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Abstract

Prevention of life threatening hypersensitivity reactions to carbamazepine is possible through
pre-treatment screening of the associated HLA-B*15:02 risk allele. However, clinical
implementation of screening is hindered by the high cost and slow turnaround of
conventional HLA typing methods. We have developed an interdigitated electrode (IDE)
biosensor platform utilizing loop mediated isothermal amplification (LAMP) that can rapidly
detect the HLA-B*15:02 allele. DNA amplification is followed by solid-phase hybridization
of LAMP amplicons to a DNA probe immobilized on the IDE sensor surface, resulting in a
change in sensor impedance. The testing platform does not require DNA extraction or post-
amplification staining, achieving sample-to-answer in 1 hour and 20 minutes. The platform
was tested on 27 whole blood samples (14 HLA-B*15:02 positive and 13 negative) with
sensitivity of 92.9% and specificity of 84.6% when applying a cutoff of impedance change.
Based on these characters the LAMP-IDE platform has potential to be further developed into
point-of-care use to help overcome barriers in HLA-B*15:02 screening.
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1. Introduction

Adverse drug reactions (ADRs) account for >770,000 injuries or deaths per year (Agency
for Healthcare Research and Quality 2001) in the US. Cutaneous reactions are a common
form of immune-mediated ADRs ranging from minor maculopapular exanthema to severe
reactions such as Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis (TEN), and
drug-induced hypersensitivity syndrome (DIHS), which carry mortality rates of up to 30%
(Svensson et al. 2001). Cutaneous ADRs are largely unpredictable and pose significant

clinical and economic burden (Sultana et al. 2013).

Pharmacogenetics research, which examines the role of inter-individual genetic variations
in drug response (Yeo et al. 2011), has recently identified a number of associations between
the human leukocyte antigen (HLA) gene family and ADRs. Traditionally known for its role
in immune response and various disease processes, the HLA gene is one of the most
polymorphic in the human genome. Variation is most pronounced within the Class | HLA
region, which encompasses the HLA-A, HLA-B, and HLA-C genes. To date, the International
Immunogenetics (IMGT)/HLA database records 12,544 allele sequences within Class I, of
which 4828 belong to the HLA-B group (Robinson et al. 2015).

One of the most prominent pharmacogenetics discoveries is the strong association
between carbamazepine-induced SJS/TEN and the HLA-B*15:02 allele. This association was
first found among the Han Chinese population (Chung et al. 2004; Man et al. 2007), and was
subsequently reported in other Asian populations where the allele is prevalent, including Thai
(Locharernkul et al. 2008), Malay (Chang et al. 2011), and Indian (Mehta et al. 2009).
Carbamazepine is widely used globally (World Health Organization 2015) as a first-line
treatment for epilepsy (Glauser et al. 2006) and for other indications such as neuralgia and
bipolar affective disorder. The US Food and Drug Administration and other regulatory
agencies recommend HLA-B*15:02 screening prior to administering carbamazepine in

patients of high-risk Asian ancestry (U.S. Food and Drug Administration 2007).

Although pre-treatment HLA typing was demonstrated to be clinically beneficial for
prevention of carbamazepine-induced SJS/TEN (Chen et al. 2014), implementation in routine
practice has been hindered by several factors. Due to its highly polymorphic nature, the gold-
standard clinical methods for conventional HLA genotyping include sequence based typing
(SBT) (Erlich 2012), and commercial polymerase chain reaction (PCR) with sequence



specific primer (SSP) or sequence specific oligonucleotides (SSOP) (Karlin and Phillips
2014). These laboratory-based approaches have several limitations. First, they require
expensive laboratory equipment such as thermal cyclers and fluorescence optical detection
systems operated by skilled laboratory personnel. Second, although the PCR step may only
take several hours, DNA extraction is required, and in clinical practice, HLA testing has long
turnaround time (at least several days) starting from sample collection, transportation, to
testing and reporting of results to the clinicians, thereby compromising effective treatment
strategies. Given these constraints, it is not surprising that HLA-B*15:02 testing remains
non-existent in most low-resource Asian countries. In settings that have implemented a
screening policy, current platforms prove impractical when immediate decision on drug
usage needs to be made (e.g. for seizure prevention), leading to extra clinic visits or hospital
stay, and use of alternative medications which are not only more expensive, but may be less

effective and may potentially lead to other unwanted side effects (Chen et al. 2016).

To reduce the time and cost for diagnostic HLA-B*15:02 testing, this study aimed to
develop a 2-step rapid genotyping platform (Fig. 1) that can use crude blood samples and can
be amenable for point-of-care applications and miniaturization. The first differentiation step
involves a loop mediated isothermal amplification (LAMP) reaction that selectively amplifies
HLA-B alleles. The second step involves hybridization of the LAMP amplicons with the
DNA probes immobilized on the surface of the interdigitated electrode (IDE) sensor, which
serves as the mono-allelic determinant of an HLA-B*15:02 LAMP amplicon. Positivity is
indicated by changes in the electrical impedance of the sensor surface as a result of specific

probe hybridization to complementary HLA-B*15:02 LAMP amplicons.

LAMP (Notomi et al. 2000) is an isothermal gene amplification method that has gained
popularity due to its rapidity, sensitivity, and permissiveness toward the use of crude
specimens such as saliva (Sriworarat et al. 2015), urine (Edwards et al. 2014), stool
(Fernandez-Soto et al. 2016), and blood (Cheung et al. 2014) samples. LAMP amplicon
hybridization for various diagnostic purposes have previously been performed through solid
(Nakamura et al. 2007) and liquid phase (Deng et al. 2015; Yongkiettrakul et al. 2014)
approaches using colorimetric, fluorometric, and electrochemical platforms. Attempts to
integrate the LAMP reaction with electrical sensing have required post-hybridization
labelling (Nakamura et al. 2007; Nakamura et al. 2009), which adds substantially to the cost
of testing. In contrast, our label-free electrical impedance spectroscopy (EIS) approach relies

solely on detection of signal impedance changes associated with affinity binding on the IDE



configuration. Other advantages of IDE sensors are their demonstrated sensitivity for
detection of various biomolecules (Abeyrathne et al. 2016a; Abeyrathne et al. 2016b; Wang
et al. 2017b), as well as their simple and low-cost fabrication through UV lithography. These
qualities render the LAMP-IDE platform amenable for future miniaturization and integration
into a point-of-care device, negating the need for expensive equipment for detection of the
HLA-B*15:02 allele.

|  PLATFORMDESIGN |
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Fig. 1. Schematic representation of the LAMP-IDE platform and study design. The
platform integrates primary LAMP-based amplification of the HLA-B gene with secondary
solid-phase hybridization of the HLA-B*15:02 LAMP amplicon on capture DNA probes
immobilized on an IDE sensor configuration. The study was divided into two phases:
phase | involved optimization and proof-of-concept of the LAMP-IDE sensor on purified
DNA samples while phase Il evaluated its sensitivity and specificity on crude blood
samples.



This study was divided into two phases (Fig. 1). Phase | involved optimization and proof-
of-concept experiments using purified human genomic DNA samples. Each sample
underwent LAMP reaction followed by reaction purification and sequencing to confirm
presence of the gene region of interest. Amplicons were subsequently incubated on the pre-
functionalized IDE sensors for hybridization at a known concentration. The optimal sensor
geometry and applied frequency for the IDE platform were determined. Signal
characterization was performed on a panel of purified LAMP amplicons that were either
positive or negative for HLA-B*15:02. In phase Il, the protocol developed in phase | was
evaluated for its sensitivity and specificity in detecting HLA-B*15:02 using a panel of crude

blood samples.



2. Materials and Methods

2.1 Samples

Phase I. LAMP reactions were performed using human genomic DNA samples of known
HLA-B genotypes obtained from the International Histocompatibility Working Group
(IHWG) DNA Bank. Amplicons were purified (refer to Section 2.4) to remove contaminants.
In the hybridization step, LAMP amplicons used were either entirely complementary to the
probe, or non-complementary by 2 bases. A sequence of complementary oligonucleotide was
also used as a positive control. Sequences of the probe and positive control oligonucleotide

are provided in Fig. 2A.

Phase Il. Venous blood samples collected in EDTA tubes from 27 patients with epilepsy
were used to evaluate the protocol developed in phase I. The study was approved by local
IRBs and all subjects provided written informed consent. The HLA-B genotype of each
sample was pre-determined by sequence based typing (BGI Hong Kong, Hong Kong). Three
groups of blood samples were tested based on their known HLA-B alleles: (1) positive
samples heterozygous or homozygous for HLA-B*15:02 (n=14) expected to produce LAMP
amplicons complementary to the probe on the sensors, (2) negative samples with either one
or two HLA-B alleles expected to produce amplicons non-complementary to the probe by 2
bases (n=5), and (3) negative samples with HLA-B alleles that would either not amplify or
will only produce primer repeats non-complementary to the probe by more than 2 bases
(n=8), chosen at random. Each sample was subjected to one LAMP reaction, and the reaction

products were divided for hybridization on 3 sensors.
2.2 LAMP-IDE assay design

LAMP primers were designed to produce amplicons that contained a section of HLA-B
gene exon 2 suitable for subsequent hybridization with an oligonucleotide probe specific for
the HLA-B*15:02 allele (Fig. 2A and B). The primer set included forward and backward
outer primers (F3 and B3), and forward and backward inner primers (FIP and BIP). The
primers were designed by modifying outputs from the primer design software
(http://primerexplorer.jp/e/). Suggested primers were compared with sequences of HLA-
B*15:02 against other HLA alleles to provide the first step differentiation. The optimal
primer design was predicted to cross-react with 5.67% of known HLA-B alleles with
amplicons that differed from those of HLA-B*15:02 by 2 bases.



To achieve a higher level of specificity to meet clinical standards, an 11-mer
oligonucleotide probe was designed to target the region between the FIP (F1c) and BIP (B1c)
of the HLA-B LAMP amplicon for the secondary hybridization step on IDE sensors (Fig 2B).
The primer and probe combination is expected to differentiate HLA-B*15:02 from 99.31% of
all known HLA-B alleles (Supplementary Table S1).

(A) LAMP-IDE Platform Primers and Oligonucleotides

LAMP Reaction Primers
Primer Name Modification Target Genome Position Primer Sequence (5’ to 3')
F3 - Exon 2 (287-303) CGACACCCAGTTCGTGA
FIP (F1c/TTTT/F2) 5’ Biotin Exon 2 (353-369/TTTT/306-321) GGC_I(_:F%%':? :g gg:géz%gn—r
BIP (B1c/TTTT/B2) - Exon 2 — Intron 2 (398-419/TTTT/464-478) CCAA?@EE?@EQSQS@%’?SEW'
B3 - Intron 2 (494-509) GGGAGTCGTGACCTGC
Surface Functionalized Probes and Positive Control
Oligonucleotide Name | Modification Target Genome Position Oligonucleotide Sequence (5’ to 3’)
Probe 5’ Amine Exon 2 (384-394) TGTGTGTTCCG
Positive Control 5’ Biotin Reverse Complementary to Probe CGGAACACACA

(B) HLA-B*15:02 LAMP Primer Target Regions

F3 F2
284 5- GGACGACACCCAGTTCGTGAGGTTCGACAGCGACGCCGCGAGTCCGAGGATGGCGCCCCGG

Flc Probe Target Region Bilc
345 5- GCGCCATGGATAGAGCAGGAGGGGCCGGAGTATTGGGACCGGAACACACAGATCTCCAAGA

Blc B2
406 5- CCAACACACAGACTTACCGAGAGAGCCTGCGGAACCTGCGCGGCTACTACAACCAGAGCGAG

B2 B3
468 5'- GCCGGTGAGTGACCCCGGCCCGGGGCGCAGGTCACGACTCCCCATCCCCCACGTACGGCCC

(C) LAMP Product Visualization on Gel Electrophoresis and Chromatogram Confirmation

1 LT TT sl Tan 11
Blank B*46:01/ B*15:01/ B*15:02/ CAC R G AT CT
Reaction 46:01 13:01 15:02 T & & wn

B*15:01/13:01

=
: - RS

650 700 50 00 o

. RN 11
GACC G G AACACACAG AT CT

o 5 o ™

B*15:02/15:02

YD Y1

Fig. 2. LAMP-IDE assay. (A) LAMP reaction primer and oligonucleotide sequences (capture
probe and positive control) used in the IDE detection step. F3 = forward outer primer, B3 =
backward outer primer, FIP = forward inner primer, BIP = backward inner primer (B) HLA-
B*15:02 exon 2 sequence with corresponding LAMP primer target regions (grey highlights)
and probe hybridization target region (green highlight) with polymorphic sites in bold. (C)
Example of LAMP reaction on gel electrophoresis (left) with sequencing confirmation of
amplicons on chromatograms (right). On gel, the amplified reactions can be visualized as a
‘smear’ composed of a heterogeneous mix of amplicons in various sizes and lengths. On




chromatogram, the HLA-B*15:02/15:02 LAMP amplicon shows full complementarity with
the probe sequence, as shown in the probe target region (green highlight) between
nucleotides 650-800. In comparison, the HLA-B*13:01/15:01 amplicon shows non-
complementary bases (vertical red highlights) with both alleles in the sample being non-
complementary towards the probe sequence by 2 bases.

2.3 LAMP reaction conditions

Each LAMP reaction was performed in a mix of 1x Isothermal Amplification Buffer (20
mM Tris-HCI, 10 mM (NH4);S04, 50mM KCI, 2mM MgSO,, 0.1% Tween® 20 at pH 8.8
(New England Biolabs, Ipswich, Massachusetts), 1.4 mmol/L dNTP (New England Biolabs,
Ipswich, Massachusetts), 1.3 mol/L betaine (Sigma Aldrich, St Louis, Missouri), 1.6 pmol
biotin-labelled FIP primer, 1.6 umol BIP primer, 0.4 umol F3 and B3 primers, 0.24 units of
Bst 2.0 WarmStart DNA Polymerase (New England Biolabs, Ipswich, Massachusetts). All
primers used were of high-performance liquid chromatography purified grade (Life

Technologies Australia, Mulgrave, Victoria).

A template volume of 4 uL was added into the mix. In phase I, the template consisted of
human genomic DNA at 10 ng/uL. In phase II, 2 uL of crude blood was diluted 1:5 in
nuclease-free water and heated for 5 minutes at 90°C. Following heat treatment, 4 uL of
diluted blood was used as template for each LAMP reaction. Nuclease-free water was used as
template for the blank negative control. Each reaction was adjusted to a final volume of 25
uL using nuclease-free water. LAMP was performed at 63°C for 60 minutes using a thermal
cycler (Bio-Rad, Hercules, California). Following amplification, the LAMP products were
visualized via electrophoresis using a 1.3% agarose gel (Scientifix, Cheltenham, Victoria)

with Gel Red dye (Biotium, Hayward, California).
2.4 Purification and sequence confirmation of LAMP amplicons

This step was performed in phase | to confirm that the LAMP amplicons contained the
DNA region of interest. LAMP amplicons were purified using the Wizard® PCR clean up kit
(Promega, Fitchburg, Wisconsin) and quantified using a NanoDrop™ spectrophotometer
(Thermo Fisher Scientific, Scoresby, Victoria). Amplicons were then sequenced using a
sequencing primer (Life Technologies Australia, Mulgrave, Victoria) via an ABI 3730 XL
genetic analyzer located at the Centre for Translational Pathology, University of Melbourne
and. Sequencing chromatogram results were aligned with HLA-B*15:02 sequence using
ClustalW (Thompson et al. 1994). Fig. 2C shows an example of gel electrophoresis of LAMP

products with corresponding sequencing confirmation. Positive samples were amplified while

8



no product was detected on blank control (water template) and negative HLA-B*46:01/46:01
sample. As expected, cross-reactions may occur, with the HLA-B*15:01/13:01 LAMP

reaction shown as an example.
2.5 IDE fabrication

Details of the fabrication process are provided in Supplementary Fig. S2. In brief, sensors
were fabricated at the Melbourne Centre for Nanofabrication (Clayton, Victoria, Australia)
using UV-lithography on photoresist coated BOROFLOAT® borosilicate glass wafer
containing 80% silicon dioxide (SiOy) in its naive form. Each sensor comprised of gold
electrodes (100 nm), with finger length of 1 mm and finger width that matched the selected
gap width (Fig. 3A). For optimization in phase I, 3 different finger/gap widths (6 um, 8 um,
and 10 pm) were fabricated and tested. Following fabrication, each sensor was subject to
additional SiO, deposition (25 nm thickness) through e-beam evaporation to increase surface

coverage of the SiO, layer and to limit the region of polarization through passivation.
2.6 IDE functionalization and probe immobilization

Photoresist was removed using a wash of acetone, ethanol, and H,O. Sensors were then
plasma treated (PE-25 Plasma Etch, Carson City, Nevada) with argon (75%) and oxygen
(25%) for 5 minutes at 100 W power, 0.30 Torr pressure, and 30 sccm flow rate to remove
organic contaminants which can cause failure of silane growth upon surface functionalization
(Gupta et al. 2013). The importance of plasma cleaning prior to functionalization of DNA
sensors has been elucidated in previous studies (Wang et al. 2017b) as a major factor in
achieving uniform covalent binding of DNA probes. We also found this to be a major

contributor for effective probe immobilization (Supplementary Fig. S3).

The treated sensors were functionalized according to our established protocol
(Abeyrathne et al. 2016a; Abeyrathne et al. 2016b; Soraya et al. 2017). Sensors were dipped
into 2% APTES (Sigma Aldrich, St Louis, Missouri) solution for 1.5 hours followed by 5-
minute wash in 100% ethanol for 3 times. Sensors were then immediately placed in a 2.5%
glutaraldehyde solution (Sigma Aldrich, St Louis, Missouri) for 3 hours and washed for 5
minutes 3 times in Milli-Q® water and dried under N, gas. APTES and glutaraldehyde
solutions were filtered using Minisart® 0.2 um pore size filters (Sigma Aldrich, St Louis,
Missouri) to remove impurity. Following functionalization, 1.5 mm diameter wells fabricated

from acrylic sheets (Plastic Center Australia, Cheltenham, Victoria) were adhered over the



sensors using medical grade pressure sensitive adhesive (PSA) tape (ARcare 90445;

Adhesive Research, Glen Rock, Pennsylvania). The wells serve as incubation reservoirs.

The amine-terminated oligonucleotide probe (Life Technologies Australia, Mulgrave,
Victoria) was suspended in 4 pL nuclease-free H,O at a concentration of 10 uM (Lai et al.
2012; Wang et al. 2017b) and placed within each well in a humid chamber at 4°C for 15-16
hours. Following incubation, probe solution was removed and sensors were blocked with 1%
ethanolamine (Sigma Aldrich, St Louis, Missouri) for 30 minutes to quench residual amine
groups on the sensor surface. Blocking solution was washed 3 times in Milli-Q® water and

dried. Sensors were immediately used for detection of LAMP amplicons.
2.7 Hybridization of LAMP amplicons on IDE sensors

In phase I, purified LAMP amplicons and positive control oligonucleotides were
suspended in 1x SSC (150 mM sodium chloride, 15 mmol/L sodium citrate) hybridization
buffer at 40 ng/uL. In phase Il, hybridization was performed using untreated LAMP
amplicons from crude blood samples suspended in the original reaction mix. The blood

samples were divided into 3 experimental batches.

In both phases, LAMP amplicons were mixed and placed in the sample reservoir (which
contained the sensors) at room temperature. The reservoir was sealed with a glass cap to
prevent evaporation. After 20 minutes the LAMP amplicons were aspirated and the sensors

were subjected to wash using Milli-Q® water.
2.8 Electrical measurements

The electrical measurement setup (Fig. 3B) has been previously described (Abeyrathne
et al. 2016a; Abeyrathne et al. 2016b; Soraya et al. 2017). The sensor was connected in series
to a 1 kQ reference resistor (Rre). A function generator provided the input sinusoidal AC
excitatory signal (Vin) at 20 mV peak-to-peak voltage (Vpp). Three different frequencies (1
kHz, 10 kHz, and 100 kHz) were applied during phase | to determine the most optimal
frequency. A lock-in amplifier (SR830; Standford Research, Sunnyvale, California) recorded
the amplitude of the output voltage (Vout) and phase across the reference resistor. The

impedance magnitude (Z) of the sensor can then be calculated with the following formula

Vout/Vin = Rref/(Z + Rref)' 1)

10



where Vo is the output voltage amplitude, Vi, is the input voltage, Ry is the resistance of the
reference resistor, Z is the impedance of the sensor. Moreover, impedance properties can be

described by the following formula

Z=R/(1+ jwRC), )

in which R is the resistance of the sensor, C is the capacitance of the sensor and w is the

frequency in rad/s.
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Fig. 3. Design of the IDE sensor and measurement setup. (A) Optical microscope image of
IDE sensor with accompanying schematic representation showing gold electrode array with
width (W) = 8 um, length (L) = 1mm, and gap (G) = 8 um. (B) Cross sectional view of the
experimental setup along with equivalent circuitry. The sensors can be represented by a
resistor (R) in parallel with a capacitor (C) connected in series with a reference resistor (Ryef).
(C) Time point of measurements on IDE sensors. Tl = measurements before
functionalization, T2 = measurements taken after functionalization and blocking, T3 =
measurements taken immediately after placing samples on the sensors, and T4 =
measurements taken after 20 minutes of hybridization and wash. Measurements were
performed in water (T1, T2, T4) or hybridization buffer/LAMP reaction buffer (T3).
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All electrical measurements (Fig. 3C) were performed in wet state. After functionalization
and blocking, baseline value (T2) was taken in Milli-Q® water. Sensors that did not meet
quality control were discarded (see Supplementary Fig. S4 for details on the quality control
process). The T3 measurement reflected the impedance properties of the sample and the
buffer, and was utilized in phase | to determine the SSC concentration required to match the
impedance properties of a LAMP reaction. After the sample had been incubated on the sensor

for 20 minutes, it was washed and the T4 measurement was made in Milli-Q® water.
2.9 Statistical analysis

We used MATLAB® to convert Vo and phase data into Z. The magnitude and percentage
of change in impedance (AZ, %AZ) between points T2 and T4 will be described throughout
the results section, unless otherwise stated. GraphPad Prism 7.0 software was used to perform
statistical analysis and to generate plots. P-values < 0.05 were considered statistically
significant.

2.9.1 Phase |

Optimization of gap size was performed using Ars-12 values obtained from the sensors.
This represents the change in impedance immediately after placing the samples on the
functionalized sensors. The optimal gap size was chosen based on the largest impedance
magnitude shift and least variation. Optimization of frequency was performed by comparing
the effect of three applied frequencies (described in Section 2.8) towards %AZ following
incubation of the complementary oligonucleotides, complementary LAMP amplicons, and
non-complementary LAMP amplicons. Normality of %AZ was determined using Shapiro-
Wilk normality test. The frequency providing the largest differentiation between
complementary and non-complementary targets was then determined with one-way ANOVA

followed by post-hoc Tukey’s multiple comparisons test.

Following optimization, the proof-of-concept step involved a panel of various HLA-B
LAMP amplicons to confirm the platform performance using the optimized parameters.
Selectivity was determined based on the differences in %AZ between complementary and
non-complementary LAMP amplicons. Comparisons were made using one-way ANOVA and
post-hoc Tukey’s multiple comparisons test. The dynamic range of the LAMP-IDE platform
was assessed based on the average yield of DNA amplicons quantified on NanoDrop™
spectrophotometer. Dilution of LAMP amplicons were performed within the range of

amplicon concentration, and the %AZ obtained from the hybridization of these concentrations

12



were fitted into a standard curve and linear equation.
2.9.2 Phase 11

In phase Il, amplicons from each LAMP reaction were hybridized onto 3-4 sensors to
derive the average %AZ. Average %AZ values were compared between the three groups of
blood samples with different HLA-B genotypes using one-way ANOVA followed by post-
hoc Tukey’s multiple comparisons. A receiver-operating characteristic (ROC) curve was
generated to determine the optimal cutoff of impedance change. The optimal cutoff point of
%AZ was defined as the closest point towards a false positive rate of 0 (100% specificity) and
a sensitivity of 100% (0, 1 on the curve) as calculated using the Youden’s index (Youden
1950).

13



3. Results and Discussion

3.1 Phase |

Optimization of sensor geometry. The IDE sensor geometry plays an important role in
signal detection. In this application, where detection was targeted towards high
concentrations of amplified DNA with amplicons up to 500 base-pairs in size, sensor gap size
of micrometer scale was deemed sufficient. Results of the three tested gap sizes are shown in
Fig. 4A. Using the positive control oligonucleotides, %AZ was not significantly different
between the different gap sizes (p=0.677, one-way ANOVA). Nonetheless, the largest gap
size tested (10 um) trended to result in the smallest impedance change compared to the
smaller gap sizes. This finding is in line with previous work demonstrating increasing
sensitivity with decreasing gap size for the detection of various molecular targets (Alexander
et al. 2010; Kim 2008; Radke 2004). IDE sensors with the 10 um gap size also showed
greater variation in impedance change, which may be related to the larger variations in the
position of the amplicons on the sensor surface. Previous work performed on bacteria
(Couniot et al. 2013) has shown that the spatial position of the target on the sensor greatly
affects the changes in sensor capacitance and conductance. In this case, the smaller gap sizes
reduced the likelihood of varying spatial positions. Based on these findings, the 8 um gap
size was chosen for the subsequent LAMP detection due to the numerically highest
magnitude, least variation in impedance shift, and less occurrences of short circuit sensors

during fabrication.

Optimization of applied frequency. A range of frequencies (1, 10, and 100 kHz) were
applied to the sensors for measurement. At all three frequencies, there was greater change in
impedance with the positive complementary targets, particularly the positive oligonucleotide
controls, compared to the non-complementary negative samples (Fig. 4B). The difference in
%AZ between the complementary HLA-B*15:02/15:02 LAMP amplicons and the non-
complementary HLA-B*15:01/46:01 LAMP amplicon appeared to be greatest at 100 kHz.
This was consistent with our previous work that employed IDE sensors for bacteria detection
using the same measurement setup in which the largest difference in output voltage between
targets was also observed at 100 kHz (Abeyrathne et al. 2016b). This suggests that
hybridization-associated impedance changes are also dominated by change of the bulk

medium conductivity within the well-known resistive range (Abeyrathne et al. 2016b; Ma et
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al. 2013; Yang et al. 2004) for sensor detection between 10-100 kHz. Based on this finding
100 kHz was chosen for the subsequent experiments, although it might be useful to explore

even higher frequencies in future experiments.

(A) IDE Gap Optimization (B) Optimization of Applied Frequency
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Fig. 4 Optimization of the LAMP-IDE platform. (A) Optimization of IDE sensor gap size
using the positive control oligonucleotide suspended in the hybridization buffer. Applied
frequency = 100 kHz. Values represented are mean = standard error of the mean (SEM). n=3
sensors per group. (B) Optimization of applied frequency for differentiation of positive and
negative LAMP amplicons. Sequencing of LAMP products confirmed that the positive
LAMP sample (blue bar) contained HLA-B*15:02 LAMP amplicons fully complementary to
the probe, while the negative LAMP sample (red bar) contained HLA-B*15:01 LAMP
amplicons non-complementary to the probe by 2 bases. Sensors used were those with the
optimized 8 um gap. Values are mean = SEM. n > 5 sensors per group. P-values calculated
using the post-hoc Tukey’s multiple comparisons test.

Selectivity of LAMP-IDE Platform. Using the optimized gap size and frequency, the
LAMP-IDE platform selectivity was evaluated on additional purified HLA-B LAMP
amplicons. The results (Fig. 5A) confirmed the pattern of change between complementary
and non-complementary LAMP amplicons, in which %AZ was greater in the heterozygous
and homozygous HLA-B*15:02 LAMP amplicons (samples B and C) compared to the
negative LAMP amplicons (samples D and E), although the difference with the HLA-
B*15:01/13:01 (sample D) sample was not statistically significant. This may suggest cross-
reactivity of the probe with the negative LAMP amplicons. Of note both alleles (HLA-
B*15:01 and B*13:01) in sample D contained regions of only 2-base mismatch to the probe.

This may explain the higher chance of cross-reactivity in sample D relative to sample E.

Relationship between %AZ and LAMP amplicon concentration. Because the platform
aimed to detect amplified DNA, it was important to assess its performance across the typical

amplicon concentrations produced by the LAMP reaction. Based on NanoDrop™ nucleic
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acid quantification, the average amplicon concentration yield of the LAMP assay was 195.8 +
64.4 ng/uL (Supplementary Fig. S5). Purified HLA-B*15:02 LAMP amplicons were diluted
at four concentrations to cover this range. As seen in Fig. 5B, the results demonstrated
concentration dependent, linear increase in %AZ with the increasing concentrations of
complementary LAMP amplicon target. Each twofold increase in LAMP amplicon
concentration resulted in an average of 3-4% change in impedance magnitude. No signs of
the hook-effect or probe saturation was observed at the higher end of the concentration range,
as the %AZ continued to display an increasing pattern. This concentration dependent response
suggests that the LAMP-IDE platform is likely to be useful in real-world settings.

(A) LAMP-IDE Platform Selectivity
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D B*13:01 sequences. Both are non-
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(B) Concentration Dependence
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Fig. 5. LAMP-IDE proof of concept. (A) Selectivity of the LAMP-IDE platform assessed by
various HLA-B LAMP amplicons. Values are mean = SEM of each sample’s normalized
%AZ. n > 5 sensors per group. Samples A, B and C were complementary to probe, while
samples D and E were non-complementary by 2 bases. P-values calculated with post-hoc
Tukey’s multiple comparisons test. (B) Linear relationship between %AZ and complementary
LAMP amplicon. Values are mean + SEM. n > 4 sensors per group.
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Since the objective of the IDE detection step was to hybridize amplified DNA, it was not
pertinent to optimize the IDE lower limit of detection. That approach would be relevant to the
detection of unamplified DNA, where a very low limit of detection is imperative. Several
studies on both macroscale and nanoscale IDE sensors have shown impressive limits of
detection down to the femtomolar (Lai et al. 2012) to attomolar (Wang et al. 2017b) range
through detection of hybridization-induced capacitance changes. These studies have
demonstrated the sensitivity of IDE sensors on synthetic single stranded DNA in a non-crude
hybridization environment, which are not directly applicable to the detection of gene targets
in real-world settings. Sensors aiming to hybridize amplified DNA have also shown that very
low detection limit is possible at femtomolar level (Safavieh et al. 2012). However, these
studies have used an additional DNA extraction step and a post-amplification labelling step in
their approaches, hence adding to the turnaround time and test-cost.

3.2 Phase 11

The LAMP-IDE platform developed and optimized in phase | was evaluated in phase Il
using crude blood samples. When using LAMP alone, smears were observed on gel
electrophoresis for all positive HLA-B*15:02 samples but also in 7 of 13 negative samples
(Fig. 6A), indicating non-specific amplification. Use of the LAMP reaction alone to target the
HLA-B*15:02 allele yielded sensitivity of 100% but specificity of only 46.2%. Upon
incorporation of the IDE hybridization step, some false positives were excluded. Group
comparison showed that %AZ was significantly higher in the HLA-B*15:02 samples
compared to the samples in which amplicons are not expected (N;.g, p<0.0001) (Fig. 6B). In
samples N;.g, because the primers did not anneal to the primer target regions, the products
visualized on gel electrophoresis typically contained primer repeats, which were non-
complementary to the probe by > 2 bases. However, the difference between the HLA-
B*15:02 samples and the samples that were non-complementary by 2 bases only (C;.s) did
not reach statistical significance (p=0.1234). This finding indicates that the selectivity of the
platform is influenced by the number of non-complementary bases present in the LAMP

amplicons derived from crude blood samples.
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(A) Amplification and Hybridization of HLA-B Alleles
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Fig. 6. Phase Il validation results. (A) List of blood samples used in phase Il validation with
corresponding HLA-B genotypes, probe complementarity to amplicons, gel electrophoresis
result in which (+) indicates presence of smear and (-) indicates no smear, and the mean + SD
of %AZ obtained from IDE hybridization. Samples were grouped according to
complementarity of amplicons, with HLA-B*15:02 positives P1.14 being fully complementary
(highlighted in blue), C1.5 non-complementary by 2 bases (red) in which the primer-amplified
alleles are indicated with #, and Nj.g not expected to produce amplicons. Each sample was
hybridized on > 3 IDE sensors to obtain the mean %AZ, except sample N6 that did not meet
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quality control standards. (B) Effect of complementarity towards sensor impedance change
following hybridization of blood LAMP amplicons. Values are group mean + SEM. P-values
were calculated from post-hoc Tukey’s multiple comparison analysis. Dotted line indicates
the optimal cutoff. (C) Receiver operating characteristic (ROC) curves of the IDE platform
for detection of HLA-B*15:02 blood LAMP amplicons. Calculations were based on mean
%AZ of sensor readings of HLA-B*15:02 blood samples (n=14) and negative HLA-B*15:02
blood samples (n=13). (D) Normalized %AZ of IDE sensors for individual samples. Values
are mean = SEM. Dotted line indicates the optimal cutoff.

Sensitivity and specificity of the LAMP-IDE platform was assessed using the ROC curve
(Fig. 6C) generated based on the mean %AZ values of the individual samples. Using the
optimal %AZ cutoff of 90.2% (refer to Section 2.9.2), the platform yielded a sensitivity of
92.9% and specificity of 84.6% for the detection of the HLA-B*15:02 allele. Although the
sensitivity of the platform decreased slightly when incorporating the IDE hybridization step
in comparison to performing LAMP alone, the specificity was substantially improved,
demonstrating the advantage of the LAMP-IDE platform for detecting highly polymorphic
gene regions such as the HLA-B.

As indicated in Fig. 6D, at this cutoff value, the LAMP-IDE platform resulted in one false
negative (P14), and two false positives (C, and Cs). In this application, where a positive HLA-
B*15:02 result implies increased risk of carbamazepine-induced SJS/TEN, false negative
results should be avoided. Closer examination of the %AZ values showed that the false
negative sample had standard deviation of 6.1%, which was considerably higher than other
HLA-B*15:02 samples. Future studies should therefore focus on reducing these false

negative results via improving consistency of the sensors.

Both false positive samples (C, and Cs) contained the HLA-B*13:01 allele, the amplicons
of which were non-complementary to the probe by 2 bases. HLA-B*13:01 is frequently
found in Asian populations (e.g. 15.4% in Hong-Kong Chinese, 16.8% in Singaporean
Chinese, and 45.5 % in Taiwan Bunun populations) (Gonzalez-Galarza et al. 2014). This
imperfect hybridization selectivity should be addressed in future work. One strategy may
involve platform integration with recent developments in microfluidics that can potentially
allow more specific hybridization in a shorter amount of time through bypassing the diffusion
limited processes (Henry and O’Sullivan 2012), and hence avoiding the high background
signal resulting from prolonged static incubation. Through applications of various sample
mixing and mobilizing strategies such as electrophoretic manipulation (Cheng et al. 2010) or

centrifugal force (Li et al. 2009) to increase the mass transfer rate, DNA hybridization can
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subsequently be speeded up to several minutes whilst maintaining sensitivity. Other strategies
to improve the stringency of hybridization can be through increase of hybridization

temperature and modification of the wash protocol.

Our study has limitations. Multiple sensors were used to determine the average change for
each sample, increasing the complexity of the test. Purification of crude blood samples might
improve performance, although this would need to be balanced against added test time and
cost. Although the blood samples used in this study provided proof-of-concept, a larger
sample size would be needed for clinical validation. It would also be important to test the
platform in more diverse HLA genotypes and across various ethnic populations to assess its

generalizability.

The LAMP-IDE platform has a number of potential advantages over the conventional
HLA typing methods. It requires a considerably smaller volume of blood, and no DNA
extraction step is required. Unlike other reported methods of on-chip LAMP hybridization
(Nakamura et al. 2007; Safavieh et al. 2012), our electrical detection format does not require
post-amplification labeling or staining of the DNA. The turnaround time of the LAMP-IDE
platform was substantially faster over conventional HLA-B*15:02 typing methods. This will
not only facilitate timely clinical decision-making but also reduce the cost of HLA screening
by avoiding the need for additional clinic visits. Importantly, through customizing the LAMP
primers and DNA probe on the sensor surface, the platform can be adapted to detect other
genetic variants relevant for disease diagnosis. Finally, the platform is expected to offer a
much cheaper alternative to conventional testing, thereby having the potential to increase
uptake of conducting such tests in healthcare settings where costs and a lack of specialist
equipment are currently prohibitive. Although other DNA amplification approaches have
been reported (Jaruthamsophon et al. 2016; Virakul et al. 2012; Wang et al. 2017a), they still
require specialized equipment and time-consuming DNA extraction step, which add to test
cost and turnaround time when used in the field. In comparison, our proposed approach of
combining LAMP and IDE needs minimal sample preparation and can be fabricated at low
cost through UV lithography, rendering it amendable for future miniaturization and

integration into a point-of-care device.
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4. Conclusion

We have developed a LAMP-IDE sensor platform for HLA-B*15:02 genotyping. The
findings provided proof-of-concept that the platform can selectively identify the HLA-
B*15:02 allele from other HLA-B alleles. The total turnaround time is 1 hour and 20 minutes
using crude blood samples (60-minute LAMP reaction and 20-minute hybridization on IDE
sensors). The magnitude of impedance change increased linearly with the amplicon
concentrations typically produced by LAMP reactions. Using the optimal cutoff value, the
platform had a sensitivity of 92.9% and specificity of 84.6%. The amplicon hybridization

step enabled more specific gene detection compared to using the LAMP reaction alone.

Based on these characteristics, the LAMP-IDE platform has the potential to be more time-,
sample- and cost-efficient compared to conventional methods and is amenable for further
development into a POC device. Further, the platform may be adapted for the detection of
other pharmacogenetic markers, gene based pathogens and other nucleic acid detecting

applications, when prompt genetic information is required for clinical decision.

Acknowledgements: This work was performed in part at the Melbourne Centre for
Nanofabrication (MCN) in the Victorian Node of the Australian National Fabrication Facility
(ANFF). E.S. thanks the generous support of Sue and Leigh Clifford in establishing the Chair
in Neural Engineering. G.V.S. was supported by the Indonesian Endowment Fund for
Education (LPDP). This work was supported in part by the Australian Research Council
(DP140101967) and the Royal Melbourne Hospital Neuroscience Foundation.

Conflicts of Interest: The authors declare no conflict of interest

References

Abeyrathne, C.D., Huynh, D.H., Lee, T.T., Nguyen, T.C., Nasr, B., Chana, G., Skafidas, E.,
2016a. GFAP antibody detection using interdigital coplanar waveguide immunosensor. IEEE
Sensors Journal 16(9), 2898-2905.

Abeyrathne, C.D., Huynh, D.H., Mclntire, T.W., Nguyen, T.C., Nasr, B., Zantomio, D.,
Chana, G., Abbott, 1., Choong, P., Catton, M., Skafidas, E., 2016b. Lab on a chip sensor for

rapid detection and antibiotic resistance determination of Staphylococcus aureus. Analyst
141(6), 1922-1929.

21



Agency for Healthcare Research and Quality, 2001. Reducing and preventing adverse drug
events to decrease hospital costs [electronic resource]. U.S. Department of Health and Human
Services, Agency for Healthcare Research and Quality, Rockville.

Alexander, F., Jr, Price, D.T., Bhansali, S., 2010. Optimization of interdigitated electrode
(IDE) arrays for impedance based evaluation of Hs 578T cancer cells. Journal of Physics:
Conference Series 224(1), 1-4.

Chang, C.C., Too, C.L., Murad, S., Hussein, S.H., 2011. Association of HLA-B*1502 allele
with carbamazepine-induced toxic epidermal necrolysis and Stevens-Johnson syndrome in
the multi-ethnic Malaysian population. International Journal of Dermatology 50(2), 221-224.

Chen, Z., Liew, D., Kwan, P., 2014. Effects of a HLA-B*15:02 screening policy on
antiepileptic drug use and severe skin reactions. Neurology 83(22), 2077-2084.

Chen, Z., Liew, D., Kwan, P., 2016. Real-world cost-effectiveness of pharmacogenetic
screening for epilepsy treatment. Neurology 86(12), 1086-1094.

Cheng, 1.-F., Senapati, S., Cheng, X., Basuray, S., Chang, H.-C., Chang, H.-C., 2010. A rapid
field-use assay for mismatch number and location of hybridized DNAs. Lab on a Chip 10(7),
828-831.

Cheung, Y., Kwok, M., Chan, E., Kwan, P., 2014. Rapid detection of HLA-A*31:01 allele in
DNA and blood samples using loop-mediated isothermal amplification. British Journal of
Dermatology 171(1), 90-96.

Chung, W.-H., Hung, S.-I., Hong, H.-S., Hsih, M.-S., Yang, L.-C., Ho, H.-C., Wu, J.-Y.,
Chen, Y.-T., 2004. Medical genetics: A marker for Stevens-Johnson syndrome. Nature
428(6982), 486-486.

Couniot, N., Flandre, D., Francis, L., Afzalian, A., 2013. Signal-to-noise ratio optimization
for detecting bacteria with interdigitated microelectrodes. Sensors and Actuators B: Chemical
189, 43-51.

Deng, J., Pei, J., Gou, H., Ye, Z., Liu, C., Chen, J., 2015. Rapid and simple detection of
Japanese encephalitis virus by reverse transcription loop-mediated isothermal amplification
combined with a lateral flow dipstick. Journal of Virological Methods 213, 98-105.

Edwards, T., Burke, P.A., Smalley, H.B., Gillies, L., Hobbs, G., 2014. Loop-mediated
isothermal amplification test for detection of Neisseria gonorrhoeae in urine samples and

tolerance of the assay to the presence of urea. Journal of Clinical Microbiology 52(6), 2163-
2165.

Erlich, H., 2012. HLA DNA typing: Past, present, and future. Tissue antigens 80(1), 1-11.

Fernandez-Soto, P., Sanchez-Hernandez, A., Gandasegui, J., Bajo Santos, C., Lopez-Aban, J.,
Saugar, J.M., Rodriguez, E., Vicente, B., Muro, A., 2016. Strong-LAMP: A LAMP assay for
Strongyloides spp. detection in stool and urine samples. Towards the diagnosis of human
strongyloidiasis starting from a rodent model. PLoS Neglected Tropical Diseases 10(7), 1-20.

Glauser, T., Ben-Menachem, E., Bourgeois, B., Cnaan, A., Chadwick, D., Guerreiro, C.,
Kalviainen, R., Mattson, R., Perucca, E., Tomson, T., 2006. ILAE treatment guidelines:
Evidence-based analysis of antiepileptic drug efficacy and effectiveness as initial
monotherapy for epileptic seizures and syndromes. Epilepsia 47(7), 1094-1120.

Gonzalez-Galarza, F.F., Takeshita, L.Y., Santos, E.J., Kempson, F., Maia, M.H.T., Silva,
A.L.S.d., Silva, A.L.-T.e,, Ghattaoraya, G.S., Alfirevic, A., Jones, A.R., 2014. Allele

22



frequency net 2015 update: new features for HLA epitopes, KIR and disease and HLA
adverse drug reaction associations. Nucleic Acids Research 43(D1), D784-D788.

Gupta, V., Madaan, N., Jensen, D.S., Kunzler, S.C., Linford, M.R., 2013. Hydrogen plasma
treatment of silicon dioxide for improved silane deposition. Langmuir: The ACS Journal of
Surfaces And Colloids 29(11), 3604-3609.

Henry, O.Y.F., O’Sullivan, C.K., 2012. Rapid DNA hybridization in microfluidics. Trends in
Analytical Chemistry 33, 9-22.

Jaruthamsophon, K., Sripo, T., Sukasem, C., Limprasert, P., 2016. Comparison of a new in-
house and three published HLA-B*15:02 screening methods for prevention of
carbamazepine-induced severe drug reactions. PloS one 11(5), e0155907.

Karlin, E., Phillips, E., 2014. Genotyping for severe drug hypersensitivity. Current allergy
and asthma reports 14(3), 418.

Kim, G., 2008. Interdigitated microelectrode based impedance biosensor for detection of
Salmonella enteritidis in food samples. Journal of Physics: Conference series 100(1), 1-4.

Lai, W.-A., Lin, C.-H., Yang, Y.-S., Lu, M.S.C., 2012. Ultrasensitive and label-free detection
of pathogenic avian influenza DNA by using CMOS impedimetric sensors. Biosensors and
Bioelectronics 35(1), 456-460.

Li, C., Dong, X., Qin, J., Lin, B., 2009. Rapid nanoliter DNA hybridization based on
reciprocating flow on a compact disk microfluidic device. Analytica chimica acta 640(1), 93-
99.

Locharernkul, C., Loplumlert, J., Limotai, C., Korkij, W., Desudchit, T., Tongkobpetch, S.,
Kangwanshiratada, O., Hirankarn, N., Suphapeetiporn, K., Shotelersuk, V., 2008.
Carbamazepine and phenytoin induced Stevens-Johnson syndrome is associated with HLA-
B*1502 allele in Thai population. Epilepsia 49(12), 2087-2091.

Ma, H., Wallbank, R.W.R., Chaji, R., Jiahao, L., Yuji, S., Jiggins, C., Nathan, A., 2013. An
impedance-based integrated biosensor for suspended DNA characterization. Scientific
Reports 3(2730), 1-7.

Man, C.B.L., Kwan, P., Baum, L., Yu, E., Lau, K.M., Cheng, A.S.H., Ng, M.H.L., 2007.
Association between HLA-B*1502 allele and antiepileptic drug-induced cutaneous reactions
in Han Chinese. Epilepsia 48(5), 1015-1018.

Mehta, T.Y., Prajapati, L.M., Mittal, B., Joshi, C.G., Sheth, J.J., Patel, D.B., Dave, D.M.,
Goyal, R.K., 2009. Association of HLA-B*1502 allele and carbamazepine-induced Stevens-

Johnson syndrome among Indians. Indian Journal of Dermatology, Venereology, and
Leprology 75(6), 579-582.

Nakamura, N., Ito, K., Takahashi, M., Hashimoto, K., Kawamoto, M., Yamanaka, M.,
Taniguchi, A., Kamatani, N., Gemma, N., 2007. Detection of six single-nucleotide
polymorphisms associated with rheumatoid arthritis by a loop-mediated isothermal
amplification method and an electrochemical DNA chip. Analytical Chemistry 79(24), 9484-
9493.

Nakamura, N., Ito, K., Takahashi, M., Hongo, S., Hashimoto, K., Kawamoto, M., Taniguchi,
A., Kamatani, N., Gemma, N., 2009. Clinical verification of a combination technology of a
loop-mediated isothermal amplification method and an electrochemical DNA chip for
personalized medicine. Clinical Biochemistry 42(10-11), 1158-1161.

23



Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N., Hase,
T., 2000. Loop-mediated isothermal amplification of DNA. Nucleic Acids Research 28(12),
e63.

Radke, S.M., 2004. Design and fabrication of a microimpedance biosensor for bacterial
detection. IEEE Sensors Journal 4(4), 434-440.

Robinson, J., Halliwell, J.A., Hayhurst, J.D., Flicek, P., Parham, P., Marsh, S.G.E., 2015. The
IPD and IMGT/HLA database: allele variant databases. Nucleic Acids Research 43(Database
issue), D423-D431.

Safavieh, M., Ahmed, M.U., Tolba, M., Zourob, M., 2012. Microfluidic electrochemical
assay for rapid detection and quantification of Escherichia coli. Biosensors and
Bioelectronics 31(1), 523-528.

Soraya, G.V., Nguyen, T.C., Abeyrathne, C.D., Huynh, D.H., Chan, J., Nguyen, P.D., Nasr,
B., Chana, G., Kwan, P., Skafidas, E., 2017. A Label-Free, Quantitative Fecal Hemoglobin
Detection Platform for Colorectal Cancer Screening. Biosensors 7(2), 1-11.

Sriworarat, C., Phumee, A., Mungthin, M., Leelayoova, S., Siriyasatien, P., 2015.
Development of loop-mediated isothermal amplification (LAMP) for simple detection of
Leishmania infection. Parasites & Vectors 8(1), 591-591.

Sultana, J., Cutroneo, P., Trifird, G., 2013. Clinical and economic burden of adverse drug
reactions. Journal of Pharmacology & Pharmacotherapeutics 4(5), 73-77.

Svensson, C.K., Cowen, E.W., Gaspari, A.A., 2001. Cutaneous drug reactions.
Pharmacological Reviews 53(3), 357-379.

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W: Improving the sensitivity
of progressive multiple sequence alignment through sequence weighting, position-specific
gap penalties and weight matrix choice. Nucleic Acids Research 22(22), 4673-4680.

U.S. Food and Drug Administration, 2007. Information for healthcare professionals:
Dangerous or even fatal skin reactions - carbamazepine (marketed as Carbatrol, Equetro,
Tegretol, and generics). Postmarket Drug Safety Information for Patients and Providers, New
Hampshire.

Virakul, S., Kupatawintu, P., Nakkuntod, J., Kangwanshiratada, O., Vilaivan, T., Hirankarn,
N., 2012. A nested sequence-specific primer-polymerase chain reaction for the detection of
HLA-B*15:02. HLA 79(4), 295-301.

Wang, H., Kang, X., Zhou, S., Chen, R., Liu, Z., Han, M., Chen, C., Gong, Y., 2017a. Rapid
and reliable screening of HLA-B*15:02 in four Chinese populations using single-tube
multiplex real-time PCR assay. Pharmacogenomics 18(9), 853-963.

Wang, L., Veselinovic, M., Yang, L., Geiss, B.J., Dandy, D.S., Chen, T., 2017b. A sensitive
DNA capacitive biosensor using interdigitated electrodes. Biosensors and Bioelectronics 87,
646-653.

World Health Organization, 2015. Annex 1: 19th WHO Model List of Essential Medicines
(April 2015). WHO Technical Report p. 417. World Health Organization, Geneva.

Yang, L., Li, Y., Griffis, C.L., Johnson, M.G., 2004. Interdigitated microelectrode (IME)
impedance sensor for the detection of viable Salmonella typhimurium. Biosensors and
Bioelectronics 19(10), 1139-1147.

24



Yeo, K.-T.J., Babic, N., Wu, A.H.B., 2011. Issues in translation of pharmacogenomics into
clinical practice. In: Wu, A.H.B., Yeo, K.-T.J. (Eds.), Pharmacogenomic Testing in Current
Clinical Practice, pp. 3-14. Springer, New York.

Yongkiettrakul, S., Jaroenram, W., Arunrut, N., Chareanchim, W., Pannengpetch, S.,
Suebsing, R., Kiatpathomchai, W., Pornthanakasem, W., Yuthavong, Y., Kongkasuriyachai,
D., 2014. Application of loop-mediated isothermal amplification assay combined with lateral
flow dipstick for detection of Plasmodium falciparum and Plasmodium vivax. Parasitology
international 63(6), 777-784.

Youden, W.J., 1950. Index for rating diagnostic tests. Cancer 3(1), 32-35.

Highlights

e Novel approach to HLA-B*15:02 genotyping to prevent severe adverse drug reactions

e Low-cost platform utilizes LAMP combined with amplicon hybridization on IDE
sensor

e Turnaround time 1 hour and 20 minutes, faster than current methods (days-weeks)

e Sensitivity and specificity is 92.86% and 84.62% for typing on crude blood samples

e LAMP-IDE platform potentially adaptable for rapid typing of other genetic variants
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