keletui mutacijy. Formamido pridéjimas
kartu su Zema [NaCl] leido matuoti greita (~15-20 min) lydymasi
pakankamai Zemose temperatirose (42 °C). Sis matavimas i§saugo DNR
taikinj ant kietos fazés ir automatiskai paruoSia elektrodg antro Zymens
hibridizacijai.

ISvados

1. DNR ir RNR seky atpazinimas buvo jvykdytas voltamperometriskai
(hibridizacija), amperometriskai (hibridizacija), bei
voltamperometriskai (dehibridizacija), ,sintetiniuose* ir

biologiniuose méginiuose.

2. TaSkinés mutacijos buvo atpazintos homo- ir heterozigotiniuose
diploidiniuose méginiuose izoterminiu metodu. 5 Zmogaus seiliy
méginiy CYP2C19 *1 ir *17 aleliai buvo teisingai genotipuoti.

3. Igyvendintos automatizavimui ir miniatifirizacijai svarbios dizaino
ypatybés:
3.1. Vienkartiniy elektrody pritaikymas nukleaziy detekcijai.
3.2. Sukurtas prototipinis nukleaziy analizatorius.
3.3. Sukurti nanostruktiirizuoti vienkartiniai elektrodai tinkami
erdviniams ir molekuliniams SERS matavimams.
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3.4. Pademonstruotas pavirsiaus cheminio modifikavimo
molekulinis kokybés kontrolés pavyzdys, pavirsiy sintezei.

3.5. Atlikta tiesioginé méginiy PGR amplifikacija ir tiesioginé
amplikono hibridizacija, be gryninimo ar Kity zingsniy (atliktas
skiedimas dél mazo tiirio).

3.6. Izoterminiai metodai Zenkliai supaprastina prietaiso energijos
sanaudas, kompleksiSkuma ir dyd;.

3.7. Panaudota amperometriné detekcija, kuri supaprastina
potenciostato dizaing.

3.8. Pademonstruotas amperometrinis dviejy elektrody
hibridizacijos matavimas vienu metu.

3.9. Igyvendintas vieno elektrodo (su prihibridizuotu taikiniu)
matavimas dvejais zondais diploidiniams méginiams.

3.10. Jgyvendintas vienos talpos (angl. , ome-pot”) lydymo
matavimas — panaikina pumpavimg, elektrody plovima,
skystas atliekas ir skystos fazés kaitinimo laiko sgnaudas.

3.11. Ex situ hibridizacija leidzia kartoti analizes ir iSsaugo méginj.

Taikomumas

Pirmas straipsnis — DNazés detekcija yra labiausiai susijusi su aplinkos
monitoringu, ta¢iau taip pat gali biiti pritaikyta diagnostikoje.

Antras straipsnis — DNR hibridizacijos cheminé signalo amplifikacija ir
hibridizacijos matavimas realiu laiku yra artimiausi moksliniy tyrimy sriciai.
Taciau Sis metodas yra tinkamas multipotenciostatiniams, pastovios
temperatiros ir potencialo matavimams ir gali buti pritaikytas gardelinei
DNR kiekybinei analizei.

Trecias straipsnis — Dvigubo taikymo SERS-elektrocheminiai pavirsiai
§iuo metu yra artimiausi moksliniams tyrimams. Dviejy detekcijy taikymas
gali Zenkliai sustiprinti duomeny patikimumg. Metodas taip pat Zenkliai
sustiprinty chemiSkai modifikuoty elektrody gamyba, kokybés kontrolg ir
leisty lengvai standartizuoti pavirsius.

Ketvirtas straipsnis — specifiska DNR analiz¢ gali buti taikoma labai
placiai, pademonstruotas farmakogenetinis taikinys, kas yra svarbu
diagnostikai.
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1. Appendix I

The application of the DNase biosensor for RNase detection
Materials and Methods

Detection of RNases is typically performed at lower concentration than
DNases, as RNases are more stable, difficult to inhibit and are generally
more problematic due to low RNA stability.

Name Composition (Sequence 5'-3')

Ribonuclease working

! 20mM PBS, 20mM NaCl, pH 6
buffer solution m m a b

1000 Kunitz unit ml-! RNAse A, 50mM
Tris, 50% glycerol, pH 7

RNase sensor target 40 upM Oligonucleotide target, 20mM
stock solution Tris, pH 7.00

RNase sensor probe Thiol-C6- AAT TAT CAA ACA CAA ACA GAC
sequence TTA A

RNase sensor target Atto MB2-g gca ggg cag ggc agu cgu
sequence uaa guc ugu uug ugu uug aua auu

RNase stock solution

Lyophilized Ribonuclease A was from bovine pancreas and glycerol were
purchased from Sigma-Aldrich. DNase Alert kit was purchased from Sigma.
All solutions were prepared in nuclease-free water. The working PBS buffer
solution was heated to boiling in a household microwave and aliquoted into
sterile test tubes and stored at ~4 °C.

RNA nucleic acid sequence (oligonucleotide target) was purchased from
Metabion and used as received without additional purification procedures.
Samples were prepared to measure the nuclease-like activity in laboratory
water  (nuclease-free) 0 KU mI?Y,  1x107 KU ml?,  1x10° KU ml?,
5x10% KU ml?, 1x10° KU ml2,

The oligonucleotide target was introduced into the samples and kept for 30
min at 37 °C. The digested solution hybridization was monitored for 30 min.

Results

The DNase sensor when measured in parallel was comparable to a
commercial kit (DNase Alert) (Fig. A1 1).

In samples with higher activity of RNase A (e.g., 1x10° KU ml?), the
hybridization rate was negligible, since the enzyme cleaved the
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overwhelming majority target present in the solution. It was impossible to
quantify the RNase from 1x10° KU mlt onward. The LOD can be
comfortably set at 1x10° KU ml? as these datapoints are over 3xSD away
from control. (Fig. Al 2) At the activity given by the manufacturer of RNase
Alert of 82 KU mg?, we can estimate a lower limit of detection of 12.2
pg ml* of sample. Using a commercial assay RNase Alert we would expect a
detection limit of 2.5-5 pg/ml, (manufacturer also states this value as 3.5x10
" units per 0.1 ml of sample'®), meaning a very similar sensitivity is
achieved.

One shortcoming of this iteration of assay design is the use of 3.5 ml of
sample, because the hybridization is ultimately measured in a relatively large
volume. The hybridization cell can be reasonably miniaturized to ~1 ml
requiring an estimated 0.5 ml of sample for such assay. However, in the
future the methods of external hybridization may be applied to avoid such
problems. External hybridization can be easily performed in a 0.1 ml
volume.
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Figure A1 1. A comparison of the DNase sensor versus a commercial kit
(signal normalized to 1 at the maximal value for simplicity, unitless).
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Figure Al 2. A: An example of hybridization Kinetics using RNase A
pretreated target; B: RNase concentration measurements (Mean + SD).

Figure Al 3. A representation of A) a prototype device and B) prototype
software (from Publication 1 Sl).
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2. Appendix Il

The mechanistic implications for live DNA hybridization monitoring:
Exploration of the signal transduction mechanism of the methylene blue

— ascorbic acid couple

Name Sequence 5'-3'
DNA Probe (DNAP) Thiol-C6-CGC ATT ATC TCT TAC ATC AGA
ZNA Probe (ZNAP) Thiol-C6-CGC ATT ATC TCT TAC ATC AGA-

(ZNA-4)

Reporter *1 HEGS

Atto MB2- (HEG-spacer) x2-GAT GCT TTG AGA
ACA

Reporter *1 HEG3

GAT GCT TTG AGA ACA- (HEG-spacer) x4-Atto
MB2

Reporter *1 5

Atto MBZ2-GAT GCT TTG AGA ACA

Reporter *1 3

GAT GCT TTG AGA ACA-Atto MB2

Target *1s

C TGT TCT CAA AGC ATC TCT GAT GTA
AGA GAT AAT GCG

Methods

The experiments were carried out according to Gineityté et. al.,’®® using
3 M NacCl, 30 mM Ascorbate, pH 7, 25 °C, 1500 rpm stirring with -100 mV
vs. Ag/AgCl (3 M KCI) at 0.5 Hz. The reporter sequences were introduced at
150 s (no visible signal was observed) and the target sequence Target *1s
was introduced at 400 s. The DNA and the ZNA electrodes were measured
simultaneously with PalmSens4 bipotentiostat.

I=A(1-eBY)+C Equation (A1)

I,=k n F [AA] ptMB,, 4, (1-e *onlTarglty Equation (A2)

The current was zeroed and the baseline was fitted according to Eq. Al
and the hybridization was fitted according to Eq. A2, where:

e n =2 (electrons participating in a process),

e F=96485 C mol* (Faraday’s constant),

e [AA] =0.03 M (ascorbic acid concentration),

e [Targ] =20 x 10°M (+ 4x excess of the reporters was used),

e  ptMBmax = 0.0205 x 10712 M — this value was not fitted as per
publication but rather is a reasonable estimate from previous CV
experiments [Appendix 1V],

e The parameters k and kon were fitted
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Results
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Figure A2 1. Typical experimental data with baseline and hybridization
fits shown.
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Figure A2 2. Hybridization currents after zeroing, smoothing and
baselining (the dots represent processed data, average of 2 electrodes and the
lines represent the fitted curves).
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While these results successfully demonstrate the hybridization Kinetics in
sandwich format, the previously obtained (8 M s)! bimolecular constant
was not improved and the signal is generally poor (~0.3 nA/20 nM Target).

These experiments were predominantly exploratory in nature as an
improvement in electron transfer rate constant of ~100x is reported in
literature via MB position change.®® The observed changes in the signal are
not noteworthy and further optimization was not pursued. Modifying the
solid phase for probes containing a distal ZNA-4 modification similarly
shows no large improvement.

HEG3 &

Figure A2 3. Label position on distal and proximal sides of the reporter
and via an ethylene glycol bridge.

The kon constant is reported in literature in the range of 500 %-
1500 000 *¥” Mt st and is [NaCl] and probe coverage dependent. In these
experiments the ko, was much higher than in our publication.
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Name k(M's™) kon(M's™) ‘ Name Kon (M1s7)
HEG3 DNAP 4.35 62150 HEG3 ZNAP 83869
HEG5 DNAP  4.63 32239 HEG5 ZNAP 99203
5 DNAP 0.00 0 5 ZNAP 26286
3 DNAP 5.49 30570 3 ZNAP 72877

Table A2 1. The measured constants of various duplex-ascorbic acid

reaction.

Interestingly the 5 DNAP sandwich — a sandwich with expected low MB
mobility due to DNA duplex repulsion — (to move the label, the entire DNA
chain with a large negative charge must bend sharply) shows an abysmal
response. HEG extension has lowered the reaction rate constant (k) in all
cases as it likely increases the label travel distance. This is indicative of a
mobility-driven charge transfer. Internal PEG bridges have been previously

used to lower the rate of label-surface collisions.%®

Another interesting observation is that the hybridization rates were
overall improved using the ZNA probes, suggesting a potential application

for more rapid measurements.
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3. Appendix IlI

The application of the prepared SERS-active electrodes for quality
control of chemical surface modifications

Materials and Methods

Electrode manufacturing

Methrohm C220AT SPE gold electrodes were prepared in 300 mM
aqueous oxalic acid at 5 °C, +3 V vs. Hg/HgSO..

Synthetic methods (adapted from*®) (Fig. A3 1)

4,4'-Dithiobisphenylacetic acid (I)

I> (88 mg; 0.35 mmol) was dissolved in ~3ml of anhydrous ethanol and
triethylamine (300 ul) was added, then 4-mercaptophenylacetic acid
(106mg; 0.63mmol) in a minimal amount of EtOH was added and the
solution instantly discolored. The reaction was left overnight in a capped
vial. 300 pl of 10% ag. Na2SSO; was added for quenching followed by ~30
ml of 50 mM aq. HCI, the precipitate was collected by filtration and washed
with water, dried; yield: 62 mg (59 %).

4,4'-Dithiobisphenylacetyl chloride (I1)

(62 mg; 0.185 mmol) of | was dissolved in 3 ml dichloromethane and 1
ml SOCI; in a flask and agitated with ultrasound for ~5 min. The solution
was left to stir overnight at room temperature, volatiles removed by vacuum
distillation leaving ~ 60 mg of a yellow residue which was flushed with
argon to remove any trace of SOCI; and processed as-is immediately.

4,4'-Dithiobis-N-(4-Cyanophenyl)-Phenyl Acetamide (SSCNPA)

Into the flask containing (~60 mg; ~0.161 mmol) of Il, 2 ml of DMAc
was added, followed by catalytic dimethylaminopyridine (~2 mg) and 4-
aminobenzonitrile (42 mg; 0.356 mmol). The solution was left to stir
overnight. Water and 50 mM HCI were added until no more precipitate was
formed. The suspension was centrifuged under 1800 g, mixed with another
30 ml of 50 mM HCI which was decanted after centrifugation and then with
water which was processed likewise. The resulting light yellow powder was
recrystallized from CHCI; and checked with TLC-UV with EtOAc-hexanes
1:1 (a single spot separate from the starting materials). Yield: 26 mg (30 %)
of lightweight white-parchment color powder which is highly insoluble.
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Thin-layer chromatography (TLC) was performed on Macherey-Nagel
silica gel 60 aluminium plates containing UV indicator.

Spectroscopic methods

The Raman spectra were recorded employing inVia (Renishaw, UK)
spectrometer equipped with a thermoelectrically cooled CCD camera (—70
°C) with a confocal LEICA microscope. A 785 nm laser beam was used as
an excitation source. 1200 lines/mm gratings were used to record the Raman
spectra. The laser power at the sample surface was restricted to 8 mwW
(10%). The 50x/NA 0.75 objective was used during all the measurements.
The laser was focused to ~ 1,3 um diameter spot on the sample. The total
integration time for each spectrum was 100 s. The measurements were
performed on Metrohm C220AT screen printed gold electrodes with
electrochemical structurization?® and chemical modification.

4-mercaptophenylacetic acid was grafted from a 3 mM methanolic
solution at room temperature overnight. Adsorbed 4-aminobenzonitrile was
dropcast as a 10 pl volume of 12 uM methanolic solution (practically, a
small amount, but on the order of 1000x excess relative to monolayer).
SSCNPA was grafted from a 200 pM acetone solution overnight. All
electrodes were washed with a large amount of methanol.

The spectra were flattened via asymmetric least squares, the regions 937-
1859 and 1860-2627 cm™ were trimmed, additively offset to align and
joined, the intensity was normalized to the common 1076 cm™ peak and then
the complete spectra were offset from each other in Python.

NMR experiments were performed on a Bruker Avance Neo NMR
console equipped with Bruker Ascend 14.1 T superconducting magnet and 5
mm high-resolution probe. 1H NMR spectra were collected at 25 ppm width
with 64 k point density after excitation with a 10 us rectangular pulse.

ATR-FTIR was performed on a Bruker LUMOS Il FTIR microscope
running OPUS 8.5 software. A MIR source, ZnSe beamsplitter, room
temperature TE-MCT detector and a germanium crystal at medium contact
pressure were used. Spectra were recorded on household aluminium foil in
the range 4000-600 cm™, at 4 cm'* resolution, averaged from 64 spectra.
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Figure A3 1. SSCNPA synthesis: I: EtOH/I, rt; 11: SOCI,/MeCly, rt;
SSCNPA: DMACc/4-aminobenzonitrile, rt.
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Figure A3 2. SSCNPA 'H NMR (600 MHz) in Acetone-d6.
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Figure A3 3. An ATR-FTIR spectrum of SSCNPA as a thin film (~1-10
ng) cast from acetone onto aluminium foil. The triple bond frequency is very
clear at ~2230 cm?, with N-H stretching at 3325 cm™ and the carbonyl at
1700 cm™.

Results

Raman spectroscopy is one of the very few (perhaps the only) methods
for rapid and approachable structural characterization of solid phase
molecular monolayers.

First, a diisocyanate surface activation (somewhat analogous to the
ubiquitous glutaral) was investigated as it is exceptionally rarely employed
in biosensors. The coupling of hexyl diisocyanate (often referred to as
HMDI) was  attempted onto  mixed terminal -OH  of
mercaptohexanol/mercaptoethanol layers in THF, MeCN and in DMF under
various concentrations, temperatures and organic base catalysts.
Unfortunately, perhaps due to layer thickness or the crosslinker reactivity to
air or to itself, the SCN vibration was never observed in a SERS spectrum.
These measurements already inform us that the attempted Au-S-Hex-O-
C(=0)-N-Hex-N=C=0 reactive layer formation was likely unsuccessful,
possibly explaining the sparse literature reporting.

SERS application for verifying amide (specifically, anilide) formation on
a surface adsorbed monolayer was investigated.

SSCNPA spectra were recorded (Figure A3 4) as a:

e preassembled unit bound as a monolayer (simulated “perfect” solid
phase coupling; SSCNPA)

e a surface with a free carboxyl monolayer and the nitrile dropcast
(10 nM solution in MeOH) on top (simulated unsuccessful solid
phase coupling + adsorption; SPA + CN)
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e and the acid alone (simulated unsuccessful solid phase coupling,
clean surface; SPA).
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Figure A3 4. SERS spectra of SSCNPA (coupled), SPA + CN (adsorbed)
and SPA (clean) with tentative peak assignments. 82

Interestingly, the cyanide group enhancement (~2230 cm™) was very mild
(unlike in FTIR, where a very sharp and distinct peak was observed, albeit
from a significantly larger (~microgram) quantity of material), and the
~1200 cm™ C-N vibrations (common in nitrile and amine) were a much
better indicator of coupling. Other features that were clear indicators of
coupling include the 1590 cm™ region aromatic bands.
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Figure A3 5. SERS spectra of SSCNPA (coupled), SPA + CN (adsorbed)
and SPA (clean) 1590 cm™ and 1200 cm™ regions.

Interestingly the dropcast aminobenzonitrile contamination was not
observable, despite a relatively large amount (~0.12 nmol) applied. The
results, however are encouraging as ultimately we can observe a tremendous
difference between coupling test and control groups and clearly identify non-
coupled electrodes and gain insight whether any crossreaction was
adsorptive or covalent. Thus, solid phase synthesis/coupling optimization

Intensity
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and success for novel reactions could be monitored via SERS moving
forward.

T T
0.2 0.0 0.2 04

E, V

Figure A3 6. A directed ligation chemistry currently in development.
Dashed line: directed ligation, solid line: simultaneous non-directed
coupling side-reaction onto a nearby electrode.

100



4. Appendix IV

The mechanistic implications for melting-based DNA mismatch
detection: Exploration of the signal transduction mechanism from the
methylene blue-labeled DNA reporter strand and the hybridization
impacts of solid-phase DNA probe density

Materials and Methods
DNA Probe density was measured according to Steel.5

Name Sequence 5'-3'

DNAProbe Thiol-C6-CGC ATT ATC TCT TAC ATC AGA

Probe3MB Thiol-C6-CGC ATT ATC TCT TAC ATC AGA-Atto MB2

ZNAProbe Thiol-C6-CGC ATT ATC TCT TAC ATC AGA- (ZNA-4)

R*1 HEG5 Atto MB2- (HEG-spacer) x2-GAT GCT TTG AGA ACA

R*1 HEG3 GAT GCT TTG AGA ACA- (HEG-spacer) x4-Atto MB2

R*1 5MB Atto MB2-GAT GCT TTG AGA ACA

R*17 5MB Atto MB2-GAT ACT TTG AGA ACA G

R*1 GAT GCT TTG AGA ACA-Atto MB2

R*17 GAT ACT TTG AGA ACA G-Atto MBR2

T*1 CAA ATT TGT GTC TT CTG TTC TCA AAG CAT C
TCT GAT GTA AGA GAT AAT GCG CCA C

T*1m CAA ATT TGT GTC TT CTG TTC TCA AAG CAT C
TCT GAT GTA AGA GAT AAT GCG

T*1s CTG TTC TCA AAG CAT C TCT GAT GTA AGA GAT
AAT GCG

%17 CAA ATT TGT GTC TT CTG TTC TCA AAG TAT C
TCT GAT GTA AGA GAT AAT GCG CCA C

Results

When using a target with 5’°-overhangs we encountered a very large loss
of signal and peak overpotential (Fig. A4 1.2). It is suspected that as the
label is now (due to the overhangs at the top) located towards the middle of
the duplex it is fairly well insulated from approaching the electrode surface.
The MB label is in other words, surrounded by negative charges from both
sides.
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Figure A4 1.1 Sandwich representation containing the DNA probe and
R*1. With a 1-bp overhang (T*1s), the signal is clear. With a 15-bp
overhang (T*1), the signal becomes becomes very poor. Only the upper
overhang is shown. The sandwich is likely in a more “upright” conformation
than shown. This is an attempt to represent a macromolecular structure. The
average conformation is not known. Elements are not to scale.
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Figure A4 1.2. Linear sweep voltammograms of various sandwich
duplexes. Average of 2 electrodes each. We can see that the DNA probe
works well with T*17s (“short”) but very poorly with T*17 (overhanging).
The introduced ZNA-4-modified probe works well with both targets. The
DNA and ZNA probe densities are not physically standardized relative to
each other.
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Figure A4 1.3. T*1s construct on DNA Probe at various temperatures.
We can see that the starting signal is mostly stable over the 9 °C range, and
the full melting is achieved at around 41 °C (at 20 minutes).
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Figure A4 1.4. T*1s construct on DNA Probe at various temperatures.
The relationship between the dissociation rate constant and the temperature
appears exponential.

An attempt was made to “plug in” the label via a labeled probe, so that
the path MB(target)—MB(probe)—Probe chain—electrode is made very
direct if the signal transduction were occurring via the DNA duplex (Figure
A4 2.2). Since from the MB(probe) molecule everything is covalently linked
to the electrode and the target | probe duplex should display n—mr stacking —
better signal transduction was expected. However, no powerful signals were
ever observed.

Probe 3MB
R*1 5MB

Figure A4 2.1. Sandwich representation containing the labeled DNA
probe Probe 3MB and the inverted reporter R*1 5MB. Only the upper
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overhang is shown. The sandwich is likely in a more “upright” conformation
than shown. This is an attempt to represent a macromolecular structure. The
average conformation is not known. Elements are not to scale.
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Figure A4 2.2. Inverted reporter | labeled probe sandwich (Probe 3MB |
R*1 5MB). The results displayed are of 1 replicate, but were performed
subsequently on the same electrode, therefore are directly comparable. We
can see that the signal increase from the reporter is very small, generally a
hybridization efficiency of 80% and therefore a signal of 180% would not be
unreasonable. It is unclear as to why the melting appears to be so rapid,
simultaneous gain of MB and mobility-loss-mediated quenching may offer
some explanation.

Plugging in the reporter label was unsuccessful and gave weak and
inconsistent results every time. The probe density appears to be reasonable
from the MB density. The existing MB label could change intensity due to
other reasons such as probe mobility or screening and presented a risk of
false results. This system was not pursued further.

A ZNA probe was introduced to screen the DNA duplexes and allow
greater mobility (DNA collapse) and higher stability. The ZNA-4 chain
ideally should change the probe charge from -21 to -10, approximately
halving it. Introducing free polycations in solution may, for instance, cause
uneven screening and a minuscule change in the concentration (e.g., 100
nM) of a dissolved polycation could result in a change from partial (-10) to
complete (-0) screening. Complete screening would likely allow other DNA
oligomers to adsorb negating any specificity of the sensor. The measurement
of the ZNA probe surface density with RuHex was unsuccessful
(~2x10'?+ 2x10'? molecules cm) and the optimal density is unknown, but
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as the charge was halved, the concentration of the probe was thus also
halved producing practically functional electrodes. The DNA probe density
achieved was 4.6x102+3x10'! molecules c¢cm?, which is generally
considered to be excellent. The ZNA probes were later optimized further via
easy-to-manufacture  physical blocking [Appendix V] producing
improvements in hybridization of almost an order of magnitude with
excellent repeatability.

ZNA Probe

Figure A4 3. A sandwich representation containing the ZNA probe and
R*1. Only the upper overhang is shown. The sandwich is likely collapsed,
releasing the MB bringing it closer to the surface. This is an attempt to
represent a macromolecular structure. The average conformation is not
known. Elements are not to scale.

To further interrogate the signal transduction, “freely moving” labels
were tested. A PEG chain from the sandwich middle and from the top —
minus the overhang was extended to approximately reach the electrode
surface — these were the HEG inserted reporters.

The HEG reporters both showed excellent signal transduction with both
DNA and ZNA probes and any target overhangs. This reinforces the idea
that the label mobility is greatly important in the signal transduction. Perhaps
the MB is still able to intercalate somewhere near the electrode and
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transduce some of its signal via n—m stacking or perhaps it overwhelmingly
occurs via relocation to the surface. This finding does not completely rule
out small dsDNA conductivity, but it does convincingly show that removing
the MB from entrapment inside negative charges is very important, either via
mobility (PEG) or via charge screening (ZNA). The fourth publication was
carried out with ZNA probes and regular DNA reporters as this combination
showed good results, however the HEG reporters show promise for future
applications. Note: the HEG reporter melting may occur in a completely
different manner. | would like to also add an anecdotal report of a HEG
reporter showing large reductive (but not oxidative — asymmetric) peak
broadening under different voltammetric conditions and electrolytes than
discussed here.

R*1 HEG3

N

Figure A4 4.1. A sandwich representation containing the ZNA probe
and R*1 HEGS3. Only the upper overhang is shown. The sandwich is likely
collapsed, and the “long” distal (6x4 ethylene moieties) PEG chain allows
for extensive mobility of the MB. The PEG-MB chain was chosen to be long
enough to reach the electrode in an “upright” configuration from the very
top. This is an attempt to represent a macromolecular structure. The average
conformation is not known. The elements are not to scale.
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Figure A4 4.2. Linear sweep voltammograms of the HEG reporters. A)
ZNA probes (2 electrode averages); B) DNA probes (1 electrode each).
T*1m and T*1s are overhang-removed target sequences. Broadly in all cases
R*1 HEG3 (the “long” distal PEG chain) reporter has a lower overpotential
(inset) at ~-240mV vs. ~-250mV with DNA and even lower with ZNA.
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5. Appendix V

Application — the detection of double SNPs, miniaturization and
sequencing

Name Sequence 5'-3'

DNA Probe Thiol-C6-CGC ATT ATC TCT TAC ATC AGA

7NA Probe Thiol-C6-CGC ATT ATC TCT TAC ATC AGA-
(ZNA-4)

R*1 GAT GCT TTG AGA ACA-Atto MB2

R*17 GAT ACT TTG AGA ACA G-Atto MB2
CAA ATT TGT GTC TT CTG TTC TCA AAG

T*1 CAT C TCT GAT GTA AGA GAT AAT GCG
CCA C

T*1s CTG TTC TCA AAG CAT C TCT GAT GTA AGA
GAT AAT GCG
CAA ATT TGT GTC TT CTG TTC TCA AAG

17 TAT C TCT GAT GTA AGA GAT AAT GCG
CCA C

Methods

Electrode preparation:

The 0.5 mm electrodes were manufactured in house from 0.5 mm 99.99
% gold wire (Sigma Aldrich). A 0.6 mm hole was drilled into a 2 mm copper
cylinder serving as an electrical and mechanical contact, wherein ~10 mm
length of gold wire was inserted and a short section crimped. Two gold-tip
copper rods were inserted side-by-side into an upright brass tube with a
PTFE spacer disc to keep the wires from drifting and cast in polypropylene
at 140-200 °C in a commercial oven under air. While these electrodes are
excellent mechanically and chemically, I must note that polypropylene has
notable thermal expansion and is not an ideal material choice for encasing
metals.

The electrodes were prepared and measured as per Publication 4. The
dsZNA condition entails physical blocking — preparing a ZNA ProbelT*1
duplex prior to gold modification (i.e., using sacrificial DNA target as a
“spacer during solid phase modification), thus physically blocking excess
probe adsorption. The electrodes prepared with dsZNA probe were washed
in pure water at 37 °C overnight to ensure target removal prior to
measurement.

30% EtOH hybridization buffer: 10 mM HEPES, 300 mM NaCl, 30%
EtOH, salmon testes DNA 50 pg/ml, pH 7.6
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20X SSC hybridization buffer: 300 mM monosodium citrate, 3 M
NaCl, pH 7 (diluted to 5X and SDS added to 0.1%)

Melting buffer: 20 mM PBS, 280 mM NaCl, 10% Formamide, 0.05%
Tween-20, pH 7. Note: melting is not appreciably occurring at room
temperature; only non-specific adsorption is being removed.

In Figure A5 2: 3 cyclic voltammograms (0.1 V — —0.38 V, 50 mVs?)
with intermittent stirring at 37° C were recorded and averaged to obtain 1
datapoint. The DNA probe and the short target (T*1s) are used with at least
4x excess of R*1. Hybridization is carried out in one-pot at 37° C. A melting
buffer with 200 mM NacCl is used.

In Figure A5 3: 4 linear sweep voltammograms (OV — -0.42V,
50 mVs?) with constant stirring at 25° C were recorded and averaged to
obtain 1 datapoint. The ZNA probe and the full target (T*1) are used with at
least 2x excess of R*1 or at least 80 nM R*1. Both strands are hybridized in
one-pot at 37° C for 20 min.

The following equation was used to fit the Langmuir constant with the
MB cm?Zmax taken as 1.5 pmol for ssZNA and 2.3 pmol for dsZNA, Olig
being the target concentration and K. being the Langmuir constant (nM1).

MB cm?,,,, X K, x Olig

MB cm2=
can 1K, x Olig

Total hybridization 4G was calculated from:
AG=-RTInK;

Results

Controlling the SAM density experimentally via a sacrificial DNA target
was very simple and produced reasonably good sensitivity of a few nM
compared to tens of nM from previous design. Changing the hybridization
buffer did not meaningfully improve the signal (Figure A5 2). Changing the
electrode size did not meaningfully improve the sensitivity (Figure A5 3A).
If the Langmuir adsorption model is fitted, the following reciprocal
Langmuir constants (i.e., equilibrium constants) are obtained:
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Figure A5 1. The hybridization sensitivities of different electrode disc
sizes.
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Figure A5 2. The comparison of hybridization buffers. DNA probe: T*1s
| R*1 sandwich with varying T*1s concentration. Mean and SD. [Target],
nM staggered, n = 3.
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Figure A5 3. The measurement of low DNA target concentrations.
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A — A comparison of electrode sizes. (ds)ZNA probe | T*1 | R*1
sandwich with varying T*1 concentration. Fit represents the Langmuir
adsorption model. Mean normalized to surface area and to 1. @ 2.0 mm and
1.6 mm n = 2 as the replicates were almost overlapping; @ 0.5 mmn =5 as
there was noise due to low currents. The dsZNA-SAM was a necessary
experimental consideration to ensure the electrodes had very similar
surfaces and were comparable.

B — A comparison of probe density. ZNA probe | T*1 | R*1 sandwich
with varying T*1 concentration, n=2.
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Figure A5 3.1. LSV peaks with fitting under non-melting conditions
(these LSVs are averaged to produce the 20 nM datapoints in Figure A5 3A).
Top: 0.5 mm, bottom: 1.6 mm electrode.

Sequencing calculations

A library of sequences was generated by checking every base in every
position in the T*17s reporter complementary fragment C TGT TCT CAA
AGT ATC; and if a base is not found in the position a new sequence is
generated with a new substituted base:

C TGT TCT CAA AGT ATC — C==A? — False - A TGT TCT CAA
AGT ATC

For each new base the process was repeated to generate every possible
secondary mismatch:

A TGT TCT CAA AGT ATC — T==A? — False - A AGT TCT CAA
AGT ATC

Note: tertiary mismatches were not generated as there is a very large
number of them and our system likely will not be able to measure them —
most triple mismatches will melt too fast.
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Thus a library of 1129 sequences was rapidly generated and (together
with the experimentally used R*17 sequence) was fed to the DINAMelt Two
state hybridization model. The DINAMelt parameters were DNA at 42°C,
0.01 mM, 0.28 M Na*, 0 M Mg**, oligo mode. The model provided the 4G
values in a matter of a few seconds and the A44G values were calculated by
subtracting the perfect match. The energies range from 0 to 8.2 kcal mol*
and at 1 decimal point precision and a library with only 79 energy levels is
obtained. This means that the range 0-8.2 kcal mol™* at intervals of 0.1 is
much too narrow to map 1129 sequences. The provided Gibbs free energy
resolution is however, sensible as measuring at 0.01 kcal mol* intervals may
be practically unachievable. The obtained propagated standard deviations
were on the order of 0.2 kcal mol™.

The goal is to measure the 44G value of an unknown sequence and to
reference it to our library of values, thus predicting the unknown DNA
sequence. Unfortunately, in practice this leaves us with on the order of 20-70
hits per experimental result.

To demonstrate the workflow, | will remove the wild-type target “S2¢
from our dataset and treat it as an unknown sample.

First, a relationship between the calculated energies and the experimental
values is established (Figure A5 5, 1). From the linear regression, the S2
(excluded from Figure A5 5, 1) measurement is converted into the
corresponding “‘calculated” value, which can then be used to look up
sequences from the library. In our case a value of 2.194 kcal mol* was
obtained and this value at +0.15 kcal mol? or closer (arbitrary author’s
choice — a large, but fair window) was considered a match. The true 44Gcaic
should be 2.2 kcal mol, however we presume this is an unknown sequence
for the sake of demonstration. If searching for a single nucleobase difference
(Figure A5 2, 2), we can see 3 matching sequences:

Gl CTGTTCGCAAAGTATC
G2 CTGTTCTCGAAGTATC
G3 CTGTTCTCAAAGCATC

With G3 being the correct match.

When searching through the entire library (Fig. 2, 3A-3D), a total of 39
matches was found.

In our study another limitation is present: the PCR amplification forces
most of the positions in the sequence, leaving only the positions 9-16. This
still outputs 13/276 hits: 10 various relaxed permutations of S2 and 3
unrelated sequences.
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CTGTTCTCGAAGTATC

CTGTTCTCGAAGTATA

CTGTTCTCGAAGTATG

Complete miss

CTGTTCTCAAAGCATC

CTGTTCTCAAAGCCTC

CTGTTCTCAAAGCGTC

CTGTTCTCAAAGCTTC

CTGTTCTCAAAGCAAC

CTGTTCTCAAAGCACC

CTGTTCTCAAAGCAGC

CTGTTCTCAAAGCATA

CTGTTCTCAAAGCATG

S2.

CTGTTCTCAAAGCATT

Hit/patrial hit

Figure A5 4. Exemplary search results of a known (blinded) sequence
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Figure A5 5. The isothermal dissociation library

1: The measured sequence energies compared to their calculated values.
S2 is deliberately removed and used as an unknown sample.

2: Screening in the 1 mismatch library. 44G represents kcal mol™. The
bottom axes represent the positions in the target sequence. While the term
“A4G difference” sounds redundant the color scale represents the distance of
the library entry from the searched datapoint.
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3: Each P1 location has 3 nucleobase datapoints (e.g., dA, dG, dT) plus
the original sequence (P1=0; P2 = 0; not shown). The mutations do not go
backwards, e.g., P1 : 1A, P2 : 2A but no P1 : 2A, P2 : 1A as this just
duplicates the sequence. Each P2 location represents only 1 nucleobase to

reduce graph complexity (e.g., only dA). The large spheres ® represent the
hits and the star % represents the true sequence.

We can see that:

a)

b)

The electrochemical sequencing by isothermal dissociation
approach actually guesses both the position and the variant
nucleobase well, e.g., 13T—C and variants were correctly guessed,
while 13T—G was correctly not guessed, even though the middle
positions are clearly “highly” destabilizing and the terminal ones are
“mildly” destabilizing.

Both our measurement and the library need a significant increase in
the precision of the 44G values to narrow down the number of hits
to a usable number (e.g., from 39 hits to 1). This may be practically
unachievable.

While this approach seems unsuitable for an exhaustive profiling of
a segment (any position, any base + any other base), for any
practical application the human genome is far more conservative
than:

9 x (3080000000 + 3079999999 +...) + (3 x 3080 000 000) =
4.27 x 10*° variants. Only around 5 x 10° are listed in doSNP.2%

In our region of interest, of the given 1129 sequences only ~9 are
listed in dbSNP.2%2
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Calculations used for the conclusions section (data from Publication 4)

(Dinamelt) Extrapolated soli?ion Solution
AAG, | Solution S6 AAG P
i total S6 AAG phase phase G|A
kcal mol | phase [Slope | Intercept | measured, . ;
- |solution phase | mismatch | stack, kcal
1 AAG calc., kcal mol? ) )
' kcal mol"  |AAG calc., mol”’
kcal mol? ’
kcal mol!
0.00 0.00 |1.948| 0.317 0.907 2.085 0.1 1.985
0.17 1.00
0.96 2.20
1.66 3.20
1.55 3.40
1.77 4.00
Expected Expected
Allele 2 solid Allele 1 solid Difference, | 2xSD, keal
(heterozygous | phase (homozygous | phase keal mol mol
sample) AAG, kcal sample) AAG, kcal
mol! mol
140 955 0+1 0 955 320
1+1 478 0+2 0 478 320
1+2 318 0+3 0 318 320
1+3 239 0+4 0 239 320

For instance, 1+3 heterozygosity (a tetraploid sample with 1 fraction of
wild type allele and 3 fractions of the different one) would produce <2xSD
change in signal and be sometimes mistaken as having (0+4) no Allele 2.
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ARTICLE INFOQ ABSTRACT

Keywords DNases are enzymes thar cleave hiodi ic bonds of deoxyrik leic acld molecules and are found
N_‘“:'-“R everywhere in nature, especially in bodily Auids, Le,, saliva, blood, or sweat. Rapid and sensitive detection of
Blosensoy

DNase activity is highly important for quality control in the pharmaceutical and biotechnolegy industries, For
clinical diagnostics, vecent repotts indicate that increased DNase activity could be related 1o various diseases,
sneh as cancers, [n this paper, we repart a new bioelectronie deviee for the determination of nuclease aerivity in
various fluids, The system consists of a sensor electrode, a custom design DNA target to maximize the DNase
cleavage tare, a signal analysis algorithm, and supporting electronics. The develnped sensor enables the deter
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« 107 UmL . The sensor was rested by measuring nuclease activiry in teal human saliva samples and found ro
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pharmacentical/hiotechnology indusoy and provide new insights inte the impomance of nueleases for medieal
applications,

DNA Lnmobilization
DA iybridization
Ddase 1

1. Introduction and Hernandez, 2021) and
15) as well as biomarkers for

2017). In a recent review by Balian

varions cancers (Parel et al., 2000,
inflammarory diseases (Pedersen of
bacterial infections (Flenker eral,

Nucleases are a family of hydrolytic enzyvmes that cleave phospho-

diesteric bonds between nueleotides, produeing 3' phospho or 5/ phos and Hernandez it was shown that inereased DNase [ activiry is relared ro
pho end produets, These enzymes can be classified as endo- and gastric and colorectal carcinomas, and elevared activities of many other
exonucleases, cleaving ar the inside of a polynucleotide chain or ar the A5 Hud CHINCES Wele ﬂ(-'l:ll(ll]ﬁlli-i[t‘d n ol Hy u-.urfr-z._

ruds, respectively: however, some enzymes can show both activities
A011). Typically, some nucleases prefer double-stranded nucleic

19441, while others cleave single-stuanded (e

al., 19774) or RNA-DNA hybuid (RNase H)
uul) polynucleotides. Deoxyribonucleases {DNases)
are important targets in biotechnology and ave used as tools for DNA
manipulation (Pan et al., 2017) and appear as contaminants where
nuclease-like activity is undesived (Senavirathne ef al, 2015; Lopes

30} or gel elemophmesls (DI i
niques, Aillwugll these methods are highly sensitive and :ullablr they
are costly, time-consuming, and require toxic markers such as ethidium
bromide or radiolabeled molecules [Voge
et al, 1989). As altemative methods, novel detection techniques for
DNase detection have been reported, rnalrlly based on fluorescence or

and Frantz, 2015; Boswell

cral, 201 7). Furthermore, data have emerged indicating the i e
of DMase activity detection for medical applications, Le., I.‘JNases may be
related ro varions diseases and could be used to monitor the progress of

chemilumi e detection incorg rials for signal
enhancement (Mozloglu et al., 2016; etal, 201% He & 20013},

Elecrrachemical biosensors provide a simple and inexpensive p]mform

* Carresponding author. Life Stiences Genter, Vilning University, Sanlétekio al, 7, LT-10257 vilnins, Lithuania,

vilt {D. Ratautas).
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Fig. 1, The general operation scheme of the DNase biosensor. The target oligo is incubated with the sample. The hybridization mate between the target olign and the
sensor elecuode is monitored, (A) The sample does not contain DNases, (B) The sample contalns DNases.

for bi lecule d ion while @ & high degree of acouracy
and sensitivity. To date, the ab majority of electrochemical bia-
sensors have been developed for small biomolerules, e.g., ghicose
(Gineityté e al., 2019; Ramautas and Dagys, 19), glycerol (Ramonas
er al., 2019), lactate (Ya 1999), formaldehyde (Teiterskyte
or al., ) 213, and others. The rargeting of large mactomolecnles, 1.e.,
[ 5 01 s, is sl hat lagging with a few exceptions
(Agosting et al., 2021; Liu et al., 2022). Therefore, the devel of

2. Experimental
2.1, Materinls and methods
DNase 1 (1000 U mL™?, RNase-free), Ultra Low Range DNA Ladder

(nvirrogen), TopVision Agatose Tablers, SYBR™ Gold Stain and DNa-
seAlen™ QC System were purchased fiom Thermo Fisher Sciemific.

elecuochemical biosensors for these targets can produce novel sensitive
assays. For the case of DNase detection, some biosensors have been re-
pouted. Sate et al. reported an electiochemical biosensor for DNase |
detection based on [ferrocene-modified DNA [mmobilized onto the
electrode surface with a detection limit (LOD} of 102 UmL . Ding and
Qin reported a potentiometric biosensor for the detection of DNases
based an a polycation-sensitive k and for DNase I, a LOD of
0.45 U mL ! was reported (Ding and Qin, 2013). Despite advances,
elecrrochemical biosensors developed for DNase detecrion still lack
sensitivities comparable to thar of fluorescence or radiolabeling based
methods and the reliability tequired for the analysis of real samples,

In this work, we present & rapid and sensitive bioelectochemical
device for the determination of nuclease activity in various fluids which
can significantly improve nuclease quality contol processes in the
pharmacentical,/biotechnology industry and provide new insights into
the importance of nucleases for medical applications (Fie. 11,

Nucl fiee water, Tris(2 ¥ Iphosphi hydrochloride
(TCEP), 6 mercapto-1-hexanal (MCH), a.nd porasmml hydroxide, and
TBE buffer (89 mM Tris-borate and 2 mM EDTA, pH 8.3) were pu(dnsed
from Sigma. Sodium dibydiog hospl and disodi

phosphate were purchased from Reac-heu Slovakia. Magnesium chk)ude
hexahydrate, calcium chloride and sulfuric acid were purchased from
Merck. Sodium chloride and Tris were obtained from Roth. All reagents
were analytical grade. Nuclease-free water was used during the
MEASUFETIENTS.

Oli; leatides were p d from M AG. The sequences
are given in Table 1. The freeze-dried oligonucleatides obtained were
dissolved in 10 mM Tris buffer solurion, pH 8.00. The storage concen-
wation of the probe sequence was 800 pM, and this solurion was kepr at
— 20 °C, The rarger oligo solution was prepared by hearing a 10 mM Tiis
solution consisting of 40 pM DNA1 and 42 pM DNA2 sequences 1o 65 °C
for 10 min and allowing the solution to cool down gradually. The probe
oligo solution was prepared using TCEP solution (20 mM TCEP, 10 mM

Table 1
Oligonucleotides used in this research.
oliganueleotide Sequence (5 — )
Bribe oligo SH-Co-AATTATCAAACAUAAACAGACTTAA
Target olige DNAY GCCOGAGAGCAGTAGTCGTTAAGTCTGTTIGTGTTTGATAATT
DNAZ CGACTACTGCTCTOGGGC-AtoMB
SDNA oligo AnMB-GOCOGAGAGEAGTAGTOG T TAAGTUTGTT TG TO TTTGATAATT
Noncomplementary AttoMB-CAGGTGGAACCTCATCAGGAGATGE
DNA oligo

120
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Tris, 100 mM MgCly, pH 7.2). This mixture was kept at room tempesa-
ture in the dark for 1.0 b, After veduction, the oligonucleotides were
diluted to a final concentration of 1.0 pM (10 mM Tris, 100 mM MgCla,
pH 7.2}, This solution was used lo immobilize the probe oligo on the
electiode surface and is teferred to as the working probe solution (WPS).

2.2 Electrode preparation procedures

Gold disc (d = 2 mm) and sereen-printed (d = 2 mm) electrodes for
sensor preparation were purchased from BASI and Zimmer & Peacock,
respectively. First, mechanical eleetrode eleaning was performed by
vinsing the gold swiface with delonized water and gently dabbing with
lab tissue soaked with acerone. Subsequentdy, the electiodes were pol-
ished on microcloth wetted with dejonized water and a 0.3 pm alumina
suspension for several minutes, and mechanical cleaning was performed
by sonieating the electrodes for 5 min in an ulorasound bath. Subse
quently, electiochemieal cleaning was performed, as desciibed previ-
ously (Ha 2017). Next, 2.0 pL of gold nanoparticle (AuNP}
sojution was placed onto the electrode surface and left to diy at room
temperature. Once completely dry, the nanostructhwed surface was
electiochemically cleaned once again. The prepated electiodes were
placed into 120.0 uL. WPS and kept at +4 "C overnight. Subsequently,
the electrodes were thoroughly rinsed with deionized water, and sub-
merged in 4.0 mM 6-mercapto-1-hexanol soluticn for 4 h at room tem-
perature, Finally, the electrodes were stored in hybridization buffer
(HBS, 20 mM PBS, 3M NacCl, pH 7.0) uniil measuiements,

2.3, Preparation of smnpies

To obrain an artificial sample, 55.6 nM DNA oligonucleotide (either
ssDNA, rarget o1 noncomplementary DNA oligo) was added to 3.5 mL of
DNase 1 working buffer (DWB, 10 mM Tris-HCL, 2.5 mM MgCls, 0.5 mM
CaCly, pH 7.6) solution. Afterward, a specific amount of DNase [ was
added. The solution was agitated at 37 “C for 30 min before being
wansferred to the electrochemical measurement cell.

Human saliva samples were purchased from UAB 'RDA Spot’
(Lithuania}. The samples were faken from volunteers under a written
agreement. Saliva saniples wete collected from a volunteers into a sterile
polypropylene tube. The collection was carried out in the moining
before the volunteer ate or drank anything. The sample (800 L) was
centrifuged ar 1600 ref for 10 min and again at 16 000 ref for 10 min.
The supernatant (5.0 pL) was added ro a 3.5 mL DWB solution con-
taining 55.6 oM targer oligo. The solution was genitly mixed by inverr-
ing, and the reaction was carried outar 37 °C for 30 min with agiation,
Finally, the resulting solution was d using evelic voltammerry.

2.4, Methods

Electrochemical were conducted in a 7.0 mL cell

Biosensurs and Bloelecronics 213 (2022) 114475
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Fig. 2. Elecuochemical analysis of the sensor elecuode demousuating the
hybridization of ssINA oligo with atmo-MB. (A) CV analysis of the electrode
after the addidon of a 60 oM ssDNA oligo, CVs were recorded at dilferent tmes
afrer addition of ssDNA aligo in the range 0-60 min. (B) The fitting of cathodic
current values to the model (81, Squnion 5011% Green dams points indicate the
measurement dara, while red dashed lines indicare ftted curves with surface

using a three electiode system (probe oligo lified working
Pt auxiliary electiode, and Ag/AgCl (3 M KCl) reference electrode) with
a Ganuy Reference 600™ potentiostat. The expetiments were camied
out in a 1:1 {V/V] mixture of HBS and sample solutions at 45 °C. The cell
was constantly stirred between cyelic vol v (CV)
but the stirring was numed off while the CVs were being recorded. CVs
were run from 0 to —0.5 V at & scan rate of 0.05 Vs~ L, CVs were recorded
ar intervals of 1 min, 5 min, or 10 min, Electiochemical measurements
with single-use el des foll d the same except thar the
stirring was not tumed off even when the CVs were being recorded.
DNA elecuophoresis was conducted 1o investigate the cleavage of
double stranded DNA (target oligo) and single standed DNA (ssDNA
oligo) oligonueleotides, The targer and ssDNA oligo solutions (26.6 pM
in DWB] were incubated with DNase 1at 36 °C (0 U mL ™" for the control
and 2.6 U mL ! for the test), Sul 1y, the oli teotide solutions
were diluted with an eguivalent volume of DNase | inhibition solution
{200 M EDTA, 1.5 M NazHPO4, pH 7] and mixed. Agarose gel (5.08])

121

ge values. (C) Curve demonstrating the dependence of the hybridization
of ssDNA oligo on time. Surface coverage values were fitted 1o a model [31,
ouation %017), and the hybridi I TS Were d. The red
dotted line demonstrates the fit of the inital hybridization data o a
linear model.

was loaded with a ladder (3.0 pl per lane) and the electrophoresis was
performed of eight samples (10,0 pl per lane) in TBE buffer ar B0 V for
80 min. The gel was submerged in a water bath to prevent an increase in
the tuffer solution temperanie, Next, the gel was stained with SYBR
Gald in TBE for 1 h.

DiNase Alert™ sample testing was carried ot using the manufac-
mirer’s instuctions with a PerkinElmer 1S fluorescence spectiometer
eruipped with a biokinetic accessory and a thermostar. Briefly, 315 pl of
nuelease-free water was mixed with 45 pl 10X NucleaseAlert buffer, 45
pl DNase Alert Substrate, and 45 L of saliva supernatant. The solwtion
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Fig. 3. Gomparison of DNase | activiry for single sranded DNA (5sDNA olign) and hybrid (containing both single- and double-stranded) DNA (targer oligol. (A}
Schematic illustation of DNA oligonucleotides used 1o investigate DNase | activity — ssDNA oligo (purple) and targst oligo (green). (B) Gel electiophovesis (o the
rarget (lanes 1-4) and ssDNA oligos (lanes 5-8), The Jane progresses by inereasing the incubation time with DNase 1 (0 min, 8 min, 16 min, 32 min}. (€) Curve
demenstrating the hybridization rate of ssDNA oligos incubated with selutions of various DNase [ activities, The inset shows the relative hybuidization rate
dependenes an DiNase | solution activity. (D) Curve demeonsmaring the hyhridization rate of the targer oligo incubated with solutions of varions DNase | activities, The
inset shows the relatve hybuidization e dependence on DNase [ solution activity,

was measured in a low volume quartz euvetre with stiming at 37 °C using
real-time fluorescence measurements at 30 s intervals (Ex: 535 nm, Em:
556 nm).

3. Results and discussion
3.1. Development of DNA-modified electrodes for DNA hybridization

Designing an electiode surface capable of hybiidizing DNA at high
rates and specificities was cuitical for a functioning nuclease sensor. The
final iteration electrodes, prepared using AuNPs, with immobilized
probe oligo (Table 1) and sell- i MCH layer, were named
sensol clectiodes. The representation of the sensor electrode is pre-
sented in Py | The rationale for using AuNPs is based on our previous
experience indicating that AuNPs significantly increase the active sur
face area of the electrode and allow for the adsarption of more bio
molecules (Ramutas of al, 2016}, MCH was used based on previons
works, which have shown that self-assembled monolayers significantly
improve the efficiency and specificity of DNA inunobilizaton on gold
(Steel ot 1998; Lao et &, 2005; Tadami er al,, 2010, 2012).

The sensor eleciode was used 1o investigate the hybiddization pa
rameters of the complementary ssDNA oligo with the redox-active
marker {atto-MB) at the 3" end. After the addition of the ssDNA oligo,
the CVs wele recorded from O o —0.5 V after 0-60 min [Fig. 2A). CV
analysis did not show a significant electrochemical process immediately
after the addition of ssDNA cligo (t = 0 min, purple curve). After 10 min,
CV was recorded again, and atto-MB reduction and oxidation peaks were
observed ar —0.271 V and —0.265 V, respectively. These potential
values were found o be similar to that for methylene blue redox on
DNA-modified electrodes, as reported previously (Kelley ef al., 1997).

122

The electrode was allowed ro hybridize for up ro 60 min, while the CVs
were recorded at 20, 30 and 60 min. CVs demonstrate an increase in
cuirent values, but no significant changes in potentials are observed,
thus providing evidence for the progression of DNA hybridization on the
electrode, It is important o note that the potenrial difference berween
the cathodic and anodic peaks is only 0.006 V, showing the elecoo
chemisty of surface bound species (Had an 101). Control
experiments were camnied out to demonstrate that specific DNA-DNA
hybridization is observed (81, Figs. 52 50), Controls were recorded using
electiodes without probe oligo, without MCH and using the fAnal sensor
electrode (both MCH and probe oligo) but adding a noncomplementary
DMNA oligo. In all three cases, no increase in redox peaks was observed,
We investigated the kinetics of ssDNA oligo hybridization to evaluate
its surface coverage and rate. First, we estimated the amount of ssDNA
olign on the electrode surface by firting the CV dara to the potential-
current function for surface-adsorbed redox-active species from Bard
(Bard and Faulkner 1) (SI, 1. Firting). The fitring was earried out for
a cathodic scan in the potential range of —0.15 0 -04 V (Fig 2 B; 81,
Frpaanion S0100 and demonstoated exeellent agreement with the experi
mental data poinrs. From the firted CV curves, the molar number for the
ssDNA oligo was determined to vary in the range of 0-1.2 pmol, After
ward, we evaluated the hybridization tate and the surface saturation of
the sensor electiode with the ssDNA oligo (Fig. 2C) Molar numbers of
ssDNA oligo were plotted against time and fitted to the equation
describing time-depend DNA hybridi on the electvode (SI,
Fitting, Equaton 5121}, The data show excellent agreement with the
experimental results, indicating that DNA hybridization on the electrode
can be appraximared nsing first-order kinetics. The maximum maolar
number for hybridized ssDNA oligo is approximarely 1.5 pmol (or
caleulated to be 75 pmol em 2 fora geometric electrode surface area).
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This number is much higher than the values reported previously
(1.6-6.5 pmol em™2) (Steel et al., 1998; Zhang et al., 2007) and can be
attributed to the usage of gold nanoparticles, which significantly in-
crease the surface area and allow more complementary DNA to hy-
bridize, To evaluate the hybridization tate, the initial darta points (up to
15 min} were fitted to a linear model (11 2C, ved line), and the slope of
the line was named v, The value of vy, shows the hybidization rate
(pmal min Yy and can be further used in the develaped biosensor to
evaluare the nuclease activiry.

2.2 Op of the DNA oligomch
nonspecific DNase acriviry

ide for and

Onee we have developed an eleetrode for fast and selective hybiid-
ization of DNA and a methed to evaluate the hybridization rate, a DNA
target sensitive to a broad nuclease activity is required. DNases have
sequence-dependent activity, most notably significant activity differ-
ences for single- and double-stranded DNA (Sock, 1902 D,
1981 Desal and Shankar, 20003), Ow aim was to detect total nuclease
activity in a sample, thus indiscriminately detecting the activity of most
nucleases. For this reason, we designed a hybrid DNA oligonucleotide
camposed of single- and double-stranded DNA (Fig. SA). This oligonn-
cleotide is composed of longer (43 nt) and shorter (18 nr) DNA chains
hybridized together in a solntion and was named the rarger oligo.
Initially, electrophoresis was conducted o investigate the activity of the
model enzyme DNase 1 toward ssDNA and targer oligos (Fig. 3B). The
resiilts demonsirate that the target and ssDNA oligos are bound 1o the
SYBR Gold dye, which emits at a wavelength of ~537 nm, while the
redox-active label atto-MB absorbs light at —668 nm, As a result, darker
bands are visible on the gel with atto-MB-labeled oligos, indicating that
the flagments are not affected by nucleases (1 = 0 min), Significant
differences between the target and ssDNA oligos appear after 8-32 min
of incubation with DNase [ Broader bright bands appear as the target
oligo is cleaved by DNase I, since the redox-active label atto-MB is
remaoved from the DNA chain. In contrast, the ssDNA oligo did not show
any obvious signs of a decrease in mass or band broadening, indicating
thar this rype of DNA is not significantly affeeted by DNase 1.

Electrochemical measurements show that both the ssDNA and targer
oligos are able to hybridize with the probe oligo atached o the suiface
and approach the suface sacnation (72, ACD). CV measnrements were
canvied out using oligos weared with DNase T solution with different
activities (0, 1073, 1071 U mL ") {Fig. 3CD). The results demonstrate
that the 1arget oligo shows an apparent decrease in the hybridization
tate (Vi) with an increase in DNase 1 activity (Fig. 3D, inset). The hy
bridization rate of the ssDNA oligo is only decreased at significantly
higher DNase [ activities. Thus, a custom-designed target oligo was
chosen as a nucleotide for DNase detection.
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Nuclease, —og [U mL™]

4. The sensor electrode performance when hybiidized with 55.6 1M target oligo solutions incubated with various DNase Lactivities (0, 107, % « 1071, 1077,
3% 107% 107" U k") (A) Dependence of the hybridization tate on DNase activity (0-107" U mL™ ') The inser shows a lower DNase activity range (0-107° U
il on the negative logarithm of nuclease activity.

3.3, Characterization and performuuice of the nuclease activity biosensor,
prototype biosensor development

The sensor electrodes were calibrated using DNase [ solutions with
various activities. First, the target oligo was incubated with 0-10 Ty
mL ! DNase | and then hybridized with the sensor electrodes. The
dependence of the hybridization rate (vi,) on the nuclease acrivity is
presented in bz 4. The data show that vy, for the target oligo is relared
to muclease activiry. For the case when no DNase [ is used, vy, is 0.035 =
0.005 pmol min~", For example, when the arget olign is incubated with
107 UmL " DNase 1, v is decreased to 0.00047 + 0.0007 pmal min~",
To carry out the ealibration, we plotted the dependence of the lybuid-
izarion rare against the negative logarithm of nuclease activity (Fig. 1B).
The data were fitted to a linear model, and a calibration curve was
obtained:

v =-log[Nucleasela + b

(Equarion 1)

Here, a - slope (0.0098), b - intercept (0.014). It is important to
determine the par of the bi the limit of d (LoD}
and the sensitivity. Sensitivity is usually defined as the slope of the
calibration curve (Bhalla e al., 2016); therefore, the sensitivity of the
biosensor was determined to be 0.0098 pmol min ' (-doglnucleass
activity]) !, with the biosensor showing that a 10-fold increase in
nuelease activity results in a 2-fold change in signal. LOD is rypically
estimared using the 3 o eriterion and is defined as LOD = 3 o of the signal
blank./sensitivity corresponding to a confidence level of 99.7% (Lavin
et al, 2018). Sinee there is no standardized method to define the LOD for
A negative signal sensor, we determined the LOD using the 3 o eriterion
and additionally evaluated the electiode zero-nuelease activity baseline
(purple curve in Fiy. 1B}, Thus, LOD = electiode zero nuclease activity
baseline - 3 o of the electrode zero signal baseline/sensitivity. The val
culations gave an LOD value of 3.47, which is equal to 3.4 = 10 * U
mL ', The lowest nuclease activity point in calibration (10" UL ')is
lower than the calculated LOD; however, we emphasize that we present
the LOD based on a confidence level of 99.7% (3 o). For this reason, high
reliability can only be achieved when measuring in the range 3.4 « 104
te 3 10 % U mL L A detalled comparison between our developed
sensor and other relevant works is presented in 81, Table 51,

To demonstrare the practical applicarion of the system, we builr a
binsensor prototype system. The protiotype was built around & eostom-
ized PTFE elecnochemical cell, which was integrated into a Peltier
element-based thermoestatie cell system with a magnetic stiver. The
electionic systemn was developed using an Arduino Due ele ic set
linked with a laptop eomputer via a USB inteiface. The biosensor pro
torype was tested under various nuclease concentrarions and found o
give teproducible results (51, 4. Biosensor prototype system ).
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3.4, DNase activity determirtation in human saliva samples

To show that operatdon with biological finids is possible we
measured nuclease activity in hoaman saliva samples. The targer oligo
was Ineubated with saliva samples and subsequenty hybridized on the
sensol elecirodes. The typical hylvidization is presented ir AL The
hybridization line shows that the raiget oligo after incubation with
saliva sample is capable of hybuidizing but at a significantly lower rate;
for example, for sample 1, v, is equal to 0.00432 pmol min . Using the
calibration cuave (Equ L1, the hybridization rates were converted
to DNase activity, and conssdmmg a sample dilution, the nuclease ac-
tivities were caleulated to vary in the range of 6.5-10.6 UL ', Addi-
tonally, we msed DNaseAlert™ to analyze the saliva samples, A
comparison of the results obtained with the Sensor and DNaseAlet™ is
presented in Fig. 5B, The results demonstrate that the sensor electrodes
give results that are comparable with an alternative method. It can be
observed thar the logarithmie difference in nuclease activity berween
the Sensor electrodes and DNaseAlert™ varies in the range of 1-18%.
The absolute difference in nuelease activity is presented in SI, T
and varies in the mnge of 4-81%. The difference in nuelease activity
measurenents berween onl method and DNaseAlen™ mosr likely visen
due to differences in the DNA substate sequence resulting in somewhar
different affinities rowards DNases,

51

4. Conclusions

In this paper, we teport a new bicelectrochemical device - a rapid
and sensitive miclease detection system consisting of a sensor electrode,
A enstom-designed DNA oligonucleatide target to maximize the nuclease
cleavage rate, a signal analysis algorithm, and supporting electronics.
Our designed sensor electrode is prepared by immobilizing gold nano
particles on a gold electrode afrer immaobilizarion of the DNA probe with
the sappotting layer (6-mercapto-1-hexanol) w form a specific DNA
surface with a high DNA swiface coverage of 1.5 pmol (o caleulated as
75 pmal e~ ? for a geomenie elecnode suiface area). The sensor elec-
wode is capable of hybridizing a redox-labeled complementary DNA
with a high rate (up to 0.04 pmol min '} and selectivity. We also
designed a custom DNA oligonucleotide for the detection and moni-
toring of DNase activity. The DNA oligonucleotide is composed of both
single- and double-stranded DNA to ensure the suitability of the oligo-
nueleotide for various types of nucleases and is additionally labeled with
atto methylene blue (atto-MB) for electrochemical detection. The hy-
bridization of DNA oligonueleatide with atto-MB was monitored and
firred 1o a potential-current function o determine the rate of hybridi-
zation. The nuelease-treated DNA oligonucleotide was eleaved, thus
resulting in a lower rate of hybridization, and, in numn, lower develop-
ment of the signal. The designed biosensor enabled us to determine

rI rating nuclease activity in human saliva samples measured with the developed sensor and compared

DNase activity in the range of 3.4 = 10 " to 3 « 10?2 U mL ! with a
detection limitof 3.4 « 10 ' UmL . Furthermore, the sensor was tested
by measnring muclease activity in human saliva samples and was found
o demonstrate high accuracy and reproduocibility compared 1o the in
dusny standard DNaseAlent™. Finally, the whole system was imple
mented in the design of a protorype bi luding the dard
laboratory (e.g., cells, ther p 1. The device
contained & custom polytetrafluorvethylene (PTFE) reaction cell, the
electionic part, and a program written in Python language for electio-
chemical signal analysis and data fitting,
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ARTIGCLE INFOQ ABSTRACT

Eeywores: This study presents a method for real-time of b o DNA hybi using chro-
DNA hb‘hlidl_wliw noamperometry (CA). The electiochemical assay is based on methylene blue (MB)labeled ssDNA taget (tMB)
g:mmms'-:“-“m Tiyhrid with o ¢ k ¥ ssDNA caprure probe (p) chemisorbed 10 a gold elecrmode throngh the An-S
LT e O 1y . |t . s . = = i o 3 a
ety amlEs linkage. Real time monitoring of nucleic acid is enabled by inuoducing ascorbic acid (AA) during CA

al ouid: inl. Aftes hybe the newly formed ME-labeled double standed DNA
{ptMB) oxidized AA and, as a vesult, shuttled the electrons directly to the elecoode. AA-pIMB electiocatalytic
cyele allows amplifying the signal from hybridized MB-labeled DNA thiough oxidation of AA. The process
consists three particular processes: hybuidization of tMB o the surface probe, reaction between A4 and ptMB,
and (1 the electron transfer from peMB to the electrode. We have demonstated that system is limited by the Aa
PEMB redox reaction {bimolecular constant, k = 8 = 0.1 M £}, AA-ptMB cyele is sequence-specilic, thus fully
developed ourrent saturation curves can be nsed to ealenlare hybridization parameters and evaluate hinding
kinetics under various conditis In addition, evaluating the initial hybuidization 1ate allows guantifying the
concentration of labeled ssDNA (IMB) in several minutes, This study provides the first report of a simple elec-
tocatalvtic cycle between MB-labeled DNA and a reducer AA for monitoing DNA hybridization in real time.

netdivlene blue, Ascorbic acid

1. Introduction

Sensors for DNA hybridization are valuable for their specifieity and
sensitivity and have found applications in biotechnology and clinical
diagnostics [1 4], While many biosensors have been developed for
end-point readout of the hybridization event with a focus on improving
detection Hmits, there is also a need o monitor the kinetics of nueleic
acid binding quantitatively in real time, Real-time hybridization moni
toring can provide advantages over end-point measurements [11, espe-
cially in such applications as diagnostic testing and diug discovery. For
example, real-time monitoring enables more precise evaluation of hy-
bridization kinetics, leading to improvements in assay sensitivity and
specificity, and usually allowing for reduced sample-to-answer times. As
a result, one of the aims of bioanalytical chemistry should be to develop
veal-time hybridization monitoring devices thar are simple, rensable,
and low-eost.

To date, real-time hybridization signal readour techniques are
mainly based on optical (SPR [5,5], flnorescence [3,4]), or acoustic
(QCM [7]1) methods, while more recently promising FET sensors have

* Conesponding author,
E-mail addresses: shonimntis

[tz /dol.ong/ 14, 10 24,1 45] 41

been introdueed [H]. Since modern light detectors are sensitive, fluo-
rometrie derection usually does not require signal enhancement, but the
amount of rarget molecules is often amplified. One recent study
demonsnated the use of caprure probes immobilized on polystyrene
beads, complementary 1o fluorophore-labeled rarger oligonueleotides,
to monitor DNA hybridizaton kinetics in teal fime and deteet single
nueleotide polymorphisms in amplicons of bacterial genes in 5-15 min
[Z]. For SPR and QCM methods, the binding of a small number of oli

gonucleotides is difficult to detect due to their low molar mass, so these
readout methods require signal amplification. QUM measurements
without signal amplification can provide nanomolar se ity for DNA
hybridi: SENSOTS, using particle conjugaticn or pre-
cipitation by enzymatic or chemical means has helped to reduce the
limit of detection to the attomolar range [/]. With SPR, hybridization of
0.5 phd DNA ol leotide could be i d with no signal ampli-
ficarion [1], wh hing the ol leatides of interest o silica
nanoparticles aided researchers in following their hybridization and
melting in veal time at the functionalized bead concennation of 0.1 mg
b [6]. FET sensors have been demonsuated to reach a 10 pM limit of

el (. Ratautas)

Received 22 May 2024; Received in revised form 5 September 2024; Accepted 23 September 2024

Available omline 24 September 2024

0013-4686,E) 2024 Elsevier Lid. All rights are reserved, including those for text and data mining, Al raining, and similar technologies,

127



J. Ginelyed et ol

detection with no signal amplification when capture probes were
immobilized on a glaphene FET and d1e hybridization process of a 26 nt
length olig leotide was | in veal time as a shift in charge
neutrality point voltage [4]. However, the tiaditional methods often
require large and complicated equipment which is difficult to minia-
murize and adapt for high throughput applications, while FET biosensor
production procedures tend to be difficult and expensive or have issues
when performing specific deteetion in complex matrixes. Electro-
chemical DNA hybridization signal readout methods [7] are known for
simple sensor preparation, compatibility with microfabrication tech-
nigues, device portability, low eost, and the ability o operate in com-
plex, nubid samples [10]. Stll, evrcent elecuochemical hybridization
signal teadour methods have lmiatons in thelr sensitivity and tem
potal resolution. Fouo itoring of unlabeled olig: ytide hybridi
zation, lmpedance based hods can be impl d and have
achieved detection limits of 1 pM in buffer solutions, however, the
detection limit in complex muples (2.2, diluted human blood plasmal
was | d o with 155 | resolution
[11]. It could be expected um employing faradaic reactions for elec-
mochemically labeled oligonucleotide detection could aid in improving
detection limits in complex matrixes, as these signals are easier to
distingnish from neise. However, only a fow attemipts have been re-
poued at monitoring the hybridizarion of labeled oligos in veal time. For

tial scanning such as square wave voltammerry
[12] am‘l tyrhc voltammerry [ 1] have allowed achieving 5 min remporal
vesolution and nanomolar deteetion limits with no signal amplificarion,
Electiochemical assay performance conld be fmproved by applying
signal amplification methods, such as  enzymatie [13- 18] or
nanoparticle-based [10] approaches, both of which have drawbacks like
high cost and lack of stability. Usually, these signal amplification tools
allow only end-point measurements because multiple washing steps are
needed, There is, thecefore, a need for a simple and effective tool to
electiochemically mwonitor heterogeneous DMNA hyvbridization in real
time with good temporal resolution, which can potentiatly be achieved
with the aid of chemical catalysis [20-22],

This study focused on the development of an electrochemical method
for real-time readout of heterogeneous DNA hybridization and funda-
mental understanding of the process in general by employing an elec-
rrochemical signal amplification system composed of MB labeled DNA
and ascorbic acid redox cycle, The designed eyele is similar in prineiple
to the redox system reported by Lapierte et al. where DNA hytridization
amplification was demonstrated involving redox reactions between Ru
(NH3}™ and Fe(CN)E™ [23]. The signal of MB-labeled oligonucleotide
heterogeneous binding was chemically amplified by ascorbic acid, thus
allowing the use of chioncamperometry (CA) for hybridization moni-
toring. Real-time electrochemical hybridization monitoring of 25 ot
length DNA in the concentiation lange from 5 nM to 100 oM was
achieved.

2, Experimental
2.1, Materials and methods

Oligenucleotides (including atto hyl blue 2 (MB}-modified
oligonucleotides) were purchased fiom Metabion AG (sequences are
givent in Table 1), Nuclease-free water, l-ascorhic acid (AA), Tris(2-
carboxyethyl) phosphine hydioehloride (TCEF), 6-niercapto-1-hexanol
(MCH), sodium hydroxide (NaOH), acerie acid (CH3;COO0H), hex-
aamminerutheninmiT) (RuHex)} and borie acid (H3BO4) were pur-
chased from Slgma -Aldrich. Sodinm dihydiogen phosphate (NaH PO}
and disodium 1 phosphate (NagHPO,) wete purchased from
Reachen Sluvakia Magl]es[um chloride hexahydiate (MgCly-6Hz0),
sulfuric acid {Hz804), phosphorie acid (HsPO4), and methylene blue
were purchased from Merck., Sodium chloride (NaCl) and Tris were
obtained from Hoth,

Measwrements were usually peiformed (if not stated differently}
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Table 1
igonucleotides used in this study.
ssDNA name, beagth Sequence (5'— 37 T Tew "C (salt
%) aedjusted for
HES/AA)
probe (p), 25 nt Thiol-C6 CAG GTG 6LO G986
GAA CCT CAT CAG
CAG ATG C

ArtoMB2 GCA TCT
COT GAT GAG GTT
CCACCT G

target-MB [TMB] ", 25t

target, 25 nk GCA TCT GOT GAT
GAG GTT OCA C0T 6
MB-labeled non- AttoMB2 OGC
enmplementary CTC TGT AlA AT

{soncomp-MB), 25 ot CIC AGE T

* caloulated using the Oligecale online ol [24].

" The AuoMB2 label is a desivative of MB, and their electiochemical be-
haviors are largely identical, therefore, for the sake of simplicity, the AtoMB2
label is referred to as MB.

using hybridization buffer ion (HRBS) o g 50 mM
buffered saline (PBS), 3 M NacCl, pH was adjusted 10 7.0,

Data fiting was performed wsing Scify (1.13.1) and Wolfram
Mathematica (14.0) in-built least square methods for non-linesr model
firting. Curve firring dara and fired paramerets ave given in Suppoting
Information (Fitting data),

T

2.2 Oligonucleotide solution preparation

The freeze-dried oligonucleatides obrained were dissolved in 10 mM
Tris buffer solution, pH 8.00. Probe aligonueleoride storage coneentra
tions were 800 M, while target oligonuelestide (TargerMB) storage
concentiations were 400 pM. Storage solutions were kept a1 -20 °C,
Probe oligonueleotide solurion was prepared for iimmobilization on gold
electrodes using a reducing TCEP solution (20 mM TCEP, 10 mM Tiis,
100 mM MgCly, pH 7.2). The probe storage solution was mixed with
TCEP solution in a 1:4 ratio and incubared ar room I in the
dark for 60 min. After reduction, Probe oligos were diluted to 1 pM using
immobilization buffer (10 mM Tris, 100 mM MgCly, pH 7.2). This so
lution, labeled probe immobilization solution (PIS} was immediately
used (o prepare electiodes,

2.3. Electrade preparation

Gold dise electrodes (d = 2 mm) were purchased from BASIL Elec-
modes were cleaned mechanically by polishing on a miciocloth wered
by alumina suspension (d = 0.3 pm) in deionized water for several mi
nutes, Then, electrodes were nlnasonieated in deionized water for 10
min. Afterward, electrochemical eleaning was performed, as deseribed
previously [25), Electrodes were rinsed thoroughly with delonized
water after each cleaning step. Electrodes were incubated in 120 pL of
PIS at +4 “C overnight. After Probe inunobilization, the electiodes were
rinsed with deionized water again and placed in 200 pL of 4 mM MCH
for 4 I at roum Finally, electiodes were sul ged in 300
L of HBS and conditioned at room temperature for no <20 h {stable for
af least a month) before performing any measurements.

2.4, Electrochemical meosurements

Elecnochemieal measurements were conducted in a 10 ml jackered
glass cell using a thiee-electiode system (modified Au electiode as
working electiode, Pt auxiliary electiode, and Ag/AgCl (3 M KCl)
reference electode) with Gamuy Reference 600+ potentiostat. Experi-
ments were done at +25 “C temperature unless stated otherwise, U\
experiments were cartied out at 1 Hz freqs with
of solution by a magnetic stirer at 1500 tpm. Cyclic voltammetiy (CV)
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measurenients were recorded in the potential range from 0.1 to -0.4 V
at 0.05 V 5 ! scan rate unless stated otherwise. The measurement so
lution was pot stitred during the recording of cyclic voltammogiams
(CVs) but was agitated (1500 rpm by a magnetic stirrer) between CVs
when real-time hybridization measurements were performed. All po-
tential values are reported vs Ag/AgCl [3 M KCI)

Real-time hybridization data from CA measurements were baseline-
carrected. For all measurements, the curvent value at the moment of the
rarget-MB oligonucleotide introduction was set to O (15008 in all hy-
bridization measurements by CA), The AT vs time data was then baseline
dift-corrected. To obtain the baseline current drift with each nsed
elecriode, 3 measurements at 0 nM tazer-MB were condueted. Al values
of the: measurenents were averaged and subiracted fiom the dara
obtained with their respective eleciiodes at other Giger concentrations.
Baseline corrected data was used for creating graphs and fining w
models,

Chronocoulometric DNA surface density quantification was carried
out using the method by Steel et al. [20]. Buefly, the electiodes were
equilibvated at 0.147 ¥ for 5 s in 10 mM argon-satusated Tris buffer
solution (pH 7.4), after which the reductive cument was measured at
—0.353 V for 1.5 5. The cwrent was sampled every 0.005 s. The elec-
trodes were measnred befove and after the addition of 100.0 pM Rubex,

Elecprochinten Acra 507 (2034) J95]96
3. Results and discussion
2.1, Electrode design for target-MB (tMB) lybridization monitoring

At first, we investigated the electuochemistry of freely diffusing
methylene blue (MB} on an MCH-modified gold electrode to observe its
electrochemistry and identify the potential values of its oxidation and
veduction as a refevence (Supplementary Information, Fignre 51). Re-
sults indicated thar MB had a distinerive oxidation with a standard redox
potential (Eg) equal to 0,176 V. Afterward, electrodes were prepared to
enable electrochemical monitoring of complimentary ssDNA (target-
MB) hybridizaton to suface-immobilized capie Probe (p), The design
was based on the one we previously used to monitor DNA-MB hybuidi-
zation for DNase decection [ 1 ]. The main difference in this study was the

of gold ticles from the design, making sensing elec
uode preparation cheaper and simpler. The rationale for using
MB-labeled DNA was based on several factors such as relatively low
redox potential, good reversibility of the redox process and MB's ability
to be reduced by external chemicals. Briefly, gold electiodes were
covered in a self-assembled monelayer (SAM) of capture p oligonucle-
otides {Table 1), followed by surface blocking with MCH [27]. These
modified electrodes were termied Sensing electrodes. Afterward, we
conducted control experiments to demonstrate that Sensing electrodes
can selectively and specifically hybridize complemenrary targer-MB

~u i
a . P b 100 |
T 50
0 0
< -« <« =50
c T et c
= =50 (ii) = 100}
=150 5 .
~1%0 -200 m W%
-150 2807
-04 -03 -02 -01 00 04 -04 -03 -02 -01 0.0 D01
E.V E.V
C 5 -
W00 15130 B
0 Auel b MCH blocking layer A bic acid
g
- =50
. Probe Target-MB nancomp-MB
=150
-04 -03 -0.2 -01 0.0 0.1
E, V

Fig. 1. Electiochemical investigation of electiodes. a. Electiode coversd by a SAM of MCH before ((i), gray), after incubation with 100 oM noncomp-MB ({ii),
nrange), and after ineybation with 100 nM arger-MB ((iii), blue). b. Electrode eovered by a SAM of probe hefore (1), gray), and after ineubation with 100 nM targer
MB ((ii), blug). c. Sensing electode coversd by SAMs of probe and MCH before (i), gray), after incubation with 100 oM noncongp MB ((ii), orange), and after
incubarion with 100 nM targer-MB ((iii). biue). The DNA oligonucleorides presented in schemes are for illnsmration purposes anly and do not necessarily appear as

demonstrated.
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oligenueleotides (Fig. 1)

Elecprochinten Acra 507 (2034) J95]96

sueugth p}{. and the number of oligonucleotide base pairs. For the

Various design electrodes were incubated with ¢ y and
pl ¥ DNA olig leotides. The al of the Probe
does not result in the electiochemical signal of MB, thus the electio-
chemical signal of MB cannot be originated from non-specific DNA
adsorption of elecirode swiface (I1g, la). Using an electrode without
MCH still results in detectable MB electrochemistry, but the background
signal is significantly greater indicating that is beneficial ro use MCH
{Fig 1b). We can be confident that the final iteration of the Sensing
clectrodes is DNA-specific. MB signal is observed only in case an elec-
wode i incubared with mnl[:l{mﬂllary target-MB but not with non-
cornpli y olig leoride (Fiz. 1e). Also, background eurrents
resulting from the oxygen present in the solutdon were significantly
duced. We also d the smface ge of the Probe present on
Sensing electrodes using RuHex according to the reported method [26].
The surface coverage was found to be 6,92 + 1,08 » 10" molecules cm™
(11.49 + 1.79 pmol em™). The ssDNA density on the electiode 15
reasonable (<10 « 10'%) althoug hat higher than previously
reported optimal hybiidization densities (~4 « 10'%) [20,28]. Never-
theless, the hybridization was fair showing approximately 1.1 » 10'*
Target-MB maolecules/em?® according to MB electrochemistiy, indicating
that hybridization effectivencss at maximum swface saturation is
around 16 %

CV was the method of choiee for confirming successful targer-MB
hybridizarion to electrode surface-immobilized probe, due ro signal
specificity afforded by easily distinguishable MB redox peaks. After the
addition of 100 nM targer-MB, CVs were recorded every five minnies for
an howr at 25 °C (Fig. 2). The first CV (t = 0) (Fig. 24, left) does not
exhibit any features expected from a significant redox process, However,
with increasing incubation time in a sticred solution of target MB,
reduction and oxidation peaks of the electiochemical label became
apparent (Fig Za, right). Peak potential values were similar to those
reported previously [1,29]: 0,233 V for the reduction and 0220V for
the oxidation peaks. The recorded peaks corresponded well with the
values received using freely diffusing MB on MCH-modified electrode
accounting for the expected potential shift resulting from surface
immobilized vs. freely diffusing species. CV data were fitted 1o a model
thar describes the porential-current funetion of surface-adsorbed
redox active speries accounting also background enment as deseribed
[30] (Swpporting informarion, Equation §1, Firing data). CV fitting
yielded the amount of probe-targer-MB (ptMB) ar each time point
(Fig. 2b). Hybridized ptMB amount ranged fiom O pmeol at the start of
the measurements to around 0.056 pmol after 1 1

The piocess of hybridization is impacted by temperanue, ionic

d experimental conditions (measurement T = 25 “C, while
Ty=98.6 "C (salt adjusted, calculated using the OligoCale online tool
[#41], 25 nt length, pH 7.0, high ionic strength buffer), it is expected that
no dehybridization could occuw [21]. Therefore, the observed hybuidi-
zation kinetic curves can be described by the iireversible adsorption
model:

P+ [IMB] ™ ptMB (1)
The rate of piMB hybrid formarion is given by equarion:

dptMB,

PME: _ ks p [tV @

Here p, prtMBy, [TME] are the amounts or of free capture probe on the
electrode surface (mol), the amount of probe-targer MB hybrid on the
electiode surface at time point t (mol), and the concentration of target-
MB in solution (M), respectively, kuy - second order hybridization rare
constant (M '51). Considering that p = prMByg, - prvBy (piMBp - the
maximum amount of probe-aiget-MB hybrid on the elecniode swiface)
and solving the rate equation analytcally gives:

PIMB, = piMBy (1 — =) (3)

b, (21 was used to fit surface saturation versus time data (Fig. .JI \
Supporting information, Fitting data). ke, was fitted 8300+£660 M 5™
and ptMB, ., was fitted 0,057 pmol, vielding a maximum coverage of
181 pmol em 2 for the geometric surface area of the electrode;, which
falls in the range of previously reported values (1.6 — 6.5 pmol em'®) [26]
[l

Onee Sensing electrode was fully hyvbridized, the eleciode was
further investigared using increased scan rates in range 0-300 mV 57!
(Supparting information, Figure S1h) to determine electrode parameters
siich as the electron oansfer vate between the electrode and hybridized
DNA (prMEB). Since the hybridizaon is ineversible (both oxidized and
veduced forms ave lvreversibly adsotbed), we can use Laviton estab
lished approach to determine efectron wansfer constant (kg) from the
cathodie and the anodic peak separation dependence of the potential
scan rate [33], Parameters were received: ko=76+25 57 and o=0.66
£0.07. The veceived parameters are in range of the reported values of
previous papers for election wansfer tate between DNA and electiodes
[54,35]. Using ky, it is possible to determine the limiting eurrent (igy) of
the system of the fully hybridized electrode ar samration [36,37]:

iy = F ky ptMB,..,

(4}

a?

50
2
<
=
-2
-50
-7
-0.4 -0.3 -0.2 =01 0 01 -04 -0.3 -0.2 -0.1 0
EV E,V

04 0 10 20 30 40 50 60

t, min

Fig. 2, Sensing electrode response mo mrget-MB oligonucleotide. a. GV plot before (left) and afrer (righr) incubation with 100 nM of target-MB &£ 10, 25, and 640 min.
Inset illustiations show modified electode swface. The inset graph on the right side shows the enlarged area of MB oxidative peaks. b, Probe target MB (ptMEB)

amount as a function of time. Dashed line shows a heterngeneous hybridizarion medel fir (kg
ily appear as ated

presented in schemes are for illustration purposes only and does not

(3}, supporting information, Fitting dara). The DNA oligonucleatides
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Here, n = 2 (elections patticipating in a process), F = 96,485 € mol™
(Faraday constant), ko - electron transfer constant (7625 571, ptMBy.
— the maximum amount of probe-target-MB hybrid on the electrode
surface (0.057 pmol). Placing all the parameters into Eq. (4], the limiting
curent of the electrode can be calculated 8304390 nA (the detailed
discussion about the limiting curvent is given in Section 3.2

As evident from Fig. 27, using €V to measure heterogeneous DNA
hybridization yields results with poor temporal resolution. For the scan
rate used here (50 mV s ') the highesr possible remporal resolution
would be 20 s, [n such case, however, no time would be left for solution
stirring, thus likely ding the Anather d ke of
continuons hybridization measurement nsing CV is the need o impose A
negative potential, hete up w-0.4 V. DNA SAMs, immobilized thiough
alkanethiol linkers, are stable in the potential range from -0.6 Vo +0.6
V at physiological pH [38]. In the negative potential region, reductive
desorption of thiolated DNA occurs [38,39), Therefore, approaching the
reductive stability limit during measwrements increases the chances of
destabilizing the Sensing electiode suiface, Due to these limitations, an
alternative electrochemical assay for monitoring heter DNA
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knowledge, ascorbic acid has not been demonstrated te aid in veal time
hybridization monitoring,

At first, the electiocatalytic cycle of MB reduction by AA and reox-
idation at the Sensing electrode swilface was demonstrated using freely
diffusing MB. The oxidation current of the reduced MB (MB, ;) was
recorded during CA measurements (Fig. 3). Increasing concentrations of
AA were added to a buffer solution either containing 1 M of MB or
without MB (Fig. 3a). When MB was added to-the buffer prior to intro-
ducing AA (Iig 3a, blue curve), the curent inereased in proportion o
the added AA concentration. Increasing AA concentration increased
signal amplification (Flg 34 inser), however, 30 mM of AA also
inereased noise in data, Therefore, for finther measurements with freely
diffusing MB, the maximum used ascorbic acid concentration was 20
mb. When AA was added ro solution without MB (Fig. 34, ved ewrve) no
signal was present. However, once at the end of such experiment 1.0 uM
of MB was added to the solution, an & ise in oxid
current was observed indicating that the AA-MB redox cycle started and
it could be used o amplify the signal fiom swface-attached ptMB

hybridization is favorable.

3.2 Probe-targer-MB (prMB) signed amplification using ascorbic actid

We have developed a method 1o increase the number of elecuons
obtained from & single event of labeled DNA hybridization to improve
the temporal resolution of binding monitoring, as well as decrease the
probability of thiolated DNA desorption from the Sensing electrode, CA
is a suitable elecnochemical method o achieve these goals, as the
typical sampling frequency is 1 s and there is a possibility to perform the
meAsrement ar porentials thar do not induee eleetrode surface deteri-
oration. To implement signal amplification, we used ascorbic acid (AA) -
# well-known teducer of MB [40,11] which has previously been used for
aseothic acid biosensors [42-44], as well as signal amplification of
nucleic acid biosensors for end-point readout [15], However, t o best

a 1o

= MB added at 100 s
| = MB added at 900 s

0 200 400 600 800 1000
t,s

Further experiments were performed to demonsmoate that the
observed increase in MB oxidative current can be applied to detect
electrode swrface-bound MB-tagged DNA (Fig 2b). Using the Sensing
clectrode, different CA measurements were performed: (1) when the
electrode surface was covered by probe (Fig 2h, dark orange curve), (2]
when probe was prehyhridized with rarger (but withour MB) forming
dsDNA ( by, green curve), and (30 when probe was hybiidized with
targer-MB fordng an electiode suiface covered by piMB (Fig. b, purple
curve). Since it has been teported by the group of 1. Justin Gooding thar
small negative molecules could have significantly different redox
properties depending on whether the electiode smface is covered by
ssDNA o1 dsDNA [46], measurements (1) and (2} were done as a control
to provide evidence that the received electiochemical signal is specific
1o AA-pIMB redox cycle and does not result from the changes in DNA
layer ionic permeability due to a dsDNA formation. Results of

b

I, nA

10 U

0 200 400 600 800 1000
t.s

Fig. 3. CA measurements. a. Probe-modified electrode curtent response o additions of increasing concentrations of AA. Orange ammows mark increases in AA
concentration (0.1 mb, 0.3 mM, T mM, 3 mM, 10 mM, 20 mM, and 30 mM). Bloe airows mack the addition of 1.0 pM MB. b, Current response to additions of an
increasing concentration of As when the working electrode is modified with ssNA (probe) (red curvel, dspDNA (probe-rarger without MB) (green curvel, and with
dsDNA-MB (ptMB) (blue cuive). Orange anows maik incresses in ascorbic acid concentration (3 mM, 10 mM, 20 mM, 30 mM, 50 mM, 100 mM, 200 mM, 280 mM).
For both graphs: provided here is a representarive view of n = 3 me of independently prep electrodes, The insets show the relarionship berween added
Ad concentiation and change in oxidative current relative to the background, The mean =«.d. (n = 3) is shown. Measurements were pecformed &t <0.1 Vin 0.2 M
PHES with 10 mM of Nacl, pH 7, magnetic stirring At 1500 rpm. For these experiments, 7 lower Nacl ¢ ion was used because dsDNA was formed before the
INEASITEmENIS.
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experiments indicate that AA added to either dsDNA- o1 ssDNA modified
electrodes did nor show any significant increase in cwrent (Fig. 50
green and dark orange curves). A different response was observed for
measwrement () when ascorbic acid was added to the elecuode con-
taining ptMB (Fig. Jb, pusple curve). With each increase in AA con-
centration (from 3 mM to 2B0 mM), oxidative current also increased,
however, no apparent sanuation was reached (Fig inser). Resuits
demonstiated thar the eleetrochemical current ariginated due o specific
reactions between AA and ptMB. For finther measurements, AA con-
centration of 30 mM was chosen to avoid generating oxidative currents
that are unrelated 1o target-MB hybridization. The effects of huffer pH
and applied porential dwing CA measmements on the mag) de of
signal amplification were also  tested  (Supporting  informartion,
Figure 82}, confirming that pH 7.0 and -0.1 V potential ensured optimal
signal enhancement.

3.3 Kinetics of the AA-ptMB cycle and real-time measurement of MB-
labeled oligonucleatide hybridization

To demaonstrare the applicability of AA-prMB electrocaralytic eyele to

Hecrrochindca Acra 507 (2034) 195196

tecording no increase in & cwrent after inreducing 2 noncomplemen
tary ssDNA.

To describe the kinetics of AA-ptMB electrocatalytic cycle, a function
cuirent vs, time model is needed. The resulting elechiocatalytic curent
is depending on the catalytic parameters of the systeni, AA concentra-
tion and the amount of ptMB:

I.=knF [AA| ptMB, (5)

Substituting Fq. (2} into (5 gives a current vs. time function;

I =k n F [AA] ptMB,, (1 — e bar) (6}

Here n = 2 (eleetrons participating in a process), F = 96,485 € mol !
(Faraday econstam), [AA]=0.03 M (ascorbic acid concennarion],
[IMB]=100 « 107 M (iget-MB concentation), while &, ko, and
IMMB e Are paramerers were o be fitted (for derailed dara fining dam
see the Supporting informarion, Firing dara). From CA measuiements
given in Fig. 4b, the ptMBy ;. value was fitted 0,0573+£0.0007 pmol, k =
8= 0.1 M5!, and ko, was dependent on the [NaCl]. Lowest ([NaCl]~
0.01 M) gave koa=77.43 M 57, while the highest {[NaCl|=3.0 M) gave
k.,.l—E!(H'} M 57, It is worth noticing, that ptMB,.; and k values were

dent o ¢ ion of NaCl, since NaCl influences the wate of

ohserve the hybridization of labeled ssDNA and also o i igate the
kineties of the process, we monitored the hinding of targer-MB oligo-
nucleotide in HBS buffer with 30 mM of AA added (Fig ) An fist, we
demonstrated that the signal increase was proportional o targer-MB
concentration in solutdon. From Fig. 4. 1 can be observed that
increasing target-MB concentyation to 5 nb, 10 nM, 30 oM, and 100 oM
results in the increase in the initial hybridization rates and time to
saturation. Secondly, the AA-ptMB electrocatalytic cycle was used to
monitor hybridization rate in various ionic strength buffer solutions
(Fig. 4L}, Hybridization should occur more rapidly in high ionic strength
conditiens [12], owing to better screening of DNA backbone negative
charge. This was confirmed by real-time hybridization measurements
once [NaCl] was varded from 0.01 M 1o 3 M. Using 0.01 M and 0.1 M
[NaCl] no hybridization conld be derecred. Inereasing [NaCl] (ro 0.5 M
and more) resulted in higher observed hybridization rates (Supporting
information, Fitting data). Finally, to assure that the AA-pIMB electro-
catalytie cyele is necessany for signal generation, CA and CV (Supponing
information, Figure $3) experiments were recorded when the eycle was
disrupted. No current increase was cbserved in either case of AA or MB
exclusion (Fig. 4c). Signal generation specificity was also confirmed by

a

DNA hybuidization, thus only k., was affected.

The observed process could be divided into three separate compo-
nents {Fiz 5) (a) hybridization ol tMB to probe forming ptMB, (b) re-
artion between AA and ptMB, and (c) electron transfer from ptMB to the
electiode,

The received constants kqp, k and kg telates 1o those components, For
component (a), constant ke,=58049 M5! ([NaCl]=3.0 M) describes the
hybiidization 1ate of (MB w the probe forming pitMB. As we have
demonstiated, ku, value is greatly affected by lonie swength of the so
Iution influencing the hybridization vate (Fig. 40, Supporting informa-
tion, Data fitting). Curtent of the electrode, is limited by either
component (b) the reaction rate between AA-ptMB {constant k), or (c)
electron transfer to electiode (constant ko). It is evident, that the curent
is limited by the reaction rate 1 AA-ptME {comp (b},
Firstly, the electrode current using 30 mM AA reaches around 2.5 nA at
satwation [Fig. 4). We have demonstrated using Eq. (4), that the
limiting current of the ejectrode should be 8301390 nA. Secondly, while
our received bimolecular constant (k = 8 = 0.1 M ' 57') has a greater
value compared to values reported in the literature for MBE reduetion

Al, nA
- R A

0 1,000 2,000 3,0004,000 5,000
ts

0 1,000 2,000 3,0004,000 5,000 0
ts ts

1,000 2,000 3,000 4,000 5,000

Fig. 4. Real-time CA measurement of hetetogeneous MB-labeled oligonucleotide hybridizanon. a. Hyboidization using target-MB (0 nb, 1 oM, 5aM, 10 nM, 30 oM,
and 100 nM). Mmﬁ!rrl'menr conditions: -0,1 V, HBS/AA, pH?U. magnetic stirring 4t 1500 rpm. b, The influenee of buffer ionie srengrh (0.01 M, 0.1 M, 0.5 M, 1 M,

kinetics.

or 3 M of Nacl) on hyb

1V, 50 mM PBS and 30 mM AA (pH 7.0), magnetic stining at 1500 rpm c. CA of AA-pIMB

electrocatalytic cyele and eontrol. Red - HBS/A#; Light biue - HBS with 0 mM AA and 100 nM targer-MB; Yellow - HBS/AA with 100 nM noncomp MB; Purple
HBS/AA with 100 oM target-MB, Measurement conditions:0.1 V, pH 7.0, magnetic stitting at 1500 rpm, For all graphs: ¢ = 0 is the time of addition of miget MB. A
represeniative view of n = 3 experiments with independently prepared clectrodes is shown. The DNA oligonucleotides presented in schemes are for ilinstracion

purposss only and do not ily appear as de ared
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(a) Hybridization
(k

on

_

(c) Electron
transfer

(k)

tMB

Electrode

Fig. 5. A scheme demonstrating a full process: (a) hybridizarion of tMB (gov-
wrned by a constant k) forming ptMB, (b) redox reaction between AA and
prME [governed by a constant k), and () elecrron transfer from ptMB ro the
electrode (govemed by a constant ko).

using AA (approximately 1 My [arifany, iris low in general. Low
bimolecular constant value suggests thar a reaction berween AA and
PIMB is a rate (and current) limiting, Tinally, rxperimental investigation
using different concentrations of AA (Fig. 3b) indicated that electiode
current does not reach the satuiation even ar greater concentiations of
AA (e.g., 280 mM). Using By (6] one could predict electrode eurrents
using varlous conc fons of AA. Modeling shows that in order 1o
reach the limiting cwrent in ow used experimental tme range
(approximately 3600 s after oligonucleotide addition), around [AA]=10
M should be used, confinning that the electrocatalytic cycle is being
limited by AA ptMB reaction,

5. Conclusions

Here, we have demonsoared a novel method for real-dme moni-
toring of DNA hybridization using chronoamperomeny. The electio-
chemical assay is based on the electiocatalytic eyele between aseorbic
acid (AAY and methylene blue (MB) when MB-labeled ssDNA §s hy-
ridized 1o complementary capiure probes chemisorbed to the suiface of
a gold electrode, The assay is specific and can be used wo study the hy-
buidization kinetics of target oligonueleotides in the concentration rnge
of 5-100 oM with 1 s temporal resolution. The electiochemical assay
consists of thiee processes: (a) hybidization of ME-labeled ssDNA ((MB)
to surface probe forming probe-target-MB (ptMB), (b} redox reaction
berween AA and ptMB, and (c) electron transfer from ptMB to the
electrode, We have studied in detail all the processes and demonsirated
that system is limited by the AA-ptMB electrocatalytic reaction (bimo-
leenlar eonstant, k =8 + 0.1 M 571), indicating a fure work is needed
to discover berter compounds which conld enable to enbance the signal
further and/or to detect lower concenmrations of DNA. Nevertheless, the
initial hybridization rate can be evaluated after several minutes after
target DNA inwoduction, enabling shorter sample-to-answer times. At
the current state, the analytical system could be used to investigate the
hybridization kinetics of specific DNA sequences of greater impertance,
for example, detection of SNPs. We also believe that this methed can
vonttibute to the development of more accwate and efficient systems for
the i igation of | DNA hybuadi such as analytical
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systems using secondary target DNA souctures as analytes (not labeled

by methylene blue) utilizing MB-labeled DNA as a primacy taiget, Le.,
Usandwich” systems,
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ARTICLE INFO ABSTRACT

Keywords: Developing cost-effective, fast, and easy-to-scale fabrication of di ble gold based SERS-active nanosensors
Natoporous gold (NPG) may benefit surface-enhanced Raman scattering (SERS) technology. In our study, the nanopoious gold (NPG.,)
Gold f'"::d'z:'“'r layer was synthesized by one-step anodic treatment of the 2D gold in oxalate-containing aqueous solutions, The
Anodic teatmen

abtained black colored coatings are comprised of wniformly distributed, oval shaped (ca. 38 + 1 nm) metallic

ﬁiﬂ::’:r:::lﬂl state (Au”) gold nanoparticles (NPs) interconnected to each other via 45-70 nm length, chain-like fibers and
Onalic acid forming a sponge-like 3D porous network. The insights into the mechanism of porous growth, as well as the
comprehensive e]eclmcllen-ural rhalar:rnznnon of NPGgy. have been outlined Mrin The NPGey, based SERS-
active sub d an factor of 1.4 x 107 for 4 acid layer at 633

nm laser exciration. The proposed nanosensors rapidly and quantitatively detected an anticancer drug, doxo-
rublein (DOX), within the concentration range from 10 1o 1072 M, Moreover, it was found that the 3-month
storage of in an ambient envi leads to the reduction of SERS signal only by 6.4-7.4 %.
¥ ing their SERS per with commetcially available ones, we have evidenced thar our proposed
SERS nanosensors overcone their analogs and could be a promising tool for routine laboratory research to derect
various drugs and other medically relevant molecules.

1. Introduction “hot spots™ - elec ic field enh localized
near sharp edges, tips, or gaps between nanostiuetures, which leads to
Surfs I d Raman ing (SERS) forecasted to commence substantial Raman signal amplification of tuget molecule. When probe
a new era of non-destructive and sensitive detection technique thnr mo'lemles are placed near or on the surface of nanomaterials serving as
originared 50 years ago when Fleisl ‘s group aceident] i (i.e., SERS sub ), these sul can
the Raman signal of pyridine on an electirochemically mushened silver a.mplll‘)' the Raman signal by factors ranging from hundreds to millions
electrode [1]. The effect was confirmed by Van Duyne and J ire, (&), Th the SERS substates diive the demuoﬂ limit of target
and by Albrecht and Creighton in 1977 [2,3]. Significant advancements molecules down wa uace !we} xa.tlglug between 10 * and 107" M [7].
have been achieved in the field thanks o the substantial progress made This ul ique requires minimal sample
in understanding the Raman signal amplification pt This I ion and provides highly specific molecular fingerprints [5].
amplification telies on () chemical enbancement arising due to uvu tlw. yeas, SERS has been mmsrvcly adopted for various
charge-mransfer interactions berween nanostrucrured surfaces and rarget purposes, including phar i lysis (7], biomedicine
molecules [4] and (i) elecnomagnetic enhancement associated with the [1U}, envitonmental ||Iomlu||1|g [11], food safety [11], as well as
formation of localized suiface plasmon resonance on the corrugated hemical [12], biochemical [13], and microbiclogical sensing [14].
noble metal fomi mechanism) [5], SERS benefits from Despite the intense research efforts that have been nmdc in SERS-based
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molecular detection, the method’s popularity continues to grow [15].
However, its industrial applications, where the SERS wonld be used

Iy, still face Ived chall primarily related to the de-
mand for the effecrive, stable, reproducible, sealable, and, importantly,
inexpensive production of SERS nanosensors. These substiates should
exhibit sufficient enbancement factor (EF), preferably no less than
10°-10% [15-17]. Moreover, the teal-wotld scenario requires a consid-
erable reduction in cost, with a target of producing 107 to 10° substrates
at $10 or 1 each [17]. Currently, the price of commescially available
SERS nanosensors varies from $10 to $80 per unit [15]. Nevertheless,
the market of SERS substrates has garnered some attention and, ac
cording to Market Reponts, is projected 1o grow by up to 12 % between
2023 and 2030 [18], further stimularing efforts fo reduce manufacturing
COSTS.
The success of detecting targer molecules relies on tailored nano-
sensors, which play a crucial role in SERS. Today, SERS substiates are
conventionally based on carbon marerials (i.e., MXene, graphene and
carbon nanotubes), noble metals (Ao, Ag, Pd, Pt), their alloys, and
transition metals (Ni, Cu) [19,20,20]. Their production methods are
tvpically classified into rwo caregories. The SERS substrares comprising
colloidal nanoparticles (NPs) are fabricared via bottom up approaches,
On the one hand, these methods offer high scalability and low produe-
tion cost; however, they suffer from limited stability [27], On the other
hand, nanostuuctured surfaces formed divectly through top-down ap-
proaches tely on lithography- patterned surfaces followed by subsequent
metallization processes [1.4]. Recently, nanoporous films of noble meals
and their alloys have gained considerable attention as promising can-
didates fon Raman scattering anplification of target molecules adsorbed
on their roughened swfaces [22]. Chemical or electiochemical deal-
loying is among the most accessible methods for fabricating porous
layers. This process selectively dissolves more active elements fiom a
precursor alloy, while the noble metal-based nano-objects reorganize
along the electrode/electrolyre interface to forming 30 porous films
[22]. However, this method requires aggressive acids, which often
introduce impuites, Furthermore, i the case of dual functional sensor
systems, such as printed disposable electrodes, acids (i.e. commonly
used HNO3) can ineversibly damage other parts of the electrode (i.e.,
pseudo-t Ag el de), thus pli
applicabiliry.

In their pioneering research, Nisho et al. were the first to demon-
strate the formation of black nanoporous gold (NPG) [241]. Lately, we
have demonsuated that the worphology wansitions of NPG can be
controlled by applying different organic acids as supporting electrolytes
during the anodization of gold [25], This fabricaton technique tends to
be arractive due to it simplicity and applicability for any gold swifaces
(including printed ones), thos, probably being more suitable for
dual-functionalized  nancelectrodes  production.  Only  a  few
proof-of-concept studies exist on fabricating SERS nanosensors using the
anodic process in oxalic acid. Seaglione et al. reported the synthesis of
NPG-based SERS substiate via a two-step fabrication approach [26].
Using 4,4 -bipyridine as a SERS probe molecule, the authors found the
detection limit 1o be 1071 M, which they armibured o the presence of
nanometer-seale ligaments and crystals o the NPG matrix, Xu et al
demonstrated that NPG films exlibit significant SERS activity by
detecting pyridine in agueous solutions [2/]. However, both studies
provided limited information regarding the stability of SERS substrates,

the method's

their accessibility to target molecules, and the homogeneity and varia-
tion of their properties across the surface. To address these limirarions,
we conducted extensive research to overcome these challenges,

In this paper, we teport a one-step, low-cost, velatively fast, and
sealable approach for fabricaring effective NPGy,-based (“ox” denores
oxalate) SERS nanosensors, We also present their critical characteriza-
tion and practical application in detecting anticaneer diug doxorubicin
(DOX) in agueous solutions. The black-colored NPG,, layers were ob-
tained by anodic polarization of printed gold swifaces in oxalate
g agqueous solotions for 5-20 min. This manufacturing path
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provides a dual-functional sensor system that renders sereen-printed
gold electrodes suitable for electrochemical (Fiz. 51) or SERS sensing.
We then benchmarked the SERS perfe of NPG,

against commercial analogs, proving rthefr feasibility for practical
application. By combining high Raman signal amplification, character-
ized by an enhancement facior (EF) of 1.4 = 107 at 633 ni laser exci
tation, and inexpensive production costs, the developed NPGg,
substrates could serve as a promising tool for therapeutic dimg moni
toring in various scientific laboratories.

2. Experimental section
2.1. Gold cleaning

Prior to the formation of the nanoporous layer, gold disc and gold-
based SPE clecuodes were eleaned following two different paths, Gold
dise electrodes were mechanically polished by nuns with 1.0 pm and
0.3 pm of alumina suspension. The mino-like gold discs were 1e-
cleaned using an ultiasonic bath in ethanol and water for & min to
remove the abrasive vesiduals. Then, electiodes were subjected o
electrochemical dissolution in the 0.5 M H;5804 solutions by sweeping
the potential from 50 to 2650 mV for 8 cycles at & scan rate of 100 mV
57 The prepared electiodes were stored in distilled water (D) o
minimize the adsorption of various extraneous molecules. The SPE
eleetiodes were cleaned following a similar path except for mechanical
polishing steps,

2.2 Anodization of gold

The nanoporous gold (NPG,) layer was formed by exploiting one
step anodization of 2D gold electrodes (i.e., GE and SPE) in three solu-
rions containing pure organic acids: oxalic, tartaric and citric, Electro-
chemical oxidation of gold has occurred in a thermostated three
electrode configuration cell, composed of bare gold and platinum elec-
trodes acting here as anode (working electiode) and cathode (counrer
electrode), respectively. The Hg/HgoS0, reference electiode (+651 mV
vs SHE) has been chosen to prevent chloride anions. The anodic oxida
tion of gold was performed in & supporting electrolyte containing 0.3 or
0.6 M of organic acids, according to our previous work [25], The reac-
tion proceeds by applying the constant potential ranging from 2.8 to 3.8
Vat4 = 1 "Cunder slow (100 rpm) magnetic mixing. When not used, the
synthesized NPG electrodes were carefully rinsed with T by immersion
and kept in ultrapure DI when not in use.

2.3. Modification of NPG

Several alkane thiols with distinet tenminal groups, including car-
boxylic, amine and alkane, were used to modify the NPG, electrode
surface. The self assembly monolayers (SAM) were formed to build up
different functional groups on NPGg, and determine its influence on the
physicochemical inreractions responsible for divect DOX adsorprion on
gold, To realize this, the NPG electrodes were incubared separarely in an
Ny-saturated methanol solution containing 1—5 mM of a single or mixed
thiel molecule, which includes 4-MBA, MHA, MUA, DEA, 1-propane-
thiol, and 1-octanethiol, The SAM immobilization has taken place
overnight, Prior to the DOX adsorption, NPG elecuodes were carefully
rinsed with pure methanol solution and stored in DL

2.4, Electrochemical investigation of NPG,

To evaluate the NPG,, electrodes’ electrochemical surface area
(ESA), the cyclic voltammetry (CV) analysis was performed in 0.1 M
H2804 solution at a scan rare of 50 mV 5™, The ESA was determined by
integraring the curent peak related to the reduction of oxygen
containing gold compounds (Ey. ~ 0.85—0.9 V), Considering that the
theoretical gold charge density is 390 + 10 pC em ™ [28], the relative
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ESA (1ESA) of NPG,, electiodes were calculated by normalizing the
determined ESA of NPG,, elecuodes with the ESA of the 2D gold. Prior
to the modification with thiols, some of the NPG,, electiodes were
electiochemically teduced by ping the p ial from the open
cirenit (usually 1.0—1.05 V) to the —60 mV in 0.1 M Hy80, solution at a
scan rate of 10 mV s ', The electrochemical investigations were per-
formed wsing a Zennium electrochemical workstation equipped with
CVB 120 probe Zahner-Eleknik (Germany). Unless otherwise stated, the
electrode potentials presented in this research refer to the Ag/AgClay g
standard electrode potential {+209 mV vs SHE).

2.5 Marphology and phase analysis of NPG

The changes in the chemical stare of gold before and after electro-
chemical reduction were inspected by X-ray photoeleciion spectroscopy
(XPS). The phase analysis of tecently prepared NPG,, was performed by
using Kratos AXIS Supia + spec - (UK) with monoch e ALK,
tadiation operated at 1486.6 eV and powered at 225 W. A low elecuon
flood gun was used to peutralize the c.halge Dwring the spectral
the base p in the analysi ber was less than 1 =
10 ? bar. The XPS survey spectra were acquited for each NPG,
electrode and recorded at pass energy of 160 eV with a resolution of 1
eV. High-resolution XPS [HR-XPS) spectta were collected using a
reduced pass energy of 10 eV and a higher resolution of CI'] eV, The
binding energy scale was calibrated ding 1o the Cls |
perk Ar 284.8 £V,

The depth piofile XPS analysis was perfoomed o compare the
chemical state of gold before and after electrochemieal reduetion. Both
electiodes were subjected 1o 2 spurtering steps (30 s per circle) unl the
content of carbon and oxygen was uirerly eliminared from the surface of
NPGuy. HR-XPS spectra were collected for Au, C, and O after each
sputtering step, and the chemical compaesition was determined from the
corresponding peak areas after subtraction of the inelastic background,
The Avantage processing software ThermoScientific (UK) was used for
data processing.

The morphology of the nanoporous flms, as well as their thickness
and porosity, were inspected by scanning electron microscope (SEM}
Helios NanoLab 650 (Netherlands) equipped with a focused fon beam
(FIB) technology. The 30 keV Ga' ions beam has been used for eross-
section SEM imaging.

The eoncentration of gold (lonic species) in aged oxalic acid elec-
molyte was inspected by nduetively coupled plasma optical emission
spectroscope Optima7000DV (ICP-OES) PerkinElmer (USA) at the
wavelengih of 44y 267.6 nm,

A contact angle measuing system, EasyDuop (Germany ), was used 1o
detexmine the wetting properties of NPG. To realize this, 10 uL DI
water drop was placed on bare gold and recently symhesized NPGo
nanoelectrodes, The side images of the drop were digitized and pro-
cessed using the open-souwce software lmagel (National Institute of
Health).

2.6, Raman and SERS spectroscapy investigations

The Raman and SERS spectra were acquired using a multiwavelength
inVia Raman spectrometer Renishaw (UK) equipped with a confocal
microscope Leica (Germany) and a high-sensitivity, thermoeleetrically
cooled CCD deteetor operating ar —70 *C, All Raman and SERS specua
wme nbr.nnwl I:y averaging 676 individual speetra recorded from the

Teeted surface of gold, Laser light was focused
on an NPGg, substrate suiface using a 50 » /0.75 NA cbjective lens on a
spot of 1 pm in diameter. In most SERS measurements, the laser exci
ratlon was 633 nu (45 pW ar the samiple). To evaluate the effect of the
laser excitation wavelength on the SERS performances, the additional
laser sources were applied as follows: 532 nm (450 pW), 785 nm (450
pWl, and 830 nm (16 wW). For initial SERS measurements, bare gold
and porous gold fabricated in oxalic (NPG,.), tantaric (NPG, ) and citiic
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(NPG,) acid, respectively, were incubated in 1 mM of 4 MBA solution
for 2 h 1o form densely packed SAM on the swiface. The mapping of
1590 em ! spectral mode was obtained by scanning an area of 50 = 50
pin on NP Gy, with the step of 2 pm and the spectial acquisition time of 2
s. The spectral intensities were estinated as counts per second {cps).
Meanwhile, a simple baseline correction was performed for the graph-
ical presentation.

To evaluate the efficiency of NPG,, as a potential SERS-active sub-
strate, the SEHS enhancement factor (EF) was estimated by using the
following equation [29]:

A fwrae N m

whete lypg and lyp cortespond to the measwed intensities of W(C-C)
ting-breathing vibiational mode at 1590 cm ! in the SERS and normal
Raman [NR) spectrunt. Nypg_ and Nyg are the number of 4-MBA mol-
ecules adsotbed on NPG,, (potential SERS nanosensors] and flat gold
surface {bave gold) evaluated at the same laser power and accumulation
time, respectively.

SERS measurements of doxornhicin were carvied out using high
throughput spectrometer Tornado HyperFlux [Tomado Spectial Sys-
tems, Mississauga, ON, Canada) equipped with fiber-optic cable for
excitation and collection of the Raman spectra and 785 nm dinde laser
sonree, The laser power at the sample was set to 100 mW, and the beam
was focused on a 100 pm diameter spor on the sample. Specia wers
recorded for 100 5.

The information regarding materials and chemicals used in this
research and a detailed description of the determination of the NPG-
based electrode’s active surface area is provided in the ‘Supporting in-
formation” file.

3. Results and discussion
2.1. Surface characterization of NPGa-hased SERS substrates

Although many commercially available SERS substrates exist today,
their low cost producrion on an indusrrial seale remains one of the major
issues limiting the widespread practical applicatdon of SERS [30]. To
addiess this issue, in this research, we piopose a simple, fast,
easy-o-seale, and low-cost fabwication merthod for SERS nanosensors
with dual-functionalized properties, which can be customized directly
on thin 2D leaf o printed gold swfaces without the need for external
gold sources. Ow previous vesearch has shown the benefits of such
three-dimensional networks for enzyme immobilization and efficient
bioanode design [25], Due to their 30 structure, these nanoporous ar-
chitectures exhibit increased active surface areas suitable for molecule
adscrption and ability to enhanee Raman signal,

The fabrication of SERS-active nanosensors is based on the anodic
polarization of 2D gold (i.e., planar or printed) in a cooled (—~4 “C) oxalic
acid electrolyte in a three-clectrode configuration cell as presented in
Flg 1a. The different magnificarion rop-side SEM images (Fig |b-d)
teveal the amrangement of ovalshaped morphology of nanoparticles
(NPs) mmiformly distributed on the outermost surface of NPG,. Thess
NPy are interconnected o each other via chainlike fibers forming
sponge-like 30 poveus networks. This 3D avangement is hypothesized
to facilitate the formation of plasmonic "hot spots” on the swface,
although this has not been experimentally confivmed in the present
study. The full-sized SEM images (Fig. =2 a- ) show a high degree of
homogeneity in nanostructures, which are uniformly distributed across
the entire surface of NPG,-based nanosensors formed during the
anodizarion of gold. The diameter of the oval-shaped NPs varied from 28
to 50 nm, with an average value of 38 + 1 nm (g 53 a).

Top-side and cross-sectional SEM photographs (Fig. 1d—f insets) also
tevealed that black-colored NPGy films have numerons irregularly
dismibured pores with an average porous width of 56 nm. The NPGgy
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Fig. 1. Schematic illustiation (a} of the fabrication of the masoporons gold (NPGag) nanosensors. Top-side SEM images of the NPGay and bace SPE gold swifaces

Isefore () and after anodization (b-d) in 0.3 M oxalic acid for 20 min. NPG,, filo thickness and growth rate depend

on the anodic pol

time at an applied

constanl potential of 2.8 V. Photegiaphs of a water dropler on the bave SPE gold swiface {g) and NPG... (h). taken in ail, Step-by-step schematie ilusuation of the

mechanism underlying NPGo,

(i), fnses: 1

film thickness inereases lnearly from 5 1o 20 min following the equarion
of porous growth rate: vy = 0.95¢ (min) + 9.98 with the correlation
coefficient B* — 0.89 (1. L0, These values were estimated fom cross
sectional SEM images taken by focusing the ion beam at the center of the
NPG,, electrodes (Fig
structures (mote than 200 min) would lead (o complete electio-
dissolution, especially ar the electrode’s edges, where the highest
parous growth rare is expected. The surface morphology of the NPG,,
does not substantially depend on the applied potential or anodization
rime except for the first 5 s when individually distribured NPs appeared
(Tig. 54 &) Additonally, the thicker stuuetures (~1 pm or more} are
prome to losing mechanical swength and may collapse under extemnal
pressure, such as finger contact. To minintize economic burdens and
show that homogeneous NPG,,, layers can be formed even on the printed
gold substiates which are easy to sc; alf' up in production, sereen-printed
(SPE) gold electrodes were chosen, Fig. le inset and Fig. 55 display the
surface morphology and thickness of the bare SPE varied herween 500
and 600 nm, Considering only the mass of gold (exciuding producrion

If insets). The continning growth of porous

dependent cross-sectional SEM images of NPGyy (d, £} and bare SPE snface (e),

continuation and consequence of active dissolution, oconning through
the formation of an activated complex (i.e., gold-oxalate) localized on
the metal surface and formed fow the metal w be oxidized (Le., gold)
and active anions in the solution (ie., oxalate) [52], Increasing the
anodic polarization enables the activated complex to remain adsorbed
on the electrode surface after charge tansfer, altimately covering the
entire surface due to diffusion limitations (a phenomenon known as a
primary passivarion). On the ather hand, the dissolution producr may be
desorbed; however due to interaction with solution components in the
pre-electrode layer, it may deposit on the dissolving meral surface upon
reaching a critical solubility concentrarion (secondary passivation). In
both cases, increasing the anodie polacization leads to a reduced metal
dissolution rate and the formation of precipitates on the metal surfaces
[53]. Since hydroxides and oxides have the lowest solubility produet
constants (Kgp) in non-complex solutions, metal passivation is usually
considered as the transformation of [Me(OH)] into a particular metal
oxide via anodic polarizarion, If the solurion contains film-hreaking
anions, the dissolurion rare increases again aiter approaching the erir

costs), the price of such an electrode (4 mn in di 1) is 1o
be approximately 0.01 €/cleciiode,

The formation of porous gold films on bare gold includes changes in
their wetting properties. As shown in Fig. | g, the water droplet on the
bare gold exhibits intrinsic hydrophobicity with a contact angle (CA) of
approximately 95°, In contrast, the NPG,, displays a significantly
reduced CA value of about 62° [Fig. 1h). The enhanced hydrophilicity of
nanoporous gold suggzests improved water penetration into 3D networks
artributed ro the development of numercus channels, sponge like
structures, and possible oxalate adsciption on the surface, thus facili-
taring the diffusion of moeleenles into the deeper layers of porous filns,

The mechanism of porous gold formartion during anodic meament
reming unclear, Howevel, some insights can be diawn based on ow
previous tesearch [25] and the current knowledge of electrochemical
porous gold fabrication [31]. F 1i illustrates the key stages of NPG
foomation, which include (i) electro-dissol of gold, (1] disprop
tion deposition, and ) evolurion of NPG films. The formation of a
passive Alm on the surface of anodically polarized metals is a
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ical passivation potential, This enhancement is related to pitting rather
than extraneous teactions (Le,, oxygen evolution or oxidaton of anion).
This phenomenon appears in forming pores in passive films and changes
in metal dissolution {in the porous layers) fiom a passive back to an
active state. The main causes of pitting include the adsorption of
aggressive anions thar form metal complexes easily transferred into the
solution, the penetration of the aggressive anions through the barvier
layer, the formation of defects in the film that expose uncoated surface
ra the electrolyte, and localized acidificarion [34]. Usually, anodic films
formed by the anodization of metal have a complex composition. For
example, iton anodic filus have been found 0 conain varous hy-
droxides, oxides and oxyhydroxides and their interaction products with
ionic species iu solution [45],

Due to the intrinsic nobleness of gold (AG” ~ —434 kJ mol ') and the
reductive properties of oxalate anions, the nummosr layers of gn]tl
oxides recover to metallic gold (An®) i diately after the i
process. This behavior was desciibed by Nishio and Masuda [21]. They
found thar thin gold oxides (Au ™ *) can be distinguished by their orange
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colot, formed during gold anodization in other organie acid electiolytes
(i.e., citric, tartaric, lactic, and others). The anodization of gold in oxalic
acid seemed to follow different paths, whereas the black porous struc-
tures comprised metallic gold. A milder regime (2.2 V) and a shorter
time {5 min) for SPE gold anodization have been applied 1o clarify this
phenomenon more clearly. The time-dependent photographs show the
blackening stages during the synthesis at 0, 20, 40, and 60 s (Fig. 50
—z). After D—20 s of exposure to air, the SPE gold electiode was orange
(Fig A} wirth a black ring around the edges of gold, whereas the
thicker film of NPGo, was formed. However, after 40—60 s, the electrode
trns to light black (Fly 56 1 g), indicating the redurtion of gold oxide
CAn ) films, When sufficiently deep pores are formed, the top layers
may be reduced 1o gold iau™ by oxalates (o1 theiy jonic species) with the
assistance of 07 (o1 other OXYRETN-C Ining species) and subseq; ly
passivated by their carbonaceous species [24]. To highlight the reduc-
tion properties of oxalic acid (or its decomposed species), the aged re-
action electiolyte was used to reduce the diluted (2 mM) gold acid. As
shown in Fig. 56 4, the diluted gold acid temained stable for up to 1.0 h
in deionized (DI) water, even after being heated at 70 ' C. However, in
the case of an aged electrolyte, the solution's color changed from slightly
vellow to purple, indicating the reduction of gold acid and the formation
of gold nanoparticles [Fig. 50 ). Since the blackening of gold was only
achieved with oxalic acid, we predict these changes should be related 1o
the oxalate molecule stoueture and it specific inferactions with gold or
other ionie species in salurons. However, further studies are needed o
elucidare the NPG formarion meehanism in oxalate solurions more
compiehensively.

3.2 Electrochemical characrerization of NPy, nanosensors

Since the swiface moiphology of NPG highly depends on the
composition of supporting elecriolytes, as shown in ow previons wark
[25], the application of varfous porous gold electrodes formied in oxalie,
tartarie, and cimic acids for SERS has been inspecred. First of all, the
SERS spectia of 4-MBA molecules adsorbed on NPGey (Fig. 57 a), NPGy
(Fig. 87 1), and NPGey (Fig. 57 o) were acquited. By comparing the
dominant bands at 1077 and 1590 em ™, associated with the aromatie
ring breathing mode (#12) and symmetric aromatic ring vibration (#s.),
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tespectively, the NPG, tends to be 5-15-times more effective than
other SERS substrates. Building on these vesults, the vest of the study
aims to develop and characterize NFG,, for SERS-based applications in
greater depth.

Gold anodizing ocewrs above the Burshiein minimum, al approxi-
mately 1.8-2.0 V, whereas AuQ and AugOq-conraining oxide layers are
formed on all facets of the gold surface [36]. Within this potential range,
the oxidation of oxalic acid and oxygen evolution rake place simulta-
nepusly with the dissolution of gald. Thiee characteristic behaviors were
observed in the current transient (Fiz. 7a) recorded during anodizing of
bare gold in 0.3 M oxalic acid at a constant potential of 2.8 V: (i) current
density decteased immediately upon (eaching the ser potential (0-10
i), Gii) the ewrent density stabilized ar approximarely 160 ma cin ™
with Increased noise variation due o the evolution of oxygen (10-17
min}, and (iii) the current density gradually decreased arnibuted to the
edge effect on the electrode (1730 min)k As a result, the end of the Oz
evolution can be observed around the gold disc. Notably, apart from
elecuolyte composition, other factors, including applied voltage/-
current, reaction time, electrolyvte condition, and temperature, play an
important role in managing the swface roughness and thickness of
NPGy, [25]. The NPG,, growth proceeds at a potential 0.2—0.3 V lower
in an aged oxalate solution (used for a conple of days to anodize gold)

pared to a fieshly prepared solution (Fig. 55 L) or when the oxalare
solurlon’s pH significantly increases (Le., in sodium oxalare) [24].
However, the derreased onset porential resulred in approximarely
3.2-fold lower current densiries, suggesting that the anodization rate and
the potential adsoiprion capability of eaibonaceons species increase in
the absence of protons, Additonally, the porosity of NPG,, flms
increased significantly with a rise in the electrolyte temperature likely
due 1o the more effective elecio dissolution of gold, As a result, the
current densities increased more than threefold as the temperature ose
from 4 to 20 “C {Fig, 52 o). Unfortunately, the fabrication of NPG,, at
woom temperatue results in insufficient mechanical strength, making it
prone to collapse even when the electiode is removed from the anod-
ization bath.

The formed NPG,, films on a 2D gold electrode increased the
cathodie and anodic peak eorents that appeared ar 0.85and 1.1-1.5V,
vespectively, indiearing the electrochemically enhanced surface area
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Fig. 2. Electiochemical characterization of NPG,, fored in 0.3 M axalic acid after apodic treatment of bare gold. Cutrent transient (a) of NPG, formation at 2.8 V

for 30 min. Gyclic 0f NPGoy

(b) formed at various applied porenrials for 20 min and their relative electrochemical surface area (TESA

nommalized with tespect to bare gold); (o) OV scans of recently prepared (d) and aged in air or Milli § water for one week NPG,,; (&) formed during the anodization at
2.8 v for 20 min; (f} GV seans of Au and NPG.y in 0.3 M oxalic acid, Unless otherwise stated, all GV curves were registered in 0.1 M Ha50, ar 50 mv s |, fnset: linear
sweep voltammetry (LSV] variables of An and Pt electiodes recorded in 0.3 M oxalic acid solutions at 5 mV s ',
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lisplays cyclic vol amts (CVs) of recently fabri-
cated Nl’(xu, nanosensors recorded in 0.1 M Hz80, at the gold oxide/
hydroxide formation and dissolution potential window as a function of
the applied voltage.

To determine the ESA, the reduction cuirent peak was integrated to
evaluate the met charge density consumed to reduce oxygen-enriched
gold to metallic gold, considering the conversion factor of 390 pC
em ® [25]. The relative ESA (FESA) of the NPG, clecmode was esti-
mated by considering each electrode’ s charge density and normalizing i
to the ESA of 2D gold. The rESA increased to 31.7 % and 41.5 % (from 41
o 54 and 58) by applying a higher anodization voltage with the step of
te), Sinee the 1ESA of NPGe, formed ar 2.8 V differs by anly 7
L) fmm those obtained ar 3.0 V, we have chosen 2.8 V as an optimized
voltage for producing NPGy-based SERS nanosensors.

Since the mechanism of the fabrication of NPG,, in oxalate solutions
is not well understood, the explanations proposed above can be further
confirmed through the electrochemical characterization of recently
prepared specimens, The presence of gold oxides/hydioxides on the
MNPG,, filins was verified using the CV analysis in 0.1 M Hs50, solution,
By sweeping the potential from 1.05 V into the cathodic divection, two
reduction peaks, with E, . values of 0.91 V and 0.42 V, were observed,
indicating that the formed phases may correspond to gold oxides with
varying levels of hydrarion complexirty [7]. According to the Powrbaix
diagram of gald (Fig. 58], only the Au(lll) oxidation state is expected
after the anadic meatment of gold [3#]. Consequently, more than one
veduetion peak confinms the existence of different hydrous sanhydions
oxide phases on the NPGge. Typically, the peak conesponding 1o the
reduction of bulk gold oxide appears at 0.85-0.9 ¥V [30]. The negailve
shift of the peak implies that the reduction of these oxides is a highly
ireversible process, as demonsiated by the second cathodic scan. In
contrast, no redox peak was observed within the same potential window
(Fig. 2d). Interestingly, the charge density associated with the iire-
versible process (calculated from the integrated peak area at £, = 0.42
V) was over 30 times higher than that observed during the typical
reduction of gold oxides, Considering that this difference was observed
withont anvy marphological changes, we speculate that some
gold-oxalate (o their di posed fragments] may form
during the electro-oxidation of gold, remaining adsorbed within the
deep porous layer of NPG,. The [CP-0OES analysis of an aged electralyre
revealed the presence of 0.3 pM of dissolved gold (mast likely attribured
to fonir gold species) thar was found after a series of anodizations. Ar-
cording to the li e, the comparable broad of the reduction
peak was observed plevicnslv when the far silver electiode was

ily oxidized and reduced in protein-containing solutions [10]. In
Um case, me broadening was caused by the interactions of silver ions
with amino acids and their further complexation [41].

The formation and dissolution of gold oxides were observed when
the anodic potential reached 1.5V (L1 “Ye). As gold is a noble metal, its
oxides and/or hy are thermody ically expected to sponta-
neously reduce to metallic gold (Au®) even at room remperature without
the needing an external energy souree [47]. The NPG, electiodes were
kepr in DI water and air for one week to prove this assumprion. As a
resulr, no obvious redox peak d to gold oxide reduction was
observed in the case of the NPGg, aged in the air (ar the potenrial win-
dow from —0.1 to +1.05 V). In contrast, when the electrode was stored
in Milli-Q, the two reduction peaks appeated in the first cathodic sean
(Fig. Ze). However, the peak current (i, ) was at least 20 times lower,
suggesting that the reduction of gold in air proceeds move rapidly than
in agueous solutions,

As ip: ly, the of porous gold in oxalic acid
Luluplcu:ijr differs from that in other carboxylic acids [25,42]. The
anodic current started to increase at the cnset potential of 0.7 V, then
decreased steeply and recovered during the potential sweep (Il 20
inset). A Pt disc electrode was used as a control to show that this phe-
nomenon is attributable to oxalic acid and unrelated to gold, As can be
seedt, in borh ecases, the oxalic acid decomposition (oxidation) starred
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almost at the same potential window, evidencing that the process is
rather oxalate specific. Besides, in the case of NPG,,, the oxidation of
oxalic acid proceeds at a lower onset potential than in the case of bare
gold, constituting that during the porous growth, the effective oxidation
of oxalates oecurs. However, the oxidation of oxalate ions does not
initiate the porous gold formarion, which starts only when the onset
potential of oxygen evolution reaction (OER) is achieved (ca. 1.8 V).

3.3 Phase analysis of NPGo,

The adsorption strength of targer molecules on gold is governed by
several factors, such as follows: chemical soucture of the analyte, the
nanosiuiface’s composition, and the environment in which adsorption
oceurs [1]. Since the outermost suwrface of NPGy, is most likely composed
of (i) an oxide/hydroxide layer or (i) adsorbed oxalate-gold ionic spe
ries, as revealed by electrochemical smdies, the interactions between
gold (Au”) and its compounds (Au ™ ™) with targer or modifier moleenles
may vary, and potentally affecting SERS activity. For example, Xue
et al. have shown that the mprue force of Au-8 bonds is higher when
gold is oxidized |13].

To determine the swface composition and reveal the chemical state
of gold in NPG,,, Xaay photoelechon spectroscopy (XPS) was per-
formed, The survey spectiia of NPG, flms reflected the presence of gold
and carbon in the samples (Fig. Sa). The XPS spectra in the Ols region
and its depth profiles vevealed the presence of oxvgen in recently
fabricared NPG, (Fiz e and f).

However, this quantity reached only the mace level of 4.1 % (ar).
The oxygen-contmining gold phases disappesred after spunering with
AT ions for 30 s (Table S1). This implies the presence of oxidization
states of gold only in the owtermost layers of NPGay. The oxygen
comprised gold rends o spontaneously teduee, as confinned by CV in
speetion with an aged NPGay. Howeves, this oansformation takes almost
one week (in the air). Since the Au” is thermodynamically the most
stable phase, we have thought that in the case of recemtly prepared
NPG,, nancsensors, the elecoochemical reduction has 1o be accom
plished by the shortened time required for this tansduction, The XPS
analysis was conducted to inspect the success of phase transformation in
NPG,, before and after electio-reduction. The nanow scans in the re-
gions of Au 4f (recently prepared NPG,,) shifted to higher binding en-
ergy compated with the electrochemically reduced specimens, implying
a slight energy difference (A < 0.3 eV) berween each doublet (Iig. 3d).
As for redneed NPGy, the deconvolution of An 4f tesults in three 4f;,5
and 4fy,z peaks ar binding energy (BE) of 83.8, 84.3, and 85.0 eV, The
two lower binding eneigles ean be amibuted o the phooelections
emitted flom metallic gold {Au"). However, some oaces of Au™, most
likely related o the presence of AnaOs and Au(OH)z [379,44], respec-
tively, remain even afier the elecno-reduction (Fig. 2c), In the case of
recently fabricated NPGuy, the binding energy increases by 0.6 eV
compared with pure gold (BE = 84 eV). This implies that the chemical
state of gold is possibly affected by the natuwe of oxalates or their
decomposed species originating during the NPG,, fabrication process
(Fig. Jb). These Andings agree with those presented by Pramanik et al,,
where the shift of BE toward higher values appeared due to the charge
transfer from Au core to phosph cations by fx gold nano-
clusters. Authors assumed that the charge transfer makes Au atoms in
gold elusters positively charged thus heightening their binding energy
[15]. Following this logical sequence and considering the high charge
density associated for NPG, reduction, along with the presence of lonic
forms of gold in an aged electiolyte, we predict thar a gold-carboxylare
complex may be formed duing the anodizaton of gold. Furthermore,
the fitting of O1 s orbital reveals two low intensity peaks at 532.0 and
533.4 eV that can be atribured 1o water molerules and surface-adsorbed
species, most likely, gold oxalates (or the produces of their decomposi-
tion) complex (Fig. Se). Besides, no apparent peaks in the 530532 eV
tegion were observed, revealing that black-colored NPG,, nanosensors
(Fig. 4 insets) mainly contain metallic gold (Au™).
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Fig. 3, Xrs smdy of recently prepared and electrochemically reduced NPGox nanosensors produced by anodie polarization of gold in a 0.3 M oxalie acid ar 2.8 v for
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photographs of gold-based SPE before (17 and after (2) anedic reament.
3.4, SERS performances of 4-MBA on NPG,, nanosensors

The formation of nanoporous gold films is linked to the chemical or
electrochemical dealloying of its alloys [20,46]. However, both tech-
nigues are limired by surface contamination eansed by dissolving meral
and the need for aggressive acids, whirh can damage rhe other electrode
patts [17]. The anodie polarization of gold in nonaggressive organic acid
solutions could benefit these eircmmstanees and may be advaniageous
for producing NPG-based SERS nanosensors. Sinee each methed has pros

ion sputtering for O (bottam) to 240 5 (top). Insets:

infensiry of 1590-1595 cm ! modes (Fig. 59 a k), and 4-MBA does not
exhibit a resonance effect ar these wavelengths [14].

since the surface morphology of NPG strongly depends on the
composition of the supporting electrolyte, as demonstrated in our recent
work [25], the application of varions porous gold elecirodes formed in
oxalie, tarmaric, and citric arid for SERS was first investigated (Fiz. 57
i), By comparing the most enhanced bands ar 1077 and 1590 em?,
the NPGoy tends 1o be 5-15 times more effeetive than other SERS sub
strates, Based on these results, the temainder of the study aims o further

and cons, this tesearch has eritieally inspected NPG as po-
tential SERS substrates. Notably, all SERS performances were examined
using classic 4-mercaptobenzoic acid (4-MBA, 1 mM) dissolved in
ethanol. All spectra were acquired at the excitation wavelength of 633
nm since it has shown the most significant enhancement of 4-MBA
vibwational modes when the SERS intensity is eompared o Haman

develop and characterize NPG,, for SERS-based applications.

The NPG, nanosensors exhibited a significant increase in Raman
intensity compared with 2D gold (Fig. 1a curve #2 and #5). As a result,
the two most prominent vibration bands assigned to the aromatic ring
breathing (v5) and ring motion (ug,) of 4-MBA were found to be
significantly amplified and appeared ar 1077 and 1590 em !
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Fig. 4, Raman spectra (a) of oxalic acid (#1) and recently prepared NPGox (#3) formed by anodic treatment of gold-based SPE in a 0.3 M oxalic acid, SERS speera of
4-MBA on bave gold (#2) and NPG,,, substrates after 2 1 (#4) and 16 h (#5) of immobilization. SERS spectra (b) of 4-MBA on NPG,,, produced on SPE gold (1-4) and
gold disc (5, 6) electrodes after 2 h (1,3,5) and 16 h (2.4,6) of immaobilization. Cirves (1,2) correspond to SPE specimens aged in the air for 21 days, Curves (3-6)
represant SPE and gold disc electrodes after electio-reduction. The photographs (¢-e) conespond o the mapping of 1590 e~ spectral mode intensity obtained with
MNPGyy subsirates formed on SPE (r, ) and gold disc (d) elecorodes. The air-aged (o) and electro-reduced NPGey on SPE (&) were examined. Insets: schemaric il
lustrations of each particular specimen. Scale bar - 20 pm.
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respectively. To estimate the surface potential of NPG,, nanosensors for
Raman scattering amplification, the enhancement factor (EF) was
evaluated. The established EF for 4-MBA was 1.4 = 107 for 633 nm laser
excitation, originating from mainly electromagnetic enhancement
mechanism. This phenomenon cccws when the frequency of exiting
laser radiation ace ies the freq v of collective oscillations of
surface plasmons thus creating the electromagnetic field on NPG,, sur-
faces [7]. Besides, the obtained EFs agree with those reported on
nanoporaus gold, silver, copper, and other composite nanomarerials
(Table 52),

However, the high EF does not guarantee thar it will be considered a
promising SERS substate, The surface ehemisiy in the eontext of
Usuface aceessibiliny™ 1 rarger moleeules plays an important (ole [6],
An additional Raman analysis has been performed to study the NPGg.'s
surface nature, The intensive doublet band in the Raman spectrum of
bulk oxalic acid (curve #1) appeared at 850 e ! and can be atuibuted
to stretching vibrations of C-C bond coupled with C-O [20]. In contrast,
the recently prepared NPGy, substiate did not possess intense Raman
bands in the tested window, as shown in Fig. 4a (cwve £3). Interest-
ingly, the SERS signal of 4-MBA molecules was nearly 20 times stronger
after being immobilized for an extended period of 16 h. A similar
behavior was reported in our previons study [25], in which the most
efficient bioanode was developed by immobilizing a self-assembly
monolayer (SAM) on NPG overnight. Given that S-Au bond formarion
isa rapid process, rypically oceurring wirhin 1-2 h [19], we assume thar
the surface of NPGox is influenced by an unknown adserbare, possibly
carbonaceous species, which, as suggested by Nishio eral., may existasa
very thin layer [42]. This povous layer may compete further with 4 MBA
molecules, as schematically presented in i insets. To prove this
assumption, we have tested the SERS activity using air-aged NPGoux
nanosensors. In this case, the imumersion time-dependent SERS activity
disappeared, as displayed in Fig. <b (curves 1 and 2). Furthermore, the
prolonged immersion {more than 16 I} has no impact on the SERS ac-
tivity. The thiol-gold interaction seems to be a favorable process that
only requires an extended time [or thiol chemisorption. Considering
these results, we have thought that the electio-reduction of NPG,, wonld
lead to more rapid SAM development. However, NFG,, formed on both
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types of gold electrodes (planar and SPE) exhibited similar behavior
even after electro-reduction (Fig. 1 cwrves 3-6). Furthermore, this
tendency is reflected in the mappings of 1590 cm 3 spectial mode ob-
tained from the tandomly selected scan over 180 = 180 pm areas on
NPG,, with the resolution of 2 ym (Fiy. dc—e). Air-aged NPG,, sub-
strates exhibited miote than double the SERS intensities. However, the
nonumiform SERS signal intensities across the scanned substrates indi-
cate a lack of uniformity in the NPG,-based nanosensors. We estimared
the relative standard deviations as follows: 49 % for air-aged NPG,, on
SPE (¢}, 28 % for electro-reduced NPGgy on SPE (e], 31 % for NPGay on
the gold dise electrode (d) and 53.5 % for commercial gold NPs-based
SERS substiares.

To be more critdeal, we have further examined om fabricaied NPGoy-
based SERS s and | ked them against commercial
analogs. First, we collected SERS spectra across the NPG,, swiface
(Fig. 5b) and compared them with commercially available gold based
SERS substrates (Fig. bd), as presented schematically in Fig. ba. Since
the electio-dissolution ocewrs faster at the edges of the electiode due to
the more rapid diffusion of ionie species [H0], we expected slightly
higher SERS performances at the edges of NPG,,, especially in the case of
p ged anodic To ine the impact of anodic polari-
zation time on SERS intensity, we investigated the series of NPGg,
substrates fabricated by anodization of gold with a stepwise increment
of 5 min. g 5f deplers the anodization time-dependent SERS perfor-
manee of NPGg, NAN0sensors

The average intensity of the 1590 e~ band {ncreased from 5 1o 20
min, suggesting thar during the prolonged anodie meatunent of gold, the
outermost 3D porous networks are formed by larger NPs with more
effective electric fleld enhancement at 633 nm laser excitation. This
statemient was verified by comparing SEM images of NPGoy films ob
tained after 5 s and 20 min anodization, At the initial stage of NPG,,
develop {5 5), the age di of NPs was 6.5 times smalles
(B — 5.8 nm) than after 20 min (Fig. 54 a4 LU Besides, the
variation of normalized SERS intensity at 1590 cm ! spectral mode was
25-30 % higher at the edge of electrodes, thus supporting our hypothesis
(g 5h). On the one hand, the SERS spectia uniformity increases
significantly if the anodization of gold is carried out for a shorter time
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Fig. 5. Benchmarking of NPG,,-based SERS nanosensors against commercial analogs, The schemanc illustration (a) of Raman signal intensity (for 4-MBA) and
detected points across the scanned SERS substrates, The normalized SERS intensities of 1590 em ' speemral mode were collected on NPGa, fabricated by anadic
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(10 min). On the other hand, the SERS intensity increased over 4 times
when the 20-min anodization regine was selected. However, compared
with the commelclal analogs (Fig. d), the observed fluctuations of the
SERS i were i ly 35-40 % lowes. These values can
be enhanced if we exclude up to 10-15 % of the NPG,, films starting
from the edge of the circuit, whereas the control of the NPG,,, formation

Muarerials Today Chemistre 47 (2025) 102849

failure [52], thus limiting its clinical applications. Monitoring DOX
concentation in human blood during will be ad 18
and could minimize the potential harm to the patient during chemo-
therapy (7],
To avoid resonance effects due to DOX's electronic absorption in the
visible region, we employed the 785 nm laser for the following SERS
ments [53], DOX has a characteristic Raman spectrum with

process is complicated due to the edge effect [50]. C q y, the
nanoporaois growth occurs faster over there, as revealed by SEM analysis
of bare gold after the anodic reatment for 15 § (Fig. 54 b—c). The po-
tential between commercially available and NPGgy as SERS substrates
can be seen in position-dependent 3D SERS spectra distributions
(Fig. bhe-e). The imperfect SERS performances of commercial analogs are
also verified by ination of bility with 1 y selected
specimens (Fiz. 5 inset).

In summary, we have to conclude that none of the tested SERS
substrates are ideal and martch all requirements to be fulfilled as excel-
lent SERS substrates. However, fiom a critical point of view, NPG,,-
based SERS substiates can advance commercial analogs, thus being
suitable for SERS-based applications, Besides, theit inexpensive fabii-
cation may benefit the cuirent production techniques. Considering the
current prices of gold (2750 $/0z), thickness and diameter of printed
gold layers on SPE (—600 nm and 4 mm), we have estimated that the
cost of dual-functionalized NPG,y-based SERS nanosensors (exeluding
the printing expense) would be ca. 0.015 §/item proving its cost-
effective and sustainable manner.

3.5. Detection of DOX on NPG,, nanosensors

To investigate the NPGoy-based SERS nanosensor's suitability for the

of practical molecules that do not form covalent
bonds with gold, the anticancer drug doxotubicin (DOX) has been
chosen. DOX is an excellent candidate for SERS detection since it con-

skeletal deformations and ring streteh-associated vibrations. However,
detecting DOX in aqueous solutions by Raman spectroscopy is chal-
lenging even at millimolar level concentrations (Fig. ta). At this point,
the smifaces with highly dense aggregated NPs (i.e., SERS substrates)
have been used o amplify the weak Raman signals and increase the
sensitivity. DOX detection on NPGey nanosensors (recently fabricated o
after electio-reduction) enh: d its limit of d ion (LOD), but only
up to 1 mM (data not shown). This suggests that DOX adsorption on
NPG,, competes with other interactions, possibly related to oxalate gold
conjugate, Recently, Cuiry et al. have extensively studied the gold-DOX
interactions by measuring fl and experil lly proved that
DOX adsorption on cittate-capped Au NPs is driven by cat-
on-x-interactions with the adsorbed Au' on gold surfaces [41].
Considering these findings, we assumed that electrostatic forces of
negatively charged oxalate (or its decomposed species) and Au ~ on
NPG,, may favor the oxalate-gold interaction against DOX adsorption,
especially in diluted solurions (less than 1 mM). To improve DOX's LOD,
we have modified NPG,, nanosensors by covalently bound MHA and
TGA thiol molecules, The prepated subsuates exhibited higher SERS
activity, allowing the derection of DOX at concennations firom 10 pM 1o
10 mM (Fig. 6b and ¢). The linear fit was implemented on the loga-
1ithmic coordinates of the averaged peak intensities at 1082 and 1210
e (assigned to skeletal deformations and ting stetching symmetric
vibrations, respectively) as a function of the DOX molar cancentration,

In order to benchmark the performances of NPG,-based SERS

tains a conjugated ring system, allowing it to possess y high
Raman scattering ctoss-sections [2]. To date, DOX remains one of the
forefront chemotherapentic drugs fol and

breast rreatmenr [51]. However, it causes ham)ml side effecrs, Including
cardiotoxieity, which leads ro cardiomyapathy and congestive heart

we d their SERS detection capability for DOX with
iy td and e depict the concentration-dependent SERS spectra of
DOX adsorbed at commercial gold-based substrates (Fig. 56 1)) and the

calibration curves of their most intense vibration bands, which fallow
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Fig. 6. Detection of DOX on NPG,, and commercial SERS substrates, Raman spectia of DOX powder and SERS spectium of 1 mM of DOX on 2D gold electrode (a),

series of SERS spectra of DOX adsorbed on MHA and TGA (2.5 mM of each) modified NPGoy (b) and commercial (d)
of 107° to 107 M, respectively. The calibiation curves for DOX detection on NPG,, (¢) and commercial (¢) SERS substiates. [n

d 1o the DOX
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dified NPGax were carmied out using hight
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the linear regression within the eoncentration ranging between 10 and
10 ® M. Comparing the SERS performances of both substiates showed
that our NPG,, hibited SERS activity P to their
commercial analogs. Since the proposed NPG, were

Marerinls Today Chemisery 47 (2025) 102899

that could have appeared to influence
the wmk lepmted in this paper,

modified with SAM, their chemical stability affects the lifetime of the
SERS substrate as a whole, The conrol experiments with 4-MBA provide
the experimental evidence that after storage them for 3 months under
ambient conditions, the Raman intensities at 1077 and 1590 cm !
decreased only by 6.4-7.4 %, indicaring an acceprable long-rerm sta-
bility {71z 0f). Regarding excellent stability, gold-based SERS substrates
dte preferred compared to others (Le., Ag), whereas the SERS nano-
sensors must be stoved ar inent conditons [111.

By = Ilil:arisilvg the: results, wv can conclude thar owr pry npnsp
NPGay 1 { d 1o the
analogs} SERS petformances lnwald DOX detection. We believe that the
inexpensive and easy-to scale fabrication of NPG,, nancsensors renders
them suitabl I ionalized nanostuctured electrode pro-

for dual
duction for electiochemical and SERS-based applications.

4. Conclusions

This research | an i latively fast, one-step, and
easy-to-seale paﬂ] for producing s,o}d hased (NP(:M) SERS-active nano-
sensors. The proposed method relies on 2D gold anodic treatment in an
oxalate-containing solution, This results in uniformly distributed, 28 nm
dismerter, interconnected  oval-shaped nanosimetuies, ensuting 30
porons film development. The phase analysis confirms thar NPG,
nanosensors comprise meallic gold (Au®). The SERS performances of
NPGyy substrates were eritically investigated using taditional 4-MBA
molecules and compared with the commercially available analogs.
The designed NPG,, substiates demonstrated high Raman signal
entancement with an EF of 1.4 = 107 al 633 nm laser excitation. The
tapid and quantitative detection of the anticancer drug doxorubicin was
petformed using fabricated NPG,,, nanosensors, thus evidencing their
practical applicability to assess the concentration of pharmacentical
diugs in media. The addirional i ion of NPG,, with self-
assenibly monolayers allows to extend the LOD by two orders of
magnitude, thus enabling the detection of DOX at the concentration
from 10 pM to 10 mM. Besides, the fabricated SERS nanosensors
exhibited prominent long-term stability of ar least 3 months, losing the
intensity of 4-MBA by up 10 6.4-7.4 %. Furthermare, it was demon-
strated that NPGgy outperformed commercial SERS substates by offer-
ing lower fabrication costs and greater SERS amplification stability
across the sensing elecuode, making it a promising candidate for prac
tical applications,
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ABSTRACT: Detection of single-nucleotide polymorphxmx (SNPs) = 2N
is critical in both bioanalytical science and clinical ostics. We bt —— i E
present an electrochemical hoseasor capable of SNP detection in rt iy 'z‘
human g ic DNA i di following a polymerase chain — e, = i)
reaction, elumnating the need fnr temperature gradients. The L) . 10
bi a “sandwich” hybridi format in which a =
target DNA stiand binds to an dlectode-anchored probe and s e r 3 =
interrogated by two allele-specific reporters. By analyzing the kinetic o = g £ > -
differences in melting rates (k;) between perfect match (PM) and pecr E o2

i h (MM) dupl at p we achieved — = = e
statistically significant differentiation of h ygous and h YB s -
alleles (>26, n = 7). As proof of , the bi was applied to S, S T
detect the CYP2C19*17 allele in human saliva samples (n = 6), with
mulu confirmed using sequencing. Additionally mehmg-rate-d:nved anbs free enetgy diﬂ'mnces allowed for the identification of
P ly undetected mismatches, suggesting a novel pathway for el quencing

KEYWORDS: single-nucleotide polymorphism, gold, biosensor, melting, CYP2C19

Electmchemlcal hlosensors are attractive devices for pomt
\!

Single-nucleotide polymorphi: (SNPs) are the most

common form of genetic variation in the human genome,
typically occurring once every ~300 bzse pairs and having a
minor allele frequency greater t than 1%." Over 84 million SNPs
have been identified to date,” and while most are harmless,
certain variants are linked to diseases,’ aging' and drug
metabolism.™”

of-care i of y of i T Ily,
electrochemical biosensors were created for the detection of
metabolites such as glucost,m akohols,” and t-amino acids™
usually involving enzymatic catalysts for recognition. Later,
biosensors for DNA and RNA detection were also designed
and were typically based on DNA or RNA hybridization. For

Seb et al d d an electrochemical

Yoy

One clinically significant example is the CYP2CI9 gene,
! d on ch 10, which des the cytoch
P450 2C19 ible for bolizing a wide range
of biotics. This is predomi d in the

liver, stomach, small mtcstme, and duodenum. Clinically
relevant variants of CYP2CI19 include loss-of-function
(*2-78), wild-type (WT) (¥1), and gain-of-function (*17)
alleles. Thz‘l? allele, with a global frequency ranging between
3 and 21% aﬂ'ects the metabolism of drugs such as
clopid prazole,'"'* and voriconazole,' "' po-
tennally leadmg to reduced dmg efficiencies, treatment
unpredictability, and increased % Individuals with a

bi that takes advantage of isothermal LAMP
amplification and room temperature hybridization (~200 bg
fragments) for HPV16/18 detection in cervical samples.
Although methods such as TagMan assays, ddPCR, and SNP
microarrays are cost-effective for SNP detection, there remains
a strong demand for rapid, low-cost, point-of-care technologies.
SNP detection poses a particular challenge due to t.hc
minimal difference bekwren wﬂd-type and variant sequences.

Neverthel | have been devel
for SNP detection. Xu et al reported an eledmchemnal
i for the d of ep | growth factor receptor

1 1

are consi d rapid or
While resean:h have varied in their stance on CYP2CI9
genotyping,'” recent 2024 American Heart Association guide-
lines recommendations endorse genetic testing for patients

dergoing perc y intervention or with

coronary artery disease.””

heterozygous (’l/‘l7) or Iwmozygous (‘17/'17) P
rvspectively
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Figure 1. Principle of SN sensor operation. (A) For the wild-type target (£%1/t*1), At Step 0, the ZNA probe-modified gold electrode is
incubated with t*1 and r*1. At Step L the electrode is placed at an increased fixed temperature, inducing the melting of the r*1-t*1 duplex.
Melting kinetics are registered using linear sweep voltammetry (LSV), observing a decrease in the r*1 methylene blue redox signal Afterward, the
r*1-free electrode is incubated with r*17 and at Step 11 again placed at an increased fived temperature to observe and record the melting kinetic
curve. (B) For SNP target (1*17/t¥17), The procedure is the same as in panel (A). After step [and step 11, the melting-rate constants ky (r*1) and

ky (e*17) and their ratios ky {(r*1)/ k; (r*17) are determined.

cxon 19 SNP.”' They tackled the problem of amplicon
(dsDNA) renatucation with phosphorylated primers and
lambda exonuclease digestion. Ortiz et al. demonstrated a
biosensor for the detection of SNPs associated with rifampicin
resistance in Mycobacterium tuberculosis using snhd phase
primer elongation with ferrocene-labeled nudleatides.”’ This
measurement is “monoploid”, where an electrode array
simult | all 4 possible variants of the point-

mutation and compares them. The authors develop their own
ferrocenylated master mix, and the discrimination between
genes s P:rfurmed by Klenow PDI‘ymEL‘.ISE. i!ul.hcrma]ly on
solid phase. Liu et al. showed an SNP analysis platform using
multiplexed electrochemical biosensors, highlighting the need
to detect several SNPs at once (e, CYP2CI9 C680T and
G681A)."" Han et al. demanstrated a biosensor applicable also
to SNP detection. Upun target recognition, dual-DNA—
functionalized AuNPs hybridized and bound to SWCNT-
DNA via linker strands, forming 3D nanoclusters with
apparent electrochemical signz]s_: Xiao et al reported a
system where an electrochemical sensor was drslg:med for SNI
detection based on a triple-stem hairpin DNA probe.”” Among
these approaches, melting curve analysis remains one of the
most widely adopted approaches for distingnishing SNPs.
Several notable electrochemical sensors for SNP detection
were designed by using this approach. Yang et al. developed 2
sensor for SNPs {n the apolipoprotein E gene, related to
Alzheimer’s disease.” The sensor detected SNPs by measuring
differences in redox current changes caused by gradually
increasing the temperature of WT- and SNP-containing target
sequences hybridized to a redox-labeled probe. In this case, a
61-bp target sequence quenches the probe-connected methyl-
ene blue (MB) signal. To circumvent the thermal liability of
the Au—5§ bond, the authors employ a trithiclated DNA probe.
Chahin et al. showed a similar bicsensing platform.” Biosensor
utilized ferrocene (Fe)-labeled primer to produce Felabeled
PCR amplicon. After hybridization with the probe on the
electrode surface, the electrode array was subjected to a
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gradual temperature increase during which the Fe electro-
chemical signal was measured. The same group also recently
demonstrated a biosensing ]:llal:l’t:!rrnJ chu5|u5 on automation
capable to detect several SNPs from human blood.™

In this study, we present an improved electrochemical
biosensor that eliminates the need for temperature gradients, a
major limitation in previous sy . Instead, we optimized the
electrode and assay conditions to operate at a constant
temperature, enabling SNP detection directly after PCR
without additional processing. The biosensor discriminates
between wild-type and variant sequences based on differences
in melting kinetics. Furthermaore, we introduced ZNA-modified
probes to enhance electrochemical signal quality. Finally, we
show that kinetic melting profiles and derived Gibbs free
energy values correlate with the theoretical predictions based
on mismatch (MM) pasition, indicating a potential for broader
applications, including the identification of unexpected SNPs
within target sequences,

B RESULTS AND DISCUSSION

Principle of Operation of the SNP Sensor. For SNP
sensing, we used planar gold electrodes with their surface
modified uwsing a ZNA-modified probe (pZNA, nt 21)
chemisorbed to the gold surface via thiol chemistry, together
with mercaptohexanol for surface blocking. The first iteration
sensors were designed using standard DNA probes and
performed well with shorter synthetic DNA targets (0=1 nt
5" overhangs). However, signal transduction was significantly
deteriorated when using longer PCR-amplified targets with
14—15 nt &' and 4 nt 3’ overhangs resulting from primer
design. To overcome this, we have replaced the DNA probe
with a 4-spermine unit-containing zip nucleic acid (ZNA-4)
probe (formal charge is —10) (see Supporting Information
(51), Probe selection, Figure 51). The ZNA modification was
expected to neutralize excess negative charge on the electrode
surface, facilitating access of the negatively charged Atto-MB-
labeled reporter strand. Previous studies have reported that
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Figure 2, Analysis of the SN sensor electrade incubated with the NM target. (A) Melting kinetics measured during step [ from redox peaks of
MB-labeled reporter r*1 using LSV (S0 mV s™). Inset: LSV curves at t = 0 (I}, + = 3 min (11}, and ¢ = 20 min (I11). Fitting of the melting kinetics
curve to a model to determine the k; value for 1. (B) Melting kinetics were measured during step 11 from redox peaks of MB-labeled reporter
17 using LSV, The inset shows LSV curves at t = 0 (I), t = 3 min (11), and ¢t = 20 min (I1T). Fitting of the melting kinetics curve to a model to
determine the ky value for r*17, (C) & values for reporters £*1 (dark green) and r*17 (light green) obtained from 7 independent electrodes, Error

bars show confidence intervals (£2 standard deviations (50, 24,

such charge nentralization reduces ZNA aligonucleatide
solubility’’ and increases duplex melting temperatures.” In
terms of surface-bound DNA this effect is referred to as cation-
induced nucleic acid collapse and has been demonstrated via
addition of Mg(1T)," arganic solvents (ethanol)™ and freely
diffusing polyeations, ™ In our case, probe-bound polycations
offer precise, partial charge neutralization localized on the
probe molecule,

The assay was designed in the sandwich configuration for
compatibility with a large variety of targets. The sensing
principle is based on a key property of DNA duplexes: different
melting kinetics of perfect match (PM) (r*1-t*1 or t*17-4*17)
vs mismatch (r*17-t*1 or r*1-t*17) (Table 3). The melting
kinetics of the target-reporter duplex can be observed by using
a labeled reporter. In this case, the reporter redox signal is
observed via an Atto-MB label (Figure 1). As the target
remains captured by the clectrode-bound probe, it can be
interrogated sequentially with two allele-specific reporters. At
least one of the target-reporter duplexes has a mismatch, and it
is expected that melting kinetics will differ significantly; the
process will be faster. The worlflow takes advantage of ex situ
hybridization (see SI, Figure 52), where the measurement is
performed in a separate vessel, while the sample is preserved
uncompromised and undiluted by the measurement buffer
{Figure 1, Step 0). The sandwich-hybridization stage can be
done in twa steps to preserve the sample; however, for more
rapid one-step hybridization, an excess of reporter was
introduced into the sample solution. This approach allows
for measurement with a tailored melting solution composition,
which may be unsuitable for the hybrdization reaction,

To ensure proper assay performance, NaCl concentration
and temperature were opti d (SI, Opti Figures S3
and 54). Gold—thiol bonds are temperature-sensitive, so the
operating temperature was limited to 42 °C to avoid
destabilizing the surface.” Also, from previous work, we
were aware that ining a higher temp (Le, 45 °C)
aver a reasonable amount of time could cause electrode
instability.” High NaCl (500 mM) slows melting but

150

stabilizes duplex formation and provides better electrostatic
screening at the electrode,” while low NaCl (<100 mM)
causes a rapid dissociation even of perfect-match duplexes,
which compromises detection (S, Figure 83). Moreover, low
NaCl could increase the impact of electrode potential on
duplex melting, which is undesirable in our case.”*" By
SCrESning a narrow NaCl concentration range (SI, Figure 54},
a balance was found and 280 mM NaCl was selected as the
mast suitable conc : Additi n“;m ide was used
as the denaturing agent due to its compatibility with
electrochemical detection and its ability to speed up the
assay while permitting the use of higher NaCl concentrations.

Electrochemical Differentiation between Three Pos-
sible Diplotypes. The differentiation between the three
possible diplotypes, normal metabolizer (NM, t*1/t*1), rapid
metabolizer (RM, t*1/t¥17), and ultrarapid metabolizer (UM,
t*17/t¥17}—is essential for genotyping individuals carrying
two allele variants. At first, synthetic DNA targets were used to
simulate each diplotype. Linear sweep voltammetry (LSV) was
selected as the detection method due to its short scan duration
and minimal impact on electrode integrity compared to cyclic
voltammetry. During melting, LSV curves showed a pro-
gressive loss of the Atto-MDB redox signal, corresponding to the
dissociation of the reporter strand (Figure 2A,B). These curves
were fitted using a potential—current function for irreversibly
adsorbed species (red lines (inset), Figure 2; 81, eq 51, which
enabled the calculation of surface coverage (pmaol em ), while
an exponential decay function (eq 1) was then used to fit the
determined values to calculate dissociation rate constants (kg
min"'),

Since both reporters, r*1 and 117, were applied sequentially
to the same electrode, their ky values are directly comparable.
In the example shown (Figure 2}, r*1 displays a lower k4
(higher affinity), while r*17 shows a greater k; (lower affinity),
consistent with a t*1/t*1 diplotype, This approach was
extended to all three diplotypes to calculate the ky values for
both reporters (Figure 3A). While the k; values for the first
hybridization (r*1, dark green, Figure 3A) demonstrated an
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Figure 3. SNP sensor electrode precalibration. [A) k; values for
reparters ¢*1 and %17 for different targets (p values between
diplotypes: RMIUM pair with r*17 = n, s; otherwise all p < 0,001).
(B) Ratio ky (r*1}/ kg (r*17) for dﬂferem: lalgen (p < 0.0000005).
The values were obtained from 7 ind des. Error bars

show confidence interval (£2 smndnrd deviations, 247).

increasing trend (0.48 — 1.2 — 2.4), subsequent hybridization
(r*17, light green, Figure 3A)} did not provide a clear
separation (1.47 — 0.78 — 0.81). To improve the resolution,
the ratio of the dissociation rate constants ky (r*1)/ kg (¢*17)
was calculated for each electrode (Figure 3B), allowing for
robust intraelectrode comparison. The resulting k; ratios
enabled clear differentiation between diplotypes, with statisti-
cally significant separation: (0,35 + 0.24, 1.56 £ 0.34, and 29 +
0.76 for NM, RM, and UM, respectively (Figure 3B). These
ratio intervals were used to precalibrate sensors and define the
analysis thresholds (Table 1),

Because the sensors are calibration-free and the ky ratio is
dimensionless (although no outliers have been observed), it is
important to have a sensor quality control (QC) method for
future analysis of real clinical samples. We applied a two-tier
QC system by combining acceptable surface coverage (Iy) and
the k; ranges. For [, the range was determmcd using a 3
interquartile range (IQR) fence miethod *' while the k; values
were determined during the precalibration (Table 1), In a case
where electrode performance values are observed outside of
those ranges, the sensor result cannot be trusted, and such
measurement should be discarded as 2 QC-fail.

Analysis of CYP2CT19 Allele Variants in Human Saliva
Genomic DNA. Saliva is an attractive matrix for paint-of-care
pharmacogenomic testing because it is noninvasive and
requires minimal processing. Six anonymized saliva samples
(BiolVT) were examined. For each, a 55-bp Iingie-sl:ram]cd
PCR. amplicon containing the rs12248560 SNP (CYP2C19%1/
#17) locus was generated and applied directly, without
purification and any additional pretreatment, to the electro-
chemical SNP sensor. Of note, asymmetric PCR generating the
single-stranded DNA fragment of interest eliminated the need
for amplicon denaturation prior to measurements. Parallel
sequencing served as the reference. Three samples carried the
“1/%1 diplotype (NM), one was *1/%17 (RM), and one was
found *17/%17 (UM), covering all possible cases (Table 2).

One sample yielded k; ratio of 0.79, falling between the NM
and RM precalibration ranges (Table 1), and thus was flagged
as QC-fail. We suspect that PCR carried contamination,
although this was not confirmed. Excluding the QC-fail, sensor
genotypes were concordant with sequencing in all samples,
demonstrating accuracy and robustness when applied directly
to saliva-derived amplicons, Notably, the flagged sample should
not be considered a failure per se; in real-world settings,
variability in sample or electrode preparation is expected, and a
well-designed sensor should he capable of detecting such
discrepancies via internal QC.

Using Free Energy Differences to Detect Multiple
SNPs and Unknown Mutations. While the specific
CYP2C19 sequence used in this study has only one known
SNP (1900C > T), many genomic regions contain multiple
nearby SNPs, eg, 7802307 and 7802308, Detecting
these with traditional methods can be time-consuming,
especially when the varants are unknown or rare. In
fuorescence-based DNA microarrays, it is well established
that the location of a mismatch has the greatest impact on
hybridization signal intensity.”' " Similaly, we found that
melting-rate constants (k;) in our system reflect mismatch
affinity and can be used to predict sequence differences.

To extract sequence-specific thermodynamic values, we
calculated relative free energy differences (AAGyy) by
comparing the k; values of sample targets to synthetic,
perfect-match references (two-target, one-reporter system)
(eq 2; SI, Table S3). This isolates the energetic difference
introduced by a mismatch. When these experimentally derived
AAGyyy values are vompared to predicted values from
thermodynamic models (ie., DINAmelt), they can be used
to estimate the position and potentially the identity of the
mismatch. As a proof of coneept, we examined a series of
synthetic targets: expected SNF (1900C > T) with unexpected
mutation (1888C > G) (51), expected WT only (1900C)
(52), double mismatch (1888C > G; 1900C) (53), with the
perfect match (1900C > T), used as a reference (AAGyy = 0)
(50). In these experiments, we used r*17 as the reporter,
forming a perfcct match duplex with t%17. The S3 target,
containing two mismatches, produced a distinet and
significantly elevated AAGy, relative to the single-mismatch
targets, demonstrating that multiple deviations from the
reference sequence can be determined thermodynamically
(Figure 4A). Although the absolute (keal mol™') values were
offset from theoretical predictions by a relative factor of ~(.55,
this discrepancy could be attributed to the heterogeneous
nature of the electrode-bound species and the presence of
formamide, which is known to alter duplex Gibbs energy by
1.73—5.28 keal mol ™" at 10% on high density :nicmarmys.""
Despite this offset, the relative differences between the model
targets aligned well with calculated values, enabling discrim-
ination of sequences with single vs double mismatches.

Having obtained these exciting results, we decided to push
this approach further and test if it is suitable for the detection
of unknown mutations. Additional "wnusual” sequences were

Table 1. Precalibration and Quality Control Data of the SNIP* Sensor

target ky ratio range (2a) Iy range ky {#*1) rnge ks {r*17) range
normal metabolizer (1*1/t"1, wild-type homozygous) 0.1-0.62 0.36—3.16 pmol cm™ 0.3—-36 min~ 0.6—3.6 min~'
rapid metabolizer (t*1/£%17, heterozygous} 121-1.93
ultrarapid metabolizer (1417/1%17, SND-type homoaygous) 2.09-371
it et rong 10,1 021 A Sensars.

151

5601577
ALE Senr. X0 000 XXX~ )NI



ACS Sensors

pubs.acs.org/acssensors

Table 2. Direct Human Saliva Sample Amplicon A

lysis Using an SNP Sensor

pl Sensor Seq ing
ror*1 re17 kg (r*1) ky (r*17) ka ac Genotype
pmol em™® | pmol em? mint min-! ratio
1 073 | 047 1.19 2.52 0.47 | PASS NM NM
2 121 0.48 052 228 | 0.23 | PAss NM NM
3 061 | 039 1.27 0.96 132 | PAsS RM RM
4 087 | 040 1.66 0.76 220 | PASS um | um
5 090 | 056 0.52 266 | 0.20 | paAss NM NM
6 0.68 038 1.91 2.42 079 | FAIL z RM
A B @ 50 (1900C=T)
BI B2
2 S1 (1888C>G;19000>T)
;_ . 1
g + % ! }{ + ® 52 (1900C)
8 ) ® 53 (1888C>G:1900C)
S
= + } + H @ 84 (1893C>T)
Q
< @ S5 (1888CG:1894T=A)
< T I ]
D{» I + 1 + 1 ® 56 (1903C>A) with 1*17
AAG adjusted
0 4 2 @ 0 § 2 @4 4 0 § B § 4 alaew .
AAG,,,.. keal mol-! AAG_,,.. keal mol! AAG adjusted

cale?

according to Ref [48]

Figure 4. Correlation of measured AAG,p, values (ﬁ.MJ ) versus calculated values (AAG,,) for the targets having 2 single mismatch (51, 82,
54, and $6) and double mismatch (53, §5). Values are mlalwt to t*17-sr*17 duplex, which is a perfect match (AAG = 0). (A) AAGyy values for
targets tested with /without expected mismatch position 1200C > T. (B) Targets testing with unknown mismatches, Mean = propagated error; n =

3. (Pairs: 50151, 52156, 53154, 53185, 54185 — n. s, else — p < 0.01).

tested, having a single mismatch: 1893C > T (54), 1903C = A
{86), and a double mismatch 1888C > G; 18947 > A (53).
The measured AAG,,,, values were in good agreement with
theoretical predictions (Figure 4B1), except for that of 56, We
predict that the 56 sequence was behaving unusually. The main
difference in S6 was a mismatch at the 3'-tecminal position,
where the loss of base stacking between the probe and reporter
likely caused an underestimation of Gibbs energy, Since
DINAmelt does not account for stacking losses (the probe
molecule is not included in the caleulation at all), the 56 valne
appeared as an outlier. After applying a correction for GtA. base
stacking loss (AGua = +2.1 + 0.3 keal mol™),’ "8 the
adjusted data point aligned well with model predictions
{Figure 4B2).

While the presented approach is promising, several
limitations remain, Terminal mismatches, particulatly at the
3' end, can introduce deviations due to base sl.ackmg effects,

Future Directions. For cl.mlcaI .:ppllcatlons. we believe
two major challenges must be ad i ting the need
for thermal cycling (by adopting isothermal nmp].:ﬁcahou
methods) and enabling multiplex detection of multiple SNPs
simultaneously, Among isothermal approaches, recombinase
polymerase amplification has been successfully integrated into
a bi platfe " For whole-g amplification,
multiple displacement amplification has also proven effective
in comparative genomic studies.” Ideally, the hybridization
step should be performed at the same assay temperature. In
our study, this could not be done due to excessive heating of
the electrode. However, replacing standard thiolated probes
with trithiolated analogues could improve electrode thm-mal
sla'mlltjr suﬁﬂenﬂy to a]low sustamed exposure at 42°C™ As
for lexing, a lves the use uf a 16-
eieutmde array to detect multlpie SNPs in parallel”™ This
highlights the potential for electrochemical platforms to
lly achieve high-throughput capabilities comparable to

which are not taken into account in standard ther
predictions. Additionally, the presence of formamide in the
melting buffer leads to systematic offsets in absol AAG
values, requiring normalization for direct comparison with
theoretical models. Variability in the mismatch position relative
to the reporter and label may also affect the melting behavior,
These limitations can be solved by applying stacking energy
corrections, leaving an abasic or similar site in the distal end of
the probe or shortening the proximal end of the reporter, and
constraining measurements to a single reporter system,
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those of spectrophotometric 96-well plate assays for practical
clinical use,

B CONCLUSIONS

Detection of single-nucleotide polymorphisms was achieved by
monitoring the isothermal melting kinetics of DNA duplexes.
The biosensor assay was based on a sandwich-hybridization
principle: the target TNA was captured by an electrode-bound
probe, and the melting-rate constants (k) of two allele-specific
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Table 3. Sequences Used for CYP2C19*%1/%17 Genotyping”

Name Comment

Sequence 5'-3'

pDNA Probe DNA

[SH-C6|-CGC ATT ATC TCT TAC ATC AGA

pZNA Probe ZNA

[SH-CE)-CGC ATT ATC TCT TAC ATC AGA-(ZNA-4)

Target CYP2C19°1 CAAATTTGTGTCTT CTGTTCTCAAAGCATC
1*1 (normal metabalizer) TCTGATGTAAGAGATAATGCG CCAC
Target CYP2C19*17 CAAATTTGTGTCTT CTGTTCTCAAAGTATC
1417 (rapid metabolizer) TCTGATGTAAGAGATAATGCG CCAC
r*1 Reporter CYP2C19%1 GAT GCT TTG AGA ACA-[Atto MB2)

r*17 Reporter CYP2C19*17

GAT ACT TTG AGA ACA G-(Atto MB2)

“Nucleotide substitution position (1900C > T) and related reporter nucleotide position (G > A) are highlighted in red.

reporters were measured sequentially. The assay took
advantage of the inherent difference in melting rates between
perfect match (PM) and mismatch (MM) duplexes, with PM
duplexes showing lower kg, and MM duplexes exhibiting faster
dissociation, As a proof of concept, this study focused on a
clinically relevant pharmacogenomic variant in the cytochrome
P450 family — CYP2CI19. By employing external sample
capture, we enabled the reuse of a single sample amplicon
across multiple electrodes, either in parallel or sequentially.
The assay is performed entirely at a constant temperature,
allowing for simplified inst ion and uni upted
melting measurements. Validation was performed using siv
human saliva genomic samples, successfully distinguishing
between CYP2C19 t*1/t*1, t*1/t*17, and t*17/t*17
genotypes. Both allele-specific k; values were determined in
under 80 min per sample, Unlike traditional SPR-based kinetic
systems, our assay focuses solely on dissociation, eliminating
the influence of sample concentration and microfluidic
variability. € ed to fl ence-based assays, the
required instrumentation is less complex, more cost-effective,
and suitable for miniaturization—offering potential for multi-
plexing via parallel electrodes, particularly for high-value
pharmacogenetic targets. Additionally, this study also uncov-
ered a new application of the method: the prediction of one or
more nucleotide substitutions based on target affinity. We
demonstrated that differences in the Gibbs free energy, derived
directly from k; values, can be used to detect and characterize
additional mismatches. This insight opens a promising path
toward electrochemical pseudosequencing, where unknown
point mutations could be identified through dissociation-based
Gibbs energy profiling.

W EXPERIMENTAL SECTION

Instrumentation. SensoQuest Labeyeler was wsed for PR A
Gamry Reference 600+ potentiostat for electrochemical measure-
ments was used with a 't wire counter electrode and Ag/AgCl (3 M
KCI) reference electrode,

Reagents, Solutions, Materials, and Electredes. Felt pads and
0.3 jm alumina suspension were purchased from Buehler, The gold
disc (d = 2 mm) working electrodes were purchased from BAS,
Nuclease-free water, Sodium chloride, tris{2-carboxyethyl)phosphine
hydrochloride (TCEP), and 6-mercapto-1-hexanol were purchased
from Sigma. Disodium hydrogen phosphate was purchased from Alfa
Aesar. F | chloride hexalyd and sulfuric acid
were purchased from Merck. Tris was obtamed from Roth. Tween-20
was purchased from Ferak Berlin,d Yeast RNA was purchased from
Roche. All reagents were analytical grade. All synthetic oligonucleo-
tides used in this work were purchased from Metabion AG. The
saquances am given in Tables \. 51, and 82, The obtained freeze-dried

leotides were dissolved in 10 mM Tris buffer, pH 8.00, The

i
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storage concentration of the target sequences was 400 pM and of the
reporter sequences, 100 pM. The ZNA probes were obtained as a 100
#M solution in water, which was aliquoted prior to freezing and used
as is. These solutions were kept at =20 *C, Homan saliva samples
were purchased from BioIVT (Human Head and Neck-Related Other
Biofluids).

Electrode Preparation. The clectrodes were polished on a fele
pad wetted with deionized water and a 0.3 gm alumina suspension
and sonicated in water for 5 min in an ultrasound bath. The
clectrochemical cleaning was performed by running 20 CV scans from
— 02 to 1,75V at a scan rate of 0.3 V5" in 500 mM H,50, solution.
The electrades were kept in H,50, and thoroughly rinsed with
deionized water pror to modification, The probe olige (pZNA or
pDNA) solution was prepared using TCEP (33.3 ¢M thiolated oligo,
20 mM TCEP, 10 mM Trig, and 100 mM MgCl, pH 7.2). This
mixture was kept at room temperature for 30 min, The probe
oligomers were diluted to a final concentration of 0,125 ¢M (10 mM
Tris, 100 mM MgCly, pH 7.2). Gold electrodes were immersed and
kept in the probe oligo solution ([pZNA] = 0,125 uM; [pDNA] =
0.25 pM) for 40 min at room temperature. Afterward, the electrodes
were submerged in 7.3 mM aqueous 6-mercapto-1-hexanol solution
for 30 min for surface blocking, at RT. Subsequently, the electrodes
were washed with 20 mM PBS, 3 M NaCl, pH 7 buffer salution, and
left overnight in the same solution,

Hybridizati The electrodes were briefly washed uwsing a
solution containing 20 mM PBS and 200 mM NaCl, pH 7. The
hybridization of Target and Reporter sequences with the immobilized
probe on the gald disc electrode were performed as one step in a
single test tube in SXSSC/0.1% SDS solution containing 100 nM
Target ssDNA or at least 0.1 v/v PCR product and 170 nM Reporter
ssDINA (the first hybridization performed with r*1 and the second
with £*17) sequences and 0.2 my/mL yeast RNA at 39 C for at least
20 min. The final volume of the hybridization solution was at least
100 pL. No additional purification or dematuration steps were
performed for the PCR product. The electrodes were briefly rinsed in
the melting buffer prior to a secand measurement with r*17 to ensure
only minuscule previous reporter (1) presence.

Melting Measurements. The melting experiments were carried
out in a jacketed cell in 20 mM PBS, 280 mM MNaCl, 10% Formamide,
and 0.05% Tween-20, pH 7 (Melting buffer) at 42 °C, unless stated
otherwise. The solution was stirred constantly (200 rpm), LSVs were
recorded from 0 to —0.42 V at a scan rate of 0,05 V 57" For every
melting measurement, a total of 60 LSVs were recorded at intervals of
20s. The melting curves were fitted according to an exponential
dissociation medel, ignoring reassociation based on the Polanyi—
Wigner equation”™™

M) = (G- [Je ™ + T )

Here, [y — starting surface coverage of reporter (pmol cm ™), [, —
final surface coverage of reporter which is left hybridized (pmol
cm ), ky — dissociation rate constant (min '), t — time (min).
After the first measurement, the electrode was submerged in the
second hybridization solution (as above) and measured again to
obtain the dissaciation rate constant for the second reporter. The
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melting buffer (at Jeast 8.0 mL was used for measurements) was not
rephced between the electrodes or measurements,

Mi: h Free Energy. Since the hybrid-
ization during the experiment is negligible (only melting occurs), then
ky o e SR AAGy can be calculated from existing ky (s7') rate
constants using the formula™

AAGyy = AE, = RT In(kyingnyy/ kaonr) (2)

Here, R — gas constant {1.9872 cal X' mol™), T — temperature
(315.15 K),

The AAG,,, values were obtained using UnaFold Two State
Melting-hybridization,” which could be frecly calculated using The
UNAFold Web Server. Using T = 42 “C, 280 mM Na’, and 0.01 mM
Cy in Oligo Mode. Only the reporter-complementary portion of the
target was taken into account for calculations, By subtracting
AGyngale = AGpy o = AAGypg ., the calculated AAG . values
were obtained. The I values were obtained from t*17-5
and S1-S6 targets.

Human Saliva ic DNA A tric PCR Amplifica-
tion to Generate Single-Stranded DNA Fragments of Interest.
PCR was p:r(mmcd directly on human saliva samples, usmg
DreamTaq DN, in its ion buffer (as rec
by the f: '] hermo $ fic), 0.25 uM primers (Table $1),
and 02 ul of saliva sample to generate a 55 bp PCR product
spanning the SNP of interest (rs12248560). PCR was carried out in
thin-walled test tubes in a thermocycler under the following
conditions: initial denaturation at 95 “C for 2 min, followed by 35
cycles of denaturation at 95 °C for 30 s, annealing at 57.8 °C for 30's,
and extension at 72 “C for 1 s, Further, ssDNA copies of the strand of
interest were generated by asymmetric amplification by adding 0.5
UM forward primer and 1.25U DreamTaq polymerase directly into
the reaction mixture and applying the second round of thermocycling
conditions as described above, up to 35—50 additional cycles. In
parallel, 462 bp long dsDNA PCR products, ™’ spanning lhe site of
interest, were produced, followed by by
SeqVision.

Statistics. For reliable diplotype determination, a minimum
separation of 20 was mgeted to ensury hnbh-sonﬁdence dnscrim
ination. To aid data i |
were performed using one- way ANO\’A followed by Tukeyﬁ HSD
test, with p < 0.01 being considered statistically significant. In Figure
3, only target sequences were compared as the reporter sequence is
known and does not require measurement. In Figure 4, the mean,
propagated standard deviation (SD), and number of measurements
and groups were used instead of experimental rerllmtcs, as only the
mean expecimental free energy values (kcal mol ') were available.
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