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Abstract

Identifying biomarkers with high sensitivity and portability is of significant importance
for screening and managing diseases that threaten human health. Compared with some
commercial biomarkers diagnostic methods, the developed point-of-care biosensing
platform possesses various advantages involving easy to operation, low cost, portable,

and rapid, which implies potential application in the future.

In terms of the biomarker of Nucleocapsid protein (N protein) detection, the point-of-
care biosensing platform based on UCNPs and microfluidic biochip was designed and
fabricated. The UCNPs were successfully synthesized and used as the luminescent
agent. The microfluidic biochip was utilized as the detection chamber of the portable
virus diagnostic platform, which possesses luminescence enhancement properties with
a maximum of over 100-fold than the cuvette samples. Moreover, the cleanable
property of microfluidic biochip also implied promised application for the virus
diagnosis area. Compared with the typical commercial rapid test strips for virus
detection, this biosensing platform exhibited a higher sensitivity of around 1.12 pg/ml
for N protein detection. In addition, the clinical samples are also investigated and
manifested that the designed point-of-care virus detection platform possessed better

diagnostic sensitivity compared with the normal commercial LFA rapid test strips.

For the carcinoembryonic antigen (CEA) tumor marker diagnostics, the developed

point-of-care biosensing platform based on QDs luminescence and microfluidic biochip
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with machine vision algorithm analysis was well-designed and manufactured. The core-
shell QDs nanoparticles with excellent luminescent properties were employed for the
labelling indicator in the immunoassay. The microfluidic biochip with excellent
separation and cleanable abilities was utilized as assisted chamber for the biosensing
platform, which illustrated a sensitivity of around 0.021 ng/mL. The Python-based
machine vision algorithm was developed for this point-of-care CEA detection.
Furthermore, for the research of practical application, the designed intelligent
biosensing platform exhibited remarkable cut-off value comparing with some common-

used commercial LFA test strips.

In addition, for the relevant biomarker of a-Syn protein for emerging neurodegenerative
diseases (NDDs), a PDMS-based hydrophobic biochip was designed and manufactured.
Specifically, the AutoCAD software was used to create the PDMS-based biochip's
pattern while considering pertinent hydrophobic equations and associated studies. The
SERS functionalized biochip was successfully designed and manufactured from the
related morphology investigations of various view of SEM images using the PDMS
demolding and UV irradiation photoreduction techniques. Moreover, the related optical
pictures further demonstrate the great hydrophobic performance for fabricated biochip.
In the end, the associated Raman spectra suggest that a well-designed and manufactured
point-of-care biochip can be used to differentiate the various a-Syn protein structures,

suggesting enormous promise for the detection of NDDs in the future.
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Chapter 1 Introduction

1.1 Health threatening diseases and biomarkers

With the development of society, these health-related diseases have always drawn a
great attention for common people and scientific researchers all over the world. Among
these threatened diseases, virus induced diseases, cancer, and neurodegenerative
diseases are three of significant concerned diseases recent years '. Detecting the
corresponding biomarkers of these momentous diseases possesses great importance for

health monitoring and timely disease therapy.

The virus is determined as a submicroscopic infectious agent, which can only survive
in the living objectives and can infect all the life bodies involving animals, plants, and
even bacteria *. The tobacco mosaic virus is considered as the first founded virus from
two scientists, Adolf Mayer from Germany and Dmitri Ivanovsky from Russia in 1886
and 1992, respectively °. Besides, some other significant viruses involving Ebola,
influenza, and HPV are also vital for threatening human life. The soluble glycoprotein
is regard as a significant diagnostic biomarker for Ebola virus detection ®. The influenza
virus is a very prevalent virus, in which the hemagglutinin and neuraminidase are
important detection biomarkers 7. As a momentous virus for women, the HPV virus
seriously impact the health and life, which the HPV L1 capsid protein is one of the

crucial biomarkers for timely HPV detection.
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Figure 1. The schematic illustration of representative SARS-Cov-2 viral particle ®.

The COVID-19 epidemic with SARS-Cov-2 virus is one of the most concerned viruses
induced disease in recent years > 1°. As shown in Figure 1, it illustrates the related
structure of SARS-CoV-2 virus, which involves envelope protein, spike protein,
membrane protein, genomic sSRNA, and nucleocapsid protein. besides, according to
relevant research, the SARS-CoV-2 is a single-stranded RNA virus with a size of 60-

140 nm and the related length of spike protein is around 9-12 nm ',

Moreover, as a hard-to-cure disease worldwide, the cancer is a momentous disease

threatening the health and life for human beings. Among these significant cancer
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diseases, the lung cancer and pancreatic cancer are considered as two of the most
important cancers, in which the lung cancer is the major cause of death, and the
pancreatic cancer is named as the king of carcinoma implying extremely difficult for
therapy '> !>. Meanwhile, the relevant diagnostic biomarkers are significant for timely
monitoring of these unexpected cancer diseases. According to the related studies, the
biomarkers of CYFRA21-1, CA125, and SCC-Ag are often utilized for lung cancer
detection '*. The CA 19-9 biomarker is usually employed for pancreatic cancer
diagnosis '°. And some common cancer related biomarkers, like CEA and AFP are also

usually used for general cancer scattering in clinical area.

In addition, with the intensification of the aging society, the neurodegenerative diseases
are the emerging diseases, which affects the health of elderly people. Parkinson’s
disease and Alzheimer’s disease are two of significant neurodegenerative diseases. The
relevant biomarker for Parkinson’s disease involves Alpha-Synuclein, Leucine-Rich
Repeat Kinase 2, Tau Protein, and et. al '8, In terms of the Alzheimer’s disease, the
APB42/AB40, Phosphorylated Tau, Neurofilament Light Chain, and et. al. are considered
as the corresponding biomarkers for neurodegenerative diseases evaluation '*-2!,

Therefore, realizing the detection of related biomarkers of disease possesses significant

importance for timely screening and diagnosis of human health and life.
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1.2 Commercial detection methods

1.2.1 Diagnostic methods of virus

Some traditional commercial techniques including polymerase chain reaction (PCR)
and lateral flow assays are usually employed for viruses’ biomarkers diagnosis. The
PCR, with a high detection sensitivity of around 100 copies/ml, is regard as a gold

standard for virus detection 2.

As exhibited in Figure 2, the typical procedures of PCR are illustrated. In details, the
first stage involves converting a double-stranded DNA (known as a template) to single
strands at high temperatures (a melting process known as denaturation). The
temperature is then decreased to allow complementary short oligonucleotides (known
as primers) to attach to the single-stranded DNA. The enzyme, a heat-resistant DNA
polymerase? in the mixture, then extends these primers using the template to create a

new strand.
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Figure 2. The schematic diagram of typical polymerase chain reaction 2.

After each round of DNA copying, the double-stranded DNA must be melted at high
temperatures (~95 °C) in the reaction tube, making heat resistance essential. So, at the
end of the first cycle, the number of DNA molecules has doubled. In the second cycle,
the DNA is melted again to produce single-stranded DNA, and the cycle repeats until
the reaction mixture is depleted. This leads to an exponential growth in the number of

copies of the template DNA.
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1.2.2 Biosensing approaches of cancer

In terms of the commercial detection methods of cancer, several approaches are
employed involving in-vivo and in-vitro diagnosis. For the in-vivo detection, the
radiology techniques such as computed tomography and magnetic resonance imaging
scans are frequently employed for in-vivo imaging diagnosis of cancer 2* 2. These
technologies can help doctors get a clearer image of sick parts for suitable therapy
selection. On the other hand, tissue biopsy is generally irreplaceable for identifying
tumor features, and it is recognized as a gold standard for cancer in-vitro diagnostics °.
The schematic process for this tissue biopsy method is briefly illustrated in Figure 3,
which involves samples acquiring via needle from patient, related tissue sections,
histological staining, images observation by optical microscope, and research
estimation from experienced pathologists. And the whole detection processes usually

spend a few hours to a few days, typically.
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Figure 3. The classical workflow of tissue biopsy for most type of cancer detection 2’
1.2.3 Detection methods of neurodegenerative disease

The relevant commercial detection methods for neurodegenerative diseases are crucial
for early monitoring progression and evaluating treatment efficacy of the unexpected

neurodegenerative diseases. Up to now, these diagnostic methods involve magnetic
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resonance imaging, positron emission tomography, cerebrospinal fluid biomarkers
detection, genetic testing, and cognitive and functional assessments 2!, Moreover,
from corresponding studies, the mass spectrometry and enzyme-linked immunosorbent
assay detection methods are mainly considered as the gold standard for the

neurodegenerative diseases related biomarkers diagnosis *2.

Although these commercial detection methods are mainly employed for the disease-
related biomarkers diagnosis in practical. Form these above relevant descriptions of
biomarkers diagnostic approaches involving virus, cancer and neurodegenerative
diseases, many disadvantages are currently existing including time-consuming, tedious
detection procedures, professional diagnostic equipment requirements, specialistic
operation staff, which limits the broad application towards masses of the people. As a
result, developing and investigation the point-of-care biosensing platform for relevant

detection methods of biomarkers possesses great significance.
1.3 Point-of-care biodetection platform

Point-of-care (POC) diagnostics devices are low-cost, user-friendly, quick, and
independent of instruments **. Small sample volumes of complicated biological and
chemical materials can be used to operate an idealized POC device. POC diagnostics
can lower medical expenses, incorrect labelling, improper handling, and incorrect
analysis direction. Owing to these excellent characteristics, the POC based biosensing

platform are extremely appropriate for improving and extending the biomarkers
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detection applications. In this research area, corresponding researchers have designed

and fabricated several POC biosensing platforms for the detection of related biomarkers.
1.3.1 Colorimetric based point-of-care biosensing platform

The mobile phone-based point-of-care biosensing platforms have been increasingly
employed in biomedical application involving biomarkers detection 333,

For instance, as shown in Figure 4, a POC based nucleic acid amplified testing (NAAT)
device was developed by Priye et al. It combines a smartphone-based detection system
with multiplexed reverse transcription loop-mediated isothermal amplification assay to
allow for simultaneous investigation of several biomarkers without any cross-reactivity
with other flaviviruses or alphaviruses *¢. Their proprietary detection technology, when
combined with smartphone picture analysis, allows for detection that is on par with
benchtop NAAT equipment in terms of performance. A colorimetric detection

algorithm was also devised by them for the analysis of photos taken with smartphones'

CMOS sensors.
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Figure 4. The colorimetric based biosensing platform for Zika virus detection (a) The
diagnostic setup of point-of-care RT-LAMP assay (b) The equipped LED with different

filters and related smartphone app *’.

The red (R), green (G), and blue (B) light are passed to specific pixels by the CMOS
sensors in conjunction with a Bayer filter. This kind of RGB sensor is employed to
reproduce images on the device's display in an effective manner. The point-of-care
biosensing platform's potential for extensive clinical use is demonstrated by its use in
the direct detection of Zika virus from unprocessed human materials, such as blood,

urine, and saliva.
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1.3.2 Fluorescence based point-of-care biosensing platform

&

The point-of-care biosensing platform based on fluorescence has been always utilized
for biomarkers detection area because of the advantages such as, non-invasiveness
diagnosis, easy to operation, and availability of many fluorescence nanoparticles . For
example, Algar and coworkers designed and developed a point-of-care platform
consisting of quantum dots photoluminescence and smartphone based biodetection
with performance of quantitative, multiplexed, and rapid *°. The fluorescent dye-labeled
peptides were coupled with CdSeS/ZnS quantum dots, which emitted red, green, and
blue (RGB) light. And any of the related changes in the RGB channel intensities in

digital color images were indicative of differences in quantum dots photoluminescence.
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Figure 5. Fluorescence based point-of-care biosensing for virus diagnosis. (a) The
paper strips design based on FRET method. (b) Optical photos of paper test strips. (c)

Point-of-care device based on smartphone for test results obtain *’.
1.3.3 Surface plasmon resonance biosensing platform

The related point-of-care biosensing platform based on surface plasmon resonance
(SPR) has promised potential for biomarkers detection application, in which the
corresponding advantages involves great sensitivity, non-destructive, label-free assays
for every molecule interaction. A fiber optic SPR biosensor was created by Liu and
coworkers for smartphone platforms *°. The light from the phone's LED flash
illuminates the measurement, control, and reference channels, and the camera phone
detects light coming from the lead-out's end faces. This phone-based SPR technology
is used to reliably and accurately detect various antibody concentrations that are linked

to a sensing element that has been functionalized.
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Figure 6. Surface plasmon resonance based biosensing platform for antibody detection.
(a) Schematic diagram of the point-of-care biosensing platform. (b) SPR optical sensor
combined with smartphone. (c) Schematic illustration of internal structure. (d) The

relevant biosensing images *’.

1.4 Photoluminescent nanoparticles

Generally, the photoluminescent nanoparticles are nanosized particles, typically
ranging from 1 to 100 nanometers, in which the photoluminescence refers to the

luminescent emission under the excitation of photons. These nanoparticles have unique
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optical properties, which make them great valuable for biomarkers-related detection
applications. Normally, these photoluminescent nanoparticles can be divided into two
categories, namely upconversion (UC) nanoparticles and downconversion (DC)
nanoparticles from the different types of photon energy conversion. As shown in Figure
7, it illustrates the corresponding luminescent elements in the periodic table, which

mainly consists of lanthanide elements and some transition metal elements.

1 Main group 2
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L e Transition metal Pl ECH N ON EEE Ee
1 12 13 14 15 16 17 18
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Figure 7. The related luminescent doping elements in periodic table *!.

1.4.1 Upconversion luminescent nanoparticles

The lanthanide dopant ions are incorporated in the host lattice and the UC nanoparticles
are typically composed of an inorganic host as shown in Figure 8a. Theoretically, most

lanthanide ions should produce UC emission, but only Er’*", Tm*", and Ho*" can
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produce visible optical emissions at low pump power densities. These dopants were
chosen because of their well-spaced energy levels, which help with the energy transfer
and photon absorption processes involved in UC processes. Yb** with a greater
absorption cross section in the NIR spectral region is often doped as a sensitiser in
conjunction with the activators to improve UC efficiency. The activator's doping level
in a sensitizer-activator system should be kept below 2 mol% in order to reduce the

excitation energy lost during the cross-relaxation process .

As shown in Figure 8b, the major mechanism of UC processes is the ladder-like
configuration of lanthanide dopant ion energy levels. The crystal structure and optical
properties of the host materials are crucial and need to be carefully considered in order
to realize efficient UC processes. Via lattice vibrations, the host materials may absorb
the excited energy of the dopant ions **. The optical characteristics of the nanoparticles
vary due to changes in the crystal field surrounding the dopant ions caused by variations
in the crystal structure of the host materials **. Low phonon energy, a high optical
damage threshold, and sufficient transparency within the wavelength range of interest
are desirable properties for host materials. To achieve high doping levels, the host
materials also need to have close lattice matching to the dopant ions. In this sense,
appropriate host materials for lanthanide dopant ions include inorganic complexes
including rare earth ions, alkaline earth ions, and various transition metal ions 7

Several methods can be utilized for the synthesis of UC nanoparticles, and it is

significant that the strong crystal fields surrounding dopant ions are created by
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nanoparticles with well-crystallized structures, which also reduce the energy loss
caused by crystal defects in the dopant ions. Moreover, to integrate with biological
molecules and macromolecules, nanoparticles used in biological applications must

likewise have a small particle size and high dispersity.

In the situation of overlapping emission spectra, as shown in Figure 8c, lanthanide ions
usually exhibit a distinct set of strong emission peaks, which allows for the
identification of different spectroscopic fingerprints for correct emission spectrum
interpretation. Intra-configurational 4f" electron transitions are the main source of
lanthanide ion absorption and emission spectra. The fully occupied 5s? and 5p° sub-
shells operate as a shield, minimizing interactions between the 4f electrons and the host
lattice. Therefore, the physical or chemical makeup of the host materials has little
bearing on the emission peak wavelength of UC nanoparticles. In addition, as shown in
Figure 8d, the host/dopant combinations and dopant concentrations are controlled to
alter the emission wavelength or the relative emission intensities, which in turn affects

the emission colors 4347,
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Figure 8. The crystal structure and involved optical performance of UC luminescent
nanoparticles. (a) Schematic diagram of lanthanide ions doped nanoparticles. (b)
Schematic illustration of energy levels for UC luminescence. (c) Typical emission
spectra of UC luminescent nanoparticles. (d) The optical pictures of luminescence

tuning for UC luminescent nanoparticles *°.
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1.4.2 Downconversion luminescent nanoparticles

On the other hand, the DC nanoparticles are a class of luminescent nanoparticles that
convert high-energy photons into lower energy, also known as the Stokes shift process.
The quantum dots (QDs) are nanocrystalline semiconductors with excellent
luminescent performance as shown in Figure 9. Specifically, the QDs offer a new kind
of nanomaterial with distinctive optical and electrical properties. The particle sizes of
1-10 nm, close to or less than the exciton of the Bohr radius, with significant quantum
effects °!. The remarkable optical properties involve long fluorescence lifetime, tunable
emission wavelength, wide and successive excitation bands, high absorptivity, narrow
and symmetric emission, and good photostability with low susceptibilities to photo-
bleaching °**. Owing to these characteristics, they are fluorescent probes that have
unmatched benefits over conventional organic dyes >°. In that case, DC nanoparticles
of QDs have been used extensively as fluorescent probes in the biomedical sector in

recent years.
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Figure 9. The emission spectra and tuned luminescence of downconversion
luminescent nanoparticles. (a) The emission spectra of different size QDs. (b) Tuning

emission colors for downconversion luminescent QDs nanoparticles >°.
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1.5 Microfluidic biochip

&

1.5.1 Brief introduction

The microfluidic biochip, also known as a lab-on-a-chip, is a miniaturized device that
integrates multiple laboratory functions onto a single chip. These devices manipulate
small volumes of fluids through microchannels and chambers, enabling various
biochemical and biological analyses. In terms of a microfluidic biochip system, these
involved components including designed and fabricated microchannels, pumps and
valves for controlling flow of fluids, and integrated sensors or detectors. Owning to these

interesting abilities, the microfluidic biochip is widely used for many applications especially

for biosensing area.
1.5.2 Fabrication methods

Manufacturing the microfluidic biochip involves creating intricate microchannels,
chambers, and other structures on a small scale. And various methods are used for
fabricating the microfluidic biochip. The photolithography is a typical manufactured
method for microfluidic biochip fabrication °’. The main processes involve: the
photoresist is applied to a substrate like silicon or glass; The photoresist is exposed to
UV light through a photomask that defines the desired pattern; The exposed areas of
the photoresist are developed, leaving behind a patterned resist that can be used as a

mask for etching or deposition. Soft lithography is another important fabrication
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technique for microfluidic biochip °%. For the manufacturing procedures, a master mold
is created using photolithography or other methods. Nest, the PDMS or another
elastomer is poured over the master mold and cured. Finally, the cured PDMS is peeled
off, creating a replica of the mold with microchannels. In addition, recent years, the 3D
printing is an emerging method for microfluidic biochip fabrication, in which the 3D
printer builds the microfluidic device layer by layer from a digital design file >°. This
method can be employed for the rapid prototyping and custom microfluidic devices,

which possess advantages of design flexibility and ability to create complex geometries.
1.5.3 Properties and applications

Due to these developed fabrication approaches and continuous investigations, the
microfluidic biochip reveals various superiorities involving, miniaturization, high
throughput, precise controlling, integration, timely, cost-effectiveness, and
biocompatibility. Furthermore, the well-designed and fabricated microfluidic biochip
possesses broad application, such as medical diagnostics, genomics and proteomics,
cell biology, drug development and screening, environmental monitoring, food safety,
and chemical analysis %°. As shown in Figure 10, researchers from McGill University
in Cannada designed and fabricated an elaborate programmed microfluidic biochip for

SARS-CoV-2 related biomarker detection °'.
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Therefore, considering these thrilling advantages, the combining of MFC for biomarker

detection possesses great significance for developing the point-of-care biosensing

platform.
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Figure 10. The large-scale microfluidic biochip for SARS-Cov-2 detection. (a) Optical
images for four chained and connected microfluidic biochip. (b) The assembled

microfluidic biochip with various color solutions filling ®'.
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1.6 Significance of research

Although the current commercial biosensing method are intensively employed for
related biomarkers detection. The appearing problems involving time-consuming,
complicated procedures, professional instruments, and specialistic operation personnel
have to be considered and settled urgently. Recent years, some point-of-care biosensing
platforms have attracted remarkable attention of relevant researcher worldwide owing
to their excellent advantages including easy-to-use, portable, economical and practical,
and intelligent. Among these point-of-care biosensing platforms, the luminescence-
based platforms possess various advantages and arouse great interest. Moreover, the
microfluidic biochips are widely employed for the biomedical applications, but the
related system is relatively tedious and complex, which restrict its practical application.
Therefore, combining and balancing their advantages to develop the point-of-care
biosensing platform possesses great significance for investigation the next generation

biodetection approaches of diseases-related biomarkers.
1.7 Overview of thesis

The corresponding chapters of this thesis are organized as follows:

Chapter 1: Introduction. This chapter introduces the related biomarkers of three
common diseases threatened human health, the commercial detection methods for

relevant biomarkers, the importance of point-of-care biosensing platforms and current
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research works, corresponding concepts and significance of photoluminescent and

microfluidic biochips, and the involved objectives for present work.

Chapter 2: Experimental techniques. In this chapter, the preparation methods of utilized
photoluminescent nanoparticles and manufacturing approaches of employed
microfluidic biochips are introduced. Moreover, the related characterizations are also

described in this chapter.

Chapter 3: Microfluidic biochip assisted upconversion luminescent platform for N-
protein biomarker in-vitro detection. To better realize the portable and sensitive virus
detection, in this chapter, we propose a point-of-care biosensing platform involving
microfluidic biochip assisted and upconversion luminescence. The related
characterizations including morphology and optical properties of nanoparticles,
separating and concentrating performance of biochip, biodetection abilities, and
biosensing comparation with commercial test strips indicate that this well-designed
point-of-care biosensing platform possesses great potential for the future virus detection

application.

Chapter 4: Point-of-care biodetection platform based on QDs and biochip for CEA
biomarker diagnosis. In this chapter, we introduce a point-of-care biodetection platform
for cancer related biomarker diagnosis. The corresponding investigations involving
morphology and luminescent performance of nanoparticles, detection sensitivity,
machine version algorithm, and biosensing platform illustration demonstrate that the

developed biodetection platform can be utilized for the prospective biomarker detection.
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Chapter 5: Hydrophobic SERS biochip based biosensing platform for a-syn protein

biomarker detection. With the emerging of neurodegenerative disease, we design and
fabricate a hydrophobic SERS biochip for the related biomarker evaluation in this
chapter. The biochip patterns are designed and studied concerning relevant theory and
research. The successfully manufactured biochip can be employed for distinguishing
the different structure of corresponding biomarker via Raman spectra, implying a great

potential application for neurodegenerative disease related biomarker evaluation.

Chapter 6: Conclusions and future work suggestions. This chapter summarizes these

research works from chapter 3 to 5 and gives some suggestions for prospective works.
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Chapter 2 Experimental techniques

2.1 Preparation method of photoluminescent nanoparticles

The coprecipitation method is much commonly used for the synthesizing of uniform
photoluminescent nanoparticles, especially for the relevant upconversion nanoparticles
preparation. The coprecipitation is nanomaterials synthesizing method, in which the
several involved chemicals are precipitated simultaneously in solvent. When the
solution is supersaturated, the coprecipitation usually occurs and resulting in the
particles formation, enlargement, and clustering. The nucleation process is the
significant process for coprecipitation method, which implies the initiation of particle
generation. After that, the secondary processes like Ostwald ripening and aggregation
start to work. For the secondary processes, it plays an impotent role in the size shaping
and particles characteristics. The reaction circumstances involving reactants addition
rate and stirring intensity take effect for the distribution, shape, and sized of prepared
nanoparticles. Due to these advantages consisting of cost-effectiveness for reaction
equipment, conventional procedures, and rapid reaction time, the coprecipitation
method can be well appropriate for the related preparation of photoluminescent

nanoparticles in our research works.
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2.2 Fabrication approaches of microfluidic biochip

The microfluidic chips were fabricated by the conventional soft lithography and reverse
molding procedures. In details, the manufacture processes were illustrated as follows:
At first, the wafer mold was fabricated by the photolithography method. The designed
pattern was drawn through the AutoCAD software and then manufactured to film Mask.
For the specific wafer mold photolithography process, the 4-inch wafer was cleaned via
acetone, [PA, DI Water, and N> gas. The SU-8 photoresist around 4 ml was next spun
coating onto the surface of the wafer with no bubble. Then the photoresist coated wafer
was treated for soft bake under 65 & 95 degrees Celsius and follow by pattern transfer
via the photoetching machine. Subsequently, the post bake was carried out with 65 &
95 degrees Celsius and the baked wafer was executed for developing with SU-8
developer, IPA, DI Water, and N> gas. After the final hard bake for 150 degrees Celsius,
the wafer was cooling down to room temperature for the later processes. The PDMS-
glass MFC was fabricated via the followed steps: the obtained wafer mold under
lithography was evaporated with a thin organic film for better demolding, and follow
by the PDMS pouring and thermocuring with the ratio of 1:10 for the curing agent and
base. Next, the cured PDMS with designed pattern was implemented with demolding
and clipping for the following plasma treatment. And the plasma treated PDMS chips
and glasses were bonded and heated for 85 degrees Celsius with 5 minutes. Finally, the

designed MFC was obtained after the channels cleaning by gas.
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2.3 Characterization methods

2.3.1 X-ray diffraction

The X-ray diffraction (XRD) is a very useful non-destructive technique for the structure
properties investigation in a micro or nano scale. This technique provides the related
structure analysis including crystal structure, phase orientation, crystal defects, and
particle size evaluation. The schematic illustration of X-ray diffractometer fundamental
working principle is exhibited in Figure 11, which describes the relevant constructed

interference of the incident X-ray induced by lattice planes.

Diffracted
X-R X-Ray
- ay
source Incident j_'/' Detector

X-Ray=—1

d
t

Sample

Figure 11. The schematic diagram of X-ray diffractometer with fundamental working

principle.
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As can be seen, the incident X-ray monochromatic beam is irradiated on the surface of
sample with lattice plane spacing “d”. The lattice planes scattered wave of sample will

superpose constructively and accord with the Bragg’s law 2:
2d sin 8 =ni

The scattered X-rays path difference equals to the integral number (n) of the wavelength
(1) in a specific incident angle 8. And after compared with the standard diffraction data
base, the information of measurement with crystal structure or phase will be acquired.

In our research work, the Rigaku, SmartLab 9kW X-ray diffractometer was utilized for

investigation for the crystal structure of samples.
2.3.2 Optical microscopy

The optical microscope is a powerful technology for observation the magnified images
of small objects, which is generally consisted of visible light source and a lenses system.
The sample can be observed by transparent or reflectance mode of optical microscope

for the sample conditions and investigation requirement.

Besides, the corresponding polarized incident light can be used for studying the crystal
orientation of materials. In our work, the Leica DM1750 optical microscopy was

employed for the morphology study of relevant PS microspheres.
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2.3.3 Electron microscopy
Transmission electron microscopy (TEM)

The transmission electron microscopy (TEM) is a type of electron microscopy
technique for obtaining an image via the transmitted electronic beams through a sample.
Normally, the thickness of TEM sample is less than 100 nm or suspension on a grid
holder. The TEM image is formed from the electron interaction as the transmitting of
the beam through sample, then the image is magnified and focused on a fluorescent
screen for imaging. Due to the smaller de Broglie wavelength, the resolution of TEM
is much higher than the light microscopes, which enables the TEM instrument to
acquire some fine details even in a single atom scale. This TEM technique is widely
used in the scientific field, such as physics, chemistry, and materials science. In our
study work, the JEOL JEM-2100F TEM instrument was utilized for the morphology

investigation of employed photoluminescent nanoparticles and related lattice space.
Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is a valuable electron microscope, which
acquires the sample image via scanning the objectives surface with a focused electronic
beam. The electrons interact with the sample atoms and generating the surface
morphology information of the investigated sample. In details, the electron beam will

be scanned in the raster scan pattern and the electron beam will be combined with the
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detected signal intensity for producing the SEM image. For most of the SEM
technology, the Everhart—-Thornley detector, a secondary electron detector, is used to
detect the secondary electrons, which is emitted via atoms after the electron beams
exciting. For our research work, the Tescan MIRA field emission SEM with relatively
high resolution was utilized for morphology investigations of PS microbeads and the

conjugation for the photoluminescent nanoparticles.
Energy dispersive X-ray spectroscopy (EDS)

The Energy Dispersive X-ray Spectroscopy (EDS) is a useful technique, which is
utilized for the composition of chemicals and elements for a investigated sample. For
the detection mechanism of EDS system, it is based on the related interaction between
the sample and X-ray simulation source excitation. In details, the incident stimulation
strikes on the surface of studied sample, in which the electrons are sitting on the ground
state in the discrete energy levels. From the related inner shell, the external stimulation
will excite and eject an electron and result in an electron hole. In order to stabilize the
atomic structure, the electron with high energy from outer shell tend to fill up the
electron hole. And ultimately, the photon is released in X-ray from as these two shell
energy difference compensation. It is the related characteristic properties of an element
for the X-ray emission position and intensity measurements, which is attributed to the
unique individual atomic structure. Besides, the external stimulation source commonly

includes high energy X-ray or charged particles focused beam in practical applications.
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In our experiments, the EDS was equipped with the transmission electron microscopy
(TEM) instruments for the relevant investigations of core-shell structured of

photoluminescent nanoparticles.
2.3.4 Photoluminescent spectroscopy

The photoluminescence (PL) spectroscopy a non-contact and destructive method for
the measurement of any form materials luminescent performance. As shown in Figure
12, the PL spectrometer consists of Xenon lamp, Xenon flashlamp, NIR photomultiplier
(PMT) detector, UV-Vis PMT detector, sample chamber, and external laser holder. The
brief mechanism of PL spectroscopy is illustrated as follows: at first, the incident light
is irradiated on a sample, and the ground state electrons will jump to a higher energy
level via the photon’s energy absorption. Then, the electrons excited by photon in
excited states relax to their ground state and illuminate the related emitted photons. By
the measurement of emitted photons distribution as a relationship with their wavelength,
the steady-state PL spectra will be recorded. By using the fixed excitation wavelength,

the emission spectra are acquired for the various emission spectra range.

LIU YUAN 32



&

THE HONG KONG POLYTECHNIC UNIVERSITY

enon Flashlamp = PM_:_J\I;-\:is :
e . etector

. NIR _
g, PMT Detector —

_

Taser Holde

Figure 12. The optical image of PL spectrometer employed in our laboratory.

On the other hand, the excitation spectra are obtained by fixing the emission wavelength
for different excitation wavelengths range measuring. The computer-controlled mirrors
equipped in the sample chamber enables the rapid excitation and emission paths
selection. Besides, the NIR PMT detector is operated at the low temperature of -80 °C
with the detection wavelength from 900 to 1700 nm. The UV-Vis PMT detector can
measure the wavelength from 200 to 870 nm at the temperature of -20 °C. The pre-
equipped Xenon lamp can offer an excitation light from 230 to 1000nm, and the Xenon

flashlamp can emit the pulsed incident light at the modified frequency. The external
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laser can place in the laser holder for the NIR excitation requirement. In our research
work, the EDINBURGH FLS900 PL spectrometer was employed for the corresponding
photoluminescence investigation of utilized nanoparticles.

2.3.5 Atomic force microscopy

The atomic force microscopy (AFM) is a useful technique for studying the materials
performance involving morphology, size, and surface roughness. The AFM system runs
by probing the surface of specimen by using a specifically designed tip at the free end
of a cantilever. The XYZ scanner allows the probe to scan sample surface with three
axis direction. Through the beam deflection technology, the vertical distance between
the AFM probe and sample can be well controlled. The laser diode generated beam is
focused on the probe tip back and will be reflected to the photodiode, in which its
voltage signal is produced from the related amplifier circuit. The processing voltage
signal can send to feedback circuit and control the z-axis displacement. The related
lateral positions and vertical displacement are transmitted to the computer and follow
by the surface information recording of investigated samples. Three common modes of
AFM technique are usually employed, which involves tapping mode, contact mode,
and non-contact mode. In our relevant experiments, the Asylum MFP 3D Infinity is

used to investigate the conjugation conditions of utilized antigen and antibody.
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2.3.6 Zeta potential measurement

The zeta potential is defined as the electrical potential of slipping plane, in which this
plane is the interface separating the mobile fluid form surfaced attached fluid. Zeta
potential resulted from the net electrical charge in the region bounded by slipping plane,
which can be widely employed for charge magnitude quantification. Moreover, the zeta
potential is usually the only path for investigation the double-layer properties. In our
research work, the Malvern Zeta Potential Analyzer was utilized for the relevant

modification investigations of prepared samples.
2.3.7 Fourier transform infrared spectroscopy

The Fourier-transform infrared spectroscopy (FTIR) is a beneficial technique for
measuring the absorption or emission infrared spectra of sample with solid, liquid, or
gas form. For a broad wavelength range, the FTIR instrument can collect and acquire
the high-resolution spectral data for materials study. Compared with the typical
dispersive spectrometer, the FTIR can measure a wide range of spectra, while the

dispersive spectrometer can only detect one narrow wavelength at a time.

Instead of shining a single wavelength beam at the sample, the FTIR technique shine
the composited wavelength beam involving several frequencies and measure the
absorbed wavelength of the investigated sample. Subsequently, the beam will be
modified for obtaining the different frequencies and resulting in a second data point.

The measurement process is repeated many times in a very short time. Finally, the
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computer processes these data points and works backward to deduce each absorption

&

of wavelength. In our study work, the Bruker VERTEX 70, HYPERION 2000 FTIR
spectrometer was employed for investigating the corresponding modification

conditions of utilized photoluminescent nanoparticles.
2.3.8 UV-Vis absorption spectroscopy

The ultraviolet—visible (UV—Vis) absorption spectroscopy is a powerful technique,
which refers to the collection of absorption spectra with the range from full or part of
ultraviolet to visible wavelength light. Owing to the advantages of relatively easily
implemented and inexpensive, the UV-Vis absorption spectroscopy is commonly
employed for various fundamental research applications. And the only requirement is

that the absorption wavelength of studied sample is in the UV-Vis range.

Compared with the commercial fluorescence spectroscopy, the UV-Vis absorption
spectroscopy is complementary. Apart from the measurement of wavelength, the UV-
Vis absorption spectroscopy can also obtain some important parameters, which consists
of reflectance (%R), absorbance (A), and transmittance (%T). In our research work, the
PERKIN ELMER UV-Vis absorption spectroscopy was used for the related studies
including the absorption spectra of PDMS based biochip and investigation of bandgap

for prepared photoluminescent nanoparticles.
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Chapter 3 Microfluidic biochip assisted upconversion

luminescent platform for N-protein biomarker in-vitro detection

3.1 Introduction

Throughout history, the human health and medical systems have consistently
encountered substantial threats by various viruses. Among these, certain prevalent
viruses have left enduring and painful memories for humanity. Smallpox, an infectious
disease caused by the smallpox virus, resulted in severe toxemia and led to the deaths
of hundreds of millions of individuals centuries ago ®. The Spanish flu pandemic,
primarily attributed to a flu virus akin to the influenza A virus subtype HIN1 (A/HIN1),
caused significant distress across Europe ®. In more recent years, several well-known
viruses, including the Ebola virus, Zika virus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), and the Mpox virus, have exerted a profound impact on
human society °-%7. Consequently, the detection of viruses is of paramount importance

for the proactive control of viral transmission.

Traditional techniques such as polymerase chain reaction (PCR) and lateral flow assays
(LFA) are commonly used for detecting viruses. PCR, which amplifies specific gene
segments, boasts an extremely high sensitivity of approximately 100 copies per
milliliter, making it a gold-standard approach for virus diagnostics. However, PCR has

several disadvantages, including being time-consuming (taking several hours), having
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high detection costs, requiring skilled operators, and posing a risk of unintended virus

spread %99,

Through the development of PCR diagnosis, Chang et al. utilized a non-optical
multiplexed PCR method to detect the dengue virus with the fairly high detection
sensitivity. However, the assay time still reaches about 90 minutes, which limits the
application of rapid diagnosis "°. LFA is a relatively rapid detection method using the
colloidal gold lateral flow bonding to the modified nitrocellulose membrane’!.
Nonetheless, the diagnosis sensitivity of LFA is quite low (around 100 ng/ml), which
poses disadvantages in terms of early and accurate virus detection. Jin et al. reported
the developed upconversion nanoparticles (UCNPs)- based LFA strips for specific virus
and protein detection. However, the diagnosis sensitivity and convenience of this device
also need to be improved before it can be widely used 7>. Chang et al. developed a PCR
diagnostic method that employs a non-optical multiplexed approach to detect the
dengue virus with a relatively high sensitivity. However, the assay duration is
approximately 90 minutes, which hinders its use for rapid diagnosis’. Lateral flow
assay (LFA) is a quicker detection technique that utilizes colloidal gold on a modified
nitrocellulose membrane. Despite its speed, LFA has low diagnostic sensitivity, which
limits its effectiveness for early and accurate virus detection. Jin et al. introduced LFA
strips based on upconversion nanoparticles (UCNPs) for the detection of specific
viruses and proteins. However, the sensitivity and usability of this device still require

enhancement before it can be widely adopted 2.
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To overcome the limitations of conventional diagnostic techniques, many new
biosensors have been created for detecting viruses. Chailapakul et al. used a paper-
based fluorescent sensor to identify the hepatitis C virus, but the stability of the organic
fluorochrome used did not maintain high performance in certain complex conditions 7.
Our team has proposed and developed innovative strategies for highly sensitive virus
detection by leveraging fluorescence resonance energy transfer. However, the
procedures require specialized equipment and trained personnel, which somewhat

restricts their application #7°. Thus, it is crucial to achieve virus diagnosis that

combines stability, sensitivity, and ease of use for effective virus detection.

The microfluidic biochip (MFC) is a device designed with micro-channels arranged in
a specific configuration. These channels facilitate the controlled movement of fluids,
allowing them to flow through various paths and connect with the external environment
at specific inlets and outlets. This lab-on-a-chip MFC device features programmed
functionalities, is compact and intricate, and has biological significance, which
enhances its integration and portability "> 7®. Additionally, MFCs with separation
capabilities are commonly utilized in biosensing applications, including particle
filtration and cell sorting ”°. By employing MFC technology, it is possible to isolate
targeted biomarkers in a sample, significantly improving detection sensitivity without
needing amplification methods. The sandwich structure is frequently used to capture
targeted biomarkers in optical immunoassays, incorporating a luminescent agent for

80-83

optical detection . Due to the transitions of 4f electrons in the f-f or f-d
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configurations of lanthanide luminescent ions, upconversion nanoparticles (UCNPs)
doped with lanthanide ions demonstrate stable and consistent luminescent performance
8486 Established research techniques for modifying UCNPs have greatly broadened

their use in biosensing applications 7%,

Moreover, point-of-care detection is a biosensing technology that operates close to the
patient and offers many benefits, garnering significant research attention *°. For
example, a team from Harvard Medical School has developed a compact luminescence-
based in vitro diagnostic tool for virus detection. However, the processes of sample
purification and separation remain somewhat cumbersome, limiting its practical use in
virus diagnosis °!. Consequently, it is essential to find a balance between the advantages
of biosensing technologies and the need for quick, sensitive, and portable virus

diagnostic solutions.
3.2 Experimental section

3.2.1 Preparation of NaYF4:Yb/Er UCNPs

The synthesis of NaYF4:Yb/Er was conducted utilizing the conventional
coprecipitation technique. In a 50-ml flask, 1.6 ml of 0.2 M Y(CH3COO)3, 0.72 ml of
0.2 M Yb(CH3COO)3, and 0.08 ml of 0.2 M Er(CH3COO)3 were combined with 6 ml
of octadecene (ODE) and 4 ml of oleic acid (OA). The resulting solution was gradually

heated to 150 °C and maintained at this temperature for 40 minutes while being stirred
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magnetically. Following this, the reaction mixture was allowed to cool to room
temperature, after which a mixture consisting of 1 ml of 1 M NaOH in methanol and
3.3 ml of 0.4 M NH4F in methanol was introduced. The mixture was subsequently
heated to 50 °C for 30 minutes to facilitate the evaporation of methanol. Thereafter, the
temperature was increased to 100 °C, accompanied by a 10-minute vacuum degassing
to remove any residual moisture. The flask was then subjected to heating at 290 °C
under an argon atmosphere for a duration of 2 hours before being allowed to cool to
room temperature. The resulting upconversion nanoparticles (UCNPs) were
precipitated by the addition of 5 ml of ethanol and collected via centrifugation. The
UCNPs underwent further purification through three cycles of washing with
cyclohexane and ethanol, and were ultimately dispersed in cyclohexane for subsequent

applications.
3.2.2 Surface modification of UCNPs

The synthesized upconversion nanoparticles (UCNPs) were precipitated in 15 mL of
ethanol with the addition of 112 pL of 2 M hydrochloric acid (HCI). Following a 30-
minute incubation period, the UCNPs were collected via centrifugation and
subsequently redispersed in 15 mL of ethanol containing 11.2 uL of 2 M HCI, followed
by sonication for an additional 30 minutes. The ligand-free UCNPs were then isolated
through high-speed centrifugation. Subsequently, 20 mg of polyacrylic acid (PAA)

dissolved in 0.2 M sodium hydroxide (NaOH) was introduced to the ligand-free UCNPs
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and stirred overnight. The resulting UCNP-PAA complex was collected through high-

speed centrifugation and dispersed in 1 mL of water for storage purposes.
3.2.3 Conjugation of UCNP-PAA with antibody

The conjugation of antibody with UCNP-PAA was performed utilizing conventional
chemical methodologies. Initially, 200 pL of UCNP-PAA underwent buffer exchange
in MES buffer at pH 5 (500 pL). Subsequently, 6 mg of NHS and 3 mg of EDC were
introduced to the csUCNPs while stirring for a duration of 30 minutes. Following this,
0.1 mg of antibody was incorporated into the mixture and stirred for an additional 2.5
hours to facilitate a complete coupling reaction. The antibody-conjugated UCNP was
then isolated through high-speed centrifugation and subjected to three wash cycles with

water.
3.2.4 Conjugation of PS microbeads with antibody

At first, 1 mg of carboxy group-modified polystyrene (PS) microbeads was dissolved
in 1 mL of 2-(N-morpholino)ethanesulfonic acid (MES) buftfer. Subsequently, 10 uL of
a 10 mg/mL solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) was introduced, and the mixture was incubated at 37 °C for
30 minutes. Following this incubation, the PS microbeads were precipitated and
redispersed in phosphate-buftered saline (PBS), to which 0.3 mg of antibody was added

in a total volume of 800 uL PBS. This mixture was then incubated at 37 °C for 1 hour.
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Upon completion of the reaction, a 5 mg/mL solution of bovine serum albumin (BSA)
was incorporated and allowed to incubate for an additional hour. The resulting
antibody-conjugated PS microbeads were subsequently washed and resuspended in

PBS for future applications.
3.3 Characterization and discussion

3.3.1 Mechanism of designed biosensing platform

The MFC-assisted diagnostic platform was developed and employed for the purpose of
point-of-care and portable detection of the nucleocapsid protein (N protein) of SARS-
CoV-2, as depicted in Figure 13. As illustrated in Figure 13a, viral samples were
collected from patients, airports, and various confined environments, such as elevators
and restrooms. The collected swabs, which may or may not contain the N protein, were
subsequently combined with prepared diagnostic reagents, including modified
upconversion nanoparticles (UCNPs) and polystyrene (PS) microbeads, referred to as
PSMBs in Figure 13a. This mixture was incubated for several minutes, resulting in the
formation of a sandwich immunoassay comprising UCNPs, the N protein, and PS
microbeads. Following this, the incubated mixture was injected into the designed MFC-
assisted chamber, which was then placed into a portable detection device for viral
diagnosis. The test results can ultimately be transmitted to a mobile phone via Bluetooth,
with the entire process being completed within a fifteen-minute timeframe. Detailed

schematic diagrams and the operational mechanism of the MFC-assisted chamber are
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presented in Figures 13b and 13c.
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Figure 13. (a) Schematic illustration of biodetection procedures, which includes swabs
collection, mixing and incubation for pre-prepared reagents, samples injection, and test
result acquiring. (b) The flow of the mixture and the generation of optical signals within
the MFC-assisted chamber. (c) The fundamental principle of MFC, which includes
separation and concentration functions for detecting viruses (Pillar gap: 35 um; PS

microbeads size: 50 pm).

As depicted in Figure 13b, the incubated mixture was introduced into the biochip's inlet
using a pipette, with excess fluid exiting through the outlet. The optical signal zone
revealed green emission signals in response to 980 nm near-infrared (NIR) excitation,

indicating the presence of the N protein. The accompanying insert on the right illustrates
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a coordinated three-stage separation system designed for the filtration of unconjugated
upconversion nanoparticles (UCNPs) and the concentration of bound sandwich
polystyrene (PS) microbeads. Furthermore, Figure 13c elucidates the separation and
concentration mechanism employed within the microfluidic chamber. A negative result
indicates that the unconjugated beads remain in the filtration zone without exhibiting
photoluminescence (PL) signals, whereas a positive result signifies that the conjugated
beads display PL signals when subjected to NIR laser excitation. In conclusion, these
remarkable properties suggest that this system holds significant potential as a platform

for portable virus diagnostics.
3.3.2 Characterizations of related morphology and modification

To investigate the morphology of diagnostic probes, a range of characterization
techniques were employed, including transmission electron microscopy (TEM),
scanning electron microscopy (SEM), atomic force microscopy (AFM), and zeta
potential measurements. As depicted in Figure 14a, the synthesized NaYF4:Er**/Yb**
upconversion nanoparticles (UCNPs) exhibited a particle size of approximately 300 nm.
The corresponding high-resolution TEM images (Figure 15) and the associated fast
Fourier transform (FFT) analysis indicated that the synthesized NaYF4:Er’*'/Yb**
UCNPs possess a well-defined crystalline structure. The relevant Miller indices were
calculated and identified as (111) and (002), as illustrated in the inset of Figure 14a.

Figure 14b presents SEM images of polystyrene (PS) microbeads, both with and
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without conjugation to N protein.

Figure 14. (a) TEM image of NaYF4:Er*"/Yb®>" UCNPs. Related insert presenting the
FFT image under the high-resolution TEM. (b) The SEM images of PS microbeads
without (top) and with (bottom) N protein. (c) AFM images of the connected antigen

and antibody.

The upper portion of Figure 14b illustrates a minimal adherence of upconversion

nanoparticles (UCNPs) to the surface of polystyrene (PS) microbeads. In contrast, the
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lower section of the scanning electron microscopy (SEM) images provides insights into

&

the conjugation dynamics between the PS microbeads and UCNPs. Additionally, due to
the significant destructive effects of the electron beam, atomic force microscopy (AFM),
which is non-destructive and suitable for biological samples, was employed to
characterize the morphology of protein-based objectives, including the N protein
antigen, its corresponding antibody, and the conditions of their conjugation. As depicted
in Figure 14c, the N protein antigen exhibited effective conjugation with its associated
antibody, which facilitated the assembly of a sandwich structure comprising PS

microbeads, the N protein antigen, and modified UCNPs.

Figure 15. The HR-TEM images of prepared NaYF4:Er**/Yb*" UCNPs with (a) partial

region pattern and (b) its selected area expended scanning image.

For purpose of investigating the surface modification of the synthesized upconversion

nanoparticles (UCNPs), Fourier transform infrared spectroscopy was employed, as
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illustrated in Figure 16. The results indicate that the initial oleic acid ligand was

&

eliminated following acid treatment, and that polyacrylic acid was effectively applied

to the UCNPs during the subsequent modification process.
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Figure 16. (a) The FTIR spectra of NaYF4:Yb/Er-OA and acid treated NaYF4:Yb/Er

nanoparticles. (b) The FTIR spectra of acid treated NaYF4:Yb/Er and modified

NaYF4:Yb/Er-PAA nanoparticles.
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Figure 17. (a) The acquired optical photo of PS microbeads under the reflection and

&

bright field mode. (b) Zeta potential of PS microbeads and UCNPs before and after

conjugation with the antibody.

Additionally, the PS microbeads (Figure 17a) displayed excellent transparency, which
aids in the acquisition of optical signals within the filtration area of the MFC chamber.
As illustrated in Figure 17b, the zeta potential measurements further confirmed the
successful modification of antibodies on the surfaces of the PS microbeads and UCNPs.
It was noted that the zeta potential of the PS microbeads decreased from -59.5 to -17.1
mV following antibody modification. Similarly, the zeta potential of the UCNPs also
dropped from -20.2 to -3.6 mV due to the binding of antibodies. This change in zeta
potential indicates that the specific antibodies were effectively conjugated to the

surfaces of both the PS microbeads and UCNPs.
3.3.3 PL properties of utilized UCNPs

The UCNPs are utilized as photoluminescent agents for detecting the N protein because
they have lower background interference in the near-infrared (NIR) range compared to
ultraviolet (UV) excitation. The related photoluminescence properties were studied as
shown in Figure 18a. Under NIR (980 nm) excitation, the emissions of Er/Yb co-doped
UCNPs present five peaks located at 378, 408, 521, 540, and 654 nm, which resulted
from the excited state of *G11/2, 2Honz, 2H112, *S32, and *Foy2 to the ground state of *I;s,

respectively. The highest emission peak was located at 540 nm indicating the optical
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color of the UCNPs (left inset of Figure 18a) utilized for the later virus diagnosis

research.
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Figure 18. (a) The NaYF4:Er*"/Yb** UCNPs spectrum from 300 nm to 800 nm. Left
inset exhibiting the photo of UCNPs (~1mg/ml) dispersed in cyclohexane under 980
nm excitation. Right inset: the power dependent emission spectra indicating the two-
photon upconversion process. (b) Upconversion energy transfer diagram of Er’** and

Yb*" ions.

The power dependent emission spectra were examined for the participation of
upconversion photons. As illustrated in the inset of Figure 18a, the slopes are 1.98, 1.93,
and 1.84 for the emission peaks of 521, 540, and 654 nm, respectively. According to a

relationship of 7 «P”, the I stands for the luminescent intensity, P represents the pump

power, and 7 is the average upconversion photons *>**. After the logarithmic treatment
of pump power and intensity, the data points of logarithmic / and P presents linear

relationship, and the slopes were related to the photons. As a result, it can be
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demonstrated that it takes place a two-photon upconversion process in the

NaYF4:Er*"/Yb** UCNPs.

The related upconversion energy transfer process of codoped Er’*/Yb** ions is indicated
in Figure 18b. It consists of numerous processes, such as energy transfer (ET), ground
state absorption (GSA), and excited state absorption (ESA) for the entire upconversion
transitions. The upconversion mechanism of red emission (654 nm) is mainly: Ground
state level *I152 jumps to 1112 level after absorbing 980 nm excitation light. Then, the
excited state level of *I;1,2 relaxes non-radioactively to the *I;32 and jumps to *Fo, due
to ESA process. Finally, the radiative relaxation from “Fo, level to ground state brings
the red light (654 nm) emission. For the two green emissions, under a 980 nm excitation,
the population of Er** ions pump to the excited state of *I;1,2 from ground state *Iys;> and
then transitions to “F7, through the ESA process. It happens the non-radioactively
process from the *F7 to 2Hyi2 level and *Hiiz to *Ss level. Finally, the radiation
transitions from the 2Hy1» and *Ss/ levels to the ground state level were irradiated to

green emission (521 and 540 nm), respectively.
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Figure 19. (a) The absorbance spectra and its Tauc-plot (b) of corresponding prepared

NaYF4:Err'/Yb> UCNPs.

In addition, two violet emissions of 378 and 408 nm are probably originated from the
excited state of *G11/2 and Hoy, transitions to *I;s; ground stat. Among these, the above
emission processes are enhanced due to the doping of the Yb** ions via the several ET
processes. The relevant bandgap value of UCNPs matrix was measured and calculated
to about 2.7 eV from the Tauc-plot in Figure 19 °> %, Moreover, the lifetimes are
illustrated in Figure 20, where various emission peaks of 378, 408, 521, 540, and 654
nm were also investigated through the photoluminescence decay time, which reveals

that the lifetime is 180.6, 207.1, 338.3, 321.1, and 570.7 us, respectively.
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Figure 20. The relevant photoluminescence decay time of upconversion emission at (a)

378 nm, (b) 408 nm, (c) 521 nm, (d) 540 nm, and (e) 654nm.
3.3.4 Separation and concentrating properties of microfluidic biochip

The constructed MFC was used as a sample chamber in a diagnostic platform, with
multiple MFC channels designed for separation and concentration purposes. In MFC-
1, illustrated in Figure 21, the pillar gap for the first-order filtration system was 25 pm,

while the second-order filtration system had a pillar gap of 35 um.

However, a limitation of this MFC layout was the presence of background noise, likely
due to the limited number of separation stages. To address this, a three-order filtration
system was developed and created as MFC-2, as depicted in Figure 22. In this MFC,
the pillar gaps for the first, second, and third-order filtration systems were 15, 25, and

35 pm, respectively. This MFC configuration demonstrated improved primary
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separation capabilities compared to MFC-1, but it required a longer operational time

and made the cleaning process significantly more cumbersome.

Figure 21. The AutoCAD design and related flow path of MFC-1 with (a) two order
filtration system. The distinct channel details of red and green labelled area exhibiting

at the (b) and (c), respectively.
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Figure 22. The AutoCAD design pattern and flow path of MFC-2 with (a) three order
filtration system. The relevant detailed pattern with blue, green, and red marked area

showing at (b-d), respectively.

As aresult, the MFC-3, featuring improved channel designs as illustrated in Figure 23a,
was chosen as the optimized microfluidic device. This device has a three-stage filtration
system with pillar gaps of 15, 25, and 35 pum, as detailed in the AutoCAD design
drawing in Figure 24. The lower panels of Figure 23a demonstrate that the fabricated
PDMS channels are well-connected to the glass slide due to chemical bonding. The
images (i) to (iii) in Figure 24 depict the three-tier separation pillars of the designed
MFC, which facilitate the primary and secondary separation of unconjugated UCNPs

and the filtration of conjugated PS microbeads, respectively. Furthermore, PDMS and
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glass were chosen for their high transparency and chemical bonding properties, making

&

them suitable for NIR excitation applications.

Figure 23. (a) The designed channels of microfluidic biochips and related microscale

images. (b) The filtration performance of designed microfluidic biochips.
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Figure 24. The AutoCAD design pattern and flow path of MFC-3 with (a) three order

filtration system. The detailed pattern of three order filtration with red, blue, and green
marked region showing at (i-iii), respectively. The related optical photos exhibiting at
(b-j), among them, (b-c) representing the first order filtration, (e-g) illustrating the

second order filtration, and the (h-j) indicating the third order filtration.

The separation property of these biochips is demonstrated in Figure 23b and Figure 24a.
It can be clearly observed that the conjugated PS microbeads were effectively filtered
in the circular area, showcasing the excellent dual capabilities of separation and
concentration of the microfluidic biochip. Additionally, the cleaning process reveals
that this microfluidic biochip has good cleanability, suggesting significant potential for
applications in biosensing. Furthermore, the Figure 25 illustrates that the color
distribution of the designed MFC, both with and without PS microbeads from the
COMSOL simulation, is uniform, indicating a consistent velocity gradient due to the

circular design of the filtration pillars.

The images illustrated in Figure 26 demonstrate the concentration capabilities of this
microfluidic biochip. A noticeable bright light can be seen in the concentrating area of
the MFC, in contrast to the dispersed state of the conjugated PS microbeads under liquid
conditions after NIR irradiation. Furthermore, optical images captured by a bright field
microscope showed that the PS microbeads emitted a bright green light when
conjugated with UCNPs through the N protein, providing additional evidence for the

conjugation and concentration of the linked PS microbeads with UCNPs.
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Figure 26. The relevant concentrating ability of the designed microfluidic biochips. (a)

Photo of the IR card with green emission. (b) Related picture of the connected PS
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microbeads dispersing in liquid environment with little green light. (c) Optical images

&

of IR detection card (left) and concentrated conjugated PS microbeads in central zone
of MFC (right) without 980 nm laser excitation. (d) Optical photos of IR detection card
(left) and concentrated conjugated PS microbeads in MFC (right) under 980 nm laser

irradiation with green emission.
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Figure 27. (a) The emission spectra of the connected UCNPs in MFC or cuvette
condition. (b) The emission enhancement performance of MFC connected UCNPs with

various N protein concentrations.

The use of the MFC chamber resulted in an increased photoluminescence intensity in
the emission spectra, as illustrated in Figure 27a. The normalized spectra reveal that the
PL intensity can be enhanced by over 100 times when conjugated UCNPs are
concentrated on the surface of PS microbeads, compared to the cuvette sample, based
on the PL intensity ratio at the emission peak around 540nm. Additionally, varying

concentrations of virus conjugation showed improved PL intensities in the MFC mode
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compared to the cuvette form, as depicted in Figures 27b and 28. This enhancement in

&

PL emission is attributed to the concentration of luminescent PS microbeads in the
separation zone of the designed MFC, in contrast to the liquid state of cuvette samples,
as shown in Figure 29. The impressive performance of the designed MFC, with its
numerous advantages, suggests a promising application for future portable virus

diagnostic platforms.
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Figure 28. The emission spectra comparison of cuvette and MFC mode with different

concentration.
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Figure 29. Schematic diagram of MFC concentrating capability from the cuvette with

liquid condition to MFC with solid mode.

3.3.5 Detection performance of microfluidic biochip platform

In terms of the virus detection concerning the N protein, the assessment of detection
limits and conjugation specificity is critical for determining diagnostic performance *’.
As 1illustrated in Figure 30a, an increase with the concentration of the N protein
correlates with an increase in photoluminescence (PL) intensity, which can be attributed
to the accumulation of conjugated upconversion nanoparticles (UCNPs) on the surface
of polystyrene (PS) microbeads. Furthermore, it is obvious that the enhancement in PL
intensity exhibited a tendency to plateau at elevated protein concentrations. The
associated lifetime at the emission peak of 540 nm was analyzed through the decay

curve presented in Figure 30b. The results indicate that the lifetime of Er’" ions

LIU YUAN 61



Qb CHAPTER 3
% THE HONG KONG POLYTECHNIC UNIVERSITY

remained constant before and after the introduction of N proteins, suggesting that the

conjugation of UCNPs to the PS microbeads does not influence the luminescent lifetime.
This observation also implies the absence of an energy transfer process (Figure 30c)
between the UCNPs and PS microbeads. This phenomenon may be explained by the
characteristic absorbance wavelength of PS microbeads, which is approximately 260
nm, corresponding to the m-n* electronic transition of the aromatic ring in the styrene

monomer, a wavelength that is significantly misaligned with the emission peaks of Er**
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Figure 30. (a) The related emission spectra of utilized PS microbeads with various N
protein concentration. (b) The decay time with or without N protein connection. (c) The

schematic diagram of probable energy transfer mechanism between the
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unconjugated/conjugated PS microbeads and modified UCNPs. (d) Detection limit of
MFC concentrated PS microbeads conjugated with N protein. (e) Specificity test N

protein detection with PS microbeads and modified UCNPs.

As shown in Figure 30d, it indicates the relationship between the PL intensity at the
emission peak of 540 nm and the concentration of UCNPs. The PL intensity values
were normalized with the maximum intensity set to 1.0 as a reference. It can be seen
that PL intensity increased with the addition of N proteins, showing the trends observed
in the emission spectra and optical images. At lower concentrations of N proteins, the
increase in PL intensity was gradual, mainly due to the weak PL emissions from the
conjugated UCNPs on the surface of PS microbeads. This trend was also noted at higher
virus concentrations with additional N protein, primarily due to the saturation of PL
intensity from UCNPs attached to the PS microbeads. The detection limit is generally
determined by the average values of blank samples plus three times the standard
deviation. As shown in Figure 30d, the detection limit was assessed at 1.12 pg/ml level,
indicating that the developed platform demonstrated significant detection sensitivity,

implying its potential for effective virus diagnosis.

In addition, the investigation of specificity is of great significance, which manifests the
recognition capability of virus diagnostic platform for specific target antigens. As
shown in Figure 30e, three different antigens including spike protein (S protein), human
serum albumin (HSA), and N protein were tested for specificity research. The

concentrations of proteins are diluted to around 10 pg/ml from the standard samples of
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S protein (1.48 mg/ml), HAS (10 mg/ml), and N protein (1.56 mg/ml). Among them,

these error bars manifest the standard deviations of three independent experiments.
These results indicated that the N protein target presented higher PL intensity compared
with other antigens targets and blank sample, which implied that the designed sandwich
immunoassay possessed well virus diagnostic specificity. These investigations of virus
detection for N protein performance indicate that this well-designed virus detection

system is promising potential application for point-of-care virus diagnostics.
3.3.6 Performance comparison with commercial LFA

To demonstrate the practical detection performance, clinical samples were investigated
for our virus diagnostic platform. As shown in Figure 31a, the clinical samples of
Omicron variant were obtained via several procedures from the laboratory of the
University of Hong Kong. At first, the isolate of Omicron (B.1.1.529) variant was
acquired from the confirmed patients in Hong Kong. Next, the collected swabs of
nasopharyngeal or oropharyngeal specimens were cultured in typical Vero-E6-
TMPRSS2 cells for replication. The cultured Omicron variant was subsequently boiled
at 95 °C for 10 minutes for virus inactivation. Ultimately, the N protein of Omicron
variant was extracted and acquired for clinical samples. The commercial LFA rapid test
strips as shown in Figure 31b were utilized for the N protein detection and verification
of the obtained clinical viral samples. With the addition of different concentrations for

clinical samples, all of these control lines of LFA strips exhibited a distinct red color
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indicating that the results of test line were effective for the N protein detection. For

relatively quantitative analysis, the optical images of LFA rapid test strips were

converted into the grayscale images for investigation.
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Figure 31. (a) The acquiring procedures of clinical viral samples for B.1.1529 Omicron
variant N protein. (b) The optical photos of LFA rapid test strips with pure lysate (i) and
different virus concentration injection (ii-v). Half bottom showing the related converted
grayscale images. (¢) The selected area intensity and integrated density of test line for
LFA with various sample concentration and pure lysate via the grayscale images. (d)
The upconversion emission spectra of designed MFC diagnostic platform with pure

lysate and different concentration clinical samples.

Figure 31c illustrates the selected area and integrated density of the LFA strips test line
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of clinical samples with diverse dilution concentration. It can be seen that the selected

&

area of the test line was basically same for better comparison. From the original
concentration to 50-fold dilution concentration, it can be observed the integrated
density tended to decrease visibly. But compared with the 50-fold dilution sample and
the pure lysate, the integrated density values were basically similar, which implied that
the detection sensitivity cannot reach this dilution viral concentration. Fortunately, the
designed MFC assisted N protein diagnostic platform manifested excellent

performance compared with the commercial LFA rapid test strips.

As shown in Figure 31d, the emission intensity also exhibited a downtrend from the
original concentration to dilution clinical sample. However, instead of the
inconspicuous distinguishing of 50-fold dilution sample and pure lysate for commercial
LFA rapid test strips, the designed MFC assisted virus diagnostic platform possessed
significant detection sensitivity. And the emission intensity of 50-fold dilution clinical
sample was distinctly differentiated from the pure lysate compared with commercial
LFA strips. This better diagnostic capability may probably attribute to that the targeted
antigen conjugated with red color colloidal golds are captured on the test line via lateral
flow and observed by naked eye instead of the UCNPs conjugated PS microbeads
concentrating in central zone and emission with green light under 980 nm laser
excitation. Therefore, these perfect diagnostic performances of MFC-assisted platform

imply it a great potential application for virus detection.
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3.3.7 Diagnostic performance for point-of-care biosensing platform

Furthermore, in order to achieve the point-of-care virus detection, a portable MFC-
assisted diagnostic platform was designed and fabricated as shown in Figure 32. The
flow chart of this designed portable virus detection platform is illustrated in Figure 32a
involving different device components. The light sensor is one of key components of
this portable virus diagnostic platform for the signal transformation from optical to
electronic as shown in dashed box via BH-1750 data sheet. The elaborate MFC was
utilized as the sample chamber for the point-of-care diagnostic platform as shown in
Figure 32b, which consists of NIR incident light from laser source, optical path
component, focus lens, MFC chamber component, voltage regulator, integrated light
sensor, power supply, integrated microcontroller unit (abbreviating to MCU in the

diagram), Bluetooth module, and mobile terminal.
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Figure 32. (a) Flow chart of portable virus diagnostic platform. (b) Schematic of
diverse components for elaborate portable device. (¢) Virus detection property of two
different commercial N protein test strips via grey value obtained from selected area.
(d) Histogram plot of virus samples detection results with negative or positive for the

designed portable device.

In details, the assembled laser component generates a NIR incident light and is reflected
to the concentrating zone of MFC via a reflecting mirror supported by the 3D printed

holder. The separated PS microbeads conjugated with UCNPs were irradiated to a green
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light beam and focused to the light sensor by the focus lens. The obtained optical signals

QQ&b HAPTER

were transferred to electric signal and sent to a smartphone through the Bluetooth
module. The voltage regulator balanced the voltage of electric components and the
power supply with high capacity of 5V/15000mAh was selected for the longer run time
of our portable virus detection platform. All of the management of programs, such as
signal transition, data coding, and information sending were implemented by the

integrated microcontroller unit.

Incident Light

Reflector

Reflecting Light Refocused Light Beam

Figure 33. The designed reflected light path involving incident NIR light, reflector,

reflecting light, and refocused light beam.

LIU YUAN 69



CHAPTER 3

42
Qb THE HONG KONG POLYTECHNIC UNIVERSITY

a ! 30 degree b
L e = 30 degree
30; | 980 Jaser — 45 degree
E;] . = 60 degree
I =
Light Sensor .
Lo 45 degree &
@%ﬁ— — >
| 980 laser - —
—45% - N
i c
- 9
Light Sensor c
! 60 degree
Kore—
60 : 980 laser
Eg 510 ) 555 ) 5410 ) 555 ) 570
]
Light Sensor Wavelength (nm)

Figure 34. The schematic diagrams (a) of different light path with 30, 45, and 60
degrees. (b) The emission spectra of variant light path angles with 30, 45, and 60

degrees.

Among these components of designed detection device as shown in top left corner of
Figure 32b and Figure 33, the angle selection of light path is crucial. It can be obviously
observed that the 60-degree light path was selected as the optimized light path. The
reason why choose reflectance optical mode is that the influence of excitation is
minimized compared with the incident optical path mode. The different angles of the
light path will also affect for the emission light intensity of conjugated UCNPs onto the
PS microbeads concentrated in the MCF separation zone. Therefore, three typical
angles for convenient fabrication of light paths were investigated as shown in Figure
34. From the Figure 34a, the schematic diagrams illustrate the three different light path

angles including 30, 45, and 60 degrees. In order to study the effect of the different light
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paths for the monitored emission intensity, the PL emission spectra were studied as

&

shown in Figure 34b. It can be obviously observed that the emission intensity exhibited
increase trend from the 30 to 60-degree optical path. For the 60-degree light path, the
emission intensity indicated as the maximum value compared with other reflectance
angles, which manifested that the optimized selection of light path was determined to

be 60-degree.

Figure 35. The integrated light sensor photos with (a) optical image of light sensor
integrated with MCU. (b) The microscope photo of light sensor unit. (¢) The optical

spot of refocused emission light beam under the conjugated with N protein.

In addition, the corresponding properties of integrated light sensor were also studied as
shown in Figure 35. The incident angle will have effect for the response of light sensors,
the best incident angle was determined to be 0 degree from related BH-1750 technical
note, which indicated the focused emission light of conjugated UCNPs onto surface of
PS microbeads concentrated in the separation zone of MFC should enshroud the

acceptance area of integrated light sensor. As shown in Figure 35a and 35b, the
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detection area of light sensor was determined to be around 1.5 mm?, which was less

than the focus emission light (Figure 35c¢).
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Figure 36. The mobile phone screen photos of portable device readout values for one

blank test and five negative samples detection.

LIU YUAN

72



Q‘b CHAPTER 3

THE HONG KONG POLYTECHNIC UNIVERSITY

% 8 .4 75% 82045 @ - % &1 . 75% @ 2045
= Terminal H =  Terminal 4 § - " B

20:38:43.876 Connecting to HC-06 .. 20:41:16.763 Connecting to HC-06 ...
Qn

205.00Lux

205.00Lux

205.00Lux

205.00Lux 2 £ )

204.17Lux : 153.33Lux

: 204.17Lux :43:12. g 153.33Lux

160.83Lux : I 204.17Lux ghtness: 15: X
1600300 | Sample P1 :41:22.224 bri 417 | Sample P3 20:43:13.51] bightness: 153 33Lux
160.83Lux :41:22.53] brightness: 204.17Lux : . ightn 5 1
160.83Lux :41:22.847 brightness: 204.17Lux : 153 L Sample P5
160.83Lux 20:
160.00Lux
160.00Lux

g brightness: 203.33Lux
OTTTECTON 10
nnecting to HC-06 ...

ECTIONTO
:44:21.553 Connecting to HC-06 ...
:44:24.687 Connected

‘| Sample P2 :
1 7500 | Sample P4

274.17Lux

Figure 37. The optical images of portable device readout values in mobile phone for

five positive samples detection.

The two commercial LFA rapid test strips were investigated for detection sensitivity via
the addition of standard N protein samples. In order to quantitatively analyze the
diagnostic performance, these optical photos were converted into the grayscale images
as well. As shown in Figure 32c, the selected area of test line of LFA strip was controlled
basically as the same value for the better comparison. It can be observed that the
integrated density tended to growth as the increased addition of N protein concentration.
The tested LFA strips exhibited poor virus detection performance and were estimated
as the level of around 1.56 pg/ml, which was similar to commercial LFA strips but well
below the sensitivity of our designed MFC assisted virus diagnostic platform *°. In

addition, ten random N protein samples were also studied on the portable virus
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diagnostic platform for the negative and positive results acquired from the cell phone
for the mobile scene application. As shown in the Figure 32d and Figure 36-37, the
distinction line between the negative and positive sample was determined to be 153
from the readout of the mobile phone. The two different sample groups of negative or
positive indicated significant differences, which possessed well potential application

for the diagnostic results distinguishing.

3.4 Summary

In summary, the MFC-assisted portable N protein diagnostic platform was designed and
fabricated successfully. The synthesized NaYF4:Er’*/Yb’* UCNPs with excellent
luminescent stability and uniformity were used as the luminescent indicator for
sandwich structure immunoassay. The designed MFC was utilized as the detection
chamber of the portable virus diagnostic platform, which illustrated outstanding
filtration performance for the conjugated PS microbeads. The fabricated MFC
possessed excellent luminescence enhancement properties with a maximum of over
100-fold than the cuvette samples. Moreover, the cleanable performance of MFC also
implied great potential application for the virus diagnosis field. Compared with the
typical commercial LFA rapid test strips for virus detection, the MFC-assisted portable
N protein diagnostic platform exhibited a higher biosensing sensitivity of around 1.12

pg/ml. In addition, the clinical samples also manifested that the MFC-assisted virus
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detection platform possessed better diagnostic sensitivity compared with the usual
commercial LFA rapid test strips. These outstanding detection capabilities implied that
the designed MFC-assisted portable virus diagnostic platform possessed enormous

potential applications for the future unpredictable virus detection area.
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Chapter 4 Point-of-care biodetection platform based on QDs and

biochip for CEA biomarker diagnosis

4.1 Introduction

As a hard-to-cure disease, the cancer has always affected the health and life of human
beings %12, During year 2022, the lung cancer is regarded as a frequently diagnosed
and major cause of cancer-relevant death, which results in approximately 1.8 million
deaths ', Lots of important tumor markers including CYFRA21-1, CA125, and
SCC-Ag are common used for the non-small-cell lung cancer detection . Besides, the
pancreatic cancer is usually recognized the king of carcinoma, representing highly
lethal disease and with great difficulty for therapy, in which the CA 19-9 tumor marker
is validated and widely utilized for pancreatic cancer diagnosis '°> 1%, In that case,
achieving sensitive and accurate identification of associated tumor markers is crucial

for early cancer detection and screening.

For in-vivo imaging diagnostics of cancer, radiology methods such as computed
tomography and magnetic resonance imaging scans are frequently employed '’. These
techniques have certain limitations that limit their use, such as expensive detection costs,
the need for large instruments, and the need for a trained technician to operate them.
However, they can also help clinicians get clearer images of diseased parts so that the
right therapy can be chosen. However, the related biotoxicity complexity of these

functionalized materials still restricts the application prospects. In contrast, some rare
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earth doped luminous materials are used for in-vivo imaging detection %% 1% In that
case, the pertinent studies of in-vitro tumor marker diagnostics show significant

importance for cancer assessment.

As the gold standard for cancer in-vitro diagnostics, tissue biopsies are currently largely
indispensable for identifying tumor features. However, this technique will result in
traumatogenic sampling and intricate pathological tissue analysis, which limits its
potential uses ''°. The enzyme-linked immunosorbent assay (ELISA) is usually treated
as a gold standard for proteins detection. Although the ELISA is more practical for the
identification of associated tumor marker proteins, its point-of-care application for
tumor marker diagnostics is limited by some time-consuming and technical operational

drawbacks '

. Moreover, the lateral flow assay (LFA) strip can be also used for point-
of-care tumor marker proteins detection 2. Its application scenarios are expanded by
its exceptional simplicity and convenience, but the issues with relatively poor detection
sensitivity still need to be fixed. Although blood samples are frequently utilized for
related tests involving the tumor marker protein detections of ELISA and LFA, the
process of obtaining blood samples is intrusive and carries some risk of infection. On
the other hand, saliva samples are essentially noninvasive and easy to obtain, making
them ideal for point-of-care tumor marker testing ''3!'>. For example, the Indian
Institute of Technology's Kaur et al. discovered a relevant biomarker of IL-6 and IL-8

in saliva samples for the identification of oral cancer ''®. According to earlier studies,

spit samples include about 99.5% water, and the quantities of associated tumor markers
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are significantly lower than those in blood samples. This suggests that saliva is

important for high sensitivity tumor marker identification.

With their broad excitation wavelengths, narrow emission profile, better illumination
properties, and relatively high photoluminescence quantum yield, the quantum dots

17-121 - Because of their

(QDs) exhibit exceptional photoluminescence capabilities
notable luminous properties, QDs have been used in the field of in-vitro biomarker
identification 3% 122123 For example, Prof. Chan et al. used the modified fluorescent
QDs for highly sensitive genetic target detection and multiplexed pathogen biosensing
124 Additionally, the sandwich structure conjugation fluorescence immunoassay is
widely used for the diagnosis of in-vitro biomarkers, where luminous nanoparticles are
used for the optical sensing of the targeted biomarkers 2128, As a functionalized
microdevice, the microfluidic biochip has a variety of designed channels with certain
properties that allow the regulated fluids to flow via different micro-channels and create
pertinent interactions with external systems beneath the intake and outlet. The
flexibility of application, programmable capability, and biology applicability of
microfluidic biochips are among their many benefits, which significantly enhance the
integrated and convenient performance of the point-of-care biosensing platform 132,
In addition, the emerged machine vision technology is considered as one type for the
digital technology, which is employed for objective perception and visual performance

simulating of human beings '**713°. As computer science development, the machine

vision algorithms can provide relatively rigorous and trustworthy test results under
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quick programs for processing and analyzing digital images that have been acquired.
This is extremely helpful for the development of intelligent point-of-care biosensing
platforms !¢ 137 Additionally, the use of robust computing may manage and remove
potential outliers or errors in the data collected, greatly enhancing the precision and
quantifiable capabilities of the biosensing platform that is being created '*’. In order to
realize the integrated, practical, and intelligent point-of-care biosensing platform for in-
vitro tumor markers diagnostics, it is crucial to combine these wonderful superiorities

and weigh the current benefits and drawbacks.
4.2 Experimental section

4.2.1 The conjugation of QDs carboxylated with antibody

The EDC (3 mg) and NHS (6 mg) were added to QDs (200 nL) and were stirred for 30
min. Then, the QDs were precipitated and redispersed in PBS. 0.1 mg of antibody was
added to the suspension and stirred for another 2.5 h to ensure a complete coupling
reaction. The antibody conjugated QDs was collected by high-speed centrifugation and
washed with water three times.

4.2.2 The conjugation of PS microspheres with antibody

First, 1mg of carboxy group modified PS microbeads were distilled in 1 mL MES. 10
pL of 10 mg/mL EDC/NHS was added, and the solution was stirred for 30 min. Then,

the PS microbeads were precipitated and redispersed in PBS, with the addition of 0.3
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mg of Antibody in 800 uL. PBS. The mixture was incubated for 2.5h. After the reaction,

Smg/mL of BSA was added and incubated for another 1 hour. The resultant antibody-

conjugated PS microbeads were washed and resuspended in PBS for further usage.
4.3 Characterization and discussion

4.3.1 The mechanism of in-vitro tumor marker biosensing platform

To achieve the point-of-care tumor marker noninvasive detection, an intelligent
biosensing platform was designed and fabricated as shown in Figure 38. Briefly, several
prepared reagents are mixed and incubated for luminescent QDs conjugation, the
captured images of microfluidic biochips are uploaded to the cloud, and test results are
acquired in the smartphone via some relevant machine vision algorithms process and
analysis. Among them, the excellent luminescent performance of QDs, functionalized
microfluidic biochips, and cloud-based machine vision algorithms are of great

significance for this elaborate biosensing platform.
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Figure 38. The schematic diagram of tumor marker in-vitro detection platform.

In detail, the saliva samples containing tumor markers (CEA) are collected from
patients, and mixed with prepared QDs-Ab; and PS-Ab, adequately to incubate for
conjugation onto the surface of PS microspheres within fifteen minutes. Next, the
conjugated PS microspheres are injected into a designed and fabricated PDMS-based
microfluidic biochip with separation function. Due to this designed function,
unconjugated QDs-Ab; will flow through the filtration zone of the biochip and PS
microspheres will stay and remain in the filtration zone of microfluidic biochip. After
the UV light irradiation, unconjugated PS microspheres exhibit non-luminescent
properties, however, the QDs conjugated PS microspheres present bright green
emission as illustrated in the dashed box of Figure 38. Subsequently, the optical images
of microfluidic biochips are captured and uploaded to the cloud through WIFI signal

transmission. Then, the related images are recognized and analyzed via some machine

LIU YUAN 81



CHAPTER 4

42
Qb THE HONG KONG POLYTECHNIC UNIVERSITY

vision algorithm for investigation and evaluation of tumor marker. At last, the
corresponding test results are acquired in the portable smartphone. Combined with
these above capabilities and preponderances, the well-designed intelligent biosensing
platform is expected for potential application in point-of-care tumor marker diagnostics

fields.
4.3.2 Microscale morphology investigations of QDs and PS microspheres

The transmission electron microscope (TEM) image of CdSe/ZnS QDs is shown in
Figure 39a, which illustrates that the QDs possess uniform morphology. As shown in
Figure 40a, the average particle size of QDs is around 11 nm from the particle size
distribution diagram. The top insets of Figure 39b illustrates the high-resolution
transmission electron microscope (HR-TEM) images of CdSe/ZnS QDs. It can be
observed the excellent crystallinity of QDs and the lattice fringes are also clear and
distinct, which exhibits the visible fast Fourier transform (FFT) patterns. The related
scanning transmission electron microscopy (STEM) images with bright field (BF) and
dark field (DF) are investigated as exhibited in the bottom insets of Figure 39b, which

preliminarily indicates the core-shell structure of CdSe/ZnS QDs.

The crystalline structure investigation of X-ray diffraction spectrum is shown in Figure

40b. These obvious diffraction peaks of XRD indicate the core-shell construction of

138, 139

QDs, which is also similar with some previous research works Besides, as

shown in Figure 41-42, the spectra and mapping of energy dispersive X-ray (EDX)
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analysis further demonstrate the core-shell form of QDs.

&

Figure 39. (a) TEM image of core-shell CdSe/ZnS QDs. (b) HR-TEM images (top) of
QDs (scale bar: 10 nm) and relevant inset showing the FFT diffraction pattern (scale

bar: 3 nm). STEM images (bottom) under the bright or dark field (scale bar: 5 nm).
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Figure 40. (a) The particle sized distribution histogram of CdSe/ZnS QDs and related

Gauss fitted curve. (b) The XRD spectra of core-shell CdSe/ZnS QDs.
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Figure 41. The EDX spectra of core-shell CdSe/ZnS QDs in TEM samples.
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Figure 42. The related EDX elements mapping of CdSe/ZnS core shell QDs.

Moreover, the relevant morphology of PS microspheres is studied in Figure 43 and 44a.
The image of PS microspheres as shown in Figure 43 illustrates that the microspheres
are evenly distributed with a uniform size of around 50 pm. The scanning electron
microscope (SEM) images as shown in Figure 44a further investigate the conjugation
situation of QDs onto the surface of PS microspheres with or without CEA tumor
markers. It can be observed from the up-insets of Figure 44a that the QDs are connected

to the surface of PS microspheres after related CEA tumor markers conjugation.

On the other hand, when there is a bare of CEA tumor markers conjugation, the surface
of PS microspheres is relatively clean exhibited in the down-insets of Figure 44a. Due
to the destructive effect of electron beams from corresponding electron microscope
methods, the atomic force microscope (AFM) with hardly damaging performance for
biomedical samples was employed for the morphology investigation of the CEA tumor
marker proteins and relevant antibodies as shown in Figure 44b. It can be seen that the
CEA proteins connect well with the corresponding antibodies, which is beneficial for

the sandwich structure formation of QDs, CEA tumor markers, and PS microspheres.
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Figure 43. The relevant image of PS microspheres under the reflection mode of light

microscope.
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Figure 44. (a) The SEM images of PS microspheres with (up) and without (down) CEA

protein conjugation. The scale bar is 50 um. (b) AFM images of CEA proteins with

conjugated antigen and antibody.
4.3.3 Surface modification research and photoluminescence property

As can be observed from Figure 45a, the investigation of zeta potential additionally
demonstrates the modification performance of antibodies onto the surface of QDs and
PS microspheres. It can be observed that the values of zeta potential for QDs decreased
from -25.2 to -8.6 mV after the connection of antibody. And the related zeta potential
of PS microspheres also decreases from -60.3 to -20.5 mV because of the antibody
modification. The above values variation of zeta potential further indicates that the
targeted antibodies are conjugated commendably onto the surface of QDs and PS

microspheres.
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Figure 45. (a) The Zeta potential histogram of PS microspheres and QDs with and
without antibody modification. (b) The PL emission spectrum of QDs under UV (365
nm) excitation. The left inset is related optical image of QDs. (c) Schematic illustration

of the luminescent processes for core-shell QDs under UV irradiation.

Moreover, the relevant photoluminescence performances of QDs were studied in Figure
45b. Under UV (365 nm) light irradiation, the emission spectrum of CdSe/ZnS QDs is
measured at the wavelength range from 450 to 625 nm. It can be observed that the
emission peak is located at around 530 nm demonstrating a bright green color emission

as exhibited in the inset of Figure 45b, which implies a potential application for

LIU YUAN 88



THE HONG KONG POLYTECHNIC UNIVERSITY

posterior CEA tumor marker detection. The schematic illustration of a probable optical

&

process for CdSe/ZnS QDs is presented in Figure 45¢. When the UV light is exposed
to the core-shell CdSe/ZnS QDs, it will emit photons with visible wavelength as shown
in the top inset of Figure 45c. The fundamental optical process starts with the absorption
of UV (365 nm) incident photons, in which high energy photons might generate the

related electron-hole pairs primarily in the shells of QDs 4.

Subsequently, the created
electrons and holes relax fleetly to the band-edge states confining within the core of
QDs. Ultimately, the electron-hole pairs recombine radiatively and give rise to the green

(530 nm) emission photons '!.

4.3.4 Studies of separating and cleaning abilities for employed biochip

The designed and fabricated microfluidic biochips were employed for separating
unconjugated QDs and concentrating the luminescent conjugated PS microspheres,
which played a vital role in the well-designed biosensing platform for CEA tumor
markers diagnostics. As shown in Figure 46, the AutoCAD design layout of
microfluidic biochip indicates that the incubated mixtures will be injected from the inlet
and flow to the functional zone subsequently. After that, the unconjugated QDs with the
particle size of around 11 nm will be filtrated to the outlet of fabricated microfluidic
biochip. On the contrary, the PS microspheres with grain diameter of about 50 um are
retained and concentrated in the separation zone of biochip with filtrated pillar gap of

30 pm.
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Figure 46. The layout of AutoCAD design for prepared microfluidic biochip and

related flow direction.

Figure 47. The pictures of microfluidic biochip concentrating property from (i) to (vi)

nsets.
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Figure 48. The photos of cleaning performance for microfluidic biochip from (i) to (vi)

insets.

Moreover, the designed microfluidic biochip possesses filtration and cleaning
performances as shown in Figure 47 and 48. Specifically, the related optical images of
separation process are illustrated in Figure 47. It can be seen that the PS microspheres
are filtrated and concentrated in the filtration zone of microfluidic biochip gradually.
From relevant cleaning process images of biochip as shown in Figure 48, the PS
microspheres will be washed via injecting of flushing liquid. The corresponding
cleanable performance of designed microfluidic biochip brings about the advantage of
cost reduction, which improves the application potential for tumor markers detection

area.

In addition, the Figure 49 exhibit the optical images of PS microspheres in the filtration

zone of microfluidic biochip with or without CEA tumor markers conjugation. A green

LIU YUAN 91



&

THE HONG KONG POLYTECHNIC UNIVERSITY

luminescence from concentrated PS microspheres can be observed after the CEA
conjugation, which further implies the QDs conjugation onto the surface of PS

microspheres.
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Figure 49. The corresponding optical image for microfluidic biochip with or without

CEA conjugation under the UV-on or UV-off in bright field.

4.3.5 Tumor marker diagnostic performance of biodetection platform

As shown in the Figure 50a, it exhibits the normalized PL emission spectra with various
concentrations of CEA tumor markers. With the increase of CEA concentration, the PL
emissions exhibit a rising tendency, which can be attributed to the increased amount of
the QDs conjugated onto the surface of PS microspheres. And it can be also observed

that the PL intensity increases tardily at the high CEA concentration region. The
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variation of normalized peak intensity with different concentrations of CEA tumor
markers is illustrated in Figure 50b in the range from 0.01 to 50 ng/mL. The related
data points of normalized intensities exhibit a growth trend with the addition of CEA

concentration.
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Figure 50. (a) The emission spectra of filtrated PS microspheres connected with QDs
with different concentrations of CEA conjugation. (b) Normalized intensity of
microfluidic biochip with various CEA connections and related fitting curves. (c) The
linear relationship for conjugated and separated PS microspheres in microfluidic

biochip for CEA protein detection. (d) Specificity test of CEA detection against related
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interfering objects.

Among them, the intensity values are normalized under the maximum intensity set as
1.0 standardly. It can be seen that at a low CEA concentration region, the growth trend
of normalized intensities tends to be tardiness, which probably originates from the
unspectacular QDs conjugations onto the surface of PS microspheres. At the high CEA
concentration range, we can also observe a similar trend as the further increase of CEA
tumor markers, which can primarily result from the PL intensity saturation of QDs
conjugation. As shown in Figure 50c, the normalized intensity increases linearly as the
addition of CEA tumor marker concentration at the range from 0.01 to 1.0 ng/mL. From
some previous researches, the detection limitation was assessed via concentration
related with blank sample plus three times of standard deviation '#-1%4  After
corresponding calculation, the detection limitation was determined as 0.021 ng/mL for
the fabricated biodetection platform. This excellent detection sensitivity implied an
advantageous application potential for the CEA tumor marker diagnostics. Besides, the
relevant investigations of specificity are also significant to evaluate the selection
capability of biosensing platform for specific objectives *>"14’. As illustrated in Figure
50d, some important targets involving Na®, K*, Ca**, lysozyme (LZM), a-amylase (a-
AMS), alpha-fetoprotein (AFP), human serum albumin (HSA), and CEA were tested
for specificity study. It can be observed that the normalized intensity of CEA test
exhibits higher value compared with other targets, implying a well diagnostic

specificity for this designed CEA tumor marker biosensing platform. The corresponding
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investigations of tumor marker diagnostic properties demonstrate that this elaborately
designed biodetection system possesses enormous potentiality for the future tumor

marker diagnostic application.
4.3.6 Point-of-care biosensing system and related machine vision algorithm

In order to realize the point-of-care noninvasive tumor marker diagnostics, an
intelligent biosensing platform involving QDs luminescence, microfluidic biochip, and
machine vision algorithm was designed and manufactured as shown in Figure 51. The
related schematic illustration of designed intelligent biosensing platform is exhibited in
Figure 51a, which consists of touch screen, portable power supply (PPS), microfluidic
biochip, UV (365 nm) LED, black flake, optical lens, light filter, CMOS image sensor,
single chip microcomputer (SCM), cloud computing, and smartphone. Among these
components of the well-designed biosensing platform, the touch screen was utilized for
detection command operation. The PPS with a high battery capacity was selected as the
power source for relevant electronic components for a longer running time. The PDMS-
based microfluidic biochip was designed and fabricated for separation and
concentrating functions. The small accessory of black flake with a circle hole was
employed to block some unexpected stray light. The 365 nm UV LED was utilized for
incident light providing, which can give rise to a green emission of concentrated and

conjugated PS microspheres.
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Figure 51. (a) Schematic illustration of point-of-care intelligent biosensing platform
with various components. (b) Image recognition workflow of the adopted machine
vision algorithm. (c) The optical pictures of microfluidic biochips in separated zones

with different CEA concentrations.

In addition, the optical lens and filter were utilized to focus and filter the emission light.
The CMOS component was employed for relevant optical image capturing, which
possessed several preponderances involving power saving, fast image processing speed,
and affordable cost compared with some conventional CCD image sensors. The
significant advantage of CMOS image sensor is its power-saving capability over CCD
image sensor, which brings about meaningful influence for the application of point-of-

care biosensing platform. Besides, the corresponding program management involving
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data coding, signal processing, and information transmission was carried out in the
integrated SCM. The cloud computing was utilized for executing related machine
vision algorithms and the corresponding test results of tumor marker diagnostics were

obtained via the smartphone mobile terminal.
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Figure 52. The flow chart of the manufactured biosensing platform for CEA detection

combined with cloud computing and mobile phone results obtain.

The workflow chart of this designed intelligent biosensing platform is illustrated in the
Figure 52 for CEA tumor marker detection. Meanwhile, the measurement of absorbance
spectra for PDMS-based microfluidic biochip, as exhibited in Figure 53, indicates that
there is almost no absorption for this fabricated biochip in the wavelength of nearby
365 nm, which implies the appropriate usage of PDMS base material for designed

microfluidic biochip. Among these components, the CMOS image sensor is one of the
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significant components, which converts optical signals to electronic signals. Then these
obtained images will be uploaded to the cloud by an integrated WIFI module for further
photo processing. The reason for this design is that it can reduce the related cost of
portable devices for image processing and analysis because they are relatively
expensive for the SCM and corresponding electronic accessories with eminent image
processing ability and interaction capability with mobile terminals. On the other hand,
it will also take up a large space for biosensing platform, which restricts the point-of-
care applications for tumor markers diagnostics. In that case, the crucial procedure of
image processing was implemented in the cloud, which will bring about excellent

benefits like cost reduction and efficiency improvement.
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Figure 53. The absorbance spectrum of PDMS-based microfluidic biochip.
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For purpose of accomplishing the point-of-care tumor marker diagnostics, the Python-
based machine vision algorithm was developed and employed for acquired image
recognition and processing. As shown in Figure 51b, the original image was processed
for luminescent circle identification via the algorithm. Subsequently, this Python-based
machine vision algorithm will automatically recognize and extract the related
luminescent points RGB values in the identified circle image. Ultimately, the extracted
RGB values in RGB color cubic space will convert into CIE values (X, y, Y) for further
image analysis, which manifests that each recognized luminescent circle image
corresponds to a data point in the CIE xyY color space. According to previous research
works, the luminance and intensity of emission light is relatively equivalent in the CIE
xyY color space, and the chromaticity values (X, y) are determined by the emission light
wavelength 8. Due to the independent characteristic for luminance and wavelength of
emission light, the CIE-intensity (Y) will not be influenced by the chromaticity values
(x, y) of CIE xyY color space '*. Regarding to this designed QDs luminescence
sandwich immunoassay structure for CEA tumor marker detection, the wavelength and
intensity of emission spectra is mutually independent, as illustrated in Figure 50a and
50b, the intensity of emission spectra changes with the variation of CEA tumor marker
concentrations. In that case, the CIE-intensity (Y) value was employed for evaluating

the microfluidic biochip image signal intensity performance.
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Figure 54. The acquired optical images of CEA tumor marker positive (P) or negative

(N) samples and their corresponding average CIE (x, y) values.

The positive (with CEA proteins) samples and negative (without CEA proteins) samples
were investigated in this designed intelligent biosensing platform as shown in Figure
54 to 56, and related captured optical images were processed and analyzed via the
Python-based machine vision algorithm. As exhibited in Figure 54, it can be observed
that negative samples and positive samples were automatically recognized via this
machine vision algorithm. The positive samples show bright green emission,
nevertheless, the negative samples exhibit unobvious emission light. Besides, the
calculated average chromaticity values (x, y) of CIE xyY color space were illustrated,
which demonstrates that the positive and negative samples possess disparate
chromaticity values. These relevant and thrilling investigations imply that the Python-

based machine vision algorithm can be utilized for the intelligent biosensing platform
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of CEA tumor marker detection.

Figure 55. The smartphone screen pictures of designed biosensing platform for relevant

positive (P) samples CIE (x, y) values performance.

Figure 56. The mobile phone screen photos of designed biosensing platform for related

negative (N) samples CIE (x, y) values performance.
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Furthermore, a series of microfluidic biochip luminescent images were obtained in the
intelligent biosensing platform and processed by the machine vision algorithm for CEA
tumor marker diagnostics. As shown in Figure 51c, it can be observed several optical
images with different concentration of CEA tumor marker conjugation. With the
decrease of concentrations, the luminescence intensity illustrates a decline trend. By
means of the Grayscale and RGB color space investigations for these various obtained
images, as shown in Figure 57a, the related intensities indicate a growth trend as the
addition of CEA tumor marker concentrations. Among them, the corresponding
intensities of Grayscale investigation increase relatively tardily as the increase of CEA
tumor marker concentrations. The relevant intensities variation trend of G values for
RGB color space exhibit better rising tendency but the related linear relationship
manifests relatively poor as the growth of CEA tumor marker concentrations. On the
other hand, as shown in Figure 57b, the calculated CIE intensities from the machine
vision algorithm exhibit a better increase trend and quantitative relationship at the range
from blank to 50 ng/mL of CEA tumor marker concentrations. The concentration cut-
off value is determined as a relatively low intensity of 0.1 ng/mL, which implies a

potential application for CEA tumor marker detection.

LIU YUAN 102



CHAPTER 4

42
Q'v THE HONG KONG POLYTECHNIC UNIVERSITY

a 400k4 [EEH Grayscale hzuo-

-
S 200k 4
e
2 01
‘0
c
@
2
£

I cE

@
=]
=]

00k4 [ RGB Color

Intensity (a.u.)
[=23
(=3

o«
o
=]

Blank 0.1 025 05 1 25 5 10 25 50 Blank 0.1 025 05 1 25 5 10 25 50
Concentration(ng/mil) Concentration (ng/ml)

Unit: 60 -
3 +
o

i -
]
g

R:25% g 201

G: 500/0 E _&_ _g_
2 g

B:25% o

Bayer Filter CIE Space Grayscale RGB Color

Figure 57. (a) The calculated Grayscale (top) and RGB (bottom) intensity for CEA
detection via the intelligent biosensing platform. (b) CIE intensity for this intelligent
biosensing system with different CEA concentrations. (c) Schematic diagram of Bayer
filter utilized for CMOS electronic components. (d) The discrimination values of image

recognition and analysis in various color spaces involving CIE Space, Grayscale, and

RGB Color.

Besides, as mentioned above, the CMOS component is significant for the optical
images obtained. Among this electronic component, the Bayer filter is commonly used
in the commercial CMOS image sensor. The related schematic illustration is presented
in Figure 57c, it can be observed that the Bayer filter involves three primary colors of

red, green, and blue. The proportion of green color in a unit is 50%, twice than the other
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colors, which can be attributed the similar color sensitivity with human eye '*- !, This
is also one of the other reasons for the selection of green emission QDs as a luminescent
agent in the intelligent biosensing platform for CEA tumor marker diagnosis. In
addition, the discrimination values of three different image analysis were investigated
in Figure 57d. The corresponding discrimination values were calculated from the ratio
of luminescent intensities with blank samples and highest concentration samples. It can
be observed that the relevant discrimination value of this algorithm system is much
higher than the Grayscale and RGB color space methods, which implies the suitable
adoption for the Python-based machine vision algorithm. Therefore, combining with all
these corresponding advantages and performances, this well-designed intelligent
biosensing platform is of great importance for the future point-of-care tumor marker

diagnostics.
4.3.7 Preparation of artificial saliva samples containing human source CEA

The schematic diagram of procedures for artificial saliva solvent preparation is
illustrated in the Figure 58, according to the common method reported by some
previous studies '°!' 152, In details, the 5 mL volume of several aqueous solutions
involving KoHPO4 (25 mM), KHCO; (1.57 M), Na;HPO4 (24 mM), MgCL (2 mM),
and NaCl (0.1 M) were mixed with 5 mL of CaCl» (0.15 M) and 3 mL of citric acid (25
mM) adequately. Then, the NaOH and HCI were utilized for adjusting to around 7.0 of

the pH value. Next, the volume of mixture aqueous solution was expanded to 50 mL
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quantitatively. Subsequently, the enlarged mixture solution was sterilized via the
autoclaving method. After the sterilized solution reached to a room temperature, 0.5 mL

of aqueous solutions including o-AMS (1 g/L) and LZM (0.1 g/L) were added into the

sterilized solution and continuous mixing for around half an hour. Ultimately, various
concentrations of human source CEA tumor marker proteins were blended with the

prepared artificial saliva for further detection performance investigations.
ﬁ ﬁ
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Figure 58. The schematic diagram for artificial saliva preparation.
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4.3.8 Detection performance compared with typical LFA strips

Moreover, the potentially practical diagnostic performance was investigated for this
designed intelligent point-of-care biosensing platform and a series of test samples
involving purified human source CEA proteins and synthetic saliva solvent were
employed for detection capabilities evaluation as shown in Figure 59. As shown in
Figure 59a, the related optical images for two commercial LFA strips are illustrated
with various CEA proteins addition. Among them, the top images exhibit the
colorimetric LFA strips (LFA-1) with colloidal gold labeling, and the fluorescent LFA
strips (LFA-2) are displayed in the bottom of Figure 59a. It can be observed that the test
line of LFA strips present fuzzy and unclear performance with the decrease of CAE
proteins concentration from insets of (VI) to (I). Ulteriorly, to further quantitatively
analyze the detection properties of commercial LFA strips, the related optical pictures
were converted into the corresponding grayscale images. As shown in Figure 59b, the
test line selected areas of relevant LFA strips were managed basically at the parallel

area values for better comparison of diagnostic capabilities.
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Figure 59. (a) The optical images of two commercial CEA tumor marker test strips
including LFA-1 (top) and LFA-2 (bottom). (b) Histogram plot of related commercial
test strips with LFA-1 (up) and LFA-2 (down) by gray values calculated from the
selected area. (c) The column chart of CIE intensity for designed biosensing platform

with diverse CEA tumor marker concentrations.

Regarding to LFA-1 test strips, the values of integrated density tend to descend as the
decrease of CEA proteins concentrations. The relevant LFA strips indicate a relatively
poor diagnostic property, and the detection cut-off value is estimated at about 100

ng/mL, which is similar to the correlative optical images shown in the top group insets
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of Figure 59a. In terms of LFA-2 strips, the corresponding values of integrated density
indicate decrease trend as the reducing addition of CEA concentrations as well, which
demonstrates a diagnostic cut-off value of around 5.0 ng/mL. In addition, as shown in
Figure 59c, the designed intelligent biosensing platform was also employed to
investigate the relevant CEA tumor marker saliva samples diagnostic performance.
Similarly, as the increase of CEA proteins concentrations, the corresponding values of
CIE intensity show growth trend. After related machine vision algorithm processing,
the cut-off value is assessed about 0.25 ng/mL, which is better than the tested
commercial LFA strips for tumor markers point-of-care diagnostics. This well-designed
intelligent biosensing platform reveals tremendous advantages, which is expected for
thrillingly potential application for point-of-care tumor markers diagnostics in the

future.
4.4 Summary

In summary, an intelligent point-of-care biosensing platform based on microfluidic
biochip and machine vision algorithm was developed and manufactured for CEA tumor
marker detection. The uniform core-shell QDs of CdSe/ZnS with extraordinary
luminescent properties were employed for the optical labelling indicator of the designed
sandwich structure immunoassay. The elaborate microfluidic biochip with excellent
filtrated and cleanable performance was utilized as a functional chamber accessory of

the designed CEA tumor marker biosensing platform, which illustrated a prominent
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diagnostic sensitivity of around 0.021 ng/mL. The Python-based machine vision
algorithm was developed and applied as the corresponding images recognition and
analysis for expected point-of-care CEA tumor marker detection. Moreover, for the
investigation of saliva samples practical application evaluation, the designed intelligent
biosensing platform exhibited outstanding detection cut-off value comparing with some
common-used commercial CEA tumor marker LFA test strips. As a result, considering
of these thrilling and remarkable system design superiority and diagnostic abilities, this
well-designed intelligent biosensing platform implies tremendous application

potentiality for the future point-of-care tumor marker detection field.
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Chapter 5 Hydrophobic SERS biochip based biosensing platform

for a-syn protein biomarker detection

5.1 Introduction

Recent years, the emerging neurodegenerative diseases (NDDs) involving Parkinson’s
disease (PD), dementia with Lewy bodies, Alzheimer’s disease (AD), amyotrophic
lateral sclerosis (ALS), and Huntington’s disease have drawn a great research attention
for scientists worldwide !>3-15, These above unexpected NDDs are usually induced by
the gradual degradation for nerve cells and abnormal proteins accumulation in the
affected area of brain '°°. Owing to the complicated pathogenesis of these NDDs, the
effective treatments for slowing or curing these diseases are still absent. Most of the
NDDs begin around ten to fifteen years before the clinical symptoms of these diseases,
however, there is still missing of some effective detection approaches for early
evaluation or monitoring of NDDs. Moreover, as mentioned above, due to the relatively
complicated properties including overlapping biomarkers and clinical heterogeneity of

NDDs, the occurrence of misdiagnosed are common in practical detection 7.

Although various proteins are involved in the different NDDs, the protein of a-syn
misfolding into the fibrillary form is considered as the typical mechanism for lots of
NDDs especially for the relevant PD 8160 Therefore, it is vital for corresponding
detecting of protein aggregation and structure variation to NDDs diagnosis. Besides,

the thrilling information is that these proteins can be found in several body fluids of
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human being consisting of cerebrospinal fluid (CSF), blood fluid, and saliva fluid,

which brings about advantages for conventional NDDs biosensing '1-163,

Currently, the related gold standards for NDDs biomarkers detection are mainly mass
spectrometry (MS) and enzyme-linked immunosorbent assay (ELISA) methods. These
diagnostic approaches are mainly concentrating into the quantifying detection for
related proteins, which cannot be utilized for the identifying of different structure of
NDDs proteins. Furthermore, the development of MS method like limited proteolysis-
based MS is expected for the distinguishing the protein structure difference in some
intricate samples '%*. But this arisen method is relatively the early stage and difficult for
employing in the clinical areas. On the other hand, the ELISA method is the antibody-
based detection approach. The current research for the studying of specific antibodies
of different protein structures are full of challenges, which indicates that no existing
antibodies can be utilized as for specific connection of different structure of a-syn

protein currently 163167,

The surface enhanced Raman spectroscopy (SERS) is a representative technique, which
can be used to improve the Raman signals '*17°, In details, the Raman signal is
originated form the inelastic scattering of the incident laser interactions with the
vibration molecular. In terms of the enhanced Raman signal, there are mainly two
mechanisms involving electromagnetic enhancement and chemical enhancement, and
the electromagnetic enhancement is the relatively typical one 7172, Moreover, owing

to these advantages of rapid, economy, and label-free, the SERS-based detection
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approaches, like SERS based biochip, are expected to be potential methods for the

multiple related applications in the point-of-care biosensing area.

5.2 Experimental section

The PDMS based biochip for a-syn protein detection was fabricated via the two steps
methods. In details, the first step is to manufacture the PDMS based biochip with pillar
array and related hydrophobic performance. The corresponding layout of pillar array
was designed via the AutoCAD software. And then the above AutoCAD designed
pattern was utilized to fabricate the silicon-based mold by the etching technology using
hydrofluoric acid. Ultimately, the PDMS based biochip was acquired through the
PDMS thermal curing and demolding. In the second step, the Au nanoparticles coated

SERS biochip was fabricated via the UV photoreduction method '7>.

In the UV irradiation photoreduction method, the involved chemical reactions of Au

nanoparticles formation are illustrated as follows:

HAuCl, - H'+(Au"Cly)

(Au'lCly)” » CI°+ (Au''Cl3)” (under UV irradiation)
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2AulCl)” > (AulCly)” + (AulCl)

(Au'Cl)” » Au’+CI°+Cl™ (under UV irradiation)

Specifically, the HAuCls will dissociate to H and (Au'Cls)” ions spontaneously in an
aqueous solution. Next, under the UV irradiation, the (Au"'Cls)” ions will reduce to
(Au""Cl3)” ions via the photolysis. After that, the (Au''Cl3)” ions will further reduce to
(Au!Cl,)” ions. Finally, the (Au'Cly)” ions will photo-reduce to Au metal under the UV

irradiation. Among them, the high surface energy improves these formed Au
nanoparticles to assemble to larger structure, in which these nanoparticles cover the

surface of the prepared PDMS based biochip and result in the Au coating film formation.

5.3 Characterization and discussion

5.3.1 Schematic illustration for hydrophobic PDMS based biochip

Ideally, the droplet can stay onto a flat surface of solid with a characteristic contact
angle. From the classical Young equation, it describes the relationship between the
contact angel and related interface ™. As shown in Figure 60, the droplet is onto the

surface of the solid object with a contact angle, the specific equation can be indicated
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as follows:

Cos 0= (Ysv—"YsL)/ Vv

where, the 0 is contact angle, Ysv presents the surface tension between solid and vapor,

the Vst and Yy illustrate the relevant surface tension between solid and liquid, liquid

and vapor, respectively. Besides, this equation can be regarded as a simple forces

balance of surface tension.

H
Vapor

~9  Liquid

Figure 60. The schematic diagram of liquid connecting with flat solid surface.
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On the other hand, as shown in Figure 61, if the surface of solid is rough, the contact
between the liquid and solid is in the Wenzel or Cassie-Baxter state !”> 17, For the first
mechanism of Wenzel model, it relies on the contact area increase between the liquid
and solid surface owing to the roughness and is affected by the geometric pattern. The

relationship between the modified and unmodified contact angle is indicated as follow:
Cos Bw=r1*Cos 0

Ow 1s the modified angle in Wenzel state, 0 presents the original contact angle. The
parameter r is solid roughness, which is defined as the real and projected surface ratio.
As a result, the wetting interaction is amplified by the surface roughness. Among them,
when 0Oy is less than m/2, the ratio r increases the surface hydrophilicity, and when the
ratio O is more than 7/2, the roughness of surface improves the relevant hydrophobicity.
In terms of the Cassie-Baxter model, the air might be trapped below the droplet and
improve the related hydrophobicity of surface. The corresponding contact angle can be

llustrated as:
CosOc=® (Cos 6 +1)-1

where, the @ presents the contact fraction between the solid and droplet. The less the
value of @, the larger the contact angle. This model is relatively intuitive and can be
utilized for predicting the related contact angle with a droplet onto a patterned surface,

which is proportional to the ratio of air contact with a droplet.
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Wenzel state Cassie-Baxter state

Figure 61. The schematic illustration of Wenzel state and Cassie-Baxter state for liquid

contact with rough surface solid.

To achieve the solvent evaporation and the detected protein target concentrating, as
shown in Figure 62a, the mechanisms for slow evaporating collapse can be described
as two processes. The first one is that the droplet will touch the surface below the
designed pillars. And the second mechanism is that the gained surface free energy wins
over the lost surface free energy through the contact increase with the hydrophobic
pillars. In lots of practical situations, the criterion of energetic argument is widely
considered, in which the height of pillars is relatively independent during the
hydrophobic evaporation process. Moreover, as illustrated in Figure 62b, the optimized

relationship between gap and diameter of pillars is indicated in the shadowed area from
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the previous research '77. And a parameter of 20 microns diameter and 45 microns gap

Qa&b HAPTER 5

is selected for the subsequent hydrophobic biochip manufacturing for a-syn biomarker

detection.

Diameter: 20 ym
Gap: 45 ym

w
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Figure 62. (a) The schematic diagram of evaporation process during the Cassie-Baxter

state. (b) The relationship plot between diameter and gap of pillars.

5.3.2 Structure and layout drawing for designed pillars

For purposes of manufacturing the biochip, the AutoCAD software was utilized for
designing the pillars pattern. As shown in Figure 63, the size of targeted PDMS based
biochip is 1 cm* lcm with length and width. The layout of hydrophobic pillars for
detected proteins concentrating is expanded and illustrated in the right insets of Figure

63. It can be observed that the pillar diameter is 20 microns, and the pillar gap is 45
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microns. This design pattern was firstly used as the related PDMS mold fabrication
under the etching method, and then demolding for the final PDMS based biochip

manufacturing.

D20-45gap

Figure 63. The AutoCAD design drawing of employed biochip and related partial

enlarged detail showing at right insets.

5.3.3 Morphology research for utilized biochip

After the fabrication of utilized PDMS based hydrophobic biochip, the related
morphology is investigated via the SEM technology as shown in Figure 64. In details,
the top view of SEM image is exhibited in Figure 64a. It can be observed that the

diameter of the designed and fabricated pillars is uniform with a size of 20 um. The
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pillar gap is around 45 pm, which is as same as the designed AutoCAD pattern implying
the successful manufacturing for targeted PDMS based biochip. On the other hand, the
profile view of fabricated pillars is illustrated in Figure 64b, it can be seen that the
height of manufactured pillars is homogeneous with a cylindrical shape, which
indicates the successful demolding step for the final PDMS based biochip acquiring.
Besides, from the top and side of the pillars, it can be observed the relevant coated dots,
which can be attributed to the formation of the targeted Au nanoparticles for the Raman
signals improvement as a SERS substrate. The corresponding investigated morphology
of manufactured biochip demonstrates that the objective biochip is successfully

manufactured and is expected for the further application of o-syn protein biomarker

detection.
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Figure 64. (a) The SEM image of utilized biochip in top view. (b) The SEM image of

relevant pillars for biochip at the inclined view.

LIU YUAN 120



Qa&b HAPTER 5

THE HONG KONG POLYTECHNIC UNIVERSITY

5.3.4 Investigations for hydrophobic performance

In addition, the relevant hydrophobic performance is also investigated as shown in
Figure 65. Specifically, as can be seen for the Figure 65a, several droplets are dropped
on the surface of the fabricated PDMS based biochip. Normally, the original PDMS
biochip is clean and transparent, the red color for this manufactured hydrophobic
biochip is originated from the Au nanoparticles coating onto the surface of the PDMS
based biochip. Besides, the side view of the droplets onto the surface of fabricated
biochip is exhibited in Figure 65b. Obviously, it can be seen that the contact angle
between the droplets and the solid biochip possesses a very large value, which implies
that the manufactured biochip can be utilized for the targeted proteins concentrating for

improving the detection sensitivity.

Figure 65. (a) The optical photo of hydrophobic biochip with several droplets. (b) The

profile view optical image of biochip with some droplets.
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5.3.5 Detection capacity for different forms of a-Syn protein

Furthermore, the related investigation of Raman spectra are illustrated in the Figure 66
and 67 for different forms of a-Syn protein. As can be seen from the Figure 66, it
exhibited the unfolded a-Syn protein with several emission peaks. These emission
peaks are approximately located at 1150, 1191, 1225, 1332, 1415, 1457, 1598, 1655,
and 1690 cm’!, respectively. According to the previous research, these emission peak
of 1150, 1191, and 1225 cm! are mainly corresponding with the related vibration mode
of vCC, Tyr/Phe, and Try, respectively !7%. The emission peaks of 1332, 1415, and 1457
cm! are related with the CH, deformation, symmetric vCO>", and CH,/CH3 deformation,

respectively.

And the emission peaks of 1598, 1655, and 1690 cm™ are relevant with the Phe and
amide I vibration mode. Different from the Raman spectra of Figure 66, as exhibited in
the Figure 67, it can be observed that an obvious narrowed peak is at 1660 to 1670 cm
! of Raman shift. Combining with the former study, this peak of fibrotic a-Syn protein
resulted from the C=0 stretch of peptide backbone !”. Therefore, these excellent test
results indicate that the fabricated biochip can be employed for the structure identifying
of a-Syn protein, implying a great potential application for the prospective biosensing

field.
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Figure 66. The Raman spectrum of normal a-Syn protein and related fitted curve.
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Figure 67. The Raman spectrum of fibrotic a-Syn protein and corresponding curve

fitting.
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5.4 Summary

In summary, considering of the relevant hydrophobic equations and related research
work, the pattern of PDMS based biochip was designed via the AutoCAD software.
Through the PDMS demolding and UV irradiation photoreduction methods, the SERS
functionalized biochip was successfully fabricated from the corresponding morphology
investigations of different view SEM images. Moreover, the captured optical photos
further illustrate the great hydrophobic performance of manufacture biochip. Ultimately,
the related Raman spectra indicate that the well-designed and fabricated point-of-care
biochip can be utilized for the distinguishing the different forms of a-Syn protein, which

implies a great potential for the NDDs detection application in the future.
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Chapter 6 Conclusions and future work suggestions

The point-of-care biosensing platform based on UCNPs and microfluidic biochip was
designed and fabricated for the biomarker of Nucleocapsid protein (N protein) in-vitro
detection. The NaYF4:Er**/Yb*" UCNPs with excellent luminescent stability and
uniformity were successfully synthesized and used as the luminescent indicator. The
designed microfluidic biochip was utilized as the detection chamber of the portable
virus diagnostic platform, which illustrated outstanding filtration performance for the
conjugated polystyrene microbeads. The fabricated biochip possessed excellent
luminescence enhancement properties with a maximum of over 100-fold than the
cuvette samples. Moreover, the cleanable performance of microfluidic biochip also
implied great potential application for the virus diagnosis field. Compared with the
typical commercial lateral flow assay (LFA) rapid test strips for virus detection, this
point-of-care biosensing platform exhibited a higher biosensing sensitivity of around
1.12 pg/ml for N protein detection. In addition, the clinical samples also manifested that
the designed point-of-care virus detection platform possessed better diagnostic
sensitivity compared with the usual commercial LFA rapid test strips. These outstanding
detection capabilities implied that the designed microfluidic biochip assisted portable
virus diagnostic platform possessed enormous potential applications for the future

unpredictable virus detection area.

LIU YUAN 125



CHAPTER 6

42
Q& THE HONG KONG POLYTECHNIC UNIVERSITY

Moreover, the developed point-of-care biosensing platform based on quantum dots
(QDs) luminescence and microfluidic biochip with machine vision algorithm analysis
was well-designed and manufactured for the carcinoembryonic antigen (CEA) tumor
marker in-vitro diagnostics. The uniform core-shell QDs of CdSe/ZnS nanoparticles
with extraordinary luminescent properties were employed for the optical labelling
indicator of the designed sandwich structure immunoassay. The microfluidic biochip
with excellent filtrated and cleanable performance was utilized as a functional chamber
accessory of the designed CEA tumor marker biosensing platform, which illustrated a
prominent diagnostic sensitivity of around 0.021 ng/ml. The Python-based machine
vision algorithm was developed and applied as the corresponding images recognition
and analysis for expected point-of-care CEA tumor marker detection. Moreover, for the
investigation of saliva samples practical application evaluation, the designed intelligent
biosensing platform exhibited outstanding detection cut-off value comparing with some
common-used commercial CEA tumor marker LFA test strips. As a result, considering
of these thrilling and remarkable system design superiority and diagnostic abilities, this
well-designed intelligent biosensing platform implies tremendous application

potentiality for the future point-of-care tumor marker detection field.

In addition, as the of neurodegenerative disease emerging, considering of the relevant
hydrophobic theories and studies, the pattern of PDMS based biochip was designed via
the AutoCAD software. Through the PDMS demolding and UV irradiation

photoreduction methods, the SERS functionalized biochip was successfully fabricated
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from the corresponding morphology investigations of different view SEM images.
Moreover, the captured optical photos further illustrate the great hydrophobic
performance of manufacture biochip. Finally, the related Raman spectra indicate that
the well-designed and fabricated point-of-care biochip can be utilized for the
distinguishing the different forms of a-Syn protein, which implies a great potential for

the neurodegenerative disease detection application in the future.

Although we design and investigate some novel point-of-care biosensing platforms
based on the nanoparticles and biochips, the corresponding problems still have to be
worked out for the real practical applications. For instance, it still possesses some
difficulties for the stable and mass production of these utilized antibodies conjugated
photoluminescent nanoparticles and PS microbeads. The conformance and consistency
rate of biochip products also need to improve via the development of fabrication
technology. Furthermore, in terms of the collaboration between the hardware and
software of the biosensing platform need to promote through the assistance from

professional researchers in computer science fields.
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