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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctor of Philosophy Program: Microsystems Engineering
Authors Name: Li Liu
Advisors Name: Ke Du

Dissertation Title: Nano Biosensing Platform for Infectious Disease Diagnostics

CRISPR-Cas enabled biosensors offer great potential to be at the forefront of diagnostic
medicine. This thesis focuses on the principles of CRISPR-Cas technology and its
application to biosensors and virus diagnostics. It also provides a detailed discussion of the
different detection methods available at this stage. The breakthrough achievements of
CRISPR biosensors in nucleic acid detection are summarized. The CRISPR-Cas nano
biosensors exhibit high accuracy, sensitivity, selectivity, and versatility, offering great
potential for next-generation diagnostic and point-of-care devices. The prospects and future

trends of CRISPR biosensors are also described.

From an engineering perspective, this thesis develops and applies several methods for
CRISPR-based viral detection. A nanopore array platform for high-throughput single-
molecule sensing was developed. Gold nanoparticle-labeled reactions for CRISPR virus
detection were used as reporter signals, demonstrating the ability to lower the limits of
detection reached while maintaining CRISPR accuracy and selectivity. An electrochemical
sensor platform based on CRISPR virus detection was then developed, with

electrochemistry offering the advantages of simple measurement procedures, short reaction



times, and adequate sensitivity and selectivity. Combined with the high selectivity of

CRISPR, it makes detection more rapid and convenient.

Finally, we have developed an integrated digital microfluidic chip that realizes precise
quantitative detection of nucleic acids and incorporates an isothermal amplification method
to greatly reduce the detection limit, providing an excellent advancement for next-
generation bedside diagnostics. Digital microfluidic chips and nanofluidic chips developed
in recent years offer the advantages of greater resistance to inhibition, higher sensitivity,
and more precise detection. Digital microarrays, in combination with nucleic acid
amplification methods, allow absolute quantitative analysis of nucleic acid targets by
dispensing the target molecules into small wells or droplets. When the sample is divided
into numerous aliquots, these aliquots contain no target molecules or only one molecule.
The concentration of the target molecule can then be derived by counting the number of

positive aliquots.

This research addresses current hotspots in virus detection by developing several different
virus detection platforms that not only reduce the detection limit, but also allow in-depth

analysis of the physical and chemical properties of the molecules during the reaction.
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concentrations of Norovirus RNA. Scale bar, 5 mm. b. The relationship between number
of wells and the concentration of the Norovirus RNA (mean + SD, n = 3). c. Calibration
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Figure 5.1 a. Schematic illustration of FQ LAMP assay. One-pot reaction mixture is first
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based on the proportion of positive spots. b. SEM image of micro digital chip, Scale bar
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Chapter 1. Introduction: Advanced nano-biosensor for
diagnosing viruses

1.1 Introduction

Humanity has been confronted with viral infections throughout its history. The history of
mankind is a history of struggle and coexistence with multiple viruses. Especially in the
past two decades, there has been an increasing frequency of emerging viral infections,
including SARS, Ebola, and Zika, causing significant public health concerns [1]. The rapid
detection of viral infections is very important for the early prevention of diseases. The
incredibly swift global spread of COVID-19 re-emphasizes the critical need for rapid and
sensitive molecular diagnostics to combat current and future pandemics. The clustered
regularly interspaced short palindromic repeats (CRISPR) technology has been used in
pathogens detection for many years and has excellent performance [2]. In recent years, the
(CRISPR)-associated proteins (Cas) systems have led to significant advances in the field
of genome editing. Especially, Cas12 and Cas13 show trans-cleavage behaviors. CRISPR-
Casl2a or Casl3a effector proteins are RNA-guided enzymes that cut DNA/RNA
components of bacterial adaptive immune systems. Specifically, the binding of
Casl2a/Casl3a to its target DNA/RNA unleashes nonspecific sSDNA/RNA cleavage
activity, which completely degrades other existing sSDNA/RNA molecules. This target-
activated trans-ssSDNA/RNA collateral activity of Casl2/Casl3 has been used for
molecular diagnostics of DNA/RNA molecules and led to the development of many
detection methods, such as fluorescent readout assays [3], colorimetric readout [4],
electrochemical detection [5], etc. Meanwhile, CRISPR-Cas systems combined with

amplification methods can significantly improve the detection limit with better specificity
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[6]. Moreover, integrating CRISPR systems microfluidic devices can realize the point of

care detection [7], which can make the detection more convenient, fast, and sensitive.

Nucleic acid amplification-based methods are another molecular diagnostic approach that
has received much attention. In recent years, many methods for virus detection have been
developed. Sensitive polymerase chain reaction (PCR) based tests are the gold standard for
molecular diagnostics [8], and currently it’s still the main testing method for nucleic acid
detection. However, this testing method has some disadvantages, such as its reliance on
bulky and expensive instruments, the need for professional laboratory personnel to do the
test, and easy detection of false positive results due to nonspecific amplification. Thus, they
are not suitable for self-diagnosis or point-of-care (POC) settings. Isothermal amplification
is a molecular biology technique that has garnered significant attention in recent years due
to its versatility and numerous advantages over traditional PCR (polymerase chain reaction)
methods. This method involves the amplification of DNA or RNA at a constant
temperature, eliminating the need for thermal cycling equipment and streamlining the
amplification process. There are many advantages like simplicity and cost-effectiveness,
rapid amplification, robustness and tolerance to inhibitors, and versatility compared with
traditional PCR. Isothermal amplification of nucleic acids combined with point-of-care

devices can enable rapid and sensitive molecular diagnostics.

This thesis develops several different virus detection platforms using current virus

detection approaches, which not only reduces the detection limit but also provides an in-

depth analysis of the physical and chemical properties of the molecules during the reaction.
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1.2 CRISPR-Cas-based nucleic acid detection

1.2.1 Introduction of CRISPR diagnostics technology

The clustered regularly interspaced short palindromic repeats (CRISPR) diagnostics
technology is a novel approach for sensitive and specific in vitro DNA/RNA detection [9].
The activated CRISPR complex demonstrates collateral cleavage of single-stranded
nucleic acids. This collateral cleavage is then transduced into an amplified signal using
nucleic acid reporters. Compared with traditional amplified virus detection methods,
CRISPR-based diagnostics have several advantages, including high specificity due to
enzyme recognition of specific target nucleic acid sequences, with almost no false-positive
signals. In addition, CRISPR's convenient isothermal reaction generally has an optimal
reaction temperature of 37 degrees, which does not require complex temperature cycling
devices to achieve optimal reaction results. Furthermore, fast reaction time, especially
Casl13a enzyme for reporter RNA probes, can be completed within ten minutes for trans-
cleavage. These advantages enabled us to develop a simple detection method using the
CRISPR/Cas system and apply this method to diagnosing many kinds of pathogens. Figure
1.1 shows the Cas13a is activated by guide RNA [10]. The HEPN catalytic site of the Cas
enzyme is activated when the guide target nucleic acid is complementary to the target

nucleic acid sequence.
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The HEPN catalytic site of Cas13a is activated
by the formation of guide-target RNA duplex.

Nuclease
Inactive

Target RNA

Nuclease
Active

Target RNA

Figure 1.1 The guide-target RNA duplex activates HEPN catalytic site of Cas13a. Reprinted from [10]

At the same time, the CRISPR-Cas system can be combined with various detection
methods, such as colorimetric detection [11] or detection of visual fluorescence signals [12]
by a simple portable optical detector. Using this approach, many diseases diagnostic

methods have been developed.

Biosensing diagnostics have a very promising future as a CRISPR-based application.
Depending on the characteristics of the Cas enzymes, such as Cas12 or Casl13, they can
cleave a reporter in trans when the guide RNA sequence is complementary to the virus
sequence. Therefore, it has not only high sensitivity but also specificity and thus can
significantly reduce false positive signals. Fluorescent dyes, metal nanoparticles, and other

molecules are often used as labeled reporter molecules in CRISPR diagnostics. These
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molecules have specific chemical properties, desirable optical and electrocatalytic
properties, etc. Therefore, using different sensing methods, including but not limited to
fluorescence, luminescent resonance, colorimetric, and electrochemical signal readout,
CRISPR technology has driven tremendous advances in nano biosensors. Figure 1.2 shows
a typical mechanism of CRISPR-guided diagnostic applications using optical detection
[13]. Patient samples can be extracted from blood, urine, cells, etc. The target nucleic acids
can be recognized by Cas proteins, triggering trans-cleavage activities, and releasing

reporter molecules.
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Figure 1.2 Overall mechanism of CRISPR-guided diagnostic applications using optical detection. Reprinted
from [13]

1.2.2 Colorimetric-based detection

Reporter nucleic acids can be labeled with different analytes, like fluorescent dyes, metal
particles, dyes that can produce colorimetric reactions, etc. By detecting the analytes, we
can detect pathogens. Gold nanoparticles are a kind of particle that is usually used in nano

biosensors due to their specific characteristics [14]. Their intrinsic features (optics,
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electronics, and physicochemical characteristics) can be altered by changing the
characterization of the nanoparticles, such as shape, size, and aspect ratio. The optical
properties of AuNPs are dependent on surface plasmon resonance (SPR), which is the
fluctuation and interaction of electrons between negative and positive charges at the surface
[15]. Jin-Ha et al. developed a strategy for CRISPR-Casl12 based gold nanoparticles
assisted metal enhanced fluorescence and colorimetric detection [16]. Figure 1.3 shows
the schematic for the two gold nanoparticle reactions. Different sizes of gold nanoparticles
were hybridized via two complimentary ssDNA, and one ssDNA was functionalized with
FITC, which is quenched by gold nanoparticles. After applying the activated CRISPR-
Cas12a complex, the hybrid DNA will be cleaved, leading to fluorescence emission and
solution color change to red-purple color due to the dispersal of the gold nanoparticles.
Using this system, breast cancer gene-1 (BRCA-1) can be detected with very high

sensitivity (as low as 0.34 fM) in 30 min.
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Figure 1.3 Cell-free DNA (cfDNA) detection method using DNA-functionalized Au nanoparticles via
colorimetric and metal enhanced fluorescence (MEF). Reprinted from [16]

1.2.3 Fluorescence-based detection

The CRISPR-based fluorescence-based nucleic acid detection method capitalizes on the
precise targeting capability of CRISPR systems to detect specific sequences of DNA or
RNA [17]. This method offers several advantages over traditional approaches, including
rapidity, sensitivity, specificity, and simplicity. Moreover, it does not require the complex
amplification steps of PCR, making it particularly suitable for point-of-care diagnostics
and field applications. Fluorescence-based detection is a widely utilized method employing
fluorescent indicators to label the target of interest. When the target is present in the sample,
these fluorescent labels become activated, emitting a distinctive fluorescence signal that
can be measured and quantified. Unlike colorimetric detection, which offers qualitative
sensing, the use of quantum dots (QDs) [18], dyes [19], and other fluorescent materials [20]
enables quantitative detection. He, et al. developed a high-throughput, all-solution phase,
isothermal detection system for African Swine Fever Virus (ASFV), combining CRISPR-
Cas12a with a fluorescence-based point-of-care (POC) system [21]. Notably, the compact
system includes a disposable cartridge and custom-designed fluorometer, suitable for low-
resource settings. Figure 1.4 shows the Schematic of disposable cartridge fluorescence-

based detection system and CRISPR Cas12a-based detection methods.
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Figure 1.4 Schematic of the fluorescence sensing unit with a 488 nm laser as an excitation source and
CRISPR Cas12a detection mechanism: CRISPR Cas12a binds with crRNA and ASFV-DNA and the
Cas12a/crRNA/ASFV complex cleaves ssSDNA probe for fluorescence sensing. Reprinted from [21]

In the pursuit of enhancing diagnostic tests and bioimaging, the fusion of CRISPR-based
assays with complementary technologies, such as microfluidics and nanotechnology, has
emerged as a promising strategy [2]. This amalgamation has yielded significant
advancements, particularly through integration with microfluidic chips and nanomaterials,
which have substantially bolstered assay sensitivity and efficiency [22]. These synergistic
approaches capitalize on the distinctive attributes of microfluidic systems and
nanomaterials, leveraging their capabilities to augment every facet of the detection process
[23]. Advances in fabrication processes for nanostructures have also enhanced the
prospects for nanotechnology applications [24], [25], [26]. From enhancing target capture
to amplifying signals and facilitating detection readout, these innovative strategies

represent a transformative leap forward in molecular diagnostics and imaging modalities.
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Microfluidic chips provide a highly controlled environment for sample manipulation and
analysis on a miniaturized scale [27]. By integrating CRISPR-based detection assays onto
microfluidic platforms, researchers can achieve precise control over reaction conditions,
sample handling, and reaction kinetics. Microfluidic channels and chambers enable
efficient mixing of reagents, rapid sample processing, and reduced sample volumes,
ultimately improving the overall sensitivity and speed of CRISPR-based detection assays
[28]. In addition, microfluidic chips also enable multiple detection [29]. Hass et al.
developed a fully Integrated Micropillar Polydimethylsiloxane Accurate CRISPR detection
(IMPACT) system for viral DNA detection [30]. The system, featuring high-aspect-ratio
micropillars for enhanced reporter probe binding, undergoes surface modification and
probe immobilization before the injection of the CRISPR-Cas12a/crRNA complex into the
microchannel. Notably, the system avoids traditional dye-quencher-labeled probes,
minimizing fluorescence background. Additionally, the one-step detection protocol
operates on-chip at isothermal conditions (37°C), eliminating the need for off-chip probe
hybridization and denaturation. Figure 1.5 shows the schematic of the microfluidic chip

design and surface reaction of the IMPACT reaction.

Furthermore, nanotechnology offers versatile tools for enhancing CRISPR-based detection
through the development of novel nanomaterials and nanostructures. Nanoparticles, such
as gold nanoparticles, quantum dots, and magnetic nanoparticles, can be functionalized
with CRISPR components, including guide RNAs and Cas proteins, to improve target
capture and signal amplification. These nanomaterials can enhance the sensitivity of

CRISPR-based detection by increasing the surface area available for target binding and
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enabling signal enhancement strategies, such as fluorescence resonance energy transfer

(FRET) and surface-enhanced Raman scattering (SERS).
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Figure 1.5 (a) Schematic of the clustered regularly interspaced short palindromic repeats (CRISPR)-based
IMPACT chip DNA detection. (b) Photograph of the IMPACT chip. The dashed white box indicates
regions patterned with micropillars. (c) Schematic of the surface treatment protocol, ssDNA probe binding,
and CRISPR detection. Reprinted from [30]

1.2.4 Electrochemical-based detection

Electrochemical-based detection methods for viruses involve the use of electrochemical
sensors or biosensors to detect and quantify viral particles or viral nucleic acids. These

methods rely on the principle of converting biochemical interactions or target recognition
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events into measurable electrical signals, providing a sensitive and specific means of virus
detection [31]. Electrochemical biosensors combine the specificity of biological
recognition elements with the sensitivity of electrochemical detection. These biosensors
typically consist of an electrode modified with a receptor, such as antibodies, aptamers, or
enzymes, that can selectively interact with the viral target. The binding event results in an
electrochemical signal that can be quantitatively measured. Various electrochemical
techniques, including amperometry, potentiometry, and conductometry, can be employed

in electrochemical biosensors for virus detection [32].

Electrochemical-based detection methods for viruses offer advantages such as high
sensitivity, rapid response, and the potential for miniaturization and portability [33]. They
have found applications in viral diagnostics, environmental monitoring, and point-of-care
testing, contributing to the timely detection and control of viral infections. These methods
continue to be explored and developed for their potential in improving virus detection and
surveillance strategies. Li, et al. developed an electric field enhanced, electrochemical
CRISPR biosensor for DNA detection in a homogeneous solution [34]. A pulsed electric
field was applied to enrich nucleic acids on the electrode surface, enabling sensitive DNA
biosensing. The developed CRISPR biosensor can directly detects unamplified human
papillomavirus-16 (HPV-16) DNA with a sensitivity of 1 pM. Figure 1.6 shows the

working principle of the EFE platform.
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Figure 1.6 The EFE electrochemical CRISPR biosensor operates via immobilization-free detection,
utilizing trans-cleavage and cis-cleavage activities of CRISPR-Cas12a. A pulsed electric field attracts
nucleic acids to the positively charged working electrode surface. Electrochemical detection reveals
increased current in the presence of target DNA due to reduced release of negative MB-labeled probe by
Casl2a's trans-cleavage activity. Reprinted from [34]

1.2.5 Plasmonic-based detection

Plasmonic-based virus detection refers to the use of plasmonic nanoparticles or plasmonic
structures to detect and identify viruses [35]. Plasmonic is a branch of nanophononics that
involves the interaction of light with metal nanoparticles or nanostructures, typically gold
or silver, leading to unique optical properties. These properties can be exploited for virus
detection based on changes in the local electromagnetic field caused by viral binding events

[36]. Here are a few commonly used plasmonic-based virus detection techniques.

Localized Surface Plasmon Resonance (LSPR): LSPR is a phenomenon that occurs when
metal nanoparticles are illuminated with light at a specific wavelength, leading to the
collective oscillation of the conduction electrons (plasmons) and the generation of an
enhanced electromagnetic field [37]. By functionalizing the nanoparticle surface with viral

receptors or antibodies, the binding of viral particles to the nanoparticles induces changes
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in the LSPR signal, such as a shift in the resonance wavelength or a change in the intensity
of the plasmonic peak [38]. These changes can be measured and correlated with the
presence and concentration of the virus. Waitkus, et al. developed a novel localized surface
plasmon resonance (LSPR) system based on the coupling of gold nano mushrooms
(AuNMs) and gold nanoparticles (AuNPs) is developed to enable a significant plasmonic
resonant shift [39]. This LSPR substrate is packaged in a microfluidic cell and integrated
with a CRISPR-Cas13a RNA detection assay for the detection of the SARS-CoV-2 RNA
targets. As shown in Figure 1.7, the LSPR interactions between AuNMs and AuNPs
changed the local refractive index at the interface and resulted in a redshift in the absorption

spectra.
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Figure 1.7 The schematic of the LSPR between AuNPs and AuNMs. Reprinted from [39]

Surface-enhanced Raman Scattering (SERS): SERS is a spectroscopic technique that
exploits the plasmonic properties of metal nanoparticles to enhance the Raman scattering
signal of nearby molecules [40]. In the context of virus detection, SERS-based assays can
utilize specific Raman-labeled probes or antibodies that bind to viral targets. The binding
event induces changes in the SERS signal, allowing for sensitive and specific detection of

viruses. SERS offers multiplexing capabilities and high sensitivity, enabling the detection
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of low concentrations of viral particles. Chu et al. developed an ultrasensitive protein
detection platform using multiphoton Resonance Raman scattering in ZnS nanocrystals
[41]. The narrow bandwidth and high stability of multiphoton Raman lines (MRLS) of ZnS,
along with their strong resistance to interference, were leveraged as Raman probe signals.
These features enabled reliable bio detection with high selectivity and specificity, with a
detection limit of approximately 5 fM. A sandwich-structured assay protocol was designed

for sensitive protein detection (Figure 1.8.).
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Figure 1.8 Schematic of the sandwich-structured protein detection process. Reprinted from [41]

Plasmonic-based Colorimetric Assays: Colorimetric assays are based on the observation of
changes in the color of a solution or substrate upon viral binding [42]. Plasmonic
nanoparticles or nanostructures are functionalized with viral receptors or antibodies, and
when the target virus binds to the nanoparticles, it induces aggregation or dispersion of the
nanoparticles, leading to a visible color change. This color change can be detected with the
naked eye or using simple spectrophotometric techniques. Plasmonic-based colorimetric
assays offer simplicity, cost-effectiveness, and ease of use for virus detection in resource-

limited settings.
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Plasmonic-Enhanced Fluorescence: Plasmonic nanostructures can be used to enhance the
fluorescence signal emitted by fluorescent labels in virus detection assays [43]. By
incorporating fluorescently labeled viral probes or antibodies onto plasmonic substrates,
the proximity of the fluorophores to the plasmonic nanostructures enhances the excitation
and emission rates, resulting in increased fluorescence intensity [44]. This plasmonic-
enhanced fluorescence can improve the sensitivity and detection limits of virus detection

methods.

In general, plasmonic-based sensors can be enhanced through various means, including
utilizing intricate geometries [45], incorporating functionalized nanomaterials, integrating
with conventional assays, fine-tuning surface chemistry, and employing multiple
fluorophore labels [46]. These approaches offer robust characteristics such as high
sensitivity, reusability, and portability. Plasmonic-based sensing has proven to be a
versatile methodology for swiftly detecting a broad array of bio-targets. Notably, in virus
detection, plasmonic techniques boast advantages such as high sensitivity, label-free
detection, real-time monitoring, and potential for miniaturization and integration into
portable devices. They have been effectively applied in detecting viruses like influenza,
HIV, and SARS-CoV-2 [47]. However, optimizing assay conditions, nanoparticle
properties, and surface functionalization is crucial to ensure the specificity and reliability

of plasmonic-based virus detection methods.

1.3 Amplification-based detection
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Amplification-based detection methods are widely used in virology to identify and detect
the presence of viruses in various samples [48]. These methods utilize the process of
amplifying viral nucleic acids to increase their concentration, making it easier to detect and
identify the virus. One of the most commonly employed amplification-based detection
methods is polymerase chain reaction (PCR). PCR is a widely used technique that enables
the amplification of specific DNA or RNA sequences [49]. It involves multiple cycles of
heating and cooling in the presence of a DNA polymerase to facilitate the replication of
targeted viral genetic material. PCR can detect even a small amount of viral genetic
material, making it highly sensitive and specific for virus detection. Reverse transcription
polymerase chain reaction (RT-PCR) is another widely used amplification-based technique
specifically designed to detect RNA viruses [50]. It combines the reverse transcription of
RNA into complementary DNA (cDNA) followed by PCR amplification of the cDNA. RT-
PCR is commonly used for the detection of RNA viruses like influenza, HIV, and SARS-

CoV-2 [51].

Over the past few decades, a variety of PCR kits and thermal cyclers have been developed
and released to public markets [52]. For example, quantitative polymerase chain reaction
(gPCR), has revolutionized viral detection with its high sensitivity and specificity [53].
gPCR utilizes DNA intercalating dyes or fluorescent probes to amplify DNA iteratively
until a specific signal intensity is reached, allowing for accurate quantification of viral load
in patient samples based on the cycle threshold. Recent advancements have further
enhanced gPCR's capabilities, including multiplexing to detect multiple nucleic acid

targets per well and introducing novel primer designs that significantly improve sensitivity.
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These advancements underscore the indispensable role of gPCR in modern diagnostics,
making it the gold standard for viral detection strategies. In a recent study, Jacky et al.
pushed the boundaries of multiplexing in gPCR, achieving the detection of up to 20 nucleic
acid targets per well using standard gPCR instrumentation [54]. Their approach involved
generating distinct combined intensities for every possible combination of targets within a
single well, coupled with a robust encoding system to identify the presence of each target.
This innovation significantly expands the capacity for simultaneous detection within qPCR
assays. In a separate development, Zhang et al. introduced a groundbreaking primer design,
departing from traditional approaches [55]. They presented a novel short-stem hairpin
primer with a 3’ quencher modification and a fluorophore attached to the 5’-overhang. This
inventive primer design resulted in a remarkable tenfold increase in sensitivity and
facilitated the amplification of multiple DNA targets simultaneously. This breakthrough
promises enhanced performance and efficiency in multiplexed DNA amplification assays,

marking a significant advancement in molecular diagnostics.

In recent studies, many isothermal amplification techniques have been explored, such as
Recombinase Polymerase Amplification (RPA) [56], Loop-mediated isothermal
amplification (LAMP) [57], rolling-circle amplification (RCA) [58], and nucleic acid
sequence-based amplification (NASBA) [59]. Isothermal amplification techniques are a
group of molecular biology methods that allow for the amplification of nucleic acids at a
constant temperature, typically around 37-65 degrees Celsius. Unlike traditional

amplification methods such as PCR, isothermal amplification techniques do not require
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cycling temperature changes, making them simpler and more accessible for various

applications, including virus detection, diagnostics, and research [60].

LAMP is a robust and highly specific amplification method that can amplify DNA or RNA
targets. It utilizes a combination of four to six primers that recognize multiple regions of
the target sequence, resulting in the rapid and exponential amplification of the target
nucleic acid [61]. LAMP reactions can be visually detected by the turbidity of the reaction
mixture or by the addition of fluorescent dyes that emit visible light upon amplification.
Figure 1.9. shows the LAMP mechanism, it usually uses 4-6 primers recognizing 6-8
distinct regions of target DNA for a highly specific amplification reaction. The LAMP
method employs a single strand of DNA shaped like a dumbbell with loops at both ends.
This starting material is used to initiate a cycle of amplification reactions. DNA having an
inverse structure relative to the starting material is produced, and the starting material is
formed again by the same reaction. This cycle produces amplified DNA products that are
connected to an inverted repeat structure at the amplified region. The amplified products
again pass through repeated elongation reactions, which generate amplified DNA products

of various stem lengths.
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Figure 1.9 Schematic representation of the LAMP mechanism. Design of the primers for LAMP. Forward
inner primer (FIP): F2 sequence with Flc sequence at the 5’ end. Backward inner primer (BIP): B2
sequence with Blc sequence at the 5’ end. Outer primers are designed at the regions of F3 and B3.

RPA is an isothermal amplification technique that uses a combination of recombinase
enzymes and a strand-displacing DNA polymerase [62]. The recombinase enzymes
facilitate the binding of primers to the target DNA, and the polymerase extends the primers,
leading to the exponential amplification of the target sequence. RPA is a very fast technique,
typically providing results within 10-30 minutes. This is in contrast to PCR, which requires
multiple temperature cycles and can take several hours to complete. RPA reactions
typically operate at a constant temperature of around 37-42 degrees Celsius and can be
detected using various methods, including lateral flow strips [63], fluorescent probes [56],
or turbidity measurements [64]. Many applications have been developed for the virus
detection. Bao, et al. developed a FAST (funnel adapted sensing tube) chip to detect the
SARS-CoV-2 virus (Figure 1.10) [65]. First use RPA to amplify the target, and then
combing with the CRISPR Cas12 to detect the SARS-CoV-2 virus, which is power-free

and pipette-free nucleic acid detection. Make it easy to use in point-of-care detection.
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Step 1: Recombinase Polymerase Amplification (RPA)
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Figure 1.10 Principle of SARS-CoV-2 fragment detection using RPA amplification and CRISPR cleavage.
Reprinted from [65]

In summary, while the reliance on thermal cycling machines in PCR technologies poses
logistical challenges for on-site diagnostics, the emergence of isothermal amplification
techniques has garnered significant attention within the field. Isothermal amplification
methods offer distinct advantages over traditional PCR, primarily due to their ability to
operate at a constant temperature. This feature simplifies instrumentation requirements,
accelerates amplification times, and facilitates the execution of reactions in portable and
field settings. The adoption of isothermal amplification techniques represents a paradigm
shift in molecular diagnostics. Notably, these methods have broad applications across
various domains, including infectious disease diagnostics, point-of-care testing,
environmental monitoring, and research endeavors. By eliminating the need for thermal

cycling, isothermal amplification streamlines the diagnostic process, enabling rapid and

36



efficient detection of target nucleic acids. In many cases, isothermal amplification is also
combined with CRISPR technology to achieve more sensitive, specific, and simplified

nucleic acid detection [66].

Amplification-based detection methods, regardless of whether they employ traditional
PCR or isothermal techniques, have revolutionized virus detection and diagnosis. Their
inherent high sensitivity and specificity empower clinicians and researchers to identify
even minute concentrations of viral genetic material accurately. This capability is
particularly crucial in the context of infectious disease surveillance, allowing for the early
detection of pathogens and the prompt implementation of intervention and control
measures. Overall, the integration of amplification-based detection methods into diagnostic
protocols has significantly advanced our capacity to combat infectious diseases. By
providing clinicians and public health authorities with timely and accurate information,
these techniques play a pivotal role in mitigating the spread of pathogens and safeguarding

public health.

1.4 Outline and Contributions

This introduction Chapter 1 reviews the background, current status and potential power
of the different kind of biosensors. In conclusion, two main types of nucleic acid assays
are described, one based on CRISPR technology and the other based on amplification
methods. CRISPR-based nucleic acid assays offer excellent specificity, rapid detection
within minutes to hours, and the ability to perform single-step assays, reducing time and

resource requirements. They enable multiplexing, targeting multiple nucleic acid
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sequences simultaneously, and can be conducted with minimal equipment, making them
suitable for resource-limited settings. Amplification methods, such as PCR and LAMP,
offer high sensitivity, enabling the detection of low concentrations of nucleic acids even
with limited sample volumes. They also enable quantitative analysis, facilitating accurate

measurement of gene expression levels or pathogen load.

Chapter 2 presents a novel nanopore platform for high-throughput single-molecule
sensing, utilizing gold nanoparticles (AuNPs) to enhance the detection of viral RNA. A
sensitive CRISPR-Cas13a assay is employed for recognizing SARS-CoV-2 target RNA.
After magnetic bead separation, the CRISPR-Cas13 cleaved AuNPs are introduced into a
solid-state nanopore reader for detection. This combination of a highly specific CRISPR
assay with a highly sensitive nanopore platform represents a significant advancement
towards portable, rapid, and highly quantitative nucleic acid detection technology in point-

of-care (POC) settings.

Chapter 3 shows a novel integration of CRISPR-Cas assays with electrochemical
biosensors provides a multiplexing and amplification-free diagnostic platform, overcoming
limitations associated with conventional techniques. The presented dual-function biosensor,
utilizing aerosol inkjet printing and HRP-labeled CRISPR-Cas13a assay, demonstrates
excellent sensitivity and specificity for SARS-CoV-2 detection, offering a valuable tool for

point-of-care diagnostics of infectious diseases.
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Chapter 4 reveals a self-powered digital nanofluidic chip (dChip) offers nano-liter loop-
mediated isothermal amplification (LAMP) for rapid and quantitative genetic material
detection. Utilizing a vacuum lung system, our chip digitizes samples into nanoliter wells,
serving as individual reactors for on-site nucleic acid quantification. With a proof-of-
concept demonstration for Norovirus detection, our dChip exhibits superior user-
friendliness, portability, and robustness, promising improved POC diagnostics and

advancing public health efforts against emerging viruses.

Chapter 5 presents a digital nanofluidic chip that further advance nucleic acid
amplification by distributing target molecules into small pores for absolute quantitative
analysis. Our study presents a novel energy transfer-labeled oligonucleotide probe and
digital warm start assay within a nanofluidic chip for highly sensitive and quantitative
detection of HPV 16, offering a promising solution for precise diagnosis of sexually

transmitted infections in hospital or point-of-care settings.

Finally, Chapter 6 reviews the biosensing platform from fundamental principles to
applications and proposes future directions on what else these biosensing platforms can
bring us and what else we can learn from them. We foresee that the introduction of artificial

intelligence will revolutionize biosensors in the coming era of big data.
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Chapter 2. Nanopore sensing and recent advances in
nanopore research related to solid-state nanopores

2.1 Introduction

Nanopore sensing is a powerful technique that utilizes nanometer-sized pores to detect and
analyze molecules such as DNA, RNA, proteins, and small molecules [67]. The basic
principle involves passing these molecules through a nanopore, typically made from a
biological membrane protein or solid-state materials, and measuring changes in electrical
current or other physical properties as the molecules interact with the pore [68]. Solid-state
nanopores, in particular, offer several advantages over biological nanopores, including
greater stability, easier fabrication, and the ability to customize pore geometry and surface
properties. Recent advances in solid-state nanopore research have focused on enhancing

the sensitivity, selectivity, speed, and scalability of nanopore sensing platforms [69].

Some recent advances in solid-state nanopore research include improved sensitivity and
resolution: researchers have been working on reducing the size of solid-state nanopores to
enhance sensitivity and resolution [70]. This enables the detection and discrimination of
smaller molecules and finer structural features within biomolecules; Functionalization and
Surface Modifications: Surface modifications of solid-state nanopores can enhance their
selectivity towards specific analytes or enable the detection of molecules with greater
precision [71]. Functionalization with biomolecules, polymers, or nanoparticles can impart
additional functionalities such as molecular recognition or signal amplification [72];
Integration with Advanced Electronics: Integration of solid-state nanopores with advanced

electronic devices allows for real-time monitoring and analysis of molecular interactions.
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This includes the development of integrated circuits, field-effect transistors, and other
electronic components that interface directly with nanopore sensors [73]; Single-Molecule
Analysis: Solid-state nanopores enable the direct detection and analysis of individual
molecules in real-time, providing insights into molecular dynamics, conformational
changes, and interactions at the single-molecule level [74]. This capability is invaluable for
applications such as DNA sequencing [75], protein profiling [76], and drug screening [77];
Multiplexed Detection: Advances in nanopore array technology enable parallel analysis of
multiple nanopores, allowing for high-throughput screening of biomolecules and
simultaneous detection of different analytes [78]. This improves the efficiency and
scalability of nanopore-based sensing platforms; Applications in Biomedicine and Point-
of-Care Diagnostics: Solid-state nanopores hold great promise for applications in
biomedicine, including rapid and portable diagnostic devices for detecting pathogens,
biomarkers, and genetic variations [79]. The ability to perform label-free, rapid, and
sensitive measurements makes solid-state nanopores attractive for point-of-care

diagnostics and personalized medicine.

Overall, solid-state nanopore research continues to push the boundaries of molecular
sensing and analysis, with significant potential impact across various fields including
biotechnology, healthcare, environmental monitoring, and beyond. As researchers continue
to innovate and refine nanopore-based technologies, we can expect further advancements

in sensitivity, specificity, and practical applications of this versatile sensing platform.

2.2 Working principle of the nanopore sensor.
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Nanopore-based sensors have become an important tool for single-molecule analysis,
including nucleic acids, proteins, sugars, and a large number of biomolecules [80]. The
principle of conventional nanopore detection is resistive pulse sensing, which measures the
temporal fluctuation signal of the ionic current passing through the pore. By characterizing
the current signal, such as duration, signal amplitude, and signal frequency, we can obtain
information about the analyte, such as its size, shape, etc. Figure 2.1 illustrates the working

principle of a nanopore sensor [69].

Nanopore sensor devices are typically two reservoirs filled with an electrolyte (usually a
buffered salt solution, e.g., potassium chloride) separated by a thin, impermeable
membrane and connected by a nanopore. A constant voltage bias is applied at both ends of
the nanopore through electrodes, resulting in a steady-state ionic current flowing through
the nanopore. The ionic current either decreases due to the presence of an analyte that
hinders the access of the ions to the nanopore volume or increases when metal
nanoparticles are passing through the nanopore and enhance the ionic current due to the

high conductivity.
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Figure 2.1 Illustrates the working principle of a nanopore sensor. a. The diagram of nanopore sensing. b.
The signal analysis such as duration, signal amplitude, and signal frequency. c. Typical nanopore signal
diagram. Reprinted from [69]

The main point of the single molecule approach is that the space and time of the individual
analytes must be limited during the measurement. Ideally, the size of the sensing volume
should be comparable to the size of the analyte to achieve the sensitivity of a single
molecule. In a nanopore, the molecules are confined to a space of comparable size. This
places very high demands on the fabrication of the nanopore. On the one hand, the diameter
of the nanopore should be similar to that of the analyte in order to facilitate the detection
of a significant signal. On the other hand, the thickness of the nanopore should be as small
as possible, which allows for maximizing the detected signal. Recent advances in materials
science and surface chemistry have led to a wide range of different methods for processing
and fabricating nanopores, which make the devices not only more robust and sensitive but
also greatly increase the range of detection [81]. Figure 2.2 shows a typically fabricated

method of solid nanopores. Silicon nitride as a membrane for solid nanopores. PECVD
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method to coating the silicon. Wet etching for silicon, dry etching for silicon dioxide,

helium ion etching for silicon nitride layer [82].

(a) (b)
Diameter | Thickness | material | Method
Helium ion
SiN 300nm 200 nm SINX helium ion etching
X —— | —

Sio2 60nm 204 nm SINx helium ion etching
Si =

7.5nm 10+1 nm SINX helium ion etching

(e)

Figure 2.2 Typical fabrication methods for solid nanopores. (a) Diagram of nanopore fabrication. (b)
Relationship between nanopore diameter and thickness using helium ion etching method. (c)(d)(e) TEM
images for different diameters nanopore.

2.3 Selective sensing using molecular probes

In recent years, solid-state nanopore sensing has attracted increasing attention in detecting
single molecules with many advantages, including controllable feature size, high
sensitivity, simple readout, and label-free electronic sensing [83]. The technology has been
applied to many areas such as DNA sequencing [84], protein detection [85], nanoparticle
separation [86], and energy conversion [87]. Stefan et al. demonstrate that using the solid-

state nanopore can detect the local protein structures along the DNA [88]. In Figure 2.3,

44



DNA was coated with RecA protein. When the DNA translocation the nanopore, it shows

a different signal intensity. The current blocking time is also different for different

molecules.
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Figure 2.3 Detection of local protein structures along DNA using solid-state nanopores. (a) Schematic layout
of the experiment. DNA molecules (purple) are locally coated with RecA proteins (orange). The inset shows
a TEM of a 30 nm diameter nanopore. (b) Current trace before and after addition of the molecules. (c)
Conductance histogram of all events. Reprinted from [88]

CRISPR assays have shown outstanding competence for highly specific nucleic acid
targeting and have been used in various nanopore sensing platforms. For instance, Nouri
et al. developed solid-state CRISPR-Cas12a-assisted nanopores (SCAN) to specifically
detect the HIV-1 (Figure 2.4). The glass nanopore sensor is effective in monitoring the
cleavage activity of the target-DNA-activated Casl12a [89]. In addition, Nicole et al.
demonstrated the use of a highly specific dCas9 probe to create unique barcodes on DNA
that nanopore sensors can read. Multiple dCas9 probes are available to create characteristic
structural patterns on DNA. These sequence-specific structures simultaneously recognize
different DNA targets in a mixture, demonstrating an important step toward rapid DNA

identification [90].
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Figure 2.4 Schematic of solid-state CRISPR-Cas12a-assisted nanopore (SCAN) sensor. (a) Positive case,
the trans-cleavage activity of the Cas12a after activation causes degradation of the circular ssSDNA
reporters, resulting in reduced reporter event rate through the nanopore. (b) Negative case, the Cas12a is
not activated in the absence of target dsDNA and thus the ssDNA reporters are not cleaved. The nanopore
event rate remains high. Reprint from [89]

2.4 Gold Nanoparticle-Labeled CRISPR-Casl13a Assay for nanopore virus detection

This work aims to develop a nanopore array platform for high throughput single molecule
sensing. We leverage the strong ionic signal pulse caused by gold nanoparticles (AuNPs)
in the detection of viral RNA. A sensitive CRISPR-Cas13a assay has been developed to
recognize the SARS-Cov-2 target RNA. After magnetic bead separation, the CRISPR-
Cas13 cleaved AuNPs are introduced into a solid-state nanopore reader for detection. Our
combination of a highly specific CRISPR assay and a highly sensitive nanopore platform
has enabled our results to be an important step forward in the implementation of portable,
rapid, and highly quantitative nucleic acid detection technology in the POC environment.
In addition, it is also important to understand the physics of the particles translocation
process in a complex system, where electrohydrodynamic (electrophoresis,

electroosmosis), photon-induced thermal effects are involved.
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AuNP-labeled CRISPR-Cas13a nucleic acid assay for solid state nanopore sensing.

The protocol we developed is AuNPs labeled CRISPR-Cas13a assay for the virus detection.
Gold nanoparticles are one of the most commonly utilized nanomaterials due to their
stability and optical properties. Gold nanoparticles are readily conjugated to antibodies and
other proteins due to the affinity of sulfhydryl (-SH) groups for the gold surface, and gold-
biomolecule conjugates have been widely incorporated into diagnostic applications, where
their bright red color is used in home and point-of-care tests such as lateral flow assays.
And Gold nanoparticles have many properties that can make them have many advantages
in biosensors with easily functionalized surfaces, and surface plasmon resonance properties.
In the AuNP-labeled CRISPR-Casl13a nucleic acid assay, different virus concentrations
result in different amounts of reporter RNA cleavage, and after the separation of magnetic
spheres, the reporter RNA of label AuNP will be released in the supernatant, and the virus
can be quantified by colorimetric reaction and nanopore reader. The nanopore reader is a

single-molecule pass-through detection device that greatly improves detection limits.

Materials and reagents.

2.4.1 AuNP-labeled CRISPR-Casl13a nucleic acid assay.

CRISPR Lbu-Casl13a Trans-Cleavage: CRISPR-Cas13a and guide RNA were first mixed
in the following order: RNase-free water (22 ul), 6 ul of 5x Standard (STD) Buffer (250 x
107 M KClI, 100 x 103 M HEPES, 25 x 103 M MgClz, 5 x 10°° M DTT, 25% Glycerol,
pH 6.8), 1.67 ul of Lbu Cas13a in-stock solution (18 x 1076 M), 0.33 pl of guide RNA in-

stock solution (100 x 1076 M) to a total volume of 30 pl. The mixture was incubated at
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37 °C for 2 min followed by 8 min at room temperature, then put on ice for later use. Two
microliters of the Casl3a-guide RNA complex were then added into 11 pl of RNase-free
water, 4 ul of 5x STD buffer, 2 ul of RNA target with different concentrations, and 1 pl of
the biotin-fluorescein ssRNA reporter (10 x 107% M) to a total volume of 20 pl. The reaction
was incubated at 37 °C for 30 min.

Immobilizing RNA Reporters onto AuNPs: Streptavidin-coated AuNPs with a diameter of
40 nm (1.1 x 10°® M) were purchased from nano Composix Inc. The stock solution was
concentrated by a centrifuge process: 500 pL of stock AuNPs was added in a
microcentrifuge tube and spun for 8§ min (8000 rpm) and then 400 pl of the supernatant
was removed to achieve 100 ul (5.5 x 1073 M) of AuNPs. Ten microliters of

the concentrated AuNPs was taken and added into 20 pl of Casl3-guide RNA-RNA
reporter probe mixture. The sample was incubated on a rotary mixer at room temperature
for 15 min. Magnetic Bead Isolation: Dynabeads MyOne Streptavidin C1 with a diameter
of 1 um (10 mg ml™*) were purchased from Thermo Fisher Scientific Inc. Biotinylated anti-
fluorescein antibody (1 mg ml™t) was purchased from Vector Laboratories Inc. Before
conjugation, streptavidin-coated magnetic beads were washed three times with 1x PBS
buffer. Ten microliters of biotinylated anti-fluorescein antibody (1 mg ml™t) were added to
the 10 ul Dynabeads solution, followed by incubation at room temperature using a rotary
mixer for 30 min. After incubation, the beads were washed three times with 1x PBS buffer
to remove any unbound anti-fluorescein antibody. Thirty microliters of AuNPs labeled
Casl13a reaction products from the last step were then added. The reaction tube was
incubated at 37 °C for 30 min. After the reaction, the magnetic beads were isolated by a

magnet and left the supernatant for nanopore experiments.
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SiNx Nanopore Fabrication and Preparation: The 90 nm diameter SiNx nanopore chips
were provided by Norcada Inc. Before each experiment, the nanopore chip was sonicated
for 5 min to remove the debris. Deionized water and isopropyl alcohol were used to wash
the chip and the sample was dried with high-pressure gas. Nanopore Sensing and Data
Analysis: The portable nanopore reader (100 kHz bandwidth) was purchased from
Elements Inc. The nanopore flow-cell was constructed with two translucent parts made by
Delrin [PolyOxyMethylene (POM)]. Each part had a channel and a reservoir to hold the
electrolyte. The two translucent parts sandwiched the nanopore chip in the middle and then
were assembled with a 15 x 25 mm?PCB board with integrated Ag/AgCl electrodes. Two
microliters AuNPs samples was added into 90 ul of buffer (1 M KCI) on each side of the
reservoirs. Constant voltage (=700 mV to 700 mV) was applied across the portable
nanopore reader in this study. The Elements data reader collected the current data with a
frequency of 20 000 Hz. The Elements data analyzer (data analysis program developed by
the Elements. Inc) and a customized Python program was used to extract the single
molecule translocation events, the ionic current dip, and the molecule dwell time.
Specifically, the data analyzer detected the events by setting the baseline threshold, which
was the average value of the noise floor, and the high threshold, which was at least five
standard deviations (50) above the noise floor. The dwell time of the events that were lower
than 0.1 ms or longer than 100 ms was considered not regular dwell time, and the events
were discarded. TEM Imaging: JEOL (JEM-2010, Japan) was used to image the AuNPs

(HV =200.0 kV, direct Mag = 6 k x).

2.4.2 Gold nanoparticles labeled CRISPR Casl3a virus detection results.
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Characterization of Solid Nanopore sensing

The approach for solid-state nanopore sensing is shown in Figure 2.5. A SiNx nanopore
chip is sandwiched between two microfluidic reservoirs shown in blue. Two AgCI
electrodes are immersed in the reservoirs on both sides, and a constant voltage (=700 to
700 mV) is applied across the nanopore, causing a steady-state ionic-current flux at the
picoamp (pA) level through the nanopore. The translocation of the free AuNPs changes the

ionic current and is detected by the nanopore reader shown in the diagrams to the right.
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Figure 2.5 Schematic of the solid-state nanopore sensing platform. The nanopore chip is sandwiched
between two microfluidic reservoirs (blue) and silicone pads. The trans-cleavage of CRISPR-Cas13a

releases the gold nanoparticles to pass through the solid-state nanopore and changes the ionic current.
Reprinted from [72]

The free-standing SiNx membrane (thickness: 20 + 3 nm) sits on a 200 um thick silicon
substrate with a frame size of 5 x 5 mm. A 60 nm thick SiO:2 layer was deposited between
the silicon substrate and the SiNx membrane to reduce the electrical noise. The nanopore

(diameter: 90 nm) was prepared with a helium ion microscope (Figure 2.6a), the pore is
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visible as a round opening of <90 nm by transmission electron microscopy (TEM). Before
introducing AuNPs into the chip, the open-pore current in 1 M KCI solution was analyzed
to characterize the nanopore chip and the nanopore reader. As shown in Figure 2.6b, a
linear relationship between the ionic current and the applied voltage in the range of —400
to 400 mA was recorded (R? = 0.999) in 1 M KCI with a corresponding pore conductance
G, calculated to be 732.1 nS. The ionic conductance through an open solid-state nanopore

can be calculated by

Go = o=z + 2171 (1)
where o is the solution conductivity, [ is the membrane thickness, and d is the nanopore
diameter.
Here, [ is 20 nm and ¢ is 10.5 S/m in 1 M KCI at 23°C. The calculated nanopore diameter

is 89.5 nm, which is consistent with the TEM characterization.
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Figure 2.6 (a) TEM image of the nanopore chip with a pore diameter of 90 nm with diagram showing
cross-section. (b) A representative current—voltage (I-V) calibration curve of a ~90 nm nanopore in 1 M

KCI. The inset shows the liner fits yield a conductance of 732.1 nS and the diagram of KCI buffer passing
through the nanopore. Reprinted from [72]

Strategy for AuNPs labeled CRISPR Cas13a virus detection
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The schematic of the AuNP-Cas13 detection process is shown in Figure 2.7. Lbu-Cas13a
protein and crRNA are premixed to form a Cas13a:crRNA complex. In this case, the guide
RNA is specific for a nucleotide sequence within the S reading frame of SARS-CoV-2.
Then, biotin-FAM-labeled ssSRNA probes are introduced into the mixture (step 1). Next,
Streptavidin-coated AuNPs are added to the assay (step 2). The presence of the target RNA
(SARS-CoV-2) activates the Cas13a:crRNA complex, cleaving the ssRNA probes in the
solution. In the absence of the target RNA, the non-cleaved ssSRNA probes are captured by
anti-FAM coated magnetic beads (step 3) and isolated by a super magnet (step 4). Since
sSRNA probe cleavage is correlated to the target concentration, the amount of AuNPs

presented in the supernatant can be used for quantitative RNA target sensing.

1. Cas13a detection 2. AuNPs labeling 3. Magnetic beads capturing 4. Magnetic beads isolation

ssRNA probe cleavage Streptavidin coated AuNPs Anti-FAM coated magnetic beads Collect the supernatant
conjugate with biotin conjugate with FAM
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Figure 2.7 (a) Schematic of the AuUNP-Cas13-based nucleic acid detection strategy: Step 1. Cas13a/crRNA
complex cleavage of sSRNA probes; Step 2. Streptavidin-coated AuUNPs bind biotin-labeled ssSRNA probes.
Step 3. FAM-labeled ssRNA probes bind anti-FAM coated magnetic beads; Step 4. Magnetic bead
isolation of non-cleaved ssSRNA. Reprinted from [72]
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The target and the guide RNA sequences are listed in Figure 2.8. The SARS-CoV-2 target
(703 nts) was selected from the plasmid pUC57-SARS-CoV-2 (spike S gene). A 20-mer

guide RNA was selected to recognize a 20-nt sequence within the SARS-CoV-2 target.

SARS-CoV-2 genome (~30 kb)

S'UTR 3|b 8 J'UTR
6 N g]
ORFla ORF1b |as Ha—{ E Mw.m

Plasmid DNA 5’ ..ACCAGATGTTGATTTAGGTGACATCTCTGGCATTAATGCT. . -3/
../',:,""'\'_ 7
e Target RNA 5’ ..ACCAGAUGUUGAUUUAGGUGACAUCUCUGGCAUUAAUGCU. . -3’

(AR ARRRRRRRRRRRNNEE
S gene crRNA 3" . .UAAAUCCACUGUAGAGACCG. . -5’

Figure 2.8 The SARS-CoV-2 gene locus, target site, and the guide RNA sequence. Reprinted from [72]

The photographs of the cleaved products contained within microtubes are shown in Figure
2.9 a(i). The red color is observed for positive samples with a concentration above 0.1 x
107° M. On the other hand, for negative samples, the collected supernatants do not show
any color, regardless of the input target concentration (Figure 2.9 a(ii)). The results were
further confirmed by TEM imaging (Figure 2.9 b). For the 100 x 10° M positive sample
(Figure 2.9b(i)), clusters of the AuNPs are easily observed, indicating that the sSRNA
probes were cleaved, leaving the AuNPs in the supernatant. In the negative sample (Figure
2.9b(ii)), it was extremely difficult to observe AuNPs with TEM, indicating that most

AUNPs are conjugated on the magnetic beads.
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(a) (i) Positive: SARS-CoV-2 target (b) (i) AuNPs TEM image for SARS-CoV-2 (100 nM)  (ii) AuNPs TEM image for SARS-CoV-1 (100 nM)
100 10 1 0.1

(ii) Negative: SARS-CoV-1 target
100 10 1

Figure 2.9 The SARS-CoV-2 gene locus, target site, and the guide RNA sequence. (a) Images of the
AUNPs containing the indicated concentrations of (i) SARS-CoV-2 target RNA (positive) and (ii) SARS-
CoV-1 target RNA (negative). (b) TEM images of the cleaved products of (i) 100 nM of SARS-CoV-2
target RNA and (ii) 100 nM of SARS-CoV-1 target RNA. Scale bars are 200 nm. Reprinted from [72]

Identification of single AUNPs

To validate that the nanopore event rate can be used as a quantitative readout for the AUNP
and thus target RNA abundance, we performed nanopore counting with serially diluted
Streptavidin-coated AuNPs in 1 M KCI solution (Figure 2.10a). Typical current traces of
AuNPs with varying concentrations (0.5 x 107° to 50 x 10712 M) translocated through a
90 nm nanopore are shown in Figure 2.10b. The upward pulses along the time trace
indicates that the negatively charged AuNPs bring new ions into the nanopore, resulting in
a temporary increase in conductance. The nanopore chip is small in size and occupies the
largest resistance component in the whole circuit. Therefore, when the original solution
(buffer solution) is replaced by a more conductive solution, the resistance of the circuit
would decrease, resulting in the current increase. The current increases when adding more
AUNPs to the solution since the conductivity of the AuNPs is higher than the buffer solution.
A quick glance at these traces reveals that the events occur more frequently with the

increase of the AuNPs concentration.
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Figure 2.10 (a) Schematic of AuNPs (40 nm) passing through a nanopore chip (90 nm) at different
concentrations. (b) Typical current-time traces of AuNPs (0.5 fM, 5 fM, 50 fM, 0.5 pM, 5 pM, and 50 pM)
passing through a 90 nm nanopore with arrows showing detection events. Reprinted from [72]

The extracted event rate exponentially increases with the AuNPs concentration (R? =
0.9106), as shown in Figure 2.11a. The corresponding histogram of the current increase
(AI) versus the AuNPs concentration is shown in Figure 2.11b. The Al value is 320.5 +
132.1 pA for 50 x 107> M AuNPs, 395.5 + 90.3 pA for 0.5 x 107> M AuNPs, 454.0 +
171.7 pAfor 5 x 1072 M AuNPs, and 454.3 + 197.5 pA for 50 x 101> M AuNPs, indicating

that the Al increases with AuNP concentration.
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Figure 2.11 (a) Nanopore event rate versus AuNP concentration ranging from 0.5 fM to 50 nM. (b) The
histograms of the distribution of current increase corresponding to the translocations of AuNPs with
various concentrations, fitted to Gaussian curves. Reprinted from [72]

To further explore the current variation of the AUNPs, we extracted the dwell time and the
distribution of event charge deficit (ECD) for the AuNPs with various concentrations

(Figure 2.12). The calculated ECD value does not change with the different concentrations
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Figure 2.12 (a) Scatter plots show increased current vs. dwell time for different concentrations of AuNPs.
(b) ECD distribution with different concentrations of AuUNPs. (c) Box plot of the event charge deficits
(ECD) for various concentrations of AuNPs. Reprinted from [72]

Nanopore molecular accounting for virus detection
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After verifying the relationship between the AuNPs and the nanopore event rate, RNA
sensing was performed by varying the RNA concentration from 0.1 x 10712t0 10 x 10° M
while setting the AUNPs concentration at 5.5 x 10°° M. The current traces were recorded
using a single applied voltage (700 mV) for 5 min after the signal appeared. Multiple
specific periods were analyzed for each concentration. Figure 2.13a shows the detected
current trace of AuNPs with various SARS-CoV-2 RNA target concentrations and the
corresponding ion current versus the observed translocation time. More current traces of
AUNPs were detected with increasing target RNA concentrations. The current trace of the
AUNPs for negative control (SARS-CoV-1) is shown in Figure 2.13b. A flat control signal
was detected at most concentrations, and we only found a very low frequency of AuUNPs in

the 10 x 10~° M negative sample.
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Figure 2.13 (a) lonic current vs. time trace for translocation events count, dwell time histograms, count and
current histograms, and scatterplots of current and dwell time for different concentrations of SARS-CoV-2
target, labeled by AuNP-Cas13a assay. (b) Current trace of different concentrations of SARS-CoV-1 target
(negative control). Reprinted from [72]

To quantify the target RNA concentration, a calibration curve of extracted rate versus
AUNPs concentration was constructed (Figure 2.14). A linear relationship was found
between the extracted rate and the logarithm of the AUNP concentration (R? = 0.9944). The
scattering intensity of the AuNPs increases with the increasing target RNA concentration
(black curve). We are able to detect the signal from the AuNPs when the target
concentration is low as 100 x 101> M, thus achieving a highly sensitive detection. In

contrast, the negative samples show a flat line and do not increase with the concentration.
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Extrapolating the positive measured rate and comparing it with the negative control

suggests a detection limit of =50 x 1071°> M.
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Figure 2.14 Nanopore event rate versus RNA concentration (50 fM to 50 nM): SARS-CoV-2 (black);
SARS-CoV-1 (red). (R?=0.9944) Reprinted from [72]

2.4.3 Discussion

The CRISPR-enabled solid-state nanopore sensing established here shows great sensitivity
and specificity for viral RNA sensing. Without front-end target amplification, a detection
limit of 50 x 107 M (30 000 copies pl—1) is achieved by the unique trans-cleavage
property of the CRISPR-Casl3a assay. This detection limit is close to the required
sensitivity for rapid screening of SARS-CoV-2 [12]. Moreover, our protocol can be
integrated with established reverse transcription-loop-mediated isothermal amplification
(RT-LAMP) and reverse transcription-recombinase polymerase amplification (RT-RPA)

methods to extend the detection limit further by several orders of magnitude [9], [11].
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Our solid-state nanopore sensing platform requires only a smartphone-sized nanopore
reader designed for POC applications. Simple and inexpensive, CRISPR-based lateral flow
strips have been developed to diagnose SARS-CoV-2, but these tests cannot provide
quantitative results. On the other hand, quantitative polymerase chain reaction (qPCR) is
ultra-sensitive and quantitative but relies on bulky instruments and cannot be used in POC
settings or for frequent self-diagnosis [91]. Our strategy can differentiate SARS-CoV-2
and SARS-1 with femtomolar level sensitivity with a wide dynamic range of six orders of
magnitude, ideally for accurate detection and frequent testing to monitor the viral load in
the patients. Furthermore, since the nanopore chips are made by conventional
microfabrication, numerous nanopores can be patterned on a single substrate. Coupling
with the commercially available miniaturized multi-channel amplifiers, our system can
enable a highly multiplexing diagnostic instrument. However, we realized that pore-to-
pore variation might affect the detection limit, especially for nanopore array-based
multiplexing sensing. For future POC testing, all the nanopores will need to be calibrated

with reference samples.

Due to the small feature size of the nanopores, the presence of debris and air bubbles can
prevent the solution and target particles from flowing through the nanopore. Therefore, a
pre-wetting and cleaning process is crucial for the stable translocation of the AuNPs. We
found that treating the chip with a 5 min sonication, followed by washing with deionized
water and isopropyl alcohol is sufficient to wet and clean the chip. In our case, 40 nm
AuNPs are chosen for this CRISPR assay and are passed through a 90 nm nanopore. We

tested the inter-arrival time of the AuNPs at various concentrations and showed it follows
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the Poisson process (Figure 2.15). The nanoparticle and nanopore size combination ensure
the sensitive trace tracking of single AuNPs without causing nanopore blocking issues.
With the same nanoparticle size, we determined that a larger nanopore can indeed reduce
the blocking, but it also compromises the sensitivity. The mechanism of nanopore detection
is to detect the concentration of nanoparticles by detecting the current change when
nanoparticles pass through the nanopore at a certain time. When the nanopore size is too
large in proportion to the size of the nanoparticles, most of the nanopore space is not
affected when the nanoparticles pass through the nanopore. Therefore, the current change
is not obvious, and it is difficult to distinguish it from the signal fluctuation caused by
artefacts, such as current noise. For example, many translocation events were not
distinguished from the background with the 150 nm nanopore but were apparent with the

90 nm nanopore (Figure 2.16).
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Figure 2.15 The inter-arrival time of the translocation event for different concentrations of AuNPs,
following the Poisson process. Reprinted from [72]

In this work, the upper bound of the voltage setting is 700 mV, and the maximum current
value that can be read is 200 nA. In the future, the sensitivity of solid-state nanopore
sensing can be further improved by upgrading the electronic sensing circuit. Since the
driving force of AuNPs movement comes from the electrical potential difference of the

electrodes, increasing the voltage at both ends will increase the number and frequency of
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nanoparticles passing through the nanopore. In addition, increasing the current by either
increasing the applied voltage or changing the buffer concentration can also increase the
signal-to-noise ratio as the translocation signals from the background noise can be better

identified [89], [92].
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Figure 2.16 (a) Current trace and ionic current vs time trace for the AuNPs through (a) 90 nm nanopore
chip and (b) 150 nm nanopore chip. Reprinted from [72]

For the trace of the CRISPR-cleaved AuNPs, the histogram of the current increase does
not fit a Gaussian distribution. There could be two reasons for this: 1) Impurities, such as
CRISPR-Cas13 complexes and nucleic acid probes in the sample, can affect the
translocation signal of the AuUNPs. In contrast, the current signal of the pure AuNPs (Figure
3) fits the Gaussian distribution well because there are no impurities in the solution; 2) For
CRISPR experiments, the AuNPs concentration in the solution is low. Since our data model

will only fit the Gaussian distribution with a large amount of data, the statistical analysis
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is likely to deviate when the AuNP concentration is low. In the future, we will focus on

improving our data model to interpret the data more effectively [79].

One unique advantage of the CRISPR-Cas13a assay is that the guide RNA sequence can
be programmed to detect a specific target RNA. In this work, we designed a guide sequence
for SARS-CoV-2, and this guide showed great specificity against the SARS-CoV-1
negative control. This strategy can be extended to detecting other diseases, such as sepsis,
cancer, and genetic disorders, by using nucleic acids as biomarkers [93]. The combination
of the high specificity of the AuNP-based CRISPR assay with a sensitive solid-state
nanopore sensor can provide an appealing alternative for nucleic acid detection methods.
Finally, it is worth noting that the experimental setup presented here may be useful for
studying the dynamics of microscopic particles, as well as the change of conductivity of

microscopic particles in different solutions [94].
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Chapter 3. Electrochemical application in virus detection

3.1 Introduction

Electrochemical detection is a powerful analytical technique used to detect and quantify
molecules based on their electrochemical properties. It involves the conversion of chemical
information into an electrical signal, which can be measured and analyzed to provide
information about the presence and concentration of target analytes [95]. The basic
principle of electrochemical detection relies on the redox reactions that occur at electrodes
when analyte molecules interact with the electrode surface. These reactions result in
changes in electrical current, voltage, or impedance, which can be monitored and correlated

with the concentration of the analyte [96].

There are several common types of electrochemical detection techniques, including:
Voltammetry: In voltammetry, a potential is applied to the working electrode, and the
resulting current is measured as a function of the applied potential [97]. By sweeping the
potential over a range of values, different redox reactions can be induced, allowing for the
identification and quantification of analytes; Amperometry: Amperometry involves
measuring the current at a constant applied potential [98]. When analyte molecules undergo
redox reactions at the electrode surface, they produce a current that is directly proportional
to their concentration, allowing for sensitive detection; Potentiometry: Potentiometry
measures the voltage difference between a reference electrode and a working electrode in
a solution containing the analyte [99]. Changes in voltage, resulting from redox reactions

or changes in ion concentration, are used to determine the concentration of the analyte.
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Electrochemical detection offers several advantages, including high sensitivity, rapid
response times, and compatibility with a wide range of analytes [100]. It is widely used in
various fields, including environmental monitoring [101], pharmaceutical analysis [102],
clinical diagnostics [103], and food safety testing [104]. Recent advances in
electrochemical detection techniques have focused on improving sensitivity, selectivity,
and miniaturization. Nanomaterials, such as carbon nanotubes, graphene, and metal
nanoparticles [105], have been employed to enhance the performance of electrochemical
sensors by increasing the surface area, facilitating electron transfer, and providing sites for
specific molecular recognition. Additionally, advancements in microfabrication techniques
have enabled the development of miniaturized and integrated electrochemical sensor
platforms, suitable for point-of-care testing and portable devices [106]. These innovations
continue to expand the capabilities and applications of electrochemical detection, making

it an indispensable tool in modern analytical chemistry.

3.2 Biosensors using electrochemical detection

Electrochemical sensors involve using electrodes to measure the electrochemical changes
that occur when a chemical interacts with a sensing surface. An electrochemical sensor is
a device for quantitatively detecting oxidation or reduction currents of a specific chemical
species. Electrochemical sensors have the advantages of simple measurement procedures,
short reaction times, and adequate sensitivity and selectivity [31]. In chemical sensor

systems, a chemical reaction can convert the target species into a detectable species. On
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the other hand, electrochemical sensor systems can easily monitor concentration changes

over time [32].

Electrochemical biosensors are preferred for POC testing due to their speed, affordability,
and simplicity. The combination of electrochemical biosensors with microfluidics [107],
novel conductive materials [108], and CRISPR/Cas technology [109] enables rapid,
sensitive, and quantifiable multiplex nucleic acid detection. Also, the electrochemical
sensors have enhanced sensitivity, and the change of signal also can be easily quantified

by electrochemical detection.

Compared to fluorescence detection, electrochemical detection offers a simpler, lower-cost,
and more powerful strategy for nucleic acid detection. Recently, several electrochemical
CRISPR-based biosensors have been established for nucleic acid detection by exploiting
the cleavage ability of CRISPR-Cas proteins. Richard et al. developed a kind of
Electrochemical microfluidic biosensor for miRNA diagnostics (Figure 3.1) [110]. It is
CRISPR-Cas13a-driven electrochemical microfluidic biosensor for nucleic acid
amplification-free miRNA diagnostics. GOx-labeled antibody as the electrochemical
signal indicator. Different current signals are displayed in the presence or absence of target

RNA.
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Figure 3.1 Schematic illustrating the on-chip cleavage procedure for samples with or without target
miRNAs (blue). The biotin and 6-FAM-labeled reporter RNA is immobilized to the anti-biotin antibody,
where the GOx-labeled anti-fluorescein antibody binds to the reporter RNA. The crRNA/Cas13a complex
and a sample with and without target miRNAs (blue), is introduced into the biosensor to the completely
pre-immobilized assay. The target activated enzyme cleaves the bound reporter RNA and thus enables the
removal of the GOx-labeled antibody, resulting in a reduced amperometry signal. Reprinted from [110]

Marjon et al. developed an electrochemical strategy for low-cost viral detection [111].
Methylene blue is the signal indicator conjugated on the gold electrode surface via sSSDNA.
After the LAMP amplification and CRISPR Casl2a cleavage, the methylene blue will

cleave from the gold surface and can cause changes in electrical signals (Figure 3.2).
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Figure 3.2 Electrochemical Strategy for Low-Cost Viral Detection. MB (methylene blue)-labeled
oligonucleotides immobilized on gold leaf electrodes, the activated Cas12a can cleae the oligonucleotides
resulting in voltametric signal changes. Reprinted from [111]

3.3 Aerosol jet printing prints highly sensitive electrodes

Aerosol inkjet printing is an innovative technique that has gained significant attention in
recent years for its ability to create high-resolution prints and coating on various surfaces
[112]. This printing methods involves the use of an aerosolized ink, which is propelled
onto a substate using an inkjet nozzle system. The ink is broken down into fine droplets
and then ejected onto the desired surface, resulting in precise and detailed patterns. As the
aerosol inkjet printing offers several advantages over traditional printing methods [113].
Firstly, it enables high-resolution printing on various substrates, including paper, plastic,
and even 3-D objectives. This versatility makes it suitable for a wide range of applications.
Such as electronics [114], healthcare [115], and energy [116]. Secondly, aerosol inkjet
printing allows for faster printing speeds and improved efficiency compared to other
techniques. It is easy to achieve large-scale production. Additionally, the non-contact
nature of the process eliminates the risk of damage to delicate substrates. Here, we present
a dual-function biosensor for the detection of infectious disease pathogens using SARS-
CoV-2 as an example. This biosensor is an integrated three-electrode platform, fabricated

by aerosol inkjet printing [117].

3.4 Electrochemical and Colorimetric Biosensor for SARS-CoV-2 Detection
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In the chemical or colorimetric signal generation format, the HRP-enzyme + 3,3',5,5'-
tetramethylbenzidine (TMB)-substrate signal generation is a common group reagent [118].
The redox relationship between hydrogen peroxide (H202) and TMB exists, and HRP can
catalyze the oxidation of TMB to the blue product TMB?*. Due to their intrinsic and
significant catalytic properties, enzymes are often used as signal amplifiers in
biochemically relevant assays, and the change in color signal intensity is linearly related to
the target concentration and can be read out by the naked eye or quantified with a
spectrometer. At the same time, different amounts of TMB redox reactions also produce
different electrochemical signals, which can be detected by potentiostat, not only with good

detection sensitivity but also to quantify the reaction conditions.

Moreover, CRISPR-Cas assays can work with various sensing mechanisms to achieve a
multiplexing and amplification-free diagnostic platform. For example, electrochemical
biosensors have drawn great interest due to their excellent sensitivity/specificity, cost-
effectiveness, and ease of manufacturing [119], [120]. CRISPR-integrated electrochemical
biosensors have been developed for biomarker detection of nucleic acids, proteins, and
transcriptional regulation [34], [121]. However, most of these biosensors are fabricated by
expensive microfabrication processes and require the immobilization of sensing probes on
an electrode surface, which is complicated and time-consuming [122], [123]. Therefore,
developing a new electrochemical biosensor platform that does not require probe

immobilization is highly desired.

69



Here, we present a dual-function biosensor for the detection of infectious disease pathogens
using SARS-CoV-2 as an example. This biosensor is an integrated three-electrode platform,
fabricated by aerosol inkjet printing. Aerosol inkjet printing is an innovative technique that
has gained significant attention in recent years for its ability to create high-resolution prints
and coating on various surfaces [112]. In addition, we developed a horseradish peroxidase
(HRP)-labeled CRISPR-Cas13a assay to detect SARS-CoV-2 virus. Both colorimetric and
electrochemical readouts are provided by the catalytic oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) with a HRP tag. After activation of CRISPR-Cas13a by an
RNA target and subsequent cleavage of the HRP-labeled sSRNA probes, the TMB substrate
is added to produce colored oxidation products by a redox reaction. This reaction changes
both the electrochemical properties and the color of the assay solution and has thus dual
function. Without target amplification, detection limits of 195 and 163 fM are achieved for
colorimetric and electrochemical sensing, respectively. Both readouts demonstrate
excellent linearity with target concentrations ranging from the femtomolar to picomolar
range and are highly specific against negative control samples. Thus, this dual-function
biosensor establishes a key technology that is intended for POC detection of infectious

diseases.

3.4.1 Anti-FAM HRP labeled CRISPR-Casl3a nucleic acid assay for current and

colorimetric detection.

Materials and reagents: Dynabeads™ MyOne™ Streptavidin C1 (10 mg/ml) was

purchased from Thermo Fisher Scientific, Inc. HRP Anti-Fluorescein antibody (1 mg/ml)
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was purchased from Abcam, Inc. TMB Substrate Solution was purchased from Thermo
Fisher Scientific, Inc. Guide RNA and RNA reporter were purchased from IDT. Inc. Lbu-
Casl3a protein was prepared based on our established protocols and described in our
previous publication [124]. The target SARS-CoV-2 spike genes and negative controls
virus SARS-1 and Influenza A (H3N2) were amplified from plasmids.

CRISPR Lbu-Casl3a trans-cleavage: The Casl3a:crRNA complex was prepared by
incubating 1 uM CRISPR Lbu-Cas13a and 1.1 uM gRNA in 6 ul of 5 x Standard Buffer
(250 mM KCI, 100 mM HEPES, 25 mM MgClz, 5 mM DTT, 25% Glycerol, pH 6.8) and
24 ul RNase-free water for 2 min at 37°C followed by 8 minutes at room temperature. Then
put on ice for later use. Afterward, we added 4 pl of the Cas13a:crRNA complex into 20
ul of RNase-free water, 8 pl of 5 x Standard Buffer, 4 pl of target RNA with different
concentrations, and 4 pl of fluorescein-biotin sSRNA (10 uM). The complex solution was
incubated for 15 min at 37°C.

Conjugating the RNA reporters onto HRP Anti-Fluorescein antibody: After the trans-
cleavage of the ssRNA reporter. Then 20 ul (0.6 pg/ml) of HRP Anti-Fluorescein antibody
was added and incubated on a rotary mixer at room temperature for 30 min.

Magnetic bead isolation: The streptavidin-coated magnetic beads were washed with
washing buffer (1xPBS containing 0.01% Tween 20) three times before use. Then 60 ul of
CRISPR:Cas13a-HRP complex solution was added to 20 ul of Dynabeads solution. The
mixture was incubated on a rotary mixer at room temperature for 30 min. The HRP-
magnetic beads were separated from the unbound ssSRNA reporter by magnetic separation.
Colorimetric detection: The magnetic bead solution was then washed with washing buffer

three times. Afterward, 20 pL of the TMB substrate solution was added into the magnetic
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bead solution. The colorimetric changes were visually observed after a 15 min reaction.
The absorption spectrum was recorded with a microplate reader (Spectramax iD3,
Molecular Devices, USA) by removing the supernatant from the beads solution and
diluting to 100 uL in nuclease-free water.

RGB value analysis: Images were taken by a smartphone camera (iPhone 12) and the
changes in RGB values for each reaction were extracted for analysis. A 500-pixel x 500-
pixel square in each reaction pool was extracted (n=5) and analyzed by ImageJ, where the
color RGB value was recorded.

Fabrication of the graphene electrode: The 3-electrode platform includes a working
electrode, a counter electrode, and a reference electrode. An aerosol jet (Aerosol Jet 300,
Optomec Inc. US) with aerodynamic focusing was used to precisely deposit graphene ink
(Sigma Inc. US) onto the polyethylene terephthalate (PET)-based printed electronics
substrate (Novacentrix, Novele™ [J-220). The ink was placed in an atomizer that produces
ink droplets with a size between 1 and 5 pum. The aerosol mist was then delivered to the
deposition head, which was focused by the sheath gas that acts as an annulus around the
aerosol. As the sheath gas and aerosol passed through the nozzle, they were accelerated,
and the aerosol was "focused" into a tight stream of droplets that flows within the sheath
gas. The resulting high-speed particle stream remained focused over a distance of 2 mm
from the nozzle to the substrate without compromising the resolution. Once the chip was
fabricated, photonic curing was used to rapidly and efficiently convert the graphene ink
solution into high-quality thin-film electrodes [125]. Samples were passed through a
Novacentrix Pulseforge 3300 machine to expose graphene to an incident energy. The

PulseForge 3300 tool is capable of delivering peak power up to 100 kW/cm? in pulses as
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short as 30 ms. In this work, each sample was exposed to two 200 V pulses with a pulse
frequency of 2.8 Hz and a duration of 1,200 ms.

Characterization of the 3-electrode testing chip: The electrode morphology was scanned
using a profilometer (Modular Standard Optical Profilometer, Nanovea ST400). The
dimensions of the three-electrode section and the thickness of various materials were
determined by the profilometer. The stability and reproductivity for the 3-electrode system
were also tested. Twenty microliters of H2SO4 background electrolyte (0.05 M) were added
into the reservoir. Cyclic voltammetry was set between 0 and 1.2 V/ The speed rate was
0.1 V/s and the number of scans was five cycles.

Electrochemical detection: After the magnetic bead isolation, 20 pL of the reacted TMB
solution was removed from the tube and placed into the electrochemical platform reservoir.
The chronoamperometric response was obtained at + 3mV over 60 s on a potentiostat
(Reference 600TM, Gamry Instruments Inc, USA) with a graphene counter electrode and

a reference electrode.

3.4.2 HRP-labeled CRISPR Cas13a assay for virus detection.

Working principle of the assay.

The working principle of the dual-function biosensor is illustrated in Figure 3.3A. In this
protocol, an RNA fragment of the S gene of SARS-CoV-2 is detected by the
LbuCas13a:crRNA complex. In the presence of the target gene, the dual labeled fluorescein
and biotin sSRNA reporters are cleaved by the CRISPR-Cas13a complex. In the next step,

the HRP anti-fluorescein antibody is added to the solution, which can be conjugated with
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the fluorescein on the reporter side of the sSSRNA. After magnetic separation, the conjugates
are present on the magnetic beads while the unbounded HRP anti-fluorescein antibody is
removed from the supernatant. In the last step, TMB substrate solution is added to the
washed magnetic beads, allowing the HRP on the magnetic beads to catalyze TMB to the
blue product TMB?*. For electrochemical detection, the amount of HRP attached to the
magnetic beads varies with the target RNA concentration due to the amount of trans-
cleaved probes. HRP reacts with TMB for signal amplification and current detection. For
colorimetric detection, the HRP conjugated on the magnetic beads can catalyze the
oxidation reaction of TMB. This reaction presents a color change from colorless to blue
and can be detected by a microplate reader. The inset in Figure 1A shows the details of the
activated and inactivated Casl13a reaction. When the Cas13 enzyme is activated, no HRP
remains on the beads, thus TMB cannot be oxidized. On the other hand, inactivated Cas13
enzyme does not cleave the reporter probes, leaving HRP on the magnetic beads and
oxidizing TMB, which increases H20 in the solution and decreases the current. Figure
3.3B shows the segment of the target and the guide RNA sequences. We used the gold
electrodes to monitor SARS-CoV-2 RNA-activated LbuCasl3a:crRNA complex
endonuclease activity. As shown in Figure 3.3C, the current signal increases significantly
from 0.30 to 0.84 after the addition of the LbuCas13a:crRNA complex, indicating that the

CRISPR complex is active.
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Figure 3.3 A. Schematic of the reaction strategy: Step 1. CRISPR-Cas13a:crRNA complex cleaves an
SSRNA probe; Step 2. Anti-FAM HRP binds the FAM labeled ssSRNA probe; Step 3. The non-cleaved
biotin-labeled sSRNA probe is isolated by streptavidin magnetic beads; Step 4. Colorimetric reaction and
current detection with TMB oxidization. B. SARS-CoV-2 gene location, target site, and guide RNA
sequence. C. Current Signal Change Ratio with and without SARS-CoV-2 target, showing ~3-fold
difference in signal. The statistical significances are calculated by t-test (****P < 0.0001). Error bars: SD,
n=3. Reprinted from [117]

The fabrication process of the chip (10 mm x 6 mm) is shown in Figure 3.4A. The surface
topography was characterized using optical profilometry (Figure 3.5A) and cyclic
voltammetry (Figure 3.5B). The thickness of the graphene electrode is 3 £ 0.2 um,
showing a very smooth surface (Figure 3.6). The repeatability and reproducibility of the

gold electrodes were tested by tracking their response to H2SO4 solutions over a set period.
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The electrode substrate was stored in a closed container and the response to the H2SO4
solution (0.05 mM) was recorded. Figure 3.5A shows several representative voltammetry
curves of the graphene electrodes. In the voltammograms of the three measurements
performed on the same day (lines 1, 2, and 3), 98.0% of the original peaks and potentials
were found to be retained, demonstrating the high stability of the chip. Similarly, the
response of the H2SO4 solution (0.05 mM) was recorded on different days (one day apart,
lines 4, 5, 6). Voltammograms show similar trends with the same current magnitude at the
desired potential with an RSD of 5.81%, demonstrating the high repeatability and

reproducibility of the working electrode [126].

A Step 1. Aerosol Jet Printing Step 2. Photonic Curing

Aerosol Jet 300

Counter
Electrode

Working
Electrode

Reference
Electrode

Substrate

Connecting Pads

Figure 3.4 A. (1) Schematic of the aerosol jet printing process for the dual-function biosensor and the
graphene electrode with a working electrode, a counter electrode, and a reference electrode. (2) The
photonic curing system for the graphene electrode. Reprinted from [117]
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Figure 3.5 A. Profilometer scan of the graphene electrode, showing a smooth surface with only £ 0.2 um
variation. B. Graphene electrode voltammetry curves for H,SO4 solution (0.05 mM). Lines 1, 2, and 3 are
scans on the same day, and lines 4, 5, and 6 are scans from different days (one day apart). Reprinted from
[117]
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Figure 3.6 Height value of electrode cross section. Reprinted from [117]

In our assay, increasing concentrations of target RNA in the sample results in more HRP
released from the magnetic beads, leaving less HRP enzyme to oxidize TMB. As shown in
Figure 3, the absorbance of the characteristic peak at 650 nm derives from the catalyzed
reaction product of TMB, indicating that HRP attached to the magnetic beads possesses
good catalytic ability. As expected, the UV-vis absorption peak gradually decreases with
the increasing target RNA concentration from 100 fM to 1 nM (Figure 3.7A). Figure 3.7B

shows the absorption measurements for the different negative controls (SARS-1, Influenza
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A, and no target), which are noticeably different from the positive samples. In Figure 3.7C,
the absorbance is linearly correlated with the change of target RNA concentration from
100 fM to 1 nM (R? = 0.91385). Therefore, the detection limit was determined to be 324.1
fM based on the 36 rule [127]. The inset of Figure 3.7C is a photograph of the reaction
solution in daylight associated with the increase of target RNA concentration. We note that
the color of the reaction mixture changes continuously from dark to light with increasing
target concentration, which can be identified by naked eye. The peak absorption of the

positive and negative samples is shown in Figure 3.7D and the inset is a photograph of the

sample, clearly showing the difference.
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Figure 3.7 A. UV-vis spectrum vs. SARS-CoV-2 RNA concentration after RNA detection by our assay. B.
UV-vis spectrum vs. positive and negative target. C. Top: Photographs of the test solution with different
SARS-CoV-2 concentrations under daylight. Bottom: The relationship between the integrated absorbance
and the concentration of SARS-CoV-2 RNA. Inset: The calibration curve for the integrated absorbance
value vs. The logarithm of the target concentration. Error bars denote standard deviation (n = 5). D. Top:
Photographs of the test solution of different targets under daylight. Detection specificity of the SARS-CoV-
2 RNA target compared with other targets. Error bars denote standard deviation (n = 5). The asterisks
represent statistical significance according to a t-test of *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. Reprinted from [117]

After optimizing reaction conditions, the analytical performance of our chip was
investigated. As shown in Figure 3.8A, the color of the substrate changes from blue to
colorless as the concentration of SARS-CoV-2 RNA increases. By analyzing the RGB
values, we found that the R values are linearly correlated with target RNA concentration
ranging from 100 fM to 1 nM (R2 = 0.95). (Table S1). Therefore, the detection limit was
determined to be 195 fM according to the 36 rule. The specificity of our chip was also
investigated by using SARS-1 and Influenza A as negative samples. As shown in Figure
3.8B, without target input, the solution shows no significant color change, while the
addition of target RNA triggers a dramatic color change. Similar to the no target sample,
this color change can easily be observed by naked eye. This result indicates that our strategy

can be used for the detection of SARS-CoV-2 RNA with a high sensitivity and specificity.
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Figure 3.8 A. Top: Photographs of the test solution with different SARS-CoV-2 RNA concentrations under
daylight. Bottom: The relationship between the R value and the concentration of the SARS-CoV-2 RNA.
Inset: Calibration curve of the R value vs. The logarithm of the target concentration. Error bars denote
standard deviation (n = 5). B. Top: Photographs of the test solution with different RNA targets under
daylight. Bottom: Detection specificity of the SARS-CoV-2 RNA target compared with other targets. Error
bars denote standard deviation (n = 5). The asterisks represent statistical significance according to a t-test.
*P <0.05, **P < 0.01, ***P <0.001, ****P <0.0001. Reprinted from [117]

Electrochemical measurements were also performed to quantitatively assess the detection
limit and dynamic range of the target. In the TMB substrate solution, the
chronoamperometric response at +3 mV increases with increasing target RNA
concentration (Figure 3.9A). A linear relationship was observed between
chronoamperometric response and target RNA concentration ranging from 100 fM to 10
nM (R2 = 0.98) with a correlation coefficient (Figure 3.9B). The detection limit was
determined to be 163 fM based on the 36 rule. Figure 3.9C and Figure 3.9D show the
comparison of the current curves and different current values for chronoamperometric
reactions for positive and negative targets, showing clear differences between positive and

negative groups.
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Figure 3.9 A. Chronoamperometric responses of SARS-CoV-2 RNA targets at different concentrations. B.
Plot of current of last 30s mean value versus different concentrations of SARS-CoV-2 target. Error bars
denote standard deviation (n = 5). Inset: Calibration curve of the current vs. the logarithm of the target
concentration. C. Chronoamperometric responses of the positive and negative targets. D. Detection
specificity of the SARS-CoV-2 RNA target compared with other targets. Error bars denote standard
deviation (n = 5). The asterisks represent statistical significance according to a t-test. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. Reprinted from [117]

A comparison of the linear fits of R values and current values for different concentrations
of SARS-CoV-2 targets is shown in Figure 3.10. Both readings show excellent linearity
over the range of target concentration from femtomolar to picomolar, confirming the high

sensitivity and reliability of the biosensor.
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Figure 3.10 R value intensity and measured current vs. target RNA concentration with a R? value of 0.9508
and 0.9913, respectively. Error bars denote standard deviation (n = 5). Reprinted from [117]

3.4.3 Discussion

Our reaction chemistry is highly specific and reliable. First, specific guide RNA sequences
only recognize specific target RNAs due to the characteristic specificity of the CRISPR
guide RNA sensing the target sequence, making it more specific than other sensing
methods, such as immunoassays [128]. We show that we can differentiate SARS-CoV-2
from negative controls such as Influenza and SARS-CoV-1 at various concentrations.
Second, in our reaction, the signal indicator Anti-FAM HRP is conjugated on the magnetic
beads via SSRNA linkers. After the washing step, the impurities in the reaction are washed
away thus leaving the final reactants with a relatively pure HRP enzyme to react with the
TMB substrate. The high purity of the analyte is critical for electrochemical detection, as
the presence of impurities in the reaction solution can cause current changes and reduce

the detection sensitivity [129]. Third, unlike other electrochemical methods, our approach
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does not require complex modification of the electrode surface with capture antibodies or
probes, thereby avoiding many limitations associated with surface functionalization and
simplify the reaction step. Last but not least, this detection can be performed within one
hour and at a relatively low cost. Short detection times are due to the rapidity of the Cas13
reaction and the timeliness of the current detection, which provide real-time results [130].
Our amplification-free detection method simplifies the whole reaction and is designed for
POC applications. In addition, a useful biosensor should have good stability during the
sensing process. By observing the response of our biosensor exposed to sulfuric acid (0.05
mM) over a set time for 12 cycles, voltammograms of multiple measurements on the same

chip were compared, showing a very high retention of the original peaks and potentials.

One unique advantage of our biosensor is the dual-function detection scheme as we can
track both electrochemical signal change and colorimetric signal change simultaneously.
Reading color changes with the naked eye is simple and straightforward, which is desired
for rapid POC applications [33]. On the other hand, the electrochemical sensing provides
a more quantitative readout, which is crucial to monitor the viral load in the sample when
necessary. Importantly, a similar detection limit for colorimetric and electrochemical
sensing is achieved. This dual-function platform reduces the false-positive and false-

negative results caused by the variation of target samples and test chips.

Our electrochemical chip was fabricated by aerosol-jet printing, which is highly stable and

inexpensive. Aerosol-jet printing technology is a process of depositing extremely fine

droplets (2-5 pum diameter) of ink suspended in an aerosol onto a substrate to form patterns.
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The aerosol used in this process acts as a carrier to deliver the ink to the surface, providing
a more consistent and controlled deposition than traditional liquid-based inkjet
technologies [113]. One of the main advantages of aerosol-jet printing technology is its
ability to produce high-resolution patterns with precise control over the size and
distribution of the ink droplets. This high level of control enables the creation of intricate
and detailed designs, making it ideal for a wide range of applications, including printing
on flexible and transparent substrates [131]. Another advantage of aerosol-jet printing
technology is its ability to print on a wide range of materials, including those that are
difficult to print on using traditional liquid-based inkjet technologies. This is due to the
unique properties of aerosol, which allow it to conform to irregular surfaces and maintain
its stability, even on porous or uneven substrates [115]. In addition, the chip manufacturing
method we utilize significantly reduces production costs and enables easy scalability for
large-scale production. We have demonstrated the significant benefits in cost and time
without sacrificing sensitivity. In the future, when combined with portable electrochemical
testing devices [132], it can facilitate timely POC testing in remote areas or regions with

limited resources.

Our biosensor is based on a highly specific CRISPR-Cas13 assay and a highly sensitive
electrochemical detection platform. Without target amplification, a detection limit of 200
fM is achieved, which is 500 time more sensitive than our previous results of using pure
liquid phase CRISPR-Cal3a reactions [133]. This dual function of electrochemical and
colorimetric approach also avoids photobleaching problems in fluorescence-based sensing.

In the future, our assay can be combined with RT-LAMP or RT-RPA methods to extend
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the detection limit by several orders of magnitude [134]. In addition, by simply changing
the design of guide RNA sequences, our assay can be used to detect a wide range of
infections and diseases, such as cancers and sepsis, which are the main causes of premature
deaths [135]. Furthermore, aerosol inkjet printing is a highly versatile and precise printing
technique that offers unique advantages in terms of material compatibility, resolution, and
flexibility [136]. Its applications range from printed electronics and sensors to
biotechnology and beyond, making it a promising technology for numerous industries

seeking innovative and efficient printing solutions [137].
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Chapter 4. Loop-mediated amplification integrated on
microfluidic chips for point-of-care quantitative detection
of nucleic acid

4.1 Introduction

Amplification-based nucleic acid detection methods are powerful techniques used to detect
and quantify specific DNA or RNA sequences in biological samples [48]. These methods
rely on the amplification of the target nucleic acid sequence to levels that are easily
detectable, even if the initial concentration of the target sequence is very low. One of the
most widely used amplification techniques is polymerase chain reaction (PCR), which
involves cycles of DNA denaturation, primer annealing, and DNA synthesis by a DNA
polymerase enzyme [49]. PCR amplifies the target sequence exponentially, making it
highly sensitive and specific. Variants of PCR, such as quantitative PCR (qPCR) [54] and

digital PCR (dPCR) [138], allow for precise quantification of target nucleic acid.

The isothermal amplification-based nucleic acid detection methods offer an efficient, rapid,
and often deployable alternative to traditional PCR techniques, which require cycling
through different temperature stages [139]. These methods operate at a constant
temperature, simplifying instrumentation and reducing the time required for analysis.
These technologies have brought revolutionary changes to molecular diagnostics,
especially in environments with limited resources and lacking advanced laboratory
equipment. One prominent isothermal amplification method is Recombinase Polymerase
Amplification (RPA) [140], which utilizes recombinase proteins to facilitate primer

binding to target sequences and DNA polymerase to amplify the primers. It operates at a
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constant low temperature (37-42°C) and can detect DNA or RNA targets. Another
commonly used amplification method is Loop-Mediated Isothermal Amplification (LAMP)
[141], which employs multiple primers and a DNA polymerase with strand displacement
activity to amplify DNA under isothermal conditions, typically around 60°C. Compared to
PCR, LAMP offers high sensitivity, simplicity of equipment, and is suitable for point-of-

care diagnostics.

Amplification-based nucleic acid detection methods have revolutionized molecular
biology, diagnostics, and biomedical research by enabling rapid and sensitive detection of
infectious agents, genetic mutations, and gene expression levels. They are essential tools
in fields such as clinical diagnostics, forensics, environmental monitoring, and

biotechnology.

4.2 The different strategy of LAMP visualization nucleic acid detection method

Detection of nucleic acids by isothermal amplification reactions requires simple and
effective assays, resulting in a wide variety of endpoint and real-time monitoring methods.
Isothermally amplified DNA can be visualized by gel electrophoresis or other post-
amplification assay steps, but these steps require the reaction tube to be opened, thus
greatly increasing the risk of carrying contamination [60]. To minimize this risk and
increase the applicability of simple on-site assays, single-pot reactions are strongly
recommended. Several assays applicable to such closed-tube amplification reactions are

available for endpoint detection and real-time analysis of amplified DNA. Here, we focus
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on direct and indirect methods for visualizing nucleic acid amplification by loop-mediated
isothermal amplification (LAMP). Commonly used visualization reagents for LAMP are
magnesium pyrophosphate [142], hydroxynaphthyl blue (HNB) [143], calcein, SYBR
Green | [144], EvaGreen [145], and berberine. All of these reagents can be used to
differentiate between positive and negative samples under non-visible or UV light.
Precipitation of magnesium pyrophosphate results in turbidity of the reaction solution. The
use of HNB causes the color to change from purple to blue, while calcein causes the color
to change from orange to yellow green. Figure 4.1 shows the overview of direct and indirect

detection methods for visualize the LAMP reaction results.

A (DNA), +dNTPs + Me* —>  (DNA)p+1 + Me2P207
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Figure 4.1 Overview of indirect and direct detection methods used for monitoring loop-mediated isothermal
amplification (LAMP). A. Chemical equation for the DNA polymerase reaction. Me?* represents a metal
ion that can be detected indirectly by LAMP byproducts. B. Top: Magnesium pyrophosphate precipitation
causes either a turbid solution or the appearance of white particles. Middle: The color change in
hydroxynaphthol blue (HNB) can be attributed to a decrease in magnesium. Bottom: Calcium xanthophyll
is initially quenched by manganese. C. Direct detection of amplified DNA using DNA cross-linking dyes
such as SYBR Green I, EvaGreen, and berberine. Reprinted from [146]

88



4.2.1 The colorimetric LAMP reaction.

This section shows a detailed experimental procedure for the LAMP colorimetric reaction.

Materials and reagents.

Colorimetric LAMP assay for SARS-CoV-2 detection. SARS-CoV-2 Rapid Colorimetric
LAMP Assay Kit was purchased from New England Biolabs, Inc. LAMP reaction was
prepared in a total volume of 25 pl which included 12.5 ul WarmStart LAMP 2X master
mix with UDG, 2.5 pl primer mix (16 uM of FIP and BIP primers, 2 uM of F3 and B3
primers, 4 uM of Loop F and Loop B), 2.5 pl guanidine hydrochloride, 2 pl target with
different concentrations, 5.5 pl nuclease-free water. Each tube is covered with 20 ul of
mineral oil. Place reactions into a heat block and incubate 65°C for 30 minutes. The color

change of the solution can be observed with the naked eye at the end of the reaction.

The photograph at the top of Figure 4.2 shows the result of SARS-CoV-2 target
amplification in a tube. It is easy to observe the color change of the solution with the naked
eye. The solution changes to yellow in the presence of target DNA, and the negative control
remains the same color, pink. The photograph shows that the detection limit is about 200
copies/ul (~334 aM). Phenol red is a pH indicator which can indirectly detect the results
of amplification reactions because the synthesis of DNA produces a large amount of
hydrogen ions, making the solution acidic and the phenol red indicator will become pink
to yellow. The bar graph shows the Hue degree of different concentrations of SARS-CoV-

2 target, for the negative sample, the Hue degree is about 340°, which has significantly
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difference with positive samples. Using the photograph analysis, it’s easily quantified the

results and it’s friendly for people with weak color.
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Figure 4.2 Colorimetric detection of the SARS-CoV-2 DNA by LAMP reactions.

The loop-mediated isothermal amplification method (LAMP) uses the N gene and E gene
of SARS-CoV-2 as the detection virus and can detect the virus at a minimum concentration
of 200 Copies/ul (334 aM) with the naked eye in 25 minutes at 65 degrees Celsius, which
is a very low virus concentration and is certainly a great advantage for our virus detection.
Here we can not only easily observe the change of signal with the naked eye, but also
analyze the color analysis with hue. In future experiments, this amplification method will
be combined with a microfluidic system and have intelligent picture analysis so that we

can get an integrated, and fast and convenient way to detect viruses.

4.2.2 Fluorescent dye-based LAMP reaction
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Another assay that can be directly visualized LAMP reaction is the direct detection of
isothermally amplified DNA using intercalating dyes. SYBR Green | and EvaGreen are
widely used in PCR and are well characterized. These two dyes emit a weak fluorescent
signal in the presence of single-stranded DNA (ssDNA) but instantaneously emit a strong
fluorescent signal when bound to double-stranded DNA (dsDNA), requiring no reaction
time, making them ideal for the detection of DNA in LAMP reactions. Because of its
inhibitory effect on DNA polymerization at higher concentrations, SYBR Green 1 is
primarily used in LAMP for end-point detection, either by adding it to the reaction mixture
after the amplification reaction or by depositing the dye on the lid of the reaction vessel
EvaGreen is more suited for real-time monitoring of LAMP reactions because it does not
affect DNA polymerization and therefore may be present throughout the reaction.

1. LAMP Result with Eva Green Dye 2. LAMP Result with SYBR Green |

Turbidity results

OREEREEREEE

8 O

Figure 4.3 Fluorescent dye-based LAMP reaction result. 1.LAMP result with Eva green dye, target is lambda
DNA, the detection limit can reach the 10 aM. The bottom figure shows the turbidity result of positive and
negative. 2. LAMP result with SYBR Green | dye, the top photograph shows the tube under natural light.
And the bottom photograph shows the fluorescent signal, the detection limit can reach 10 aM.
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Figure 4.3 illustrates the results of the assay using the two fluorescent dyes, the limit of
detection for both the Eva Green dye and the SYBR Green | dye is 10 aM. It can also be

observed that the positives have turbidity while the negative control reaction is clear.

4.3 Introduction of Microfluidic Nano digital chip for nucleic acid detection

Foodborne illness presents significant challenges to both public health and the economy in
the United States. Annually, there are over 45 million cases of illness, resulting in 3,000
deaths and economic losses exceeding $55 billion [147]. The lack of rapid and sensitive
detection methods for foodborne pathogens outside of laboratory settings contributes to
frequent outbreaks associated with food products [148]. Conventional methods for
detecting these pathogens in foods are limited, and detecting viruses like human norovirus
presents additional challenges due to their inability to be easily enriched [149]. Widely
used molecular techniques such as RT-gPCR require advanced equipment, electricity, and
skilled operators, as well as stringent nucleic acid purification due to susceptibility to
inhibitors in foods, making them impractical for non-laboratory settings [150].
Immunoassays, while simpler, suffer from poor sensitivity and produce false positives
[151]. Consequently, developing a rapid, low-cost, highly sensitive, and field-ready assay
for detecting foodborne pathogens in foods without complex sample preparation is crucial

for reducing foodborne illness [152].

Microfluidic technology that can manipulate fluids in the channels with dimensions of tens

to hundreds of micrometers has emerged as a distinct new field [153]. Over the past few
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decades, microfluidic systems have rapidly developed into inexpensive and portable
analytical devices, combining sample pretreatment, separation, reaction, and detection.
Various methods have been reported to fabricate microfluidic devices, including laser
ablation, hot embossing, and polymer casting [154]. Microfluidics is an ideal technology
for isolating single-cell nucleic acids from bulk solutions into small volumes. The ability
to manipulate nanoliter wells or droplets as independent reactors enables microfluidic
devices to provide high-throughput analysis platforms. Compared to large-capacity
microliter reactors, nanoliter reactors have been shown to enhance throughput and reduce
detection time by generating high-density environments and concentrating diffusible
signals. Additionally, enclosing the entire analysis process within nanoliter wells or
droplets can reduce potential contamination, conserve reagents, and improve sensitivity,

specificity, and reliability [152].

Foodborne pathogen detection conducted on digital microfluidic chips is frequently
reported, including the analysis of protein biomarkers and target nucleic acids [155]. For
example, droplet digital PCR (ddPCR) has been widely used in various biological research
applications, including the detection of foodborne pathogens. Although ddPCR can provide
sensitive and high-throughput detection of foodborne pathogens, it requires an external and
expensive passive pump system to load reaction reagents, limiting its true portability and
practical applications in point-of-need settings [156]. There are also many other methods
to manufacture such reactors and perform reactions on chips. These methods include
continuous-flow water-in-oil (w/o0) droplets [157], static microchamber arrays such as

SlipChip [158], porous arrays [159], OpenArrays [160], or valve-based reaction chamber
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arrays [161]. Although each of these platforms has certain advantages, most still require
additional mechanical manipulation or complex microfabrication to achieve complete
digitization. Many of these platforms also require excessive sample volumes to achieve
sample digitization. In situations where resources are limited, there is still a need to develop
simple, inexpensive, and sample-saving devices to provide self-contained nanoliter

compartments and minimize the complexity of chip operation.

Herein, we describe a Nano digital LAMP assay platform to achieve absolute quantitative
analysis of nucleic acids. It introduces nano-digital LAMP reagents directly into a digital
microfluidic chip. The signal amplification provided by this approach achieves ultra-
sensitive detection of target nucleic acids. This portable chip uses loop-mediated
isothermal amplification (LAMP) technology, which enables a one-pot target-specific
assay based on the principle that a dye-labeled primer is added to a target-specific amplicon
and a short complementary quencher hybridizes to the unbound primer. Digital quantitative
nucleic acid detection can be performed directly from the target sample within 30 minutes.
These contributions address the shortcomings of qualitative detection and complex assay
instrumentation while retaining the advantages of simplicity, low cost, portability, and
quantitative molecular readouts. Our portable digital nanoliter chip digitizes nucleic acid
amplification signals without the need for external equipment and can be used for rapid,
sensitive, convenient, and cost-effective on-site detection of viral and bacterial pathogens
in food products, thereby improving food safety. This is important for the long-term goal
of preventing the spread of foodborne pathogens in food and reducing foodborne disease

outbreaks.
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4.4 Integrated microfluidic chip for isothermal amplification detection of nucleic
acids
A fluorescence labeled FIP primer and quencher probe-based RT-LAMP assay was
developed to detect norovirus.
Materials and Methods
RNA Preparation: Gene fragments of Norovirus (GIl) (accession no. X86557) were
ordered from Integrated DNA Technologies and resuspended in TE buffer (Table S1). The
norovirus RNA for RT-LAMP assay was synthesized by HiScribe® T7 High Yield RNA
Synthesis Kit (New England Biolabs, Inc). DNase | was used to remove the DNA templates.
After that, a Monarch® RNA Cleanup Kit (NewEngland Biolabs, Inc) was used to purify
the RNA. The RNA concentration was determined from the A260 value measured by a
Nanodrop spectrophotometer. The gel electrophoresis image of the RNA sample is shown
in Figure 4.4,

Size (bp) RNA Sample

10,000 —
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Figure 4.4 The gel electrophoresis image of Norovirus RNA sample.

LAMP Primer Design: The Norovirus primers sequences were designed according to the

LAMP Primer Design Tool from New England BiolLabs website. Primer sets were
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analyzed by comparing to all the norovirus sequences in GenBank to avoid cross-reactivity
with other viruses. Primer sets were also evaluated to minimize hairpin formation and self-
dimerization using OligoAnalyzer. FAM-FIP primers and their complementary quenching
probes were designed using IDT’s online OligoAnalyzer tool (v3.1) with parameters
adjusted for LAMP reaction conditions. Fluorescently labeled primer was selected by
avoiding primers that were likely to form stable hairpins. The melting temperature of the
fluorescent primer-quenching probe complex was designed to be significantly lower than
65 °C (at least 10 °C lower). Primers, dye-labeled primers, and quenching probes were

ordered from Integrated DNA Technologies, Inc.

RT-LAMP Assay: We performed all RNA (norovirus) detection experiment with RT-
LAMP. The LAMP kit was provided by NEB. Briefly, 25 ul of the reaction for each
experiment contained 2.5 pl of 10x Isothermal Amplification Buffer, 1.5 ul of MgSOa4 (100
mM), 3.5 pl dNTP mix (10 mM), 2.5 ul of 10x target-specific primer mix (FAM-FIP/BIP
16 uM, F3/B3 2 uM, LoopF/B 4 uM), 1 ul of Bst 2.0 WarmStart DNA Polymerase (8
U/ul), and 2 pl of target DNA. The rest of the reaction contained 12.75 pl of nuclease-free
water. Quenching probes were typically added at 1.5x the concentration of the

corresponding fluorescently labeled primer.

Figure 4.5a briefly illustrates the principle of the RT-LAMP reaction for norovirus. The
FIP primer labeled with a fluorophore at the 5° end was used for target amplification. As
the amplification reaction proceeds, the fluorophore-labeled primer is incorporated into the

amplicon. The reaction also includes a short quenching probe, which usually has about 10
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bases complementary to the 5’ end of the labeled primer. The 3’ end of the quenching probe
is modified with a Black Hole quencher. It is critical that the melting temperature of the
quenching probe annealed to the labeled primer be well below the temperature of LAMP
amplification (typically 60-65 °C) so that the quenching probe dissociates during
amplification and does not participate in or inhibit the reaction. After 30 min of incubation
at the specified endpoint, the reaction was stopped and moved to room temperature to cool.
Upon cooling, for positive samples, the primer-labeled probe was incorporated to the
amplicon, and the quenching probe cannot hybridize to it, resulting in a fluorescence output.
On the other hand, for negative samples, any free primers that are not incorporated into the
amplicon will hybridize with the quenching probe, resulting in a close proximity between
the fluorophore and the quenching probe, and the fluorophore is completely quenched. To
optimize the assay, the concentration of FIP was fixed at 1.6 uM, and the quenching probe
with a concentration ranging from 0 to 2.4 uM was added (Figure 4.5b). We found that
the best quenching effect was observed at a quenching probe to FIP ratio of 1.5:1. To
investigate the specificity of the reaction system, we examined the effects of mismatches

between FAM-FIP probe and Quencher probe. The mismatches are indicated by red letters.
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Figure 4.5 a. The schematic of the RT-LAMP reaction using a FAM-FIP probe and Quenching probe. b.
The concentration of FIP was fixed at 1.6 pM, and 0 uM, 0.8 uM, 1.6 pM, and 2.4 uM of the quenching
probe were added, respectively. The best quenching effect was observed with a quenching probe
concentration of 2.4 uM (with a quencher probe to FIP probe ratio of 1.5:1). (mean = SD, n = 3).

Figure 4.6a and Figure 4.6b show the results of the reaction with different numbers of
mismatch quencher probes as well as single mismatch quencher probes at different sites.

The negative signal is not fully quenched until the DNA bases are fully matched.
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Figure 4.6 a. Comparison of positive and negative results for mismatched sequences of the quencher probe,
including fully matched, one mismatch, two mismatches, and three mismatches, demonstrating optimal
quenching only when all bases are fully matched (mean + SD, n = 3). b. Comparison of positive and
negative results for mismatched sequences of the quencher probe, including 1. 8th mismatch, 2. 9th
mismatch, 3. 10th mismatch and 4. fully matched, demonstrating optimal quenching only when all bases
are fully matched (mean + SD, n = 3).

4.5 Microfabrication of the integrated Nano digital microfluidic chip

We fabricated the chips using a standard soft lithography process. The mold of the designed
microfluidic chips was fabricated on a silicon wafer using SU-8 photoresist (Kayaku
Advanced Materials, Inc.). The main channel and vacuum lungs are 200 um in width and

100 pm in depth. The dimension of each well is 400 x 200 x 100 pum (length x width x
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depth). To replicate the patterns onto polydimethylsiloxane (PDMS), elastomer mixture
(10:1 weight ratio of Sylgard 184 silicone elastomer base and curing agent) were mixed
and degassed in a vacuum chamber. The mixture was then poured on the silicon wafer and
placed into an oven at 80 °C for two hrs. Afterward, the PDMS was peeled off from the
silicon wafer. The inlet and outlet of the channel were punched with 1 mm diameter holes
to allow the reagent to flow through the channel. The final device was sealed in a pretreated
glass coverslip by oxygen plasma (Electro-Technic Products) pre-treatment system and
baked at 125 °C on a hotplate overnight. After that, hydrophobic modification was made
by passivating the microfluidic surface with an anti-biofouling surface treatment to avoid

nonspecific absorption of protein/DNA.

The overview of the final LAMP-dChip is shown in Figure 4.7a. Red color food dye was
loaded into the chip to facilitate better observation of the shape of the channels. The PDMS
channel, vacuum lungs, and wells with 8 nano-liter volumes were replicated from a silicon
wafer. Each chip costs ~100 mg of PDMS, which is ~$0.1 and each glass slide is ~$0.25.
Thus, each chip costs only $0.35. As shown in Figure 4.7b, the width of the channels and
vacuum lungs is 200 um, and the wells have a dimension of 400 x 200 x 100 um (length
x width x depth). The whole microfluidic chip has 1,040 wells, and each well is an
individual reactor. Figure 4.7c shows the chip fabrication process: SU-8 master with a
thickness of 100 um determines the depth of the channel, vacuum lung, and wells. When
loading the microfluidic chip, the sample solution is added into the inlet and extra solution
comes out from the outlet. After the sample solution loading, mineral oil is added into the

channel to seal the well. The microscope image of the chip with loaded samples under
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bright-field illumination is shown in Figure 4.7d. The samples and mineral oil are well

separated, which is due to the much greater surface tension of the samples compared to the
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Figure 4.7 a. A photograph of the microfluidic chip, with red food dye load onto it to enhance visibility of
the microfluidic channel. b. Design and dimensions of the microfluidic chip, the channels and vacuum
lungs have a width of 200 um, and the wells have a dimension of 400 x 200 x 100 um (length x width x
depth) that will hold a liquid of 8 nL. The whole microfluidic chip has 1040 wells, and each well will be
one individual reactor. c. Chip fabrication step: (1) Silicon wafer used as substate; (2) The negative
photoresist SU-8 utilized as a mold; (3) PDMS mixture poured onto the mold to create the channels; (4)
PDMS channels bonded on glass substrate to form the chip. d. Microfluidic chip filled with reaction
reagent and mineral oil, observed under bright-field illumination.

4.6 Characteristics of the Nano-dChip and on-chip reaction

4.6.1 Nano-dChip vacuum charging working principle
We incubated the devices at -95 kPa for 15 min in a vacuum chamber before liquid loading

experiments. We preloaded 25 pl diluted red food dye into polytetrafluorethylene (PTFE)
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tubes. The tubing was connected to the inlet and outlet of the device after taking the devices
out of the vacuum. Once the food dye completely filled the wells, mineral oil was injected
in to isolate each reaction well. We compared devices with vacuum pump and without
vacuum pump. For the on-chip testing, 25 microliters of the RT-LAMP reaction mixture
were loaded into the chip using a syringe. After the reaction mixture was loaded, mineral
oil was filled into the channels to seal the wells, making each well isolated to avoid
evaporation. Then, PCR sealing tape was used to seal the inlet and outlet. The device was

placed on a heat block and incubated at 63 °C for 30 min.

The cross section of the chip construction is shown in Figure 4.8a. The system consists of
reaction flow channels and lung-like vacuum channels. The vacuum lung mimics alveolar
gas exchange by allowing air to diffuse into the vacuum lung through a thin wall of
breathable PDMS. The vacuum lung system has no physical connection to the fluid lines
and only air diffuses through PDMS. Vacuum lungs are provided at both ends of the flow
path to maximize loading efficiency. The auxiliary vacuum lung system assists in loading
the microwells as the reactants are loaded into the chip. As shown in Figure 4.8b, dead-end
microwells are loaded and segregated. Dead-end loading is crucial because it removes
excess air bubbles that can cause pooling or liquid ejection when heated. Mineral oil is then
injected into the reaction flow channel to separate each reaction well. Due to the difference
in surface tension between the mineral oil and the reaction solution, the mineral oil provides
a good separation while avoiding evaporation of the reaction solution. Figure 4.8c and 4.8d
illustrate a comparison of mechanisms with and without the vacuum lung loaded. The

vacuum lung system provides a more stable and faster sample loading process. It takes only
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three minutes for the reaction liquid to be automatically loaded into the chip, while a chip
without a vacuum lung cannot be automatically loaded. Air only needs to diffuse through
the thin PDMS wall in the vacuum lung, resulting in a more stable pressure gradient than
in conventional degassing pumping, where air must diffuse over long distances in a large

block of PDMS.
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Figure 4.8 Vacuum lung on the chip. a. Side view of the nano dChip design, the vacuum lung design which
can remove the reaction reagent into dead-end wells for digital amplification. b. Reaction reagent
automatically driven by vacuum lung, after fill with mineral oil, the wells will separate into thousand
reaction chambers. c. The design of the vacuum lung enables the reaction reagent to be automatically
loaded into the chip in 3 minutes. d. The chips without the vacuum lung cannot automatically load samples.

4.6.2 Quantitative digital amplification of nucleic acid

The one-step quantitative digital detection of norovirus is shown in Figure 4.9a. Our
method minimizes the possibility of false-positive signal as the fluorophore quencher
molecular probe only fluoresces when amplicons matching the sequence of interest are
present. We characterized the distribution of the target in the digital nanofluidic chip with
1 pM concentration. The area and fluorescence intensity of 1,040 wells were analyzed

using ImageJ. As shown in Figure 4.9b, the average well area was 432.7 + 42.98 (x1000
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um?) with a 9.9% variation in well area (R?=0.9819). Similarly, Figure 4.9¢ shows the
average fluorescence intensity was 118,098 + 11,351 a.u., with a variation in fluorescence

intensity of 9.6% (R?=0.9787). These results indicate that our digital microfluidic chip has

high uniformity across all wells and is ideal for digital fluorescence sensing.
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Figure 4.9 Quantitative digital amplification of nucleic acid. a. The concept of digital amplification. Wells
have target templates are amplified, whereas others remain unamplified. One can determine the original
template concentration by counting the number of amplified wells. Isothermal nucleic acid amplification
was done with RT-LAMP. b. the average well area was 432.7 + 42.98 (x1000um?) with a 9.9% variation in

pore area (R?=0.9819). c. the average fluorescence intensity was 118098 + 11351 a.u., with a variation in
fluorescence intensity of 9.6% (R?=0.9787).

The representative fluorescence images of the nano-dChip are shown in Figure 4.10a. We
demonstrate a detection sensitivity of 1 fM within 30 min. Figure 4.10b shows the count
number with different concentrations of target RNA, ranging from 1 fM to 10 pM. As

shown in Figure 4.9c, a linear relationship was observed between count number and target

RNA concentration (R>=0.9363).
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Figure 4.10 a. The end-point fluorescence images of reactions with different starting concentrations of
Norovirus RNA. Scale bar, 5 mm. b. The relationship between number of wells and the concentration of the
Norovirus RNA (mean + SD, n = 3). c. Calibration curve of the number of wells vs the logarithm of the
target concentration (mean £ SD, n = 3). The asterisks represent statistical significance according to a t-test.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

4.6.3 Discussion

We developed a novel nanoliter digital chip (nano-dChip) that can readily digitalize any
nucleic acid (DNA and RNA) amplification. This compact, affordable, and disposable
device is poised to transform nucleic acid amplification, catering to both DNA and RNA
analysis. It is not only suitable for laboratory environments, but can also be applied in real-
world scenarios, especially in the rapid detection of representative foodborne pathogens,
including human norovirus (sSRNA) on a small single chip. Human noroviruses are the
most common viral cause of acute gastroenteritis worldwide. Global outbreaks occurring
in the winter seasons caused by the genogroup I1, genotype 4 (Gl1.4) variant are estimated
to be in the region of 700 million cases leading to 220,000 deaths annually [162]. Currently,
there are no approved vaccines or specific therapeutics to treat the disease. One of obstacles
delaying the development of a norovirus vaccine is the extreme diversity presented by

noroviruses [163]. In our study, a simple, specific, rapid and sensitive RT-LAMP assay
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was established, targeting RNA for the detection of the dominant norovirus genogroup-
Nov. Gll fragment [164]. Leveraging the LAMP reaction's exceptional specificity with
three pairs of six primers and our innovative fluorescence-quencher binding reaction for
precise target recognition, our method offers a versatile solution for detecting a wide range

of pathogens with shared strains, thus expanding its utility in pathogen detection.

The one-pot fluorescence-quencher reaction system we used is highly specific and greatly
reduces the background signal. During amplification, fluorophore-labeled primers are
incorporated into the amplicons [165]. It also includes a short quenching probe, usually
with 10 bases complementary to the 5’ end of the labeled primer. The 3’ end of the
quenching probe is modified with a dark quencher. Our mismatch experiment results
validate the high specificity of the fluorescence probe’s reaction with the quenching probe.
Excess quenching probe ensures completely quenching of fluorescence in negative reaction.
It is critical that the melting temperature of the quenching probe annealed to the labeled
primer be well below the temperature of LAMP amplification to dissociate the quenching
probes during amplification otherwise they can participate in or inhibit the reaction. We
also found that the length of the quenching probes should be appropriate as too long is not
conducive to primer binding and prone to secondary structures, and can even inhibit the
reaction [166]. While too short results in poor specificity, e.g., shorter than five bases, and
cannot provide effective quenching. In addition, for the quenching probe design it is
important to avoid having too many GCs and prevent three consecutive Cs or Gs;
consecutive CGs are not conducive to quenching probe binding with the primer. The AG

value should be greater than -9 kcal/mol to avoid self-dimer formation [167]. In addition,
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due to the high specificity of our detection method, it provides an excellent strategy for

studying the diversity and genotypes of viruses with many similar strains or variants.

One of the key innovations of our nano-dChip is the digitalization of amplification products,
which simplifies operation and significantly improves analytical sensitivity, quantitative
accuracy, and resistance to sample-related inhibition, surpassing various traditional
amplification chemistry methods [168]. Quantitative detection of nucleic acids is crucial
in basic life science research and medical diagnosis. Compared to widely used qPCR, the
nano-dChip detection method does not require external standards and has advantages in
both direct and absolute quantification. Additionally, the design of the reaction wells
effectively segregates the reaction reagent into distinct small reaction chambers. This
segregation prevents interference between chambers, mitigating the risk of cross-
contamination and ensuring the integrity of the results. The nano-dChip amplification
detection method analyzes reaction wells to count nucleic acid molecules, providing
absolute quantification of nucleic acids. The linear response between input and measured
nucleic acid concentrations is excellent within a certain range (R? = 0.9363), indicating

precise nucleic acid quantification.

An ideal foodborne pathogen assay would provide untrained operators with a rapid,
inexpensive, highly sensitive on-site method for assessing the microbiological safety of
food products with little or no sample preparation or purification [162]. Our sensing
strategy is performed on a small chip without the need for expertise to operate, making it

accessible to a wide range of users. This equipment-free microfluidic system offers

106



numerous advantages such as simple, inexpensive, integrated, portable, and rapid. The
fabrication of the nano-dChip relies on standard microfabrication, driving down production
costs to less than $0.50 USD per unit. This affordability makes it feasible for widespread
distribution and disposable use, eliminating the need for costly equipment maintenance and
reducing the overall cost of molecular analysis. In the future, the device can be hermetically
sealed in aluminum vacuum packaging using a vacuum sealer for long-term storage or

transportation purposes [169].

In the next phase of development, the chip holds potential for a wide range of applications,
including the real-time detection of various pathogens, viruses, and bacteria [170]. By
incorporating multiple quencher primer sets tailored to different targets, the chip enables
spectrally multiplexed detection, enhancing its versatility and utility [165]. Furthermore,
the device can expedite rapid multiplexed nucleic acid screening in hospital intensive care
units, facilitating timely diagnosis and treatment decisions [171]. Looking ahead, we
envision leveraging simple and portable commercially available fluorescence microscopes
to read fluorescence results, eliminating the need for bulky and expensive instruments
[172]. Additionally, employing a machine learning approach for quantification holds
promise, with potential applications in image classification for automatic data processing
and quantitative analysis [173]. This integration of advanced technologies underscores the
chip's potential to revolutionize diagnostics, making it more accessible, efficient, and

accurate in various clinical settings.

107



Chapter 5. 3D Digital chip for simple and highly
guantitative detection of HPV DNA

5.1 Introduction

Infection with human papillomavirus (HPV) almost invariably leads to all cases of cervical
cancer, making cervical cancer the fourth most common cancer in women globally [174].
Particularly, the two most common high-risk genotypes HPV16 and 18 are responsible for
over 70% of cervical cancer cases [175]. The diagnosis of cervical cancer through
polymerase chain reaction (PCR) testing has high sensitivity (94.6%) and specificity
(96.8%). Due to its elevated sensitivity and specificity, HPV DNA testing has become an
integral part of the gold standard for cervical cancer diagnosis [176]. In recent years,
nucleic acid isothermal amplification detection has emerged as a promising alternative to
traditional PCR due to its simplicity, speed, cost-effectiveness, and high sensitivity [177].
Various nucleic acid isothermal amplification methods have been developed, including
loop-mediated isothermal amplification (LAMP) [178], recombinase polymerase
amplification (RPA) [179], rolling circle amplification (RCA) [180], and nucleic acid
sequence-based amplification (NASBA) [181]. Even though highly promising, most
isothermal amplification detection methods have limitations such as a lack of quantitative
detection capabilities, occasional unexpected non-specific amplification signals, and

relatively high background signals [182].

LAMP is one of the most widely applied isothermal amplification technologies in pathogen
diagnostics [183]. The advantages of the LAMP reaction include high sensitivity and

multiple primers, which have exceptionally high specificity because at least a set of four
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primers with six binding sites must hybridize correctly to their target sequence before DNA
biosynthesis occurs [142]. The reaction temperature is around 63°C, which avoids
undesirable pre-amplification at room temperature [170]. In addition, it exhibits strong
tolerance to inhibitors. Traditional detection methods relying on intercalating dyes like
EvaGreen or SYBR Green can directly detect amplified targets but have drawbacks such
as low selectivity and can inhibit the amplification reaction, thus requiring post-reaction
addition, and this can cause false positives if added after opening the reaction chamber
[184]. To address these issues, energy transfer-labeled oligonucleotide probes for
sequence-specific fluorescence detection have been developed to improve the
amplification process. We introduce an innovative ribonuclease-dependent cleavable
(fluorophore—quencher) FQ LB primer designed to augment the sensitivity and specificity
of LAMP detection. This primer undergoes cleavage exclusively upon recognizing a
specific nucleic acid sequence, thereby markedly enhancing detection specificity, and

minimizing background signal.

Digital micro-and nanofluidic chips have been developed in recent years with advantages
such as greater tolerance to inhibitory substances, higher sensitivity, and more accurate
detection [185]. The combination of digital chips and nucleic acid amplification methods
enables absolute quantification analysis of nucleic acids targets by distributing target
molecules into small wells or droplets. When dividing the sample into countless aliquots,
those aliquots contain no target molecule or only one molecule. The target molecule
concentration can then be derived from counting the number of positive aliquots. The

isolation of aliquots eliminates the competition of primers and probes, which is especially
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important for detecting minute DNA targets [186]. Currently, there are mainly two
strategies for generating isothermal reaction units, one of which involves using chamber
microfluidic chips to generate reaction units. However, due to manufacturing process
limitations, the number of chambers in microfluidic chips is limited, or the chamber volume
is relatively large, leading to restricted dynamic range [187]. The other strategy involves
using droplet microfluidic chips to generate monodisperse droplets. However, the process
of droplet formation is relatively complex, and the stability of the droplets poses issues,

making real-time reaction monitoring a significant challenge [188].

Here, we show a novel energy transfer-labeled oligonucleotide probe with improved
fluorescence changes to create a highly sensitive and specific isothermal amplification of
nucleic acids for sensitive and quantitative detection of HPV 16 DNA in plasmid mimic
samples. The digital warm start assay is established through LAMP-based reaction into sub
microliter aliquots within a digital nanofluidic chip. This reaction is a one-pot format FQ
labeled primer isothermal amplification-based detection, preventing premature target
amplification at room temperature and enabling accurate digital quantification of nucleic
acids. Separation of aliquots eliminates competition between primers and probes and
largely reduces false positive signals. Machine learning facilitates the straightforward
derivation of quantitative relationships for target concentrations from the analysis. Our
developed combination of the assay and nanofluidic chip allows for highly sensitive and
uncomplicated detection of HPV 16. This system is poised for adaptation in hospitals or

point-of-care settings for the quantification of sexually transmitted infections.
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5.2 Characteristic of silicon chip and principle of digital chip

The schematic of the digital nanofluidic chip based on the one-step LAMP assay is shown
in Figure 5.1a. The primers were designed to amplify a 271 bp HPV 16 L1 fragment gene
sequence (GenBank accession MT316211.1). The FQ-LAMP reaction mixture was first
prepared in an Eppendorf tube. The prepared reaction mixture was then distributed into a
QuantStudio 3D digital chip. The 3D digital chip is a 10 mm? high-density reaction plate
that has a single array of 20,000 reaction microwells. Each microwell has a diameter of 60
pum and a depth of 500 um (Figure 5.1b). The chip was pretreated with hydrophobic coating
on the chip surface to enable the loading and isolation of the LAMP reactions within the
microwells. After the addition of the reaction reagent, an oil layer was applied to cover the
chip. This step not only facilitates the straightforward isolation of each reaction microwell
but also serves as a preventive measure against contamination and reagent evaporation.
Following a 45-minute incubation at 63°C, microwells containing the target DNA exhibit
a green fluorescence signal attributed to successful target amplification, while microwells

lacking the target remain devoid of such fluorescence.
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Figure 5.1 a. Schematic illustration of FQ LAMP assay. One-pot reaction mixture is first prepared in one
tube. The sample mixture then distributed randomly into over ten thousand of microwells. When incubated
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at 63 °C, each micro reaction with plasmid HPV 16 DNA target undergoes a reaction and generates strong

green fluorescence (positive spots), whereas not in those without target (negative spots). Through detecting
and counting the positive micro reactions (or spots), plasmid HPV 16 DNA can be quantified based on the
proportion of positive spots. b. SEM image of micro digital chip, Scale bar is 60 um. Reprinted from [189]

5.3 Analytical sensitivity and specificity of FQ-LAMP assay

Figure 5.2 shows the schematic of the FQ probe-based LAMP reaction. This assay was
developed with the designation of two sets of primers to specifically detect the HPV 16
DNA target. Five sets of the LAMP primers (FIP, BIP, F3, B3, and LB) were designed
according to the distinct regions of the HPV 16. In the present study, two different types
of LBs were constructed: the LB probe is the traditional probe with unlabeled ends. The
other probe, named the FQ LB probe, has the same sequence as the LB probe but was
tagged with FAM fluorophore at the 5’-end and Iowa Black® RQ quencher at the 3'-end.
This probe is quenched at the unbound state and fluoresces only when annealed to the
specific complementary regions during the amplification process. The quencher functions
to inhibit the fluorophore from emitting signals when they are close to each other. The
fluorophore and quencher were placed further from each other to allow it specifically
annealing the stem loop region of the dumbbell like LAMP amplicons. As the probe is
longer than 20 base pairs, it was designed with an additional internal quencher, that is, an
internal quencher /ZEN/ positioned in the middle of the strand. This design was intended
to reduce the assay's crosstalk signal, increase the amplification signal, and produce a lower

background noise.
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Figure 5.2 a. (1) 450-base pair (bp) sequences of HPV-L1 gene from HPV16 insert into plasmid
cDNAZ3.1(+) vector. (2) Principle of the FQ-LAMP assay. In the assay, LAMP’s loop backward (LB)
primer was used to design the FQ LAMP probe, the target sequence recognition and enhanced fluoresce
detection of the FQ LB probe. Reprinted from [189]

As shown in Figure 5.3a and Figure 5.3b, the optimal concentration of the LB and FQ LB
primers and the optimal ratio of LB primer to FQ LB primer are 0.4 uM and 1:1,

respectively.
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Figure 5.3 a. The LAMP conditions were optimized for the reaction with a mixture of LB/FQ LB primers at
concentrations of 0.2, 0.4, and 0.6 UM, respectively. b. The LAMP conditions were optimized for the
reaction with a mixture ratio of LB/FQ LB primers were 2:1, 2:2, and 2:4, respectively. For each
concentration’s testing, error bars denote the standard deviation (n = 3). The asterisks represent statistical
significance according to a t-test. *P < 0.05, **P <0.01, ***P <0.001, ****P < 0.0001. Reprinted from
[189]

The fluorescence intensity was measured for the target DNA concentration ranging from
10 aM to 1 pM (Figure 5.4a), and the positive reaction was clearly observed in the 1 fM
sample with both naked eye detection and UV illumination. Figure 5.4b shows the
comparison of the fluorescence intensity for positive and negative targets (1 pM), and a
clear difference between positive (HPV16) and negative groups (HPV 18 and NTC) is

observed.
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Figure 5.4 a. Endpoint fluorescence detection of the FQ LAMP after 45-min amplification of various
concentrations of plasmid HPV 16 DNA targets, from 10 aM to 1 pM. b. Endpoint fluorescence detection
of the Plasmid HPV 16 DNA target (1 pM) compared with plasmid HPV 18 DNA target (1 pM) and no
template control. For each concentration’s testing, error bars denote the standard deviation (n = 3). The
asterisks represent statistical significance according to a t-test. ¥*P < 0.05, **P < 0.01, ***P <0.001, ****P
<0.0001. Reprinted from [189]

5.4 On-chip reaction

On-chip isothermal digital amplification assay: The digital nanofluidic chip is a 10 mm?
high-density reaction plate that has a single array of 20,000 reaction microwells with 15 pl
volume for each well. The 15 pl reaction mixture contained 1.5 ul of 10 x Isothermal
Amplification Buffer, 0.9 pl of MgSO4 (100 mM), 2.1 pul dNTP mix (10 mM), 1.5 pl of 10
x target-specific primer mix (FIP/BIP 16 uM, F3/B3 2 uM, LoopB 4 uM, FQ probe 4 uM),
0.6 ul of Bst 2.0 WarmStart DNA Polymerase (8000 U/ml), 1.2 ul of target DNA, and 7.2
ul of nuclease-free water. After assay mixing, the 15 pl reaction liquid was loaded into the
chip and mineral oil was used to seal the loading port. The device was placed on a heat

block and incubate at 63°C for 45 min.

Data acquisition and analysis: After incubation, the chip was quantified using a BioTek

Cytation 5 Cell Imaging Multimode Reader (Agilent, CA, USA) with a 4x magnification
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objective. Every image was captured in about 30 s of laser irradiation, and the irradiation
was turned off until the next imaging. Five distinct regions (3.5 x 3.5 mm) without
overlapping areas were randomly captured by the microscopy to cover about 2,750
microwells. The number of the positive spots and corresponding fluorescence intensity
were measured by using the ImageJ software (bit depth: 8 bits; 1,992 x 1,992 pixels).
GraphPad Software Prism 9.5.1 was used to plot real-time fluorescence curves, analyze

linear regression, and verify statistical significance between different assay groups.

Target

Well 8 §§§
Inserted P——— > i §
gene b § &
8 By
Plasmid synthesize One-pot reaction preparation Distribution Amplification
b 0 min 15 min 30 min 45 min 60 min 90 min
2
o
o
£
()
C. d
-o- Positive : o
6004 i 1000
- —
= R?=0.9805
@ 3
€ 400 S
3 3 500-
S £
200+ 5
z
0+ & P’ @ s & o
T T T T T T 0-
0 15 30 45 60 90 650 700 750 800 850
Isothermal Heating Time (min) Size (Pixel*2)

Figure 5.5 a. The concept of digital amplification. Wells that have at least one or more target templates are
amplified, whereas others remain unamplified. One can determine the original template concentration by
counting the number of amplified wells. Isothermal nucleic acid amplification was done with LAMP. b.
Endpoint fluorescence micrographs of the QuantStudio digital chip for the HPV 16 detection with various
incubation time (0, 15, 30, 45, 60 and 90 min) at 63 °C. 1 pM plasmid HPV 16 DNA and no template
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control were loaded. Scale bar, 1 mm. c. The average positive spots increase to a detectable level within 15
min, and when the time was greater than 45 min, there was no significant change in the positive spots.
Error bars denote the standard deviation (n = 5). d. Histogram of well area conforming to Gaussian
distribution (R?=0.9805), 10 pM plasmid HPV 16 DNA target was loaded, proofing the chip has the high
uniformity of all wells. Reprinted from [189]

Analytical sensitivity and specificity of FQ-LAMP assay on digital chip: After optimizing
the reaction conditions off-chip, the analytical performance of the microwell chip was
investigated. Figure 5.5a illustrates the typical workflow of the FQ-LAMP assay,
encompassing the synthesis of DNA Plasmid, preparation of a one-pot LAMP reaction
mixture, distribution of the reaction mixture into the chip, and on-chip incubation at 63°C.
Figure 5.5b shows the images of the reactions under a microscope with various incubation
times (e.g., 0, 15, 30, 45, 60 and 90 min) by using 1 pM HPV plasmid as a target. As shown
in Figure 5.5¢, a 45-min incubation is enough for the FQ probe LAMP assay to reach the
maximum percentage of the positive spots. The uniformity of the microwell volume was
also characterized by ImagelJ. As shown in Figure 5.5d, the average well area was 790.7 X

9.633 Pixel?, which conforms to a Gaussian distribution (R2=0.9805).

By testing various concentrations of HPV 16 DNA plasmid target, the on-chip detection
sensitivity was also investigated. As shown in Figure 5.6a, the digital FQ LAMP assay
was performed with a target concentration ranging from 100 aM to 100 pM, and it can
directly be observed by counting the positive spots shown under the microscope. We are
able to detect the HPV 16 target with a concentration as low as 1 fM, and the signal is
saturated with a concentration greater than 10 pM. The specificity of the digital LAMP
assay was also carried out by using similar strains. As shown in Figure 36c¢, positive spots

are observed in the chip loaded with the HPV 16 positive control, whereas not for those
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negative control samples, such as the HPV 18 control and the no template control, which
is consistent with our off-chip results. In addition, the digital nanofluidic chip shows highly
quantitative readings with a target concentration range from 1 fM to 10 pM (Figure 5.6b),
demonstrating a dynamic range of 5 orders of magnitude. Moreover, notable distinctions

exist in the specificity of HPV target detection when compared to other strains (Figure
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Figure 5.6 a. End-point fluorescence images of reactions with different starting concentrations of plasmid
HPV 16 DNA target within 45 min incubation at 63 °C. Scale bar, 1 mm. b. Quantification range of the
digital chip. The relationship between positive spots (Y) and concentration of targets (X), from 100 aM to
100 pM. The low-end shows the enlarged view of low concentration range from 100 aM to 100 fM. c. End-
point fluorescence images for the specificity detection. Plasmid HPV 16 PC, Plasmid HPV 18 control and
no template control. Scale bar, 1 mm. d. Detection specificity of the Plasmid HPV 16 DNA target (1 pM)
compared with plasmid HPV 18 DNA target (1 pM) and no template control. For each concentration’s
testing, error bars denote the standard deviation (n = 5). The asterisks represent statistical significance
according to a t-test. ¥*P < 0.05, **P < 0.01, ***P <0.001, ****P < (0.0001. Reprinted from [189]

5.5 Computer vision enables precise analysis
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The entire pipeline for processing images and classifying the testing samples is shown in
Figure 5.7. To estimate target concentrations from sample images, we first inputted a
dataset of training images showcasing results. These images are crucial for creating a
baseline for the system’s understanding of target appearances at various concentrations.
Next, template matching algorithms were applied to detect samples within these images
due to the spatial hexagon shape property of each individual sample. We slide this hexagon
template across the entire sample image to detect individual samples. This precise detection
is critical for accurate analysis. The detected samples were sorted based on image intensity
levels, arranging them from high intensity to low intensity. This sorting is essential to
standardizing the analysis across different samples, as the sample image intensity is highly
correlated to the target concentration. Subsequently, the intensity values of all samples
were normalized to account for variations in target concentration. This normalization
ensures consistent and reliable data fed into the neural network. Finally, a Convolutional
Neural Network (CNN) was trained using these normalized images. The CNN learns the
patterns and correlations between the visual characteristics of the target samples and their
known concentrations. This learning enables the network to accurately estimate target
concentrations in new, unseen images. Eventually, we composed the target concentration
result for each individual sample to an entire training sample image dataset with thousands
of individual samples and visualize the target concentration distribution. With this learning,
our system can correctly identify all the positive and negative samples, and the network

can accurately estimate the target concentration in unseen images.
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Figure 5.7 Image processing and testing result classification pipeline of computer vision enabled HPV
target sensing on Digital Nanofluidic Chip, which involves feature generation, intensity range selection,
and feature classification. Reprinted from [189]

5.6 Highly quantitative nucleic acid detection and analysis

In this study, we developed a novel energy transfer-labeled oligonucleotide probe to create
a highly sensitive and specific isothermal amplification assay for nucleic acids detection.
We applied it in a digital nanofluidic chip to enable rapid quantitative detection of HPV
targets. FQ LB is a single fluorophore and quencher-labeled oligonucleotide probe that can
be cleaved by ribonuclease, simultaneously initiating rapid nucleic acid amplification and
generating sequence-specific fluorescence. The devised assay is conducted as a single step

within a closed one-pot procedure, mitigating the risk of carryover or cross-contamination
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arising from post-amplification procedures. The quencher restricts the signals by the
fluorophore when they are in close proximity. The probes employed in our approach are
quenched in the unbound state and emit fluorescence exclusively upon annealing to a
specific complementary region during the amplification process, ensuring high sequence
specificity. For LB probes shorter than 20 nucleotides, labeling is limited to the ends, while
those exceeding 20 nucleotides incorporate an internal quencher at the midpoint, which
would otherwise not be quenched due to the length of the DNA strand. This design reduces
crosstalk, enhances amplification, and diminishes background noise [190]. In addition, the
use of FQ probes does not require a complex pre-processing procedure. Due to the
complexity of distinguishing non-specific LAMP amplicons from target amplicons, FQ
probes are more specific than conventional LAMP assays using DNA intercalating dyes
and can significantly reduce background signals. Therefore, this study reveals the benefits

of using FQ LB probes to improve amplicon detection in LAMP assays.

We developed a robust digital amplification system for easy identification of detection
targets. This method is a simple patterning method that is unique in its ability to concentrate
reagents in a small size. Because the target molecules are assigned to numerous small,
separated reaction reservoirs, the positive and negative reservoirs can easily be
distinguished from each other without interference. The system is more tolerant to reaction
inhibitors, as the potential reaction inhibitors are separated from the reaction mixture,
reducing the amplification reaction inhibition in the digital assay and making it well-suited
for the detection of low-level targets. We found that due to the multiprobe of the

conventional LAMP assays, reactions in Eppendorf tubes are more susceptible to non-
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specific amplification due to the cross-linking of amplicons, and aerosols generated during
the reaction may cause contamination, leading to false positives [191]. In contrast, no false-
positive signals were found in the reaction system of our digital nanofluidic chip. Therefore,
digital detection can directly detect nucleic acid in many samples without complicated

sample pre-treatment and nucleic acid purification processes.

Our microliter digital microwells enable the quantitative detection of nucleic acids without
the need for calibration curves, thereby improving the accuracy of detecting low-copy
nucleic acid templates. We found that conventional reactions in Eppendorf tubes are
difficult to achieve accurate quantitative detection and are more suitable for qualitative
detection [192]. In contrast, the microliter digital microarray reaction allows for easy
quantitative distinction across five magnitude orders ranging from 1 fM to 10 pM. The
ability to quantitatively detect nucleic acids without relying on calibration curves is a key
feature that enhances accuracy, particularly in low-copy nucleic acid template detection.
In addition, compared to droplet microfluidic chips that produce monodisperse droplets,
fixed-structure chambers are more stable and suitable for real-time monitoring [193]. The
compartmentalization of nucleic acid in digital detection enables individual amplification
and detection, enhancing sensitivity to the single-molecule level. This surpasses the
sensitivity achievable with traditional isothermal amplification reactions, which often
require intricate primer screening and probe optimization. Currently, we have labeled
different targets with different fluorophores and quenchers, allowing them to be detected

simultaneously on different fluorescent channels of a real-time monitoring system [194].
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We have developed a computer vision-based data analysis system. Through this learning
process, our system correctly identifies both positive and negative samples, and the
network can also accurately estimate the concentration of targets in unseen images. In the
end, the classification accuracy of separating detected positive samples from negative
samples is 100%. Our method integrates image processing and deep learning techniques,
making it a robust and powerful tool for analyzing target concentrations, which has
important applications in areas such as molecular detection and clinical diagnosis. The
application of computer vision in biosensors has great prospects, as it enables large-scale,
automated, high-throughput, and multi-target detection compared with the traditional
analysis methods [173]. The prospect of enhancing sensitivity, specificity, and efficiency
in biosensing through computer vision signifies a significant leap forward in the realm of
diagnostic and analytical methodologies. It stands as a vital tool for the future development

of traditional biosensors toward intelligent biosensors.
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Chapter 6. Conclusion: Micro Biosensing platform to
fundamentals and applications

6.1 Conclusions

Micro biosensing platforms represent a cutting-edge fusion of biology and
microengineering, enabling highly sensitive and rapid detection of a wide range of analytes
[195]. By harnessing the remarkable specificity and sensitivity of biological molecules
such as enzymes, antibodies, and nucleic acids, these platforms can accurately identify
target molecules even at very low concentrations. This capability is further enhanced
through the integration of microfabricated structures, which facilitate precise signal
transduction and amplification. Techniques like microfluidics enable precise manipulation
of tiny fluid volumes, enhancing the efficiency and accuracy of the detection process.
Electrochemical sensing allows for the conversion of biological recognition events into
electrical signals, while optical detection methods utilize light-matter interactions to detect
and quantify analytes with high precision. Together, these technologies form the
foundation of micro biosensing platforms, enabling real-time analysis with unparalleled

sensitivity and specificity.

The applications of micro biosensing platforms are incredibly diverse and far-reaching. In
the field of medical diagnostics, these platforms are revolutionizing healthcare by enabling
rapid and accurate detection of disease biomarkers, facilitating early diagnosis and
personalized treatment strategies [196]. In environmental monitoring, micro biosensing
platforms play a crucial role in detecting pollutants, toxins, and pathogens in air, water,

and soil, thereby aiding in environmental conservation and public health protection [197].
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Moreover, in the realm of food safety, these platforms ensure the timely detection of
contaminants and adulterants, safeguarding food quality and preventing potential health
risks for consumers [104]. Additionally, micro biosensing platforms are invaluable in
security applications, where they are utilized for the detection of chemical and biological
threats, enhancing safety measures in critical infrastructure and public spaces [198]. Their
portability and cost-effectiveness make them particularly well-suited for point-of-care

testing in resource-limited settings, enabling timely intervention and disease management.

The future direction of biosensing platforms is poised to witness significant advancements
driven by several key trends. Firstly, there will be a focus on enhancing sensitivity and
selectivity through the integration of novel biological recognition elements and advanced
nanomaterials [199]. Additionally, the development of multiplexed detection capabilities
will enable simultaneous analysis of multiple analytes, enhancing the versatility and
efficiency of biosensing platforms [200]. Moreover, the miniaturization and integration of
components will lead to the emergence of more portable and wearable biosensing devices,
facilitating point-of-care diagnostics and personalized healthcare monitoring [201].
Furthermore, there will be increasing emphasis on the development of biosensing platforms
capable of interfacing with digital health systems, enabling seamless data collection,
analysis, and interpretation. Lastly, the incorporation of artificial intelligence and machine
learning algorithms will play a crucial role in optimizing biosensing performance, enabling
real-time data analysis, and unlocking new insights into complex biological processes

[202]. Overall, the future of biosensing platforms holds great promise in revolutionizing
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healthcare, environmental monitoring, and various other fields by providing accurate, rapid,

and cost-effective analytical solutions.

6.2 Future perspective in virus detection

Computer vision has become a powerful tool in the field of biosensing, aiding in the
development of innovative and precise systems for the analysis and interpretation of
biological data. This interdisciplinary approach harnesses the capabilities of computer
vision algorithms and techniques to extract valuable information from various biosensing
applications, including medical diagnostics, environmental monitoring, food health, etc.
Despite years of development, there is still significant room for improvement in this area.
In this perspective, we outline how computer vision is applied to raw sensor data in
biosensors and its advantages to biosensing applications. We then discuss ongoing research
and developments in the field and subsequently explore the challenges and opportunities
that computer vision faces in biosensor applications. We also suggest directions for future
work, ultimately underscoring the significant impact of computer vision on advancing

biosensing technologies and their applications.

6.2.1 How computer vision benefit biosensors

Biosensors are analytical devices that combine biological elements with transducers to
detect and quantify specific biological or chemical substances. They are used in a wide
range of applications, including medical diagnostics [35], [203], [204], chemical substance

detection [205], [206], [207], environmental monitoring [208], [209], [210], food safety
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[211], [212], [213], and biotechnology [214], [215], [216]. In the past few decades,
biosensors have grown significantly with the advancements of nanotechnology [217],
[218], [219], signal amplification strategies [220], and hardware [221]. For example,
nanomaterial-based electrochemical signal amplification has great potential to improve the
sensitivity and selectivity of biosensors [105]. However, all biosensors inevitably have
drawbacks such as irregular signal noise, poor stability, difficult integration, and
automation [222]. Therefore, researchers are seeking other breakthroughs to improve the
performance of biosensors. Here, we survey the intersection of computer vision and
biosensing, focusing on research in biosensing imaging, as well as based on 2D image
signals such as electrochemical signals, spectral signals, which represents the vast majority
of current computer vision applications for biosensors. Computer vision is a field of
research that focuses on enabling computers to interpret and understand visual information
in images or videos. It involves the development of algorithms, techniques, and models to
extract meaningful information from visual data [223]. The application of computer vision
improves the ability to analyze and interpret data, thereby enhancing the performance of
biosensors [224]. For example, it can provide highly accurate analysis and detection that
can help overcome the specificity and selectivity problems of the sensors themselves [225].
Another advantage is it can efficiently process extensive sensing data with complex
matrices or samples, which can significantly improve the efficiency and speed of data
collection [226]. It also provides real-time monitoring with the advantages of being non-
invasive, automated, and high throughput [227]. These advantages make computer vision

a vital tool in the field of biosensors and will be a way to transform conventional biosensors
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into intelligent biosensors. Figure 6.1 shows the overview of the progress, challenges, and

prospects for computer vision in biosensor applications.

Progress Challenges

a5e9 Legal ang

Prospects

aseoupiedy
‘,msauﬁelp
oAlA Ul

Figure 6.1 Overview of the progress, challenges, and prospects for computer vision in biosensors
application. Reprinted from

Computer vision can analyze raw sensing data from biosensors in several ways: (1)
Classification: Algorithms can classify sensed signals into different categories based on the
target analyte. Especially for unsupervised learning, machine learning can help us achieve
signal clustering in cases where humans cannot categorize signals explicitly [228]. (2)
Noise Reduction: Sensed signals always contain noise. Biosensors may have severe signal
interference or noise. Therefore, machine models can be trained to distinguish between

signal and noise [229]. (3) Anomaly detection: Biosensors are inevitably affected by the
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sample matrix and operating conditions. When biosensors are used in the field, they may
be severely disturbed by contamination. Computer-learned adaptivity not only detects the
signal but also corrects for variations in sensor performance due to biological
contamination and interference in the actual sample [230]. (4) Data Visualization and
Interpretation: Computer vision techniques can help visualize and interpret data obtained
from biosensors, making it easier for researchers and users to understand and draw
conclusions from complex biological information [231]. In summary, computer vision can
directly, automatically, accurately, and quickly help biosensors read out data, which is

important for on-site inspection or diagnosis.

6.2.2 Different biosensors powered by computer vision

Computer vision technology can directly, automatically, accurately, and rapidly assist in
reading biosensors and processing acquired images to extract relevant information for
analysis and diagnostics. This technology is commonly combined with microfluidics [232],
lateral flow assay [233], and microscopy [234], etc., which significantly improves the
accuracy and convenience of detection. Recently, our lab developed a disposable chip for
SARS-CoV-2 detection using computer vision technique [65], which can improve the
reliability and accuracy of naked-eye based detection; Zhao et al. integrated optical
microscopy with a microfluidic platform for computer vision-based analysis [235],
enabling simultaneous analysis of multiple biomarkers and antibiotics. Electrochemical
biosensors are another widely used systems that generate data in the form of

electrochemical signals whose spatial distribution can be captured by imaging techniques
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and then analyzed using computer vision algorithms. A common problem with
electrochemical biosensors for real sample detection is that the reproducibility and stability
is relatively weak [236], [237]. Rong et al. developed an SVM (Support Vector machine)
model to analyze the EIS (Electrochemical Impedance Spectroscopy) data without
equivalent circuit fitting [238]. The SVM with radial base function kernel was
demonstrated to have the optimal performance for classifying the training data set with an
accuracy of 98%. Combining single molecule electrical biosensors with computer vision
can improve the accuracy and precision of single molecular identification with applications
in DNA sensing [86], RNA sequencing [239], and pathogen detection [72]. The
overlapping of current signals in many electrochemical sensors cannot satisfy the detection
and identification of multiple analytes. This challenge can be addressed by using computer
vision to analyze the current temporal waveform [240]. Arima et al. introduce a nanopore
platform integrated with machine learning for digital diagnosis of virus infection [241].
SPR (Surface Plasmon Resonance) and other spectra-based biosensors are also promising
tool for the rapid and nondestructive detection [242]. Li et al. developed a chemically based
SPR imaging technique for fingerprint surfaces that can facilitate subsequent computer
vision for analysis or identification [243]. Computer vision can also simplify the detection
process of point-of-care biosensors by providing rapid and on-site analysis of biological
samples. For example, smartphone-based microscopy has become a promising POC device
for the applications in diagnostics [244]. The images can be acquired, calculated, and
analyzed in real time by a smartphone camera. Xu et al. developed a smartphone
application named Tick Phone App, which can rapidly identify the ticks using this App

[245]. There are also in vivo imaging biosensors using computer vision to visualize and
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analyze biological processes inside living organisms. They often involve non-invasive
imaging methods [246], such as fluorescence imaging [247], optical coherence tomography
[248], or multimodal fusion approaches [249] to study tissues and organs in vivo [250].
Some biosensors employ computer vision to assess and monitor environmental conditions,
such as water quality [251], air pollution [252], or soil health [253]. These biosensors can

detect changes in biological indicators to assess the environmental impact.

6.2.3 Current challenges and future directions for computer vision in biosensors

The use of computer vision in biosensor applications has been increasingly compelling, but
many challenges remain to realize its full potential [254]. Data availability is a major driver
for computer vision applications and also a major obstacle. Machine learning requires large
amounts of data, and the scarcity and lack of data pose a serious challenge, especially for
biosensors and biomedical related data. In clinical practice, data from various modalities
may not always be accessible for all samples, primarily due to cost constraints and
limitations in data collection. Therefore, innovative methods must be developed to deal
with different modalities of missing patterns. Fortunately, various interpolations [255],
estimations [256], and matrix-completion algorithms [257], etc. have been successfully

applied to optimize algorithms for practical applications.

Another challenge is data acquisition and analysis. Biological samples may have complex

sample morphology, necessitating accurate recognition and segmentation, even when

structures overlap is irregular [258]. The quality and quantity of data used to train and test
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computer vision algorithms can greatly affect the performance of the algorithms [259]. It
is critical to obtain annotated datasets that accurately represent the diversity and complexity
of biosensor samples. In particular, analyzing single-molecule detection data is challenging
and is largely limited by poor signal-to-noise ratio, signal overlap, and signal dispersion
[260]. The development of new machine learning methods to reduce noise and extract
multidimensional signal features can improve the resolution of pattern recognition and the

sensitivity of objective identification [261].

Improving the performance of computing hardware has become a significant challenge and
is currently a bottleneck in the field. Firstly, achieving effective biosensing through
computer vision depends on the quality of hardware such as cameras and sensors. Higher-
quality equipment is necessary to achieve high accuracy. Secondly, computer vision
applications often demand substantial computational resources and necessitating
enhancements in hardware performance, such as GPUs, TPUs [262], and the introduction
of new chip architectures [263]. Faster storage devices and higher-speed network
connections are also areas that require enhancement. Additionally, ongoing maintenance
and updates contribute to the overall high cost. While computer vision algorithms require
high-performance hardware, they also need to consider energy efficiency and cost
reduction. Fortunately, with the advent of the new industrial era, there is more room to
optimize these issues, such as the use of hardware accelerators and emerging computing

paradigms like quantum computing [264], [265].
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With the advent of the big data era, technological advances and the protection of privacy,
security, and ethical principles have become paramount issues [266]. The proliferation of
data-driven technologies, including computer vision, means that our personal information,
once considered private, is increasingly likely to be exposed to the public. In the context
of biosensor applications, computer vision may involve the analysis of large amounts of
personal biological data [267]. This convergence of powerful technologies with private
personal information highlights the urgent need to address the legal and ethical issues
associated with data privacy and security. It is critical that strong security measures and
strict access controls be put in place to protect this sensitive information from destruction,
disclosure, or any form of exploitation. We hope and expect that the coming era of big data
will continue to explore these trade-offs and find new ways to balance the various interests

of humanity [268].

Addressing these challenges requires advanced computer vision techniques, data
preprocessing, machine learning, and domain-specific knowledge. Researchers and
engineers in the field will continue to develop innovative solutions for successfully
integrating computer vision into biosensor applications to improve healthcare [269],
diagnostics [270], and medical [271]. Over the past few years, algorithmic advances have
ushered in a new era of capabilities and possibilities for computer vision. The development
of novel models such as deep learning models [272], migration learning models [273],
Generative Adversarial Networks (GANs) [274], semi-supervised and self-supervised
learning techniques [275], etc., has played an important role in addressing data labeling

challenges. With the rapid development of mobile terminals such as smartphones [276],
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tablets [277], and wearables [278], future Al systems will indeed move towards
miniaturization and portability. Miniature devices can perform many tasks locally without
sending user data to the cloud for processing, helping to protect user privacy and sensitive
information. The computing power of mobile terminals is increasing, making it possible to
execute complex Al algorithms on small devices. As algorithms are carried out and

enhanced, the ability to perform computer vision can be greatly improved.

Traditional biosensing methods offer major advantages such as portability, simplicity and
low cost [279]. However, combining them with emerging technologies like computer
vision further improves the overall performance and reliability of biosensing systems. The
application of computer vision in biosensors holds great promise, yet it confronts some
challenges that need attention. These challenges encompass enhancing computer hardware
performance, optimizing sensor material performance, and refining biological applications.
As research advances, data collection and sharing methods continually improve, and the
cost and accessibility of disease surveillance technologies continue to decrease. Machine
learning algorithms emerge as a promising avenue to further expedite progress in the field
of biosensors. In the coming era of artificial intelligence, future biosensors may incorporate
technologies such as artificial intelligence, the Internet of Things, big data sets, and cloud
computing to build Al systems for themselves [280]. Leaving digital traces can unlock vast
opportunities. The digital realm mirrors the physical world, enabling us to migrate
experimental designs and entire industrial processes to the cloud, allowing for the virtual
extrapolation of our world. This has the potential to usher in a new era of industrial

revolution [281].
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6.3 Summarizing and Understanding Virus Detection

Virus detection is a crucial aspect of infectious disease control and public health
management. It involves identifying the presence of viral pathogens in various samples,
including bodily fluids, environmental samples, and surfaces. Traditional methods of virus
detection include viral culture, antigen detection assays, and serological tests, which rely
on the isolation and identification of viral particles, or the detection of antibodies produced
by the host immune system in response to viral infection. However, these methods can be

time-consuming, labor-intensive, and may lack sensitivity.

In recent years, molecular techniques such as polymerase chain reaction (PCR) and nucleic
acid amplification tests (NAATS) have become the gold standard for virus detection due to
their high sensitivity and specificity. These methods detect the genetic material (DNA or
RNA) of the virus by amplifying specific regions of the viral genome, allowing for the
rapid and accurate identification of viral pathogens. PCR-based assays are widely used in
clinical diagnostics for detecting a variety of viruses, including influenza, HIV, hepatitis,

and SARS-CoV-2, the virus responsible for COVID-19.

In addition to molecular techniques, advances in biosensing technologies have led to the
development of rapid and portable virus detection devices. Biosensors typically employ
biological recognition elements such as antibodies or nucleic acids immobilized on a

transducer surface to selectively capture and detect viral particles. These biosensors can

135



offer real-time detection of viruses with high sensitivity and specificity, making them

valuable tools for point-of-care testing and surveillance.

Furthermore, recent advancements in nanotechnology, microfluidics, and artificial
intelligence have enabled the development of innovative virus detection platforms with
enhanced performance characteristics. Nanomaterial-based sensors, for example, offer
increased sensitivity and reduced detection limits, while microfluidic devices enable
precise sample handling and automation. Machine learning algorithms can be employed to
analyze complex datasets generated by these detection platforms, improving accuracy and

reliability.

Overall, virus detection methods continue to evolve, driven by advancements in technology
and a growing need for rapid, sensitive, and reliable diagnostic solutions. These
innovations play a crucial role in controlling infectious disease outbreaks, guiding

treatment decisions, and informing public health interventions.
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