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Dengue fever, a global disease that is transmitted by mosquitoes, has wreaked havoc in nations across the
globe. Currently, there is no vaccine or direct treatment for Dengue fever, making the early diagnostic
stage extremely essential to the prevention of the disease. In this experiment, a new model of diagnosis is
proposed: Spin-Enhanced Lateral Immunoassay (SELFIA). Associating lateral flow immunoassay (LFIA)
with an alternative diagnostic marker Fluorescent Nanodiamond (FND), spin-enhanced lateral
immunoassay utilizes electromagnetic fields to modulate the signals from the nanodiamond’s fluorescence
and provides accurate and sensitive results, replacing the conventional but flawed diagnostic method of
colloidal gold lateral flow immunoassay. We discovered the application of FND-based SELFIA on Dengue
fever diagnosis not only accurately detects the Dengue virus antigen NS1, but it also provides signals that
is approximately 100 times more sensitive than those of colloidal gold-based LFIA. In conclusion, spin-
enhanced lateral immunoassay 1s an improved diagnostic tool for Dengue virus, which can potentially be

applied on other viruses such as Zika virus and Coronavirus in the near future.



— ~ DIFEE

Dengue fever is a seasonal mosquito-borne disease and a prominent health issue in countries in the tropical
and subtropical regions, including Taiwan as seen in Figure 1 [1]. Its number of infection cases has been
rising in recent decades, with an estimated number of 50~100 million annual infections across the globe,
putting almost one-third of the world’ s population at risk [2]. In the 2015 Dengue outbreak in southern
Taiwan, approximately 40,000 people were diagnosed and 218 of the patients died from the infection as
seen in Figure 2 [3]. Without a vaccine or a direct treatment, Dengue infection plays an even bigger threat
to our health [4]. However, the magnitude of the symptoms can be reduced with early diagnosis and actions.
Currently, the majority of the world uses the diagnostic method of gold nanoparticle lateral flow
immunoassay (LFIA), but since there had not been any major renewal since its first introduction in the
1980s, several drawbacks were reported by users, including insensitivity of detection that results in false-
negative results [5]. Therefore, significant improvement to diagnostic accuracy is required in order to
maximize the effect of early treatment. In this experiment, Fluorescent Nanodiamond (FND) is being tested
as an alternative diagnostic marker along with the application of magnetic modulation of signals, proposing
a new model for LFIA: Spin-Enhanced Lateral Flow Immunoassay (SELFIA) [6]. With its fluorescent and
quantum spin properties, we seek to investigate the effectiveness of FND on LFIA and hope to contribute

to the global prevention of viral infection [7].

Z-MEEER
(—) Dengue Fever

Dengue fever is a tropical disease that causes symptoms such as high fever, headache, vomiting, muscle
and joint pain, and skin rash [8]. It is caused by the Dengue virus, commonly carried and transmitted by
mosquitoes 1n tropical and tropical regions such as Southeast and South Asia, Central America, South
America, and Central Africa from Figure 1 [1]. Symptoms start to show at around 14 days after infection.
Its danger 1s that many symptoms arise as simple flu symptoms, but when not taken care of, it could
develop into hemorrhagic fevers and cause circulatory system damages [9]. There are around 400 million
cases of Dengue fever each year and 96 million display sicknesses [2]. The virus has four distinct serotypes

(DV1, DV2, DV3, DV4) with accumulative severity and contains the non-structural protein antigen NS1
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[10]. Currently, there 1s no vaccine or cure to Dengue fever. Supportive treatments can only alleviate the
symptoms. The only measures that are available to prevent Dengue Virus infections are to decrease

mosquito populations and use mosquito repellent.

Figure 1. Distribution of Dengue Cases Worldwide. The location of Dengue fever risk worldwide
is presented.
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Figure 2. Number of Dengue Cases in Taiwan from 1989 to 2019.The chart shows the
Taiwanese local cases of Dengue infection from 1989 to 2019. Source: Taiwan Centers for Disease
Control: Dengue Fever.



(=) Lateral Flow Immunoassay

Lateral flow immunoassay (LFIA) is a paper-based simple, instantaneous, and portable device, specifically
targeting the detection of antigens/antibodies [10]. Figure 3 shows the components of a LFIA: a test strip
with a sample pad for the dispensation of biological samples, a nitrocellulose membrane where the
substrates are immobilized and the immunocomplexes are formed, and an absorbent pad that provides the
driving force of the liquid flow of capillary action and collects excess reagents filtered out by the
nitrocellulose membrane [11-12]. A variety of liquid biological samples can be tested using LFIA,
including urine, saliva, sweat, serum, plasma, whole blood, and other fluids through the principle of
capillary action. The device 1s cheap and easy to use, making it a popular detection method among different
applications from blood tests to viral detection [13-15]. Conventional method uses nanogold particle as a

visual representation for most assays [16-17]. The method had not been updated for a while now.

Sample pad Nitrocellulose Absorbent pad

membrane

Figure 3. Lateral Flow Immunoassay Model. A model of LFIA’s components with labels is
shown in the picture.



(=) Fluorescent Nanodiamond

Fluorescent Nanodiamond (FND) is a novel nanoscale diamond developed by the Academia Sinica.
Composed of sp3 bonded carbon atoms and nitrogen atoms, FNDs can work at a wavelength of 532nm
and emit red fluorescence under laser excitation. FNDs can even be widely used in the fields of biomedicine
and biotechnology due to several characteristics [6]: 1) they are highly biocompatible since the components
of FNDs are common elements in living organisms; 2) due to the luminescence characteristics of its
nitrogen-vacancy center (NV center), as seen in Figure 4, FNDs can emit strong and long-lasting
fluorescence when excited; 3) because of its physical structure, FNDs can avoid the interference of
background fluorescence and has a high degree of specificity; 4) the surfaces of FNDs can be chemically
modified to contain emitters buried deep in a chemically inert matrix, so their optical properties are hardly
affected by environmental changes (such as viscosity, pH, and 1on concentration). Nowadays, FNDs has
been studied for biological applications such as nanoscale thermometry, drug delivery, and cell tracking

[18-25].

Figure 4. Fluorescent Nanodiamond. The diagram displays the structure of one single FND. It
is composed of carbon and nitrogen atoms along with vacancy centers.



(P9) Spin-Enhanced Lateral Flow Immunoassay

Spin-Enhanced Lateral Flow Immunoassay (SELFIA) i1s a system for measuring the levels of target
antigens in biological samples on lateral flow immunoassay (LFIA) through the detection of Fluorescent
Nanodiamonds (FND) [6]. Figure 5 displays the mechanism behind SELFIA. It utilizes a laser to excite
the nitrogen-vacancy center ofFNDs and uses the fluorescence emitted as an indicator for LFIA, which
performs antibody screening and antigen detection. The fluorescence of the diamond is first modulated by
an alternating current field generated by a current amplifier and collected by the objective lens. The signals
then travel to the photomultiplier tube. The electrical signals are then directed into a computer and analyzed
by a LABVIEW program to achieve ultra-sensitive detection and quantification of FNDs [6]. Compared
to conventional bioassays such as nanogold based lateral flow immunoassay, an improvement of the
sensitivity over 100-folds can be established by using the magnetic modulation of FND’ s fluorescence
and reduce false-negative results. It is an accurate, rapid, and accessible method for detecting infectious

diseases [6].
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Figure 5. Spin-Enhanced Lateral Flow Immunoassay. A demonstration of the mechanism
behind spin enhanced lateral flow immunoassay is shown.
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(—) Test and compare the effectiveness of nanogold-based lateral flow immunoassay and Spin-Enhanced
Lateral Flow Immunoassay on Dengue NS1 antigen detection.
(=) Explore a potential diagnostic marker for lateral flow immunoassay.

(=) Develop an improved model for lateral flow immunoassay for viral diagnosis.
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— ~ Reagents and Equipments
(—) Reagents

Fluorescent Nanodiamonds (FND) were produced by the laboratory of Prof. Huan-Cheng Chang at the
Institute of Atomic and Molecular Sciences Academia Sinica (Taipei, Taiwan). Anti-Dengue virus
1+2+3+4 rabbit polyclonal antibody was purchased from Abcam (Cambridge, UK). NS1 antigen (DV1,
DV2,DV3, DV4). Bovine Serum Albumin (BSA) was obtained from Sigma-Aldrich (St. Louis, MO, USA)
Phosphate Buffered Saline (PBS) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).

(=) Equipments

Centrifuge (Kubota, Osaka, Japan), ultrasonic bath (Cleanosonic, Richmond, VA, USA), lateral flow assay
kit, spin-enhanced lateral flow immunoassay (SELFIA) (Institute of Atomic and Molecular Sciences

Academia Sinica, Taipei, Taiwan), pipette, tube, oven.

— ~ Synthesis of Fluorescent Nanodiamonds

Figure 7 shows the stages of Fluorescent Nanodiamond production. The nanodiamond was first exposed
to a hydrogen ion beam created by a particle accelerator. The central carbon atoms of the nanodiamond
were removed, resulting in a vacancy center. Next, the nanodiamond was placed in a vacuum and heated
at 800°C to move to join the nitrogen and vacancy together, forming a nitrogen-vacancy center that gave
the nanodiamond the ability to deflect laser and emit fluorescence. Finally, the nanodiamond was oxidized
at 450°C and washed with H2SO4:HNO3, removing the excess graphite and functionalizing the

diamond” s surface.
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Figure 6. Process of Fluorescent Nanodiamond Synthesis. The production of FND is divided
into three main steps: irradiation, annealing, and acid wash/oxidation.

— ~ Conjugation of Rb pAb-FND

FND (Iug/uL) was resuspended in ultrasonic bath before use. Anti-Dengue rabbit antibody (2ug/ul.) was
added. The tube was centrifuged at 20,000xg for 5 minutes to separate the unconjugated reagents from the
mixture according to their size and density as shown in Figure 9. The supernatant was removed carefully.
100ul of 3% BSA in PBS was added. The solution was resuspended then pipetted 3 times to prevent the
FNDs from cohering and ensures the even distribution of antibody on the FNDs surfaces as shown in
Figure 8. Rb pAb-FND solution was then diluted to 75ng/ulL (optimal concentration) with 3% BSA in
PBS.



Figure 7. Ultrasonic Bath. The ultrasonic bath was used for the agitation of FNDs and the mixing
of FNDs with anti-Dengue rabbit antibody.
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Figure 8. Centrifuge. The centrifuge was used for the removal of excess supernatants after the
conjugation of anti-Dengue rabbit antibody on FNDs.
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VY ~ Preparation of NS1 Antigen

The expression vector of the NS1 protein with different serum types (Type I, II, III, and IV) will be
constructed into pcDNA?3.4 vector for HEK293 cell line expression system. The large-scale production and
purification of antigen samples (Dengue virus NS1 protein) will be carried out. The correct clones were
determined by nucleotide sequencing and were transfected into suspension HEK293 cells. Suspension
HEK?293 Freestyle cells were grown in serum-free Freestyle 293 expression media at 37°C, shaken at 110
rpm in an 8% CO?2 incubator. These recombinant proteins will contain the C-terminal His-tag for further

purification by Ni-NTA column.

F ~ Assembly of Lateral Flow Immunoassay

Lateral flow immunoassay kits were assembled as in Figure 10. NS1 DV1 (1.08 ug/ul.), NS1 DV2 (1.89
ug/ul), NS1 DV3 (5 ug/ulL), and NS1 DV4 (2.08 ug/ul) were diluted to 1ug/ulL with 3% BSA in PBS.
NS1 DV1, DV2, DV3, and DV4 (1ug/ul) were then diluted to 200ng/ulL, 20ng/ul., and 2ng/ulL with 3%
BSA in PBS. 100ng and 10ng of NS1 DV1, DV2, DV3, and DV4 were dispensed onto the nitrocellulose

membrane on LFIA and left to dry.

Re-optimization: Lateral flow immunoassay kits were assembled with the sample pads removed. NS1 DV1
(1.08 ug/uL), NS1 DV2 (1.89 ug/uL), NS1 DV3 (5 ug/ulL), and NS1 DV4 (2.08 ug/ulL) were diluted to
lug/uL. with 3% BSA in PBS. NS1 DV1, DV2, DV3, and DV4 (1ug/ul.) were then diluted to 6.667ng/ulL
with 3% BSA 1n PBS. 100ng, 10ng, 1ng, and 0.1ng of NS1 DV1, DV2, DV3, and DV4 were dispensed

onto the nitrocellulose membrane on LFIA and left to dry.

 Fullyassembled kit

Figure 9. Lateral Flow Immunoassay Kit (assembled). The picture shows a LFIA kit in its
complete form.
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75 ~ Run Rb pAb-FND on Lateral Flow Immunoassay

100ulL of Rb pAb-FND (75ng/ulL) was suspended onto the sample pad of the LFIA. The contraption was

placed at room temperature for 30 minutes to run, then in oven at 50°C for 2 minutes to dry.

Re-optimization: 25uL of 3% BSA 1n PBS was aspirated onto the nitrocellulose to run as buffer. 100uL of
Rb pAb-END (75ng/ul) was then suspended. The contraption was placed at room temperature for 30

minutes to run, then in oven at 50°C for 2 minutes to dry.

-
L

T
Experimental (? -
(P NS1 Antigen
Rb pAb-FND sokation (Immobilized) Excess rea

Sample pad Nitrocellulose membrane Absorbent pad
e
contel & (&)
Rb pAb-FND sokation ExcesSTea
Sample pad Nitrocellulose membrane Absorbent pad

Figure 10. Demonstration of Lateral Flow Immunoassay Process. A simple schematic
demonstration of the LFIA technique used in our experiment is presented.

Figure 10 shows the differences in mechanism in the experimental and control group. In the positive
sample, the dispensed Rb pAb-FEND solution associates with the immobilized NS1 antigens on the
nitrocellulose membrane while the excess reagents are absorbed by the absorbent pad. In the negative
sample, the dispensed Rb pAb-FND solution, instead of forming immunocomplexes with NS1 on the

nitrocellulose membrane, flows directly to the absorbent pad due to the lack of NS1 antigen.
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1= ~ SELFIA Analysis

The finished samples were inserted into SELFIA. A laser beam was directed to the nitrocellulose membrane
of the test strip. The test strip was placed on the platform and scanned as shown in Figure 11. As the FNDs
on the test strip were excited by laser, fluorescence was emitted and absorbed by an objective lens, then
transformed into electrical modulated signals that would be sent to a LABVIEW program to analyze the

fluorescence of Rb pAb-END.

Figure 11. SELFIA. The pictures show the detection device for SELFIA.
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2 ~ RS R ERT
— ~ Experimental Results

In this experiment, a new approach of combining LFIA and FND was tested. We first optimized the setup
of the LFIA by finding the ideal concentration and ratio between the anti-Dengue rabbit antibody, the
FNDs, and the NS1 antigen. We first applied and immobilized different serotypes of Dengue NS1 antigen
on the membrane and dispensed Rb pAb-FND solution on to the test strip to observe the compatibility of
different concentrations of Rb pAb-FND (50ng/uL, 75ng/uL, and 100ng/uL)) with different NS1 types.

—— Background
— DV1
— DV2
1001 — DV3
—— DV4

120

80

60
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40
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Figure 12. Results of 75ng/uL Rb pAb-FND on all four serotypes of NS1 lateral flow
immunoassay. The graph shows the signal intensity detected on its relative positions on the LFIA
test strips each with different serotypes of NS1 antigen immobilized.

In Figure 12, peaks in Rb pAb-FND mass distinct from the background/control group can be seen at the
site of the dispensation of all four serotypes of NS1, which 1s a sign of the successful binding of Rb pAb-
FND with all NS1 and accumulation of immunocomplexes at the designated point. This achieves the

optimization as distinct peaks can be observed clearly and the background noises are relatively low.
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Following the optimization stage, we evaluated the differences in intensity of signals by altering the
quantity of NS1 antigen on the test strip. To do that, we added 100ng and 10ng of each type of NS1 onto

the nitrocellulose membrane and ran Rb pAb-FND solution through the strip to observe the results.
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Figure 13. Results of 75ng/uL Rb pAb-FND on lateral flow immunoassay of 100ng and 10ng

of all Dengue serotype NS1. The graph shows the comparison of signal intensity detected on its
relative positions between LFIA test strips with 100ng and 10ng of all serotype NS1 antigen.
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Signal Intensity Over NS1 Quantity on SELFIA
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Figure 14. Results of 75ng/uL Rb pAb-FND on lateral flow immunoassay of 100ng and 10ng
DV1~4 NS1. The graph shows the comparison of the signal intensity detected on the peaks
between LFIA test strips with 100ng, 10ng, and Ong of all serotypes of NS1 antigen.

From Figure 13, distinct peaks in FND mass are observed in all groups. The signals magnitude’s dose-
dependency 1s also shown by the differences in the masses of FNDs produced by the 100ng group and the
10ng group of DV1 to DV4. As seen in Figure 14, with higher concentrations of NS1 immobilized, there
1s an increase in the signal of (approximately 3.68 times) reported by SELFIA on the Rb pAb-FND-NS1

complex, which indicates a higher association of Rb pAb-FND with the NS1 antigens on the membrane.

Re-optimization

After the initial experimentation, re-optimization was done. Following previous success, we extended our
experiment to test the range of detection and evaluated the differences in intensity of signals by altering
the quantity of NS1 antigen on the test strip. To do that, we added 100ng, 10ng, 1ng, and 0.1ng of each
type of NS1 onto the nitrocellulose membrane and ran Rb pAb-FND solution through the strip to observe

the results.
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Figure 15. Results of 75ng/uL Rb pAb-FND on lateral flow immunoassay of 100ng, 10ng,
1ng, 0.1ng of all Dengue serotype NS1. The graph shows the comparison of signal intensity

detected on its relative positions between LFIA test strips with 100ng, 10ng, 1ng, 0.1ng of all
serotype NS1 antigen.
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Signal Intensity Over NS1 Quantity on SELFIA
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Figure 16. Results of 75ng/uL Rb pAb-FND on lateral flow immunoassay of 100ng, 10ng,
1ng, and 0.1ng DV1~4 NS1. The graph shows the comparison of the signal intensity detected on
the peaks between LFIA test strips with 100ng, 10ng, 1ng, 0.1ng, and Ong of all serotypes of NS1
antigen.

From Figure 15, distinct peaks were not only found in the previous 100ng and 10ng groups, but also the
new 1ng and 0.1ng groups. In Figure 16, signals separated from background noises can be observed in all
NS1 quantity groups. This indicates SELFIA’ s ability to detect Dengue NS1 with a concentration as low

as 0.1ng, showing an increased range of detection compared to previous LFIA models.
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— ~ Discussion

LFIA traditionally uses colloidal gold as the indicators of conjugation. Its low price and relatively simple
use allow 1t to be produced commercially. However, colloidal gold has historically been susceptible to

more errors, 1n cases such as pregnancy tests and other application [13-15]. The current methods have

limitations in total volume which decreases sensitivity, but with FNDs and SELFIA, insensitivity 1s

reduced.
Lateral Flow Spin-Enhanced Lateral Flow
Immunoassay Immunoassay

Diagnostic Nanogold Fluorescent Nanodiamond

Marker

Observation Visual indicator Magnetically modulated fluorescence

Method

Detection  ~20 minutes ~20 minutes

Time

Sensitivity 75% 100%

Specificity 98% 100%

Limit of 1ng/pL 0.1ng/uL

Detection

Figure 17. Comparison between Lateral Flow Immunoassay and Spin-Enhanced Lateral
Flow Immunoassay. The chart lists out several key differences in the mechanism and quality of
lateral flow immunoassay and spin enchanted lateral flow immunoassay.
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Although FND has higher sensitivity and more accurate conjugation, nanogold has the convenience of
naked eye visible results [10]. We were also unable to obtain the equipment to draw multiple lines of
antigens on the lateral flow membrane for simultaneous and four-in-one detection of different serotypes of
Dengue fever seen in Figure 18. In future studies, different models of lateral flow immunoassays seen in
Figure 19 such as sandwich assay, which pairs different antibodies for larger substrates, and competitive
assay, which is used for the determination of smaller analytes, can be tested to uncover FND SELFIA™ s

full commercial potential [11].

Four-in-one

Antibody Type: 1 2 3 4

Figure 18. Demonstration of the Four-In-One Assay Models. The diagram shows the proposed
model of the four-in-one Dengue SELFIA.

Competitive Sandwich

Antibody-FND

Target @ tigen
S e
Antibode \/

Signal: No Yes No Yes

Virus: Positive Negative Negative Positive

Figure 19. Demonstration of the Competitive Assay and Sandwich Assay Models. The
diagram shows the variations between different LFIA methods and their results.
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In this mvestigation, we experimented with fluorescent nanodiamond (FND) as a new diagnostic marker
for lateral flow immunoassay (LFIA) of Dengue fever, proposing the new model spin enhanced lateral
flow immunoassay (SELFIA) with magnetic modulation [6]. With FND’ s nitrogen-vacancy center,

which emits fluorescence when excited by laser [7], we utilized its perks to quantify the signal of detection
by installing magnetic modulation and observed its heightened effectiveness in Dengue NS1 antigen

detection [6].

We discovered that SELFIA using FND not only serves as a diagnostic marker for LFIA of Dengue fever,
but also displays an increased sensitivity of approximately 100 times compared with conventional
nanogold-based LFIA [16]. In addition, we also proved SELFIA" s increased range of detection the
enhanced signal results from the magnetic modulation of fluorescence emitted by FNDs during the

detection process.

From this study, we have proved FND-based LFIA for Dengue fever to be a novel and 1deal diagnostic
method because of its high sensitivity and range of detection. Our new findings may provide an improved
LFIA for viruses beyond Dengue virus such as the Zika virus or recent COVID-19 and help with the early

treatment of diseases by renewing diagnostic methods.
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