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Abstract—This study introduces a low-cost, portable 
DNA Amplification Kit that performs a modified Loop- 
Mediated Isothermal Amplification (LAMP) reaction, 
which produces DNA nanoballs and combines it with a 
previously developed microfluidic impedance-based digital 
assay to deliver a potential all-in-one, point-of-care (POC) 
diagnostic platform for the detection of target nucleic acids. 
The device combines sample processing and detec- tion in a 
single streamlined workflow, utilizing induction heating and 
Arduino-based temperature control, along with several 
engineering innovations, including a custom- designed 
polycarbonate microtube holder and an opti- mized 
thermocouple-based temperature-control feedback system, 
ensuring stable reaction conditions for reproducible 
amplification. System performance was validated through 
the detection of a synthesized β-lactamase target DNA gene 
block, including samples with additional non-target 
background DNA. In addition to a qualitative colori- metric 
readout, label-free impedance-based quantification 
confirmed the robust production of DNA nanoballs with 
high specificity and minimal background interference. The 
amplification quality was revealed to be comparable to that 
of a commercial thermal cycler. Subsequent sensitivity 
testing using serial dilutions of the target DNA (between 
101–105 copies/µl) in a complex background DNA mixture 
demonstrated detection results that strongly correlated with 
quantitative PCR (qPCR). These findings demonstrate that 
the amplification kit achieves performance parity with gold-
standard nucleic acid detection methods while offering 
portability, affordability, and ease of use. By enabling accu- 
rate, rapid, and decentralized diagnostics without reliance 
on laboratory infrastructure, this combined workflow holds 
promise for advancing infectious disease monitoring and 
antimicrobial resistance surveillance, among other applica-

*Corresponding authors: mehdi.javanmard@rutgers.edu (M.J.); 
d.bhattacharya@rutgers.edu (D.B.); vicente.pelechano.garcia@ki.se 
(V.P.)

tions, at the point of care.

Index Terms—Portable diagnostics; nucleic acid ampli- 
fication; DNA nanoball; LAMP; induction heating; an- 
timicrobial resistance (AMR); β-lactamase; point-of-care 
testing; low-cost molecular diagnostics; Microfluidic label- 
free impedance-based assay.

I. INTRODUCTION

Ntimicrobial Resistance (AMR) is part of an es- 
calating global issue, named the largest global 

health threat by the World Health Organization, and 
is predicted to cause 10 million deaths annually by 

2050 if left unaddressed [1], [2]. Medical approaches 
for the detection of AMR currently include culturing 

and isolation techniques in which pure cultures are 
tested for AMR capabilities. However, these techniques 

are time and labor-intensive and can limit patient care 
timelines; therefore, molecular-based diagnostics have 

been increasingly utilized for the rapid and reliable 
detection of AMR [3]. Currently, protein-based methods, 
such as lateral flow tests, have limited use for AMR 
detection; these tests are constrained by the need to 

develop antibodies, which add a layer of difficulty to 
the diagnostic development process and limit their use 
to high-abundance proteins [2], [3]. Nucleic acid-based 
diagnostics, on the other hand, do not require culturing, 

have high sensitivities, intrinsic target flexibility, and 
amplification capabilities that allow for earlier detec- 
tion, and thus are preferred over traditional culture or 
protein-based diagnostics [4]. There are also currently 
established workflows of using nucleic acid detection for
pathogen monitoring, i.e., SARS-CoV-2 [5]–[7].
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Thus, the focus of this study lies in developing a 
tool for nucleic acid-based AMR detection, aligning with 
other recent studies that emphasize the impor- tance of 
point-of-care diagnostics in curbing AMR’s spread by 
enabling faster on-site identification of re- sistant 
pathogens [8]. In this study, β-lactamase genes were of 
interest, which confer resistance to microbes from β-
lactam antibiotics by hydrolyzing the antibiotic’s β-
lactam ring, rendering them ineffective. β-lactamase 
genes are increasingly found in pathogens such as Es- 
cherichia coli and Klebsiella pneumoniae and are of 
growing concern worldwide [9], [10].

Real-time quantitative polymerase chain reaction 
(qPCR) stands as the gold standard for both the detection 
and quantification of nucleic acids. However, various 
other nucleic acid-based methods have been devised and 
increasingly utilized [4]. Isothermal amplification (IA) 
techniques require simple hardware and are rather insen- 
sitive to polymerase inhibitors, making the amplification 
process robust [11]. The most promising IA techniques 
for use in microfluidic devices include nucleic acid 
sequence-based amplification (NASBA) [12], recombi- 
nase polymerase amplification (RPA) [13], helicase- 
dependent amplification (HDA) [14], and loop-mediated 
isothermal amplification (LAMP) [15]. LAMP stands out 
among the isothermal amplification techniques because 
of its straightforward implementation and adaptability. 
Due to its low operational costs and the simplicity of 
its hardware, LAMP is considered one of the most 
promising techniques for genetic analysis in resource- 
constrained environments, as there is no need for a 
thermal cycler and has lower reagent consumption than 
other techniques [11], [16]. The method couples 4-6 
oligonucleotide primers targeting a region of interest with 
a strand-displacing polymerase that results in large multi-
stem–loop DNA structures, due to annealing be- tween 
alternately inverted repeats in the primers [15]. 
Quantification of the reaction can then be accomplished 
using a variety of methods, including gel electrophoresis, 
fluorescent, and colorimetric techniques [4], [16], [17].

Although there are established quantification methods 
for LAMP amplification that are effective, some meth- 
ods, such as the use of fluorescent chemicals, can raise 
reagent costs and require complex analysis systems or 
specialized platforms for sample detection and readout 
that limit the integration feasibility [18], [19]. On the 
other hand, colorimetric methods offer a simpler solu- 
tion by indicating H+ ion production through a visible 
reagent color change. However, this approach is prone to 
false positives, particularly with acidic samples, such as 
raw saliva, which may require additional neutralization 
steps before testing [20], [21]. Therefore, the devel- 
opment of simplified, yet accurate, detection methods for 
nucleic acid amplification is highly desirable. One

alternative is electrochemical detection, which measures 
impedance changes and provides a label-free solution 
to DNA amplification detection. In our group’s previ- ous 
study, Tayyab et al. developed a simplified one- pot 
isothermal amplification method for nucleic acids that 
detects changes in electrical impedance [22]. By 
incorporating two compaction primers, which are com- 
plementary to a common region in the amplicons, the 
modified LAMP reaction allows for self-nucleation of 
amplified DNA into ”nanoballs” [22]. By applying an 
excitation voltage at specific frequencies, the impedance 
response of the material is recorded, and the presence 
or absence of the material can be detected [23]. The 
formation of DNA nanoballs provides several key merits 
relevant to this work. First, their compact size and high 
molecular density produce a strong, discrete impedance 
perturbation when traversing the microfluidic channel 
between electrodes, enabling label-free, digital electrical 
detection without the need for fluorescent dyes or beads. 
Moreover, because these DNA nanoballs form directly 
during amplification (LAMP) in a single-pot reaction, 
they enable seamless coupling of isothermal amplifica- 
tion with downstream impedance-based quantification, 
supporting a simplified, low-cost, and portable diagnostic 
workflow. This detection assay provides a method for 
quantifiable, label-free measurement of DNA or RNA 
targets, such as pathogens including SARS-CoV-2 and 
HIV, with an established sensitivity of down to 10 copies 
per sample [22]. This detection method offers a label- 
free, sensitive, and cost-effective alternative to standard 
PCR techniques [24].

In most nucleic acid diagnostic devices, the sample 
treatment (processing) and the testing (detection) stages 
are separate, which adds time and complexity to the 
analysis. The reason for this separation stems from 
differences in requirements for each stage. The sample 
treatment stage includes nucleic acid extraction, purifica- 
tion, and amplification, which typically require special- 
ized reagents, precise temperature control, expensive lab 
equipment, and optimized protocols. The sensitivity and 
specificity of nucleic acid detection methods heavily rely 
on the efficiency of sample preparation and processing; 
any compromise in these stages could lead to false results 
or missed diagnoses. Biosensors, which are often based 
on principles such as fluorescence and electrochemistry 
for the detection stage, require very stable conditions 
to achieve high precision and low levels of background 
noise. Therefore, integrating the two stages of sample 
processing and detection would necessitate intricate en- 
gineering to harmonize their distinct requirements.

Here, we present an automated programmable heating 
apparatus that will eliminate the need for complex and 
expensive lab equipment (e.g., commercial thermal cy- 
clers) by performing the modified LAMP reaction, which
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Fig. 1. High-level system diagram outlining the diagnostic platform’s workflow from sample processing utilizing the portable DNA Amplification 
Kit, performing the LAMP reaction and producing the DNA nanoballs, followed by the microfluidic impedance-cytometer-based digital assay for 
detection of the formed DNA nanoballs. (A) Sample processing begins with a microtube containing 4 µL of target DNA (in the positive sample 
case, β-Lactamase genes). (B) The primers and the WarmStart Colorimetric LAMP 2X Master Mix are added to produce (C) the final red-
colored, ready-to-be-amplified 20 µl solution. (D) The DNA Amplification Kit performs the modified LAMP reaction at the specified conditions 
on the sample to produce the DNA nanoballs. (E) The amplified solution will turn yellow if it contains target DNA as the pH changes due to the 
production of the DNA nanoballs. This is the first benchmark for visually and qualitatively evaluating the production of (F) DNA nanoballs. (G) 
Lastly, using a pipette, a 10-15 µl drop of the solution undergoes electronic readout detection via the impedance-cytometer-based microfluidic 
digital assay explained in section II.G and illustrated in Figure 4.

self-nucleates the amplified target DNAs into nanoballs 
that can be subsequently detected by our group’s previ- 
ously established device; a simple, inexpensive, electrical 
impedance-based detection system [22]. This combined 
workflow streamlines sample processing and detection, 
expanding the functionality of the microfluidic digital 
assay and enabling end-to-end processing for target 
nucleic acid detection. Thus, the DNA Amplification Kit 
presented in this paper, combined with the microfluidic 
digital assay, addresses the aforementioned deficiencies 
in standard isolated methods, with the eventual goal of 
integrating both systems into a portable, affordable, all- 
in-one device that offers a novel method for detecting 
genes without requiring extensive laboratory infrastruc- 
ture. In this study, we utilized β-lactamase genes to 
validate the device’s ability to accurately detect AMR 
genes and demonstrate the system’s potential utility in 
rapid diagnostic applications for AMR. This aligns with 
efforts to address AMR at the point of care, which are 
essential for effective containment and targeted treatment 
strategies in both community and hospital settings. How- 
ever, this workflow is not limited to β-lactamase gene or 
AMR detection, with inherent flexibility for use in the 
detection of any DNA/RNA targets (SARS-CoV-2, HIV, 
etc.) with known regions of interest.

II. METHODS AND MATERIALS

A. Protocol for Using the Amplification Kit with the 
Impedance-Based Microfluidic Digital Assay for DNA 
Nanoball Production and Detection

Figure 1 presents the high-level system flowchart that 
illustrates the full, meticulous diagnostic platform’s pro- 
tocol, utilizing the amplification kit for the LAMP reac- 
tion alongside the impedance-based microfluidic device 
for DNA nanoball detection. This application-specific 
heating module, designed to facilitate the production of 
DNA nanoballs (DNA amplification), is combined into 
the impedance-based detection system, thereby consoli- 
dating the sample processing and detection stages into a 
single, decentralized, cohesive workflow. Following the 
amplification stage, the generated DNA nanoballs can be 
evaluated and detected using the impedance-based 
electrical detection system [22] (see Figure 4).

B. Induction Heating
Induction heating is a technique employed to heat 

electrically conductive materials, such as metals and 
semiconductors, through electromagnetic induction. This 
process generates an alternating current (AC) within 
an inductor coil, creating an electromagnetic field that 
penetrates the target material and induces eddy currents, 
as shown in Figure 2. These currents interact with the 
material’s internal resistance, producing Joule heating, 
which increases the temperature internally rather than
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relying on external heat sources. Induction heating of- 
fers several advantages, including rapid and contactless 
heating. This can be ideal for various applications in 
manufacturing and diagnostics, including heat treatment, 
melting, and brazing, due to its ability to achieve high 
temperatures quickly and efficiently [25], [26].

Fig. 2. Basic principle of induction heating [26].

In our DNA Amplification Kit, induction heating is 
employed to maintain the optimal temperature re- quired 
for the LAMP reaction. By incorporating a K- type 
thermocouple temperature sensor and an Arduino- 
controlled feedback loop, the system ensures precise 
temperature control, which is critical for the sensitive 
reactions involved in nucleic acid amplification. This 
setup allows for rapid heating, minimized temperature 
fluctuations, and effective energy use, aligning with the 
requirements for a portable, point-of-care diagnostic de- 
vice. Another noteworthy advantage of induction heating 
is its safety, as it selectively heats conductive materials 
without affecting non-conductive objects such as human 
skin, making it user-friendly and suitable for operators 
with minimal or no training or laboratory experience. 
Operators are protected from accidental burns or injuries, 
and the non-contact nature of induction heating further 
enhances its safety, eliminating risks associated with 
traditional heating methods involving open flames or 
direct electrical contacts. These characteristics reduce the 
need for extensive operator training, making induction 
heating accessible even to those without specialized 
laboratory skills [25], [26].

C. Automated Programmable DNA Amplification Kit 
Circuit Design

The intricate circuit configuration of the DNA Ampli- 
fication Kit is depicted in Figure 3 (A). The reactants 
(described in Section II: B. Modified LAMP for DNA 
Amplification) are added to an Eppendorf microtube, 
which is subsequently placed within our specifically 
designed microtube holder. The holder is fabricated from 
a heat-resistant 3D-printing material, as elaborated on in 
the following section. A copper coil, connected to a zero- 
voltage-switching (ZVS) low-voltage induction-heating

module, is positioned around the microtube. A K-type 
thermocouple temperature sensor is situated between the 
coil turns to continuously monitor the temperature of the 
microtube, relaying the data to an Arduino Mega 
microcontroller via a MAX6675 amplifier. This ampli- 
fier enhances the temperature signal obtained from the 
vicinity of the microtube and transmits it to the SPI serial 
interface ports of the microcontroller (SCK, CS, SO). The 
temperature readings are continuously displayed on a 
2×16 LCD screen. This feedback loop is vital, as it 
determines whether the heating process should continue 
or whether the target temperature has been reached. The 
programmed microcontroller makes this determination 
and subsequently regulates the ON or OFF state of the 
system using a 5V one-channel relay module, which 
controls the connection between the 10V DC power 
supply and the ZVS heating module.

D. Design and Material Selection of a Heat-Resistant 
Microtube Holder for the modified LAMP Reaction

The purpose of the microtube holder is to maintain 
separation between the metal coil and the microtube, 
as the elevated temperatures reached during the LAMP 
reaction could potentially deform or melt the microtube 
upon contact. The holder design needed to ensure that 
neither the microtube nor the holder itself made contact 
with the metal coil to prevent such deformation or 
melting. Additionally, it was necessary for the microtube 
to remain visible to monitor the reaction solution’s color 
change, which serves as an essential indicator of system 
functionality.

Several design prototypes were tested, with two pri- 
mary options highlighted in Figure 3 (B): the ”box” 
and the ”footstool.” The box design featured a central 
hole sized to fit the metal coil, with a circular structure 
supported by four columns to secure the microtube. 
However, this design had two limitations: the microtube 
was obscured during experiments, and the structure posed 
challenges for 3D printing. Consequently, the footstool 
design (Figure 3 (C)) was developed to address these 
issues while fulfilling the same purpose.

Once the design was finalized, the next critical crite- 
rion was identifying a heat-resistant 3D printing filament 
capable of withstanding temperatures around 150°C. 
Figure 3 (B) displays prototypes printed in various ma- 
terials, each with distinct thermal resistance properties, as 
summarized in Table I. In addition to heat deflection 
temperature (HDT), factors such as cost, availability, 
printability, and the need for annealing were considered. 
Annealing, a post-printing process that increases the 
strength and heat resistance of printed objects, involves 
reheating to or just above the glass transition temperature 
(Tg) but below the melting point. Although annealing 
enhances durability, it also leads to shrinkage along the
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Fig. 3. Electronic circuit configuration and progression of microtube holder prototypes for the DNA Amplification Kit. (A) Elaborated circuit 
schematic of the Arduino-controlled heating apparatus. The setup includes an Arduino Mega microcontroller connected to a MAX6675 amplifier 
to read temperature data from a K-type thermocouple, which measures the temperature at the metal heating coil, which is wrapped around a 
microtube containing the sample. A relay module, controlled by the Arduino, switches the DC power supply on and off to regulate the heating 
module. The real-time temperature is displayed on a 2x16 LCD screen, allowing precise control of sample heating. (B) Prototype microtube holders 
printed in box and footstool designs using various heat-resistant materials (with different colors indicating distinct printing filaments). (C) The 
finalized footstool-shaped microtube holder was fabricated from Polycarbonate (PC). (D) The post-LAMP reaction color-shifted microtube 
reactants positioned in the custom-designed microtube holder.

X, Y, and Z axes, which complicates the fabrication of 
delicate, accurately sized components. Certain filaments 
listed in Table I, such as ONYX, require specialized 
conditions for successful printing. Others have low HDT 
or are expensive. For practicality, a filament that does not 
require annealing, is affordable, readily available, and has 
an HDT exceeding 100°C (sufficient for running the 
LAMP reaction at the maximum temperature of 65°C in- 
side and around 90°C outside the microtube as measured 
during operation) was preferred. According to Table I, 
enriched with manufacturer data (as of January 2026), 
Polycarbonate (PC) has all the desired characteristics 
[32]. Ultimately, the footstool design, fabricated from

PC filament, was selected as the final choice for the 
microtube holder.

E. Microcontroller Programming and Voltage Optimiza- 
tion

The microcontroller plays a pivotal role in regulating 
the operation of the ZVS heating module by managing the 
ON/OFF states based on real-time temperature feed- back 
from a K-type sensor. This feedback determines whether 
the relay module, which bridges the power supply to the 
ZVS heating module, is activated. Ini- tially, essential 
libraries are included to enable proper
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TABLE I
COMMON 3D PRINTING MATERIALS AND THEIR KEY CHARACTERISTICS.

3D Printing 
Filament

PLA [27] Engineering 
PLA [28]

PLA+ [29] PETG [30] ONYX [31] PC [32]

Heat 
Deformation 
Temperature 

(HDT)

∼60 °C ∼95 °C 70-80 °C 70-80 °C 165 °C 111 °C

Cost per 
kilogram (as of 
January 2026)

$10–$30 $25–$50 $15–$35 $20–$40 $150–$300 $30–$80

Post-Annealing 
Requirement

Required Required Not required Not required Required Not required

interfacing with the MAX6675 amplifier and the LCD 
screen. Following this, key parameters are defined: the 
digital pin on the Arduino that controls the relay module, 
variables representing the desired temperature range for 
the microtube, and the designated DO, CS, and CLK pins 
on the MAX6675 amplifier. The next step was to call 
the MAX6675 function to integrate the K-type 
thermocouple temperature sensor and amplifier, along 
with the LCD function to connect the 2×16 LCD screen 
to the microcontroller.

Subsequently, initial configurations were imple- 
mented, including SPI pin configurations, LCD screen 
configurations, and a short delay to stabilize the am- 
plifier. Finally, the core of the program was written using 
a ”for” loop that continuously receives temperature 
readings from the sensor to determine the relay mod- 
ule’s activation state. This loop ensures the microtube 
temperature consistently remains within the target range 
and displays the current temperature on the LCD screen. 
A critical delay was embedded in this loop to allow the 
amplifier sufficient time to gather accurate temperature 
data before each read cycle, ensuring the reliability of the 
temperature feedback sent to the microcontroller.

To fine-tune the system’s performance, several voltage 
levels within the 5-12 V range (the operational input 
range of the ZVS heating module) were evaluated. Higher 
voltages accelerated the heating rate of the micro- tube but 
also led to greater temperature overshoot, reduc- ing 
accuracy. Conversely, lower voltages minimized tem- 
perature overshoot but slowed down the time required for 
the microtube to reach the target temperature. Balancing 
these factors, a 10 V setting was selected for the DC 
power supply, achieving an optimal compromise between 
heating speed and temperature control precision.

F. K-Type Temperature Sensor Placement Optimization 
and Calibration for Accurate LAMP Reaction Control

A primary challenge for designing this system was 
identifying the optimal placement for the temperature 
sensor. Three configurations were evaluated: placing the 
sensor directly in the solution, positioning it in the empty 
space inside the microtube just above the solution, or 
situating it outside and adjacent to the microtube. The 
first option was ruled out due to two main issues: direct 
contact between the sensor and reactants was undesirable, 
and drilling a hole in the microtube lid for sensor insertion 
would introduce contamination risks. Additionally, 
frequent RNase decontamination of the sensor tip would 
be required after each experiment. The second idea 
addressed the contamination issue, but still necessitated 
precision drilling in the lid. Ultimately, the third 
configuration proved ideal, as it avoided all prior issues, 
especially by eliminating the risk of aerosol con- 
tamination as there is microube lid is closed and intact. 
However, it introduced a new challenge: understanding 
the correlation between the solution temperature inside 
the microtube and the external temperature where the 
sensor was positioned. Notably, this sensor placement 
closely resembles that used in commercial thermal cy- 
clers, which also detect the temperature in an empty well 
as a reference for all adjacent wells containing microtubes 
[33].

After extensive experimentation, the optimal sensor 
placement was established within the narrow air gap 
between the microtube and the metal coil, along with 
a programmed temperature interval of [64, 66 °C] in 
the Arduino. With this configuration, there is no risk of 
aerosol contamination because the microtube is sealed 
until the end of the LAMP reaction, and the WarmStart 
Colorimetric LAMP 2X Master Mix with UDG incor- 
porates a uracil-DNA glycosylase system specifically 
designed to mitigate carryover contamination. These 
trials highlighted the nonlinear relationship between the
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external sensor reading and the solution temperature, 
which led us to the aforementioned temperature interval. 
Furthermore, the power supply voltage directly influ- 
ences this temperature correlation and was therefore 
carefully considered when setting the interval in the 
Arduino code. With the specified temperature range and 
a 10V power supply, a stable microtube temperature 
of 65 ± 1°C was achieved, meeting the conditions 
necessary for the LAMP reaction to proceed smoothly 
and effectively. This ± 1°C temperature stability of the 
DNA Amplification Kit (measured and displayed by 
the temperature sensor utilized in the DNA Amp Kit) 
ensures a smooth and unbothered LAMP reaction, 
comparable to the temperature accuracy of a commercial 
T100 thermal cycler, which is approximately ± 0.5°C of 
the programmed target [34].

G. Digital Impedance-based Assay for Detection of 
Clinical Pathogen using DNA Nanoballs

The second stage of the overall diagnostic workflow 
involves electrical detection of the amplified nucleic 
acids. In our group’s previous work, Tayyab et al. 
developed a simplified, one-pot isothermal amplification 
strategy that enables label-free electrical detection of 
nucleic acids without the need for external nucleation 
agents such as microbeads [22]. By introducing ”com- 
paction oligonucleotides” into a modified LAMP reac- 
tion, amplified DNA self-assembles into compact, three- 
dimensional, spherical structures referred to as ”DNA 
nanoballs”, which are well-suited for electrical detection 
via impedance measurements.

In the present study, our previously described 
impedance-based detection device by Tayyab et al. is em- 
ployed to evaluate the performance of the DNA Amplifi- 
cation Kit. As previously reported, DNA nanoballs gen- 
erated during the modified LAMP process are detected 
as discrete impedance perturbations as they traverse a 
microfluidic channel (fabricated from polydimethylsilox- 
ane (PDMS) bonded to a glass substrate) perpendicularly 
positioned over a pair of gold electrodes patterned onto 

the glass substrate (Figure 4(A)) connected to an elec- 
tronic readout system [22], [35]. The microfluidic chan- 
nel operates via passive, capillary-driven flow, thereby 

eliminating the need for external pumps, tubing, or 
other complex fluidic control components. This electrical 

detection scheme, illustrated in Figure 4(C), provides a 
quantitative and portable method for assessing amplifi- 

cation efficiency and serves as the downstream readout 
module for the DNA Amplification Kit presented here. 

Specifically, as depicted in Figure 4 (B), when a 
nanoball occludes the current path and electric field 

between the electrodes, it causes a detectable spike in 
impedance, and the number of DNA nanoballs present 
in the sample can be measured. Figure 4(C) demonstrates

Fig. 4.  Electrical Detection of DNA Nanoballs. (A) Illustration of 
the passive flow of DNA nanoballs within a microfluidic chip 
composed of PDMS on a glass substrate, which is integrated with gold 
electrodes. (B) The transit of DNA nanoballs through the gold 
electrodes obstructs the current pathway and disrupts the electric field 
established between the electrodes which in turn generates a spike in 
the system’s impedance response that is recorded as the presence of a 
single DNA nanoball. (C) Schematic representation of the electronic 
readout system designed for the microfluidic chip with integrated gold 
electrodes. (D) Photograph of the 3-inch fused silica wafer containing 
six sets of electrodes and channels. Each set can be used separately 
for different samples, simultaneously, or one at a time. From Ref. [22], 
modified with permission under Creative Commons CC-BY license.

the overall circuit diagram of the electronic readout 
system. The gold electrodes on the microfluidic chip 
are connected to a commercial bench-top Impedance 
Spectroscope (Zurich Instruments, HF2IS). To minimize 
noise and interference, the chip was placed inside a 
Faraday cage in addition to using the digital lock-in 
amplifier. An excitation voltage can be applied across the 
electrodes at a programmable frequency. One electrode is 
directly connected to the impedance spectroscope, while 
the other is linked to a transimpedance amplifier (Zurich 
Instruments, HF2TA) with a programmable tran- 
simpedance gain. The output from the transimpedance
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amplifier is fed back into the impedance spectroscope for 
signal demodulation and filtering, and noise removal. The 
impedance spectroscope’s parameters were opti- mized 
with an excitation voltage of 5 V at 5 MHz, a 
transimpedance gain of 1 kΩ, and a bandwidth (low- pass 
filter cutoff frequency) of 100 Hz. The signals are stored 
on a PC and processed using MATLAB software
[22] (Figure 4(C)).

The data from the measurements was processed using 
an algorithm implemented in MATLAB. The output from 
the impedance spectroscope typically contains baseline 
voltage and drift. First, the baseline signal was calculated 
using a moving average filter, which was then subtracted 
from the original data to produce a normalized signal that 
highlights only peaks or spikes. These peaks indicate 
brief impedance changes caused by a nanoball passing 
through the microfluidic chip between the electrodes. The 
signal was then filtered to eliminate background noise, 
and a threshold was applied to detect peaks. The 
threshold was set at 2 µV above the noise level. Noise 
was calculated from variations in the control group’s 
response when no nanoball peaks were present. 
Afterward, outliers were removed from the peaks, and the 
number of peaks detected corresponds to the number of 
nanoballs identified by the system [22].

H. Modified LAMP for DNA Amplification

In our study, the loop-mediated isothermal amplifica- 
tion (LAMP) reaction was optimized to enable efficient 
amplification of the target DNA at a constant temper- 
ature, providing a simpler alternative to conventional 
PCR. The LAMP reactions were prepared in 20 µL 
volumes on ice in either Safe-Lock 1.5 mL tubes (Eppen- 
dorf, Hamburg, Germany) or standard clear PCR tubes 
(Avantor, Radnor, PA, USA). Each reaction contained
10 µL of WarmStart Colorimetric LAMP 2X Master mix 
with UDG (New England Biolabs, Ipswich, MA, USA), 
2 µL of a 10X LAMP primer mix, 4 µL of the sample 
(either a synthetic β-lactamase DNA gene block or 
nuclease-free water for negative controls), ”dirty” 
samples also included 1 µL of methylated mouse DNA 
standard (Zymo Research, Irvine, CA, USA) as nucleic 
acid background, and finally nuclease-free water was 
added to reach 20 ul total for each reaction. The 10X 
primer mix included 2 µM F3-5’-6-FAM, 2 µM B3, 16 
µM FIP, 16 µM BIP, 4 µM LF, 4 µM LB, as well as 2uM 
LF and 2uM LB compaction oligos [22].

The LAMP protocol involved two stages: an initial 
incubation at 25°C for 10 minutes, followed by amplifi- 
cation at 65°C for 60 minutes. This temperature profile 
has been successfully used in various applications for 
rapid pathogen detection and is particularly effective in 
resource-limited settings due to its minimal equipment

requirements [5], [6]. These steps are programmed into 
our amplification kit.

I. Experimental Setup and Validation of the DNA Am- 
plification Kit Performance through Comparative Ampli- 
fication Treating

To validate the system’s performance, there were two 
major test phases; the first was to test the specificity 
of the DNA amplification using two different heating 
methods, a traditional thermal cycler and our heating 
apparatus. The second phase was to determine the sensi- 
tivity of the DNA Amplification Kit compared to the 
qPCR gold standard method. All of the comparative tests 
involved the amplification of a target DNA gene block of 
a β-lactamase AMR gene using the primer mix 
described above, while the ”dirty” samples involved 
additional methylated mouse DNA standard as nucleic 
acid background (to test for non-template binding or 
matrix interaction effects) [8].

As depicted in Figure 1 (A-C), the β-lactamase gene 
block or nuclease-free water was added to 1.5 mL Ep- 
pendorf microtubes, each also containing the 10X LAMP 
primer mix, and WarmStart Colorimetric LAMP 2X 
Master Mix with UDG. The positive samples contained 
the target β-lactamase DNA, while the negative samples 
contained only nuclease-free water instead. The LAMP 
master mix includes a visible pH indicator for rapid 
and convenient detection of LAMP reactions, which 
should change color only in positive samples due to 
amplification of the target DNA. Here, we introduce 
another variation in samples: ”pure” samples that contain 
only the target β-lactamase DNA, and ”dirty” samples 
that contain both the target DNA as well as non-target 
methylated mouse DNA standard, at 12.5 copies/µL, in 
the final reaction volume. The mouse DNA standard was 
chosen because the β-lactamase gene is naturally found 
only in microbes; thus, the chance of a false-positive 
signal is very low compared to bacterial DNA standards, 
which are not guaranteed to be free of this gene. For 
the initial specificity phase, there were 4 sample groups: 
Dirty Negative, Dirty Positive, Pure Negative, and Pure 
Positive.

To verify the specificity of the amplification reaction
using our heating apparatus compared to a commercial 
Bio-Rad T100 thermal cycler, for each sample group, two 
identical reactions were prepared for each replicate of the 
four sample groups. One was made in a PCR tube and 
placed in the T100 thermal cycler, while the other was 
made in an Eppendorf tube and placed in our DNA 
Amplification Kit. As previously discussed, the negative 
control samples substituted the target DNA with nuclease-
free water as the primary sample component. In order to 
verify the accuracy of the results, each sample group was 
performed in triplicate. In the end, all
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samples were tested using the impedance-based detection 
system. In this way, the comparison of results (peak 
counts) from each sample group’s microtubes, run on the 
two heating devices, will determine whether our heating 
apparatus functions as intended, demonstrating its per- 
formance consistency alongside a commercial thermal 
cycler. Alongside this assessment, we tested whether the 
amplification and nanoball formation performance were 
similar in the presence or absence of non-target ”dirty” 
DNA introduced as background, to ensure that the system 
is applicable to real-world samples that will contain both 
target and non-target nucleic acids.

Next, in the sensitivity phase, dirty negative samples 
with no β-lactamase DNA were run alongside dirty 
positive samples with various concentrations of the β- 
lactamase DNA (from 101 to 105 copies/µL in the 
final reaction volumes) but a fixed concentration of 
the non-target mouse DNA (12.5 copies/µL in the final 
reaction volume). Due to the length of the mouse DNA 
standard compared to the β-lactamase gene block, the 
total mass of mouse DNA was always greater than the 
gene block, even in the most concentrated target samples. 
In order to compare and verify the sensitivity of our DNA 
Amplification Kit, samples were also tested with qPCR 
as the gold standard method. Similar to what was done 
in the specificity phase, each sample type was prepared 
in triplicate, but here, the average cycle thresholds of the 
triplicates were calculated. The samples that underwent 
amplification using our heating apparatus were again 
tested using the impedance-based detection system, while 
their technical replicates were tested using a StepOnePlus 
qPCR machine.

J. Real-time Quantitative Polymerase Chain Reaction 
(qPCR)

As stated above, the sensitivity of our amplification kit 
was tested by comparing the results (peak counts) of each 
LAMP sample to the gold standard qPCR method. Each 
sample contained 10 µL of Power SYBR Green PCR 
Master Mix (Applied Biosystems, Carlsbad, California, 
USA), 2 µL of 5 µM primer stocks, 5 µL of either 
the β-lactamase gene block or nuclease-free water if a 
negative sample, 1 µL of the mouse DNA standard (12.5 
copies/µL in the final reaction volume) and the reaction 
was topped to 20 ul using nuclease-free water. The same 
sample concentrations were run here as in the DNA 
Amplification Kit, from 0 copies/µL to 105 copies/µL in 
the final reaction volume for the β-lactamase gene block, 
and again each sample was prepared in triplicate. 
However, in order to adhere to the protocol of the 
qPCR method, only one pair of primers was used, F3- 5’-
6-FAM and B3, which span the length of the β- lactamase 
gene block. In order to create a standard curve to 
compare the samples to, reactions with the

same range in concentration of the β-lactamase gene 
block were created, with the only difference being that 
they did not contain any mouse DNA standard DNA and 
were ”pure” samples. The qPCR reactions were run on 
a StepOnePlus with 35 cycles and an annealing 
temperature of 62°C, optimized for the F3/B3 primer pair 
based on GC percentage. The determined cycle threshold 
value trend was then compared to the trend of nanoball 
formation using our DNA Amplification Kit.

III. RESULTS

The performance of the portable DNA Amplification 
Kit was systematically evaluated through a series of 
validation experiments designed to establish its reliabil- 
ity, specificity, and sensitivity, as well as to benchmark 
its functionality against established gold-standard tech- 
niques. The outcomes of these evaluations confirm that 
the device provides amplification results consistent with 
those obtained from commercial thermal cyclers and 
standard qPCR, while additionally offering portability, 
cost-effectiveness, and compatibility with impedance- 
based detection.

The first qualitative benchmark of the amplification 
process was the colorimetric shift observed in the Warm- 
Start Colorimetric LAMP 2X Master Mix with UDG, 
which is based on the release of protons during DNA 
synthesis. In all experiments, positive samples displayed 
a clear and reproducible transition from red to yellow 
upon completion of the LAMP process (Figure 5) while 
negative samples did not display this color change. 
This visual output was evident in both “pure” samples, 
which contained only target β-lactamase RNA, as well as 
in “dirty” samples, in which target DNA was mixed with 
excess non-target mouse DNA. By contrast, both negative 
control groups (pure and dirty negatives) con- sistently 
retained their original red color, indicating the absence of 
amplification. This visual outcome, although qualitative 
in nature, provides an immediate and acces- sible measure 
of reaction success and demonstrates the suitability of the 
amplification kit for rapid readout in point-of-care 
settings.

To quantitatively validate the colorimetric shift ob- 
servations, all amplified samples were subsequently an- 
alyzed using the previously described and established 
impedance-based microfluidic digital assay, which de- 
tects the passage of DNA nanoballs through a microflu- 
idic channel as discrete peaks in the impedance signal. 
Figure 6(A) illustrates a 7-second window, chosen at 
random, depicting impedance responses of the detection 
system in which the signal peaks represent the passage of 
individual DNA nanoballs through the microfluidic 
channel. Positive samples treated with the DNA Am- 
plification Kit or the commercial thermal cycler both 
demonstrate distinct peaks, whereas the negative control
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Fig. 5. Color transition from red to yellow observed at the completion 
of the LAMP reaction for positive samples, attributed to the formation 
of DNA nanoballs, releasing H+ ions, and affecting the WarmStart 
Colorimetric LAMP 2X Master Mix with UDG.

shows minimal peaks, confirming the absence of DNA 
nanoballs. The impedance responses, processed through 
a MATLAB-based post-processing algorithm previously 
discussed in Section II. G, align closely between the DNA 
Amplification Kit and the thermal cycler, demon- strating 
the robustness of our kit’s detection capability compared 
to traditional methods.

The first phase of validation sought to determine the 
specificity of our amplification kit relative to a commer- 
cial thermal cycler. For this purpose, four experimental 
groups were prepared: ”Pure Positive”, ”Pure Negative”, 
”Dirty Positive”, and ”Dirty Negative”. Each group was 
processed in triplicate, with one set of reactions ampli- 
fied using a commercial thermal cycler and the other set 
amplified using the portable DNA Amplification Kit pre- 
sented in this study. Following amplification, impedance 
analysis revealed that both systems generated distin- 
guishable peak profiles for both negative and positive 
samples, with distinct and reproducible signatures indi- 
cating the presence or absence of DNA nanoballs (Figure 
6(B)). In the negative controls, peak counts remained 
negligible across both heating systems, confirming that 
nonspecific amplification did not occur. Meanwhile, in 
the positive samples, significantly higher peak counts 
were observed in accordance with the presence of the 
target DNA. The agreement in peak counts between the 
two amplification platforms across each sample group 
demonstrates that our portable device achieves perfor- 
mance parity with established laboratory instrumentation 
and validates its reliability for the specific amplification 
of β-lactamase DNA targets. In addition, the variability 
in the number of detected nanoballs across all four sam- 
ple groups was considerably lower with our Amplifica- 
tion Kit, indicating more stable, predictable performance 
compared to the thermal cycler. The thermal cycler 
produced higher DNA nanoball counts, but with higher 
variability, in the pure positive samples. The thermal 
cycler-derived samples were seemingly more susceptible 
to matrix effects, with our Amplification Kit producing

fewer but more similar counts of nanoballs across the 
dirty positive and pure positive samples.

Building on this assessment of specificity, we next 
examined the sensitivity of the amplification kit through 
a serial dilution study of dirty positive samples con- 
taining increasing concentrations of target β-lactamase 
DNA (101–105 copies/µl) and dirty negative samples 
with 0 copies/µl of target DNA concentration (which 
translates to replacement of target DNA with nuclease- 
free water) in the presence of constant background (non- 
target) mouse DNA. Each sample was run in triplicate, 
amplified using the DNA Amplification Kit, and then 
subjected to impedance-based detection (Figure 7(A)). 
The impedance results were compared to qPCR cycle 
threshold (Ct) values obtained for the same dilutions, 
providing a rigorous benchmark against the current gold 
standard (Figure 7(B)).

Ct values from qPCR are determined based on flu- 
orescent readings taken during the run, in which the 
fluorescent SYBR dye binds to double-stranded DNA, 
and as amplification occurs, the amount of double- 
stranded DNA increases, and therefore, bound SYBR and 
fluorescence also increase. As these fluorescent values 
increase, they do so in an exponential manner until 
reagent limitation causes them to plateau. Ct values can 
then be calculated by setting a consistent fluorescent 
value across all samples, and the corresponding cycle 
number that each reaction was in when meeting this 
set value can be determined. The lower the Ct value, 
the fewer cycles it took to reach the set concentration 
value of DNA, and therefore the higher the starting 
material concentration; the opposite is true for higher 
Ct values. The pure samples in the concentration curve 
and the dirty samples exhibited the same average Ct 
values, which indicated that the presence of the mouse 
DNA background did not limit the specificity of the 
amplification reaction, as the concentration of target 
DNA remained the same. It should also be noted that the 
negative samples were not included in the analysis for the 
qPCR results, as there was no amplification for those 
samples, as expected, and therefore, there was no 
corresponding Ct value, but rather the samples served as 
negative controls for nonspecific amplification.

As expected, both techniques exhibited a clear correla- 
tion between target copy number and quantification val- 
ues: higher DNA concentrations generated high nanoball 
counts and low Ct values, whereas progressively diluted 
samples showed fewer nanoballs and correspondingly 
higher Ct values. Importantly, the amplification kit suc- 
cessfully detected target DNA concentrations down to
10 copies/µL in the reaction (recapitulating the sen- 
sitivity observed in the previous study [22]), yielding 
an average peak count at least sevenfold higher than 
negative controls (no target DNA [0 copies/µL or dirty
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Fig. 6. (A) Randomly selected 7-second window snapshots of the impedance response from the detection system for (a) negative control, (b) 
portable DNA Amplification Kit-derived, and (c) thermal cycler-derived samples, showing peaks corresponding to the passage of DNA nanoballs 
through the impedance-based detection device’s microfluidic channel. (B) Box plot of the impedance-based detection of β-lactamase (AMR) 
nanoballs comparing the response of the dirty and pure pairs of negative control and positive samples, run using either the thermal cycler 
or our DNA Amplification Kit. The similarity in peak counts between the two identical reactions, run on either device, indicates successful LAMP 
reactions facilitated by the DNA Amplification Kit, demonstrating its ability to compete with traditional, expensive thermal cyclers. As expected, 
the negative control samples processed by both devices show significantly lower peak counts (up to  1  ) than the positive samples, further validating 
the accuracy and sensitivity of our amplification reactions. Moreover, the variability in the number of detected nanoballs produced using our 
Amplification Kit is much lower than what was amplified using the thermal cycler, particularly when comparing the dirty and pure positive 
samples.

Fig. 7. Results of running the dirty negative and serial dilutions of the dirty positive samples using (A) our DNA Amplification Kit and microfluidic 
impedance-based digital assay and (B) standard qPCR approaches. For each approach, a scatter plot showing the (A) peak counts and (B) cycle 
thresholds from triplicate measurements across dirty negative (0 copies/µl of target DNA) and dirty positive serial dilutions (101–105 copies/µl of 
target DNA) is shown. The R2 value of each plot is presented on the right side. The increasing trendline in nanoball formation and the decreasing 
trendline in the cycle threshold values demonstrate the quantitative capabilities of the two methods.

negative]). This sensitivity threshold, consistent with 
prior reports of high-performing isothermal amplification 
systems, demonstrates that the portable device not only 
matches qPCR in diagnostic sensitivity but also delivers 
results without the need for complex thermal cycling 
instrumentation. It should be noted that the qPCR results 
had lower variation with an R2 value of 0.9983, com- 
pared to our DNA Amplification Kit, which had higher 
variation and an R2 of 0.8128 (Figure 7).

Taken together, these findings establish a strong case 
for the robustness of the DNA Amplification Kit. The 
combination of colorimetric detection, impedance-based 
quantification, and automated induction-heating control 
enables both rapid preliminary assessment and rigorous

quantitative validation within a single workflow. The 
comparative analyses against both commercial thermal 
cyclers and qPCR confirm that the system achieves high 
specificity, avoids false positives in negative controls, 
and exhibits high sensitivity, reliably detecting target 
concentrations between 101–105 copies/µl in the re- 
action. In doing so, the kit demonstrates performance 
characteristics that are directly comparable to those of 
gold-standard laboratory methods, while simultaneously 
offering a portable, user-friendly, and low-cost alter- 
native optimized for point-of-care and resource-limited 
environments.
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IV. DISCUSSION

The validation experiments and their results described 
above provide compelling evidence that the portable 
DNA Amplification Kit achieves amplification perfor- 
mance comparable to that of conventional thermal cy- 
clers and qPCR, while simultaneously offering dis- 
tinct advantages in portability, accessibility, and cost- 
effectiveness. The systematic evaluation of both speci- 
ficity and sensitivity underscores the robustness of the 
device and its potential as an innovative tool for de- 
centralized diagnostics, particularly in contexts where 
laboratory infrastructure is limited or unavailable. This 
includes human health-related applications, as described 
above for AMR or disease monitoring, but can be 
extended to other fields such as environmental diagnos- 
tics. As previously mentioned, using nucleic acids as the 
target molecule offers flexibility, with customizable 
primers for the targets of interest, provided the target re- 
gions have a known sequence. This process is important 
in health contexts with potential high AMR sequence 
mutational rates, as bacterial immune evasion occurs, but 
also becomes relevant for systems in which protein or 
metabolite targets are not well known, such as with 
understudied environmental systems. This includes but is 
not limited to: commercial shellfish aquaculture disease 
monitoring or threatened coral reefs, for which biomark- 
ers of health and disease are still actively being studied, 
but a low-cost, easily field deployable monitoring system 
is not yet developed [36].

One of the most striking outcomes of this study is 
the high specificity demonstrated across multiple sample 
conditions, including both pure and complex “dirty” 
samples containing non-target DNA. The absence of 
nonspecific amplification in negative control samples 
heated by the portable kit, together with the close 
alignment of impedance peak counts with those obtained 
from a commercial thermal cycler, strongly indicates that 
the device can reliably discriminate between target and 
non-target nucleic acids. This is of particular importance 
for clinical applications, where false positives may lead 
to inappropriate treatment decisions and contribute to the 
ongoing challenge of antimicrobial resistance. The 
validation of specificity in complex backgrounds, such as 
DNA mixtures, further suggests that the device is well-
suited for real-world diagnostic samples that often 
contain diverse nucleic acid species.

Equally critical is the high sensitivity of the system, as 
confirmed through direct comparison with qPCR. The 
ability of the kit to reliably detect as few as 10 target 
copies/µL in the reaction establishes its utility for early- 
stage resistance detection, when the number of AMR 
bacteria may be low, yet clinical intervention is most 
impactful. The concordance between impedance-based 
quantification and qPCR cycle thresholds, in addition to

the significant R2 values of the two plots, provides strong 
validation of the kit’s quantitative capability. The higher 
variability in nanoball counts compared to Ct values 
indicates that there is room for additional optimization of 
this approach beyond the prototype presented here. 
Unlike qPCR, however, the portable kit eliminates the 
requirement for thermal cycling, optical fluorescence 
detection, and specialized laboratory settings, making 
it far more adaptable to decentralized and low-resource 
environments, potentially overcoming its increased vari- 
ability. The results of the dilution study also highlight the 
linear relationship between input target concentration and 
impedance response, demonstrating that this system is not 
only qualitative but also capable of providing semi-
quantitative or quantitative insights into target DNA 
abundance.

Beyond the validation experiments, the study high- 
lights several additional advantages inherent to the de- 
sign of the amplification kit. The visible colorimetric shift 
provides an immediate and intuitive indicator of 
amplification success, enabling rapid screening even in 
the absence of specialized readout devices. The combi- 
nation of the amplification kit with an impedance-based 
microfluidic digital assay offers a rigorous secondary 
confirmation, combining accessibility with quantitative 
robustness in a single workflow. Furthermore, the en- 
gineering innovations that underpin the device, namely 
the induction heating module, optimized temperature 
sensor placement, and custom-designed polycarbonate 
microtube holder, address the challenges faced when 
designing the amplification kit by ensuring thermal sta- 
bility, reproducibility, and user safety.

In the broader context of molecular diagnostics, these 
findings have important implications. By providing a 
robust alternative and closely competing with the per- 
formance of traditional laboratory-based amplification 
systems, while eliminating their infrastructural demands, 
the portable DNA Amplification Kit directly addresses 
the urgent global need for scalable, decentralized diag- 
nostic tools. This is particularly relevant for the surveil- 
lance of antimicrobial resistance (AMR), where rapid and 
field-deployable detection of resistance genes such as β-
lactamase is essential to inform timely therapeu- tic 
decision-making and limit the spread of resistant 
pathogens. More broadly, the platform is adaptable to 
diverse pathogen targets and can be further integrated into 
multi-channel or multiplexed diagnostic workflows, 
offering the potential to expand beyond AMR monitoring 
into broader infectious disease diagnostics.

Therefore, the DNA Amplification Kit demonstrates 
high specificity, high sensitivity, and strong concordance 
with established gold-standard technologies, confirming 
its promise as a practical and reliable diagnostic tool. By 
coupling user-friendly colorimetric quantification with
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rigorous impedance-based quantification and leveraging 
low-cost engineering solutions such as induction heating 
and 3D-printed components, this system bridges the 
gap between laboratory-grade performance and real- 
world deployability. Its demonstrated robustness in both 
controlled and complex sample conditions positions it as 
a valuable addition to the molecular diagnostic land- 
scape, particularly for point-of-care and resource-limited 
environments where rapid and accurate detection is most 
urgently required. Therefore, the next step would be 
to analyze real patient samples to further establish the 
amplification kit and become a step closer to an all-in- 
one, point-of-care AMR diagnostic platform.

V. CONCLUSION

This research successfully demonstrates the potential 
of a cost-effective DNA Amplification Kit designed to 
combine LAMP with a digital microfluidic impedance- 
based assay for an all-in-one clinical pathogen detection 
device at the point-of-care level. By uniting sample 
processing and detection within one simple workflow, 
this portable system streamlines molecular diagnostics, 
reducing operational costs and reagent use, while main- 
taining high sensitivity and specificity. Through rigor- 
ous validation, the device demonstrated high specificity, 
achieving results indistinguishable from those of a com- 
mercial thermal cycler, and high sensitivity, reliably de- 
tecting DNA concentrations between 101–105 copies/µl 
in the reaction with strong agreement to qPCR standards. 
The mixture of a simple visual colorimetric change 
with a quantitative impedance-based assay provides a 
dual-layered detection approach that is both accessible 
and analytically robust. Moreover, the engineering in- 
novations underlying the system—including induction 
heating, optimized thermocouple placement, and a heat- 
resistant 3D-printed microtube holder—ensure consistent 
reaction conditions while maintaining portability and user 
safety. By bridging the gap between laboratory- grade 
performance and deployable design, this platform 
directly addresses critical barriers in global diagnostics. 
Its demonstrated robustness in complex backgrounds 
highlights its utility for real-world clinical samples, 
particularly in antimicrobial resistance detection, where 
rapid, field-deployable solutions are urgently needed. 
Moving forward, this system holds promise as a scalable, 
adaptable tool in rapid diagnostics, especially relevant for 
monitoring antimicrobial resistance and infectious 
disease control in clinical and remote applications. This 
two-stage system can be further upgraded into a multi- 
channel lab-on-chip capable of simultaneously detecting 
several pathogens from a single test.
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