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ABSTRACT

An integrated system for rapid multiplex of whole
blood samples for simultaneous detection of Zika, Dengue
(serotypes 1 and 3), and Chikungunya is demonstrated
using a smartphone assisted detection device and
microfluidic sample processor. The microfluidic processor
stores all required reagents for sample lysis as well as
LAMP master mix and partitions the final solution into 6
compartments for detection of 4 virus assays plus two
experimental controls. With a handheld detection
instrument that provides uniform 65°C heating, LED
illumination, and a smartphone camera for image
gathering, the multiplex assay is detected through LAMP-
generated fluorescence within the distinct compartments.
This system achieves detection limits of live virus spiked
into whole blood through the ranges of 2x10° — 6x10°
PFU/ml and lacks cross reactivity between assays while
providing a pipette free operation with no additional
equipment.
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INTRODUCTION

The emergence and resurgence of mosquito-borne
viruses such as Zika, Chikungunya, and Dengue have
heightened global health concerns. These arboviruses,
spread through mosquitos, often co-circulate, causing
overlapping  symptoms that complicate clinical
diagnosis[1]. Despite one being the most prevalent
arboviruses each year, Zika does not have any available
vaccine[2]. Chikungunya’s first vaccine, a live attenuated
virus vaccine, was only recently approved in 2023[3].
While these diseases often resolve with supportive
treatment, early detection is important for prevention of
severe manifestations which can become deadly, cause
long term pain, or cause risk for fetal health due to Dengue,
Chikungunya, and Zika respectively[4].

As with most infectious diseases, rapid and accurate
point-of-care (POC) diagnostic methods are paramount for
controlling outbreaks, enabling timely treatment, and
improving patient outcomes. The World Health
Organization has set a list of criteria for an ideal POC
diagnostic with the acronym ASSURED emphasizing
accuracy, accessibility, and affordability[5]. Currently,
polymerase chain reaction (PCR) is the gold standard for
viral detection due to its high sensitivity and specificity.
However, it requires advanced laboratory infrastructure,
trained personnel, and precise temperature cycling
requiring bulky and expensive machinery, limiting its
feasibility in resource-constrained settings.

Isothermal nucleic acid amplification methods are a
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promising alternative technique for POC diagnostics.
Unlike PCR, loop-mediated isothermal amplification
(LAMP) operates at a constant temperature (65°C),
allowing for use of small and inexpensive heaters for
portable use. Additionally, its use of the Bst polymerase,
which is effective against tissue enhances robustness
against interference, reducing false negatives. These
features make LAMP particularly suitable for whole-blood
testing without extensive preprocessing. Previously, we
demonstrated Zika virus detection using a smartphone-
based system with separate modules for sample preparation
and readout, showcasing the potential of LAMP-based
diagnostics for accessible and reliable POC testing [1].

SYSTEM DESIGN
Injection Molded Microfluidic Cartridge

Building upon prior work, we developed a field ready,
smartphone-assisted detection system featuring a low-cost
injection molded cartridge seen in Figure 1. The cartridge
consolidates previously separate functions into a single
unit: enabling sample lysis, reagent mixing, and
distribution of the mixture into six reaction compartments
using a hand operated threaded syringe, thus eliminating
the use of laboratory equipment including pipettes or
motorized syringes. The cartridge integrates a simple
finger-prick blood collection mechanism, making it ideal
for on-site testing in resource-limited environments.
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Figure 1: Labelled schematic of microfluidic cartridge.
The valve is moved through the central channel to connect
different microfluidic channels using a key to set the valve
to specific positions.

Following blood collection, reagent volumes are
precisely metered and mixed with assay components by
pushing and pulling the liquid through the valve-controlled
microfluidic channels. At the center of the cartridge is a
sliding valve that functions as a manifold, controlling fluid
pathways by sliding into different positions using a key. By

Transducers 2025 Orlando, FLORIDA
29 June - 3 July 2025

Authorized licensed use limited to: University of Illinois. Downloaded on September 17,2025 at 22:18:29 UTC from IEEE Xplore. Restrictions apply.



completely filling the channels within the sliding valve
before repositioning it, only the volume inside the valve is
manipulated allowing for accurate metering to preserve
reaction ratio essential for successful assay performance.
The metered liquid is thoroughly mixed using a mixing
chamber, and the resulting mixture is distributed into six
individual chambers, each preloaded with dry virus-
specific primers. Upon contact with the liquid, the primers
rehydrate, initiating nucleic acid amplification via LAMP,
where individually spatially distributed amplifications,
termed ‘blooms’ within each compartment are recorded
and analyzed using a smartphone camera and a customized

app.

Handheld System

Designed with field use and portability in mind, the
detection system features a compact form (98 x 42 x 51
mm?) and operates without the need for an external power
source (Figure 2). To provide the thermal conditions
required for LAMP, an inexpensive Peltier module is
employed with a copper sheet affixed with thermal paste to
enhance surface heat uniformity. A thermocouple probe
embedded in the copper sheet enables a temperature
feedback system, ensuring accurate thermal regulation
under variable field conditions, a critical factor for the
reliability of a LAMP-based diagnostic. Four high-
powered LEDs, emitting at peak wavelength 485 nm,
illuminate the reaction chamber at an oblique angle from
the side (resembling dark-field illumination microscopy),
allowing uniform lighting within the compact instrument
while minimizing glare from the reflections off the
transparent module adhesive tape. A macro lens, centrally
positioned within the device, aligns with the smartphone
camera via a slide-fit case, enabling image capture of the
reaction chambers for downstream spatial-LAMP analysis.
To ensure accurate fluorescence detection, a short-pass
filter is placed in front of the LEDs, while a long-pass filter
is positioned before the macro lens, isolating the
fluorescent emission generated by the LAMP reaction.
Fabricated using inexpensive, off-the-shelf electrical
components and additive manufacturing (Formlabs), this
compact, smartphone-assisted detection system, combined
with its injection molded cartridge counterpart offers a
cost-effective solution for POC molecular diagnostics.

S-LAMP Image Analysis

A spatial LAMP (S-LAMP) image processing
algorithm is used to accurately quantify and diagnose the
LAMP assay results from the smartphone images. The S-
LAMP analysis within this work builds off the framework
set in the previous work, with several improvements for
addressing the multiplex detection system[6]. Briefly, the
smartphone takes images every 10 seconds, which are then
converted to grey scale, using only the green RBG values.
Each compartment region is analyzed to segment the
region for LAMP ‘blooms’, regions of localized
fluorescent amplification, rather than the global intensity
within the compartment as in traditional fluorescence
detection. Focusing on bloom detection allows for faster
detection of fluorescence, improving time to result for this
POC device.
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EXPERIMENTAL RESULTS
Methods

Primer sequences were selected from literature and
once primer solutions are created, dried on the cartridge.
Zika primers targeted the NS1 gene[7]. Chikungunya
primers targeted the E1 gene[8]. Dengue 1 targeted the
NS2A gene, while Dengue 3 primers targeted the NSI
gene[9]. MS2 primers, which acted as the positive control,
targeted the MS2g4 gene[10]. LAMP primers were first
characterized on genomic RNA and then on virus strains
obtained from BEI. Stocks were aliquoted then stored in -
80°C until use. Aliquots were then diluted to desired
concentration in TE buffer or whole blood. Human whole
blood was obtained from BiolVT in 10 mL K2EDTA tubes
which were stored at 4°C on an orbital shaker to prevent
blood coagulation. All LAMP reactions occurred with the
same master mix: 10x isothermal amplification buffer from
New England Biolabs, 100mM MgSO4, 5M betaine,
10mM dNTP mix, 8U pL-' Bst 2.0 Warmstart DNA
polymerase, 15U pL-' Warmstart RTX reverse
transcriptase, 25uM Evagreen dye, and 20 pug uL!' Bovine
Serum Albumin.

Figure 2: A) Schematics of the handheld detection
instrument B) Image of the assembled microfluidic
cartridge and built detection instrument inside 3D printed
body C) Demonstrated use of the system, with the
smartphone inserted into case which is slide latched onto
the detection instrument. Once the smartphone is attached,
the injection molded instrument is inserted so the six
compartments can be imaged. D) Images of the smartphone
assisted detection instrument and injection molded
cartridge assembled.

Limit of Detection
Once LAMP primers were verified on conventional
thermocyclers in buffer and whole blood solutions, LAMP
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experiments were performed using the handheld system. In
whole blood samples on-cartridge tests, we demonstrate
detection limits of 1 x107 , 2 x10°, 6 x10¢ PFU/mL for
Chikungunya, Dengue 1 and Dengue 3 respectively as seen
in Figure 3. Reduced amplification time corresponds to a
higher virus concentration.
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Figure 3: Detection limits of the additional assays
developed, determined through S-LAMP. Limit of detection
for each assay was 1x107, 2x10°, and 6x10° PFU/mL for

Chikungunya, Dengue 1, and Dengue 3, respectively.

Cross Reactivity

Selectivity tests were performed using spiked whole blood
solutions to confirm the system’s ability to accurately
determine positive/negative presence of target viruses
without significant cross reactivity interference. High and
medium virus concentrations were determined based on
reported clinical patient ranges. The concentrations for
high were 2x10% PFU/mL, 6x10% PFU/mL, 9x10° PFU/mL,
1x10° copies/mL for Dengue 1, Dengue 3, Chikungunya,
and Zika respectively. MS2 as an internal standard was
tested at the high concentration of 9x107 PFU/mL to
confirm the phage presence would not create false
amplification. Medium concentrations were 10-fold serial
dilutions from high. Cross reactivity tests are shown in
Figure 4.

Multiplex Detection

The diagnostic capability of the system is
demonstrated through the detection of multiple viruses in
whole blood alongside the experimental controls (MS2 as
positive, and primer free as negative). MS2 is spiked into
blood for the multiplex detection assays at 1x10” PFU/mL.
A standard layout for dried primers is developed shown in
Figure 5a, which shows the raw image from one of the
replicates showing Dengue 3 detection. The individual
assays: Zika, Chikungunya, Dengue 1 and Dengue 3 are
shown in Figure Sb-e at the highest clinical range. We also
demonstrate the detection ability in comorbid infection
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situations with the detection of 3 viruses (Zika, Dengue 1
and Chikungunya) in 3 replicates shown in Figure 5f.
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Figure 4: Selectivity tests performed by spiking viruses
into whole blood, demonstrating no significant cross
reactivity between LAMP primers. A 30-minute cut off was
set within the S-LAMP algorithm to detect true
amplification and is indicated within the cross-reactivity
data with the red line. Green background indicates a
matching primer virus assay, while white background
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indicates mismatched primers and virus.

Dengue 1 @.45 mins

a)
Dengue 1

Dengue 3

&
1=}

Chikungunya

@
o

»n
o

Zika

-
=

Dengue 1

Amplification Time (min)

o

Standard Pos

LT S S N
RIS

oe‘& & &

& @
& &
Standard Neg o“* fo‘é\ &
Chikungunya
Q) Dengue 3 guny
_ 40
=40 =
£ £
E @ 30
® 30 £
E =
= c
< 20 2 20
2 - ®
z S
o £ 10
£ 10 ?Ex
[=%
£ <
<, 0
Nad 2 N o >3
5 @B N @ O AR AR SR
QQ“ RN S)o &Qo b\‘“ Qvf& o(‘qo oz(& &L 5'0&
F& FF N &
& ¥ &
e) Zika ) Dengue 1, Zika and Chikungunya
£ 40 =97 13
E E
o 30 ®
g g
E E
5 :
® ] ®
€ 10 2
= £
g £
<, <
&"h o“{b 1,}‘@ o“" Qo" ‘\QQ
F& SL®
F & ¥ &
o) (o\’b 6"0

Figure 5: A) Raw image from the detection instrument
showing the six fluid compartments and corresponding
LAMP primer layouts for the multiplexing assays. B-E)
Measured amplification times for the multiplex arrays
within this set up demonstrating no cross reactivity. F)
Demonstrated multiplex amplification times for detection
of 3 viruses. All assays have N=3.

CONCLUSION

We have demonstrated a field ready detection system
by developing a microfluidic processor that eliminates
pipette need as well as does all the sample handling from a
finger-prick of blood (35 pL). This detection system is also
completely portable as it does not rely on external power
sources and is handheld sized. This system demonstrates
multiplexed capabilities for detecting Zika, Chikungunya
and two serotypes of Dengue (1 and 3) in under 30 minutes
from a single whole blood sample.
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