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ARTICLE INFO ABSTRACT
Keywords: Aeromonas hydrophila is a significant pathogenic bacterium in aquaculture, causing severe diseases in farmed
Aeromonas hydrophila animals and resulting in substantial economic losses. To enable rapid on-site detection, we developed a portable

Portable microfluidic platform
Multi-enzyme isothermal rapid amplification
Aquaculture water

On-site detection

microfluidic platform that integrates multi-enzyme isothermal rapid amplification (MIRA) with automated fluid
handling. The chip design incorporated a miniature vibration motor and ceramic heating pads to maintain
precise temperature control and ensure reaction homogeneity throughout nucleic acid extraction and amplifi-
cation. A miniature air pump drove the crude DNA extract through the chip in a single pipetting step for accurate
quantification. The extracted DNA was subsequently transferred to a reaction chamber preloaded with MIRA
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reagents for isothermal amplification at 39 °C under real-time fluorescence monitoring. This platform detected
A. hydrophila in water samples within 40 min, achieving a linear range from 1 x 102 to 1 x 107 CFU-mL ! and a
limit of detection (LOD) of 10 CFU-mL ™. Notably, its modular design allows easy interchange of primers and
probes, making the platform readily adaptable for detecting diverse bacterial pathogens in aquaculture.

1. Introduction

The intensification of aquaculture has driven continuous growth in
global production, establishing it as a primary source of aquatic prod-
ucts [1-3]. However, high-density farming practices have increased the
incidence of diseases caused by bacteria, fungi, viruses, and parasites,
adversely affecting global aquaculture production and impeding its
sustainable development [4,5]. Among these threats, bacterial diseases
are particularly detrimental to aquaculture sustainability due to their
diverse pathogenicity, broad host range, high infectivity, rapid trans-
mission, and remarkable environmental adaptability [6].

Aeromonas species are highly pathogenic to numerous aquatic ani-
mals among bacterial pathogens [7]. They cause Motile Aeromonas
Septicemia (MAS), a disease associated with substantial economic losses
in aquaculture [8]. Regional epidemiological studies have consistently
identified A. hydrophila as the predominant pathogen responsible for
MAS outbreaks [9-12]. This pathogen is widely distributed in aquatic
environments and threatens a broad spectrum of hosts, including fish
[13], crustaceans [14,15], and amphibians [16]. Its significant patho-
genicity is largely attributed to diverse virulence factors, such as aero-
lysin, hemolysins, and proteases [17]. The aerolysin toxin, encoded by
the aerA gene, is a major contributor to high-mortality outbreaks [18].
Owing to its prevalence in pathogenic strains and critical role in path-
ogenesis, the aerA gene serves as an ideal target for specific molecular
detection.

A waterborne challenge model simulating natural MAS occurrence
demonstrated that under controlled conditions, A. hydrophila concen-
trations exceeding 10° CFU-mL ! significantly increase mortality rates
in channel catfish [19]. However, in actual aquaculture environments,
factors such as water temperature fluctuations, host immune status, and
co-infections can substantially increase outbreak risks even at lower
bacterial concentrations [20]. Moreover, the minimum infectious dose
required to trigger outbreaks across different farming systems remains
unclear. Therefore, routine and accurate quantification of A. hydrophila
in aquaculture water is essential. This enables a shift from reactive
treatment to proactive risk management, which is critical for ensuring
production security, guiding science-based control strategies, and pre-
venting substantial economic losses [21-23].

Currently, polymerase chain reaction (PCR) and real-time quantita-
tive PCR (qPCR) are considered the gold standard for molecular diag-
nosis in laboratory settings, offering superior detection speed,
sensitivity, and specificity compared to conventional bacteriological
methods [24]. However, these methods require sophisticated equip-
ment, trained personnel, and time-intensive procedures, limiting their
practicality for rapid on-site diagnosis in aquaculture operations [25].
With advances in molecular biology, isothermal nucleic acid amplifi-
cation (ITA) technologies such as MIRA, loop-mediated isothermal
amplification (LAMP), rolling circle amplification (RCA), and hybridi-
zation chain reaction (HCR) have emerged as viable alternatives to
conventional PCR [26]. These methods enable highly efficient nucleic
acid amplification at a constant temperature, eliminating the need for
thermal cyclers [27]. Among them, MIRA has attracted considerable
interest due to its rapid reaction time, simple temperature requirements,
and ease of primer and probe design [28,29]. Despite MIRA’s inherent
potential for field deployment, translating this capability into practical
on-site diagnostic tools remains challenging. Current detection systems
typically rely on discrete modules for nucleic acid extraction, amplifi-
cation, and detection, involving multiple manual steps and reagent
transfers. This leads to operational complexity, high contamination risk,

and considerable demand for operator expertise, collectively hindering
reliability and practicality in real-world aquaculture settings [30].
Therefore, integrating all detection steps into a single microfluidic chip
represents an ideal solution [31-33].

Microfluidic chips, often termed “lab-on-a-chip” systems, provide a
promising platform for deploying ITA in field settings [34]. Leveraging
advantages such as miniaturization, integration, and automation, these
systems effectively overcome limitations of conventional molecular di-
agnostics, including operational complexity and reliance on specialized
equipment [35]. In recent years, researchers have increasingly focused
on developing efficient and reliable integrated systems to address on-site
detection challenges in resource-limited settings [36,37]. These efforts
highlight that the systematic integration of different functional modules
to achieve synergistic effects and enhance overall practicality represents
a key pathway to overcoming application bottlenecks [38]. Notably, Li
et al. [39] integrated recombinase polymerase amplification (RPA) on a
centrifugal microfluidic chip, achieving multiplex detection of five
high-risk bacterial pathogens in shrimp aquaculture. To automate the
integration of ITA with CRISPR/Casl2a detection, Shu et al. [40]
developed a spatially encoded centrifugal microfluidic chip that physi-
cally separates amplification and detection processes while incorpo-
rating dual-temperature zones to accommodate different ITA
methodologies (RPA/LAMP) on a single platform. However, in these
systems, DNA extraction was performed off-chip, limiting their practical
utility for on-site detection. While previous studies have demonstrated
the feasibility of on-chip integration of nucleic acid extraction, ampli-
fication, and detection, these systems often rely on sophisticated fluidic
control mechanisms to achieve precise quantitative DNA template
transfer [41,42]. A representative example is the digital microfluidic
platform developed by Liao et al., which employs programmable elec-
trode arrays and electrowetting-on-dielectric technology to generate
and manipulate controlled-volume DNA droplets [43]. Nevertheless,
such sophisticated fluidic control mechanisms significantly increase
operational complexity and cost, underscoring the need for simpler and
more practical integration strategies.

This study developed an integrated portable microfluidic platform
incorporating nucleic acid extraction, isothermal amplification, micro-
fluidic control, and electronic systems. The self-contained platform
achieved quantitative detection of A. hydrophila in aquaculture water
without ancillary equipment (Fig. 1). We innovatively fabricated a
three-dimensional microfluidic chip that allows direct integration of a
miniature vibration motor and ceramic heating pads. This design en-
ables solution homogenization in both nucleic acid extraction and
detection chambers using only a single vibration motor. Precise thermal
regulation across all reaction zones is maintained by proportional-
integral-derivative (PID)-controlled ceramic heaters. Furthermore, the
on-chip pipetting area, comprising multiple solution retention zones,
achieves one-step quantitative transfer of DNA template solution via
pneumatic actuation. The transferred DNA template solution reacts with
pre-loaded MIRA reagents in the detection chamber at 39 °C, enabling
target quantification through real-time fluorescence monitoring.

2. Materials and methods
2.1. Experimental materials
A. hydrophila (ATCC7966), A. veronii (CL), Pseudomonas aeruginosa

(ATCC27853), Pseudomonas fluorescens (CL), Vibrio harveyi (CL), Vibrio
parahaemolyticus (CL), Vibrio anguillarum (CL), Vibrio cholerae (CL),
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Vibrio alginolyticus (CL), Streptococcus agalactiae (CL), and Streptococcus
iniae (CL) were provided by the Hebei Provincial Key Laboratory of
Preventive Veterinary Medicine. A. sobria (QHD) was obtained from the
Department of Aquatic Science, College of Marine Sciences, Hebei
Agricultural University. Detailed information on the field strains of
A. hydrophila (Ah-1, Ah-2, Ah-3, and Ah-4) is provided in the Supple-
mentary Materials. The rapid nucleic acid release agent (DNA type) and
rapid thermostatic amplification kit (fluorescent type) were purchased
from Amp-Future Biotech Co., Ltd (Changzhou, China). Poly(dime-
thylsiloxane) (PDMS) from Dow Corning was used in the fabrication of
microfluidic chips. Additional details can be found in the Supplementary
Materials.

2.2. Bacterial culture and nucleic acid extraction

Bacterial strains were stored at —20 °C until use. For cultivation,
10 pL of bacterial suspension was inoculated into 1 mL of an appropriate
liquid medium and incubated with shaking at 200 rpm overnight at their
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optimal temperature for each strain. Serial dilutions ranging from
1 x 10'-1 x 10® CFU-mL™! were prepared using sterile phosphate-
buffered saline (PBS). Bacterial concentrations were determined by
the plate count method, where 100 pL of each diluted suspension was
spread onto solid medium and incubated overnight at the appropriate
temperature. Colonies were enumerated the following day to calculate
the bacterial concentration. Additional details are provided in the Sup-
plementary Materials. For nucleic acid extraction, the bacterial sus-
pension was mixed with a rapid nucleic acid release reagent (containing
components LD-1 and LD-2) at a volume ratio of 25:4:1. The mixture was
then incubated under optimal reaction conditions to obtain the crude
bacterial DNA template.

2.3. Design and screening of primers and probe

The aerA gene is highly conserved and critical for the virulence of
A. hydrophila, being present in most pathogenic isolates [18]. It was
therefore selected as the target for molecular detection. To ensure
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Fig. 1. Schematic comparison of the portable microfluidic platform and the conventional detection platform for A. hydrophila. (A) The portable microfluidic
platform. The detection workflow on this platform integrates nucleic acid extraction, precise pipetting, amplification, and detection. (B) The conventional detection
platform. The conventional laboratory-based workflow relies on sophisticated equipment, trained personnel, and time-intensive procedures.
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detection specificity, the aerA gene sequence of A. hydrophila (Gene ID:
4490401) was compared with those of A. veronii (Gene ID: 60846399)
and A. sobria (Gene ID: 58924504) using DNAman (Lynnon Biosoft,
USA) software. As shown in Fig. S1, the nucleotide homology was
70.3 % with A. veronii and 69.88 % with A. sobria, which provided
sufficient sequence divergence for the design of species-specific detec-
tion assays. Based on this comparison, three forward primers, three
reverse primers, and one fluorescent probe targeting the aerA gene were
designed online (https://ezassay.com/primer) (Table 1). To further
validate specificity, Primer-BLAST was used to analyze all candidate
sequences. All primers and the probe were synthesized by Sangon
Biotech (Shanghai, China). Finally, the nine primer-probe sets were
evaluated by in-tube MIRA assay using a real-time PCR system
(FQD-96A, Bioer Technology, Hangzhou, China) to identify the optimal
combination.

2.4. MIRA nucleic acid detection

The MIRA assay was performed in a 50 L reaction system targeting
the aerA gene of A. hydrophila. The reaction mixture consisted of 29.4 uL
of buffer A, 2 uL of forward primer (10 uM), 2 uL of reverse primer
(10 uM), 0.6 L of fluorescent probe (10 uM), 13.5 pL of DNA template,
and ddH:0, with 2.5 uL of buffer B. After thorough mixing, the reactions
were incubated at the optimal temperature for 20 min. Fluorescence
signals were recorded at 30-second intervals throughout the amplifica-
tion process. The fluorescence threshold was defined as the mean fluo-
rescence of the first four cycles plus ten standard deviations, in
accordance with established isothermal amplification quantification
methods [44]. The time threshold, defined as the time required for the
amplification curve to cross this predefined threshold, was found to
correlate quantitatively with A. hydrophila concentrations, enabling the
establishment of a standardized calibration curve. All experiments were
performed with three independent replicates, each consisting of tripli-
cate technical measurements.

2.5. Design and fabrication of the microfluidic chips

The microfluidic chip plays a critical role in enabling rapid on-site
pathogen detection. As shown in Fig. 2 and Fig. S2, the chip (55 mm
x 34 mm x 9.5 mm) features a two-layer architecture with four func-
tional compartments: (1) a nucleic acid extraction chamber (~210 pL)
containing bacterial samples and rapid nucleic acid release agents for
crude DNA extraction; (2) a pipetting area (~175 pL) for quantitative
transfer of DNA template while retaining excess sample; (3) a reagent
storage chamber (~70 pL) pre-loaded with MIRA reaction reagents; and
(4) a detection chamber (~70 pL) where isothermal amplification and
real-time monitoring occur. The detection and reagent storage chambers
were specifically engineered to accommodate both liquid and lyophi-
lized reagent formats, ensuring compatibility with various commercial
kits.

Table 1
Primer and probe sequences used in this study.

Primer/Probe Sequences (5°-3")

name

F1 GCCTGTTTTCACTGGGCCAGGAGGTATGTGG

F2 CCTGTTTTCACTGGGCCAGGAGGTATGTGG

F3 TCATATCCGGCCTGCTGATGGCACAGGCTC

R1 AATGAAATTCGCACTGTCGTGTACCAGTCGC

R2 TCTGGAATATCCAGGGCTGACAAGGTTGG

R3 TGGTTGGCTTAATGAAATTCGCACTGTCGTG

Probe AAAAGCAATATTATCAATATGATGGGGCAGTG(FAM-dT)G(THF)

C(BHQ1-dT)AAATAAGCGGTCTGGCCA[C3-spacer]

FAM: 6-Carboxyfluorescein; THF: tetrahydrofuran; BHQ1: black hole quencher
1.
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Fig. 2. Schematic diagram and photograph of the fabricated microfluidic chip.
(A) Schematic illustration of the chip layout and key components. 1, Nucleic
acid extraction chamber. 2, Pipetting area. 3, Reagent storage chamber. 4,
Detection chamber. 5, Alignment hole. 6, Square perforation. 7, Circular
perforation. 8, Sample inlet. 9, Air inlet. (B) Photograph of the micro-
fluidic chip.

The chip incorporates three specialized perforated structures: one
circular perforation housing a miniature vibration motor for efficient
reagent mixing in both the extraction and detection chambers, and two
square perforations containing ceramic heating pads for independent
temperature control of the respective reaction zones.

Given the structural complexity of the designed chip, we employed a
replica molding fabrication approach. First, the layered channel struc-
tures were designed using SolidWorks (Concord, MA). A high-precision
mold was then fabricated via 3D printing (Micro P215 plus, Xingsheng
Precision, China) (Fig. S3). Following the procedure outlined in Fig. S4,
we successfully produced a three-dimensional microfluidic chip. Addi-
tional fabrication details are provided in the Supplementary Material.

2.6. Hydrophilic and hydrophobic modification of the microfluidic chips

Surface modification of the PDMS chip was performed to achieve
precise fluid control. The pipetting area was rendered hydrophilic by
filling its trenches with a treatment reagent diluted in isopropanol
(7:3 v/v) for 1 min. The reagent was then removed, and the region was
air-dried at room temperature. In contrast, the reaction chambers and
connecting channels were made hydrophobic by uniformly coating them
with a hydrophobic treatment reagent, followed by drying at ambient
temperature. All modified chips were stored under vacuum at 4 °C prior
to use.

2.7. Development of the supporting peripherals

The supporting peripherals are essential components for automated
on-chip detection of A. hydrophila. As shown in Fig. S5, these devices are
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Fig. 3. Schematic illustration of the on-chip detection principle and workflow. (A) Operational workflow. Color changes in the circular and square perforations
reflect the operational status of the vibration motor and heating pads, respectively. Efficient reagent mixing is shown by the color deepening in the extraction
chamber, while a color shift in the detection chamber indicates the generation of positive fluorescent signals. (B) Detection principle. The change in nucleic acid
molecule quantity reflects the successful completion of the precise pipetting and the MIRA amplification, respectively.

built around an STM32F103ZET6 microcontroller (STMicroelectronics,
Geneva, Switzerland), which coordinates a miniature air pump (Weiye
Machinery Manufacturing Co., Ltd., Taizhou, China) for precise fluid
handling and a miniature vibration motor (TEJIATE, Shenzhen, China)
for efficient reagent mixing. For nucleic acid amplification and real-time
fluorescence monitoring, ceramic heating pads (Huameng New Mate-
rials, Guangzhou, China) with integrated temperature sensors (PT100,
Heraeus, Germany) were installed in the chip’s square perforations and
programmed to maintain constant temperatures of 40 °C and 39 °C,
respectively. A 470 nm blue light-emitting diode (LED) (L470-06,
USHIO, Japan) was positioned beneath the detection chamber to excite
the fluorescent probe, while a photodiode (S1223, Hamamatsu, Japan)
equipped with a 525 nm bandpass filter (EM525/20, HB Optical Tech-
nology Co., Ltd., Shenyang, China) was aligned laterally to collect
emitted fluorescence and minimize ambient light interference.
Normalized voltage values were used to characterize changes in the
fluorescent signal, calculated as the ratio of the measured voltage to the
detection range (3.3 V) of the microcontroller’s analog-to-digital con-
verter. Signal processing and result generation were implemented
through embedded C language software.

To ensure operational reliability in humid aquaculture environ-
ments, all components were housed in a waterproof enclosure fabricated
from Acrylonitrile Butadiene Styrene (ABS) plastic (Yifeng Plastic In-
dustry, Zhejiang, China) (Fig. S6). An internally printed partition
(Bambu Lab X1, Shenzhen, China) physically separated the upper

detection area from the underlying electronics. During operation, pa-
rameters were configured via a serial touchscreen (TJC4827T143_011C,
TAOJINGCHI, Shenzhen, China) interface. Initiation of the ‘“Start”
command triggered the microcontroller to execute the fully automated
testing protocol.

2.8. Detection of target bacteria on chip

Fig. 3 schematically illustrates the working principle and operational
workflow of the microfluidic detection system for A. hydrophila. The
detection process begins by loading the chip with the bacterial sample,
rapid nucleic acid release agent, and MIRA amplification reagents
(which can be pre-loaded and stored at —20 °C). Upon initiation, the
integrated miniature vibration motor operates for 10 s to ensure thor-
ough mixing of the reagents. The ceramic heating pad then maintains
the nucleic acid extraction chamber at 40 °C for 5 min to facilitate DNA
release. Subsequently, a miniature air pump is activated to drive the
DNA template through the pipetting channel, where a defined volume is
quantitatively transferred into the detection chamber. The vibration
motor is again engaged for 10 s to homogenize the solution in the
detection chamber. The ceramic heater then maintains the detection
chamber at 39 °C for 20 min to enable isothermal amplification. During
this incubation, a 470 nm LED excites the fluorescent probe, while a
photodiode equipped with a 525 nm bandpass filter collects fluores-
cence signals at 30-second intervals. The time threshold is automatically
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determined and used to quantify A. hydrophila concentration based on a
pre-established calibration curve.

2.9. Detection of target bacteria in the spiked aquaculture water

To evaluate the applicability of the portable microfluidic platform
for detecting A. hydrophila in actual aquaculture environments, water
samples were collected from aquaculture farms. After filtration and
autoclave sterilization, the samples were spiked with A. hydrophila at
concentrations ranging from 1 x 10%-1 x 107 CFU-mL™!. Each spiked
sample was analyzed in triplicate using both the culture counting
method and the developed microfluidic platform.

3. Results and discussion
3.1. Screening of primers

To minimize the risk of false-negative results due to potential nucleic
acid contaminants, column-based purification was employed for DNA
template preparation during primer screening. This approach ensured
that the evaluation of amplification efficiency and specificity was not
influenced by variables inherent in the sample processing. DNA tem-
plates were extracted from an A. hydrophila suspension (1 x 10°
CFU-mL™!) using a commercial bacterial genomic DNA extraction kit
(DP302-02, Tiangen Biotech, China).

Three primer sets were randomly selected for negative control vali-
dation, with sterile double-distilled water (ddH20) used as template. As
shown in Figs. 4A and 4B, no fluorescence signals were detected in any
of the tested combinations, indicating the absence of primer-dimer
formation or non-specific amplification. In subsequent comparative
MIRA amplification experiments, conducted with equal DNA template
concentrations, significant differences in amplification kinetics were
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observed among the primer sets. The F1-R1 primer pair consistently
reached the fluorescence threshold more quickly (Figs. 4C and 4D),
demonstrating superior amplification efficiency. This characteristic al-
lows the F1-R1 pair to detect lower initial concentrations of
A. hydrophila, thereby enhancing overall detection sensitivity. Based on
these results, the F1-R1 primer pair was selected as the optimal set for all
subsequent MIRA-based detection assays.

3.2. Optimization of nucleic acid extraction conditions

Systematic optimization of nucleic acid extraction parameters is
crucial for obtaining DNA templates that support robust and sensitive
MIRA detection. The rapid nucleic acid release reagent operates through
a high-salt lysis mechanism, with extraction efficiency -critically
dependent on three key parameters: lysis temperature, lysis time, and
bacterial suspension volume. To systematically identify the optimal
extraction conditions, in-tube MIRA reactions monitored by a real-time
PCR system were conducted.

To determine the optimal lysis temperature, 100 pL of A. hydrophila
suspension (1 x 10° CFU-mL™!) was lysed across a temperature gradient
(25, 30, 35, 40, 45, 50, 55, and 60 °C) for 5 min. As shown in Fig. 5A,
MIRA assay performance varied significantly with lysis temperature,
with the most rapid amplification kinetics observed at 40 °C. This
temperature represents a balance between two competing effects:
enhanced cell wall disruption and DNA release at temperatures ranging
from 25 to 40 °C, and thermally induced DNA degradation or co-
precipitation of inhibitory substances in the high-salt buffer above
40 °C. The sensitivity of MIRA to inhibitors further amplified the
detrimental impact of these precipitated contaminants.

To evaluate the effect of lysis time, standardized bacterial suspen-
sions were lysed at 40 °C for various durations (3, 5, 7, 9, and 11 min).
Statistical analysis revealed significant differences among the groups,
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Fig. 4. Screening of the optimal primer combination for MIRA-based detection of A. hydrophila. (A, B) Specificity validation of primers and probe using sterile ddH,O
as the negative control (N = 3). (C, D) Evaluation of different primer combinations (N = 3). Statistical significance was determined by one-way ANOVA

(n =3, P <0.05).
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under optimal conditions from different volumes of bacterial suspension (50-200 pL). For all experiments, extracted DNA was analyzed using MIRA assay (N = 3).

Statistical significance was determined by one-way ANOVA (n = 3, P < 0.05).

with 5 min yielding significantly better performance than both shorter
and longer durations (Fig. 5B). Extending the lysis time from 3 to 5 min
improved MIRA performance by promoting more complete cell lysis.
However, further extension beyond 5 min likely caused DNA fragmen-
tation under high-salt conditions and increased the release of inhibitors,
ultimately reducing detection sensitivity.

Finally, nucleic acids were extracted from different bacterial sus-
pension volumes (50, 100, 150, and 200 pL) under the optimized lysis
conditions. MIRA results showed progressively higher amplification ef-
ficiency with increasing suspension volume, with 150 and 200 pL vol-
umes performing significantly better than smaller volumes (Fig. 5C).
This trend reflects the interplay between total DNA yield and inhibitor
concentration. Considering both detection cost and chip size constraints,
150 pL was selected as the optimal suspension volume.

The high-salt lysis method streamlines nucleic acid extraction with
enhanced simplicity and system compatibility compared to conventional
physical (e.g., boiling, mechanical disruption), chemical (e.g., CTAB,
SDS), or enzymatic (e.g., lysozyme, protease) approaches. It operates
under mild conditions, avoiding high temperatures or harsh chemicals,
yet effectively lyses bacterial cells and releases nucleic acids with min-
imal interference in downstream assays. Unlike enzymatic lysis, it does
not require on expensive or labile enzymes, making it more suitable for
pre-packaging and long-term storage in integrated microfluidic systems.
This approach is particularly well-suited for low-biomass samples, such
as aquaculture water and other environmental sources. In contrast,
complex biological tissues rich in proteins and lipids, require additional
purification using silica membranes or magnetic beads to remove in-
hibitors and improve nucleic acid purity [44,45]. These multi-step,
centrifugation-dependent protocols, however, present challenges for
full on-chip integration. Overall, the high-salt lysis method not only
simplifies nucleic acid extraction but also improves compatibility with
integrated detection platforms. Nevertheless, extraction strategies
should be tailored to sample complexity and analytical requirements to
balance efficiency, purity, and system integration [46].

3.3. Optimization of MIRA assay conditions

MIRA, a highly sensitive isothermal amplification technique, re-
quires the optimization of several parameters, including reaction tem-
perature, primer concentration, probe concentration, and DNA template
volume, to achieve optimal performance. These parameters were sys-
tematically evaluated using in-tube reactions monitored by a real-time
PCR system. DNA templates were extracted from A. hydrophila suspen-
sions (1 x 10° CFU-mL™!) under the established extraction conditions.
The total reaction volume was adjusted to 50 uL with ddH;O to
accommodate variations in the volumes of the added components.

Temperature plays a critical role in MIRA by influencing enzymatic
activity and overall reaction efficiency. When evaluated across a tem-
perature gradient (37, 39, 41, 43, and 45 °C), notable differences in
amplification performance were observed. The fastest fluorescence
threshold attainment occurred at 39 °C (Fig. 6A), indicating optimal
enzyme kinetics and amplification efficiency. This temperature strikes a
balance between providing sufficient energy for nucleic acid strand
separation and maintaining enzyme stability, thereby avoiding the
progressive loss of activity seen at higher temperatures. Consequently,
39 °C was selected as the optimal reaction temperature.

Primer concentration is fundamental to amplification kinetics and
specificity. Under the optimized temperature, different primer concen-
trations (0.2, 0.3, 0.4, 0.5, and 0.6 uM) were assessed, revealing clear
differences in performance. The time threshold decreased as primer
concentration rose from 0.2 to 0.4 uM, suggesting improved amplifica-
tion efficiency due to greater primer availability. However, further in-
creases to 0.5-0.6 pM did not substantially enhance performance,
indicating that primer availability was no longer limiting beyond 0.4 uM
(Fig. 6B). Given this saturation effect and the risk of non-specific
amplification at high concentrations, 0.4 uyM was chosen as the
optimal primer concentration to ensure efficiency, specificity, and cost-
effectiveness.

Probe concentration directly influences signal intensity and ampli-
fication efficiency. Evaluation of probe concentrations (0.08, 0.12, 0.16,
and 0.2 uM) revealed performance differences across the tested range.
Increasing the probe concentration from 0.08 to 0.16 uM reduced the
time threshold, indicating more efficient hybridization and signal gen-
eration (Fig. 6C). However, at 0.2 pM, amplification time increased and
background fluorescence intensified, suggesting that excess probes may
compete with primers for target binding, thereby hindering amplifica-
tion. Therefore, 0.12 uM was identified as the optimal probe concen-
tration, balancing strong signal intensity with minimal background
interference to achieve high sensitivity and detection accuracy.

DNA template volume is another key factor, as it modulates the
availability of target sequences while potentially introducing inhibitors.
Evaluation of different template volumes (3, 5, 7, 9, and 11 uL) revealed
differences in amplification efficiency. The shortest time threshold was
achieved with 5 uL of template (Fig. 6D). Although higher volumes
(9-11 pL) showed slightly better efficiency than intermediate volumes,
this may reflect a trade-off between increased target concentration and
inhibitor carryover from the extraction process. The decline in efficiency
at 7 uL suggests a dominant inhibitor effect in this range, whereas
further volume increases might partially offset this by providing higher
target availability. Due to its consistent performance and low risk of
inhibition, 5 uL. was chosen as the optimal template volume.

In summary, the systematic optimization of key parameters has
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Fig. 6. Systematic optimization of MIRA reaction conditions. (A) Reaction temperature was tested across a range of 25-60 °C. (B) Primer concentrations were
evaluated from 0.2 to 0.6 pM. (C) Probe concentrations were assessed from 0.08 to 0.2 uM. (D) DNA template volumes were analyzed from 3 to 11 pL. All MIRA
reactions were performed in triplicate (N = 3). Statistical significance was determined by one-way ANOVA (n = 3, P < 0.05).

resulted in a robust and efficient MIRA assay protocol. The synergy 3.4. Validation of microfluidic chip surface modification
among the optimized conditions enhances amplification speed, signal

clarity, detection limit, and reproducibility. This refined methodology The efficacy of hydrophilic and hydrophobic surface modifications
ensures consistent performance, which is essential for reliable on-site on PDMS microfluidic chips was evaluated through water contact angle
testing. Moreover, the structured optimization strategy introduced measurements. The untreated PDMS surface exhibited a contact angle of
here is readily adaptable, offering a valuable template for developing 120.8° (Fig. 7A), consistent with its intrinsic hydrophobicity. Following
MIRA-based detection systems for diverse bacterial and viral pathogens. hydrophilic modification, the contact angle sharply decreased to 11.2°
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Fig. 7. Evaluation of surface modifications and their stability on the microfluidic chip. (A-C) Representative contact angles for the (A) untreated, (B) hydrophilic-,
and (C) hydrophobic-modified surfaces. (D, E) Long-term stability of the (D) hydrophilic and (E) hydrophobic modifications, evaluated by contact angle mea-
surements every 15 days during storage at 4 °C by vacuum (N = 3).
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(Fig. 7B), indicating successful conversion into a highly wettable sur-
face. In contrast, hydrophobic treatment increased the contact angle to
133.5° (Fig. 7C), further enhancing the inherent hydrophobic properties
of the PDMS surface. Both modifications demonstrated excellent sta-
bility, maintaining consistent contact angles without significant changes
when monitored at 15-day intervals over a 60-day period during vac-
uum storage at 4 °C (Figs. 7D and 7E). This confirms the long-term
durability of the surface treatments.

The hydrophilic pipetting area ensures the quantitative transfer of
DNA templates, while the hydrophobic reaction chambers and channels
improve the chip’s fluid propulsion capabilities. This modification
strategy allows for precise internal liquid control by creating contrasting
wettability in different functional zones, facilitating the development of
fully automated microfluidic systems. The sustained contact angle sta-
bility over the 60-day storage period further underscores the remarkable
durability of the surface modifications. This reliability ensures the mass
production and long-term storage of pre-treated chips, significantly
enhancing their practicality for field deployment.
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3.5. Mixing efficiency of the vibratory mixer

Efficient reagent mixing within microfluidic chambers is essential for
both nucleic acid extraction and MIRA amplification. Inspired by rubber
pad-mediated vibration transmission for chamber mixing [47], we
introduced circular perforations in the chip to embed miniature vibra-
tion motors. This design enables effective fluid mixing in both the
extraction and detection chambers. To evaluate mixing performance,
deionized water and blue dye were sequentially introduced into each
chamber. After operating the motor for 10s, complete mixing was
visually confirmed (Fig. 8). For objective assessment, high-resolution
images of the chambers were captured before and after mixing using a
smartphone (HONOR 90 Pro, HONOR). The images were then converted
to grayscale using ImageJ (NIH, USA), and the grayscale values along
transverse lines were analyzed. The uniform grayscale distribution
observed after mixing confirmed homogeneous mixing within 10 s
(Fig. 8).

In contrast to passive mixing methods that rely on con-
verging—diverging channel structures [48,49], this active mixing
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Fig. 8. Mixing efficiency of the vibratory mixer. (A, B) Visual assessment of mixing in the (A) nucleic acid extraction and (B) detection chambers before (left) and
after (right) miniature vibration motor activation, demonstrating rapid and efficient homogenization.
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strategy significantly improves homogenization efficiency and elimi-
nates the need for complex channel designs. The embedded motor
configuration allows simultaneous mixing in multiple chambers,
enhancing resource utilization. Although the current mixing perfor-
mance is robust, future studies should focus on elucidating the vibration
transmission mechanism and optimizing the placement of excitation
sources and chamber geometry to further improve reagent mixing
efficiency.

3.6. Performance verification of single-threaded pipetting area

The performance of the single-threaded pipetting area is critical to
the accuracy and sensitivity of downstream MIRA detection. To evaluate
fluid dynamics within individual solution retention structures, we used
COMSOL Multiphysics® (v6.2) to simulate the flow behavior. The sim-
ulations solved the incompressible Stokes equations and applied the
Level Set method to track gas-liquid interface evolution. The results
showed that air injection at 600 pL/min through the inlet effectively
confined the aqueous solution within the retention zone, with excess
fluid discharged through the outlet (Fig. 9A), confirming the designed
working mechanism.

Experimental validation revealed that liquid surface tension signifi-
cantly affected pipetting precision. To mitigate this effect, hydrophilic
treatment was applied to the pipetting zones, and the air injection rate
was systematically optimized. When 180 pL of deionized water was
driven through the pipetting area at rates ranging from 100 to 500 pL/

(A)

Flow direction
—_—

=
-’
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min, the volume transferred to the detection chamber was measured
using a 0.1 mg-resolution balance (PX224ZH, OHAUS). The results
showed clear differences in fluid retention across injection rates. Lower
injection rates led to greater fluid retention in the pipetting area
(Fig. 9B). At 100 pL/min, the transferred volume stabilized at 11.8 pL.
Considering the previously optimized MIRA template volume of 5 pL
(Section 3.3) and the trade-off between transfer volume and processing
time, the bacterial suspension volume for nucleic acid extraction was set
at 145 pL.

To evaluate manufacturing consistency, chips produced using
different 3D-printed molds were tested by driving 174 pL of DNA tem-
plate solution at 100 pL/min. The volume transferred to the detection
chamber remained consistent at 5.34 pL (Fig. 9C), indicating repro-
ducible performance across production batches. Additionally, the chip’s
pipetting accuracy was compared with a standard laboratory pipette
(Eppendorf, 0.5-10 pL). Operators with basic training dispensed 5 pL of
deionized water using the manual pipette, and volumes were measured
using an analytical balance (three replicates per operator). The chip
demonstrated accuracy comparable to manual pipetting (Fig. 9D),
meeting all requirements for downstream applications.

Although this one-step pipetting operation simplifies the fluid con-
trol requirements of supporting equipment, the cascaded solution-
retention structure increases the manufacturing complexity of the
microfluidic chip. Nevertheless, chips fabricated with different 3D-
printed molds exhibited highly consistent pipetting performance and
accuracy on par with professional manual pipetting, providing a reliable
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Fig. 9. Performance verification of the single-threaded pipetting area. (A) Simulation of gas-driven flow within the microchannel. (B) Operational performance
across a range of injection speeds (100-500 pL/min) (N = 3). Statistical significance was determined by one-way ANOVA (n = 3, P < 0.05). (C) Consistency
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technical platform for automated field detection. Future work will focus
on optimizing the solution-retention architecture and integrating self-
driven microfluidic technologies to further simplify pipetting
operations.

3.7. Stability assessment of portable microfluidic platform

Accurate detection of A. hydrophila requires precise temperature
control and reliable fluorescence monitoring. To overcome the limited
heat transfer associated with substrate thickness in conventional
bottom-heating setups, we integrated heating assemblies directly into
the chip perforations. Each assembly includes ceramic heating pads
connected to temperature sensors via thermally conductive electrical
insulation (Fig. 10A), allowing independent thermal control of the
nucleic acid extraction and detection chambers. As shown in Figs. 10B
and 10C, thermocouple sensing junctions were placed at the geometric
centers of the extraction and detection chambers to monitor temperature
in real time. During the 100-second heating phase, both chambers
maintained their set temperatures within a variation of +0.2 °C,
demonstrating excellent thermal stability throughout the process.

Reliable fluorescence detection is equally crucial for assay sensi-
tivity. Repeated voltage measurements from the photodiode during
detection of A. hydrophila (1 x 10° CFU-mL™') demonstrated highly
consistent photodetector responses. The relative standard deviation
(RSD) of signals measured at 5, 10, and 15 min of amplification
remained below 4% (Fig. 10D), confirming stable fluorescence
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monitoring throughout the amplification process.

Although this distributed heating method provides excellent thermal
stability for individual chambers, it also introduces increased
complexity in the temperature control system. Future work will explore
alternative nucleic acid extraction methods, such as those using direct-
current electric fields or ultrasonic lysis, to reduce dependency on pre-
cise temperature management and chemical reagents. In addition, the
development of image-based fluorescence detection methods could
significantly improve the platform’s throughput and parallel processing
capacity.

3.8. Performance of the portable microfluidic platform

Under optimal conditions, this portable microfluidic platform was
used to detect A. hydrophila at concentrations ranging from
1 x 10'-1 x 10® CFU-mL™!. As shown in Fig. 11A, the threshold time
decreased from 15.76 min to 6.53 min as the bacterial concentration
increased from 1 x 102to 1 x 107 CFU-mL . A clear linear relationship
was observed between the threshold time (Tt) and the logarithm of the
target bacterial concentration (1gCsp), expressed as: Tt =-1.7745 lg
(Can) + 18.746 (R% = 0.9852). The LOD of this platform was determined
to be 10 CFU-mL™, defined as the lowest concentration that could be
consistently and reliably detected [50,51], demonstrating excellent
analytical performance. Furthermore, ten microfluidic chips were used
to detect A. hydrophila at a concentration of 1 x 10° CFU-mL™. The
detection results showed no significant differences among the chips,
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Fig. 10. Stability assessment of the portable microfluidic platform. (A) Photograph of the portable microfluidic platform. (B, C) Thermal performance of the nucleic
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rescence intensity was measured at 5-minute intervals throughout the amplification process.

11



Z. Bai et al.

Journal of Hazardous Materials 501 (2026) 140677

(A) 29 (B) 12 (©) 2
H Tt =-1.77451g(C,,) + 18.746 RSD: 2.54%
- R?=0.9852 ~ | r & N =
E154 <] CRUE o . - £ 15-
£ £ - - g
= S\ = =
S E hw \ S S
Z 104 [ - Z 8- Z 104
14 z 'hz < @
T ~ - -
2 B £ £ N
-] - - 2 @
E 5- ] E 6- E s-
=
4 T T T r T T T r r 0- N
NC 1 2 3 4 5 6 71 8 1-1 12 1-3 14 1-5 21 22 23 24 25 & & @&
I y y PO S I R R
The logarithm value of 4/ Conc. (IgC ;) Chip mold number-chip number ;@.‘(‘ ) g@“‘:@“‘\f \‘_\X“\‘_‘\\\ S \e&&s
5 s W
& N
KA
(D) (i) (E)
20
This platform- II. This platform
10
qPCR- - + + + + + qPCR
T T T T T T 0 T LIS T ™ 0
1x10% 1x10° 1x10* 1x105 1x10° 1x107 W e 4 ™ 'w\,»“
Bacterial suspension (CFU-mL™") \‘\_‘“«“‘“ ’,‘“«V“‘ m_.\-«““‘ < w
i A

Fig. 11. Performance evaluation of the portable microfluidic platform. (A) Calibration curve for A. hydrophila detection (N = 3). A calibration curve was established
by detecting A. hydrophila across a concentration range of 1 x 10’1 x 108 CFU-mL~! under optimal conditions. (B) Chip-to-chip reproducibility assessment. The
MIRA assay for A. hydrophila was performed on ten chips fabricated from each of two independent molds. (C) Specificity analysis (N = 3). The MIRA assay’s
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used to detect A. hydrophila at various concentrations. (E) Detection of field-isolated strains (N = 3). Four field-isolated strains of A. hydrophila were detected using

both the platform and qPCR.

with an RSD of 2.54 % (Fig. 11B). Variations between mold batches also
had no significant impact on test results. These findings confirm that the
platform exhibits excellent detection stability and repeatability.

Table S2 summarizes several previously reported detection methods
for A. hydrophila with respect to LOD, linear range, and detection time.
In comparison, the portable microfluidic platform offers equal or higher
sensitivity, a shorter detection time, and a higher automation level. The
enhanced performance can be attributed to the following factors: (1)
primers targeting the aerA gene, enabling specific and efficient ampli-
fication; (2) a simple one-step pipetting process, ensuring highly
consistent operation; (3) integration of efficient mixing and precise
temperature control within the chip; and (4) automation of the detection
process, minimizing errors associated with manual intervention.

3.9. Specificity and practicability of the portable microfluidic platform

The specificity of the portable microfluidic platform was evaluated
using A. hydrophila (1 x 10% CFU-mL™}) as the target bacterium, along
with several non-target bacteria, including A. veronii, A. sobria,
P. aeruginosa, P. fluorescens, V. harveyi, V. parahaemolyticus,
V. anguillarum, V. cholerae, V. alginolyticus, S. agalactiae, and S. phocae
(each at 1 x 10® CFU-mL™!). As shown in Fig. 11C, only A. hydrophila
yielded a positive signal, confirming the high specificity of the platform.

To assess the practicality of the platform, aquaculture water samples
spiked with A. hydrophila at concentrations ranging from 1 x 10? to
1 x 107 CFU-mL ™! were analyzed using both the platform and qPCR.
The platform demonstrated detection performance comparable to qPCR
(Fig. 11D). In addition, recovery rates relative to the culture plate
method ranged from 95.62 % to 119 %, with RSD values between
4.79% and 8.97 % (Table 2), indicating reliable detection of
A. hydrophila in aquaculture water. Further validation was conducted
using field-isolated strains of A. hydrophila (Ah-1, Ah-2, Ah-3, and Ah-4)
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Table 2
Detection of A. hydrophila at different concentrations in aquaculture water
(N =3).

Culture concentration Detected concentration Recovery RSD

(CFU-mL™) (CFU-mL™) (%) (%)
10? 119 119.00 8.97
10° 986 98.60 5.37
10* 9562 95.62 6.28
10° 99387 99.39 6.82
10° 1068840 106.89 4.79
107 10497380 104.97 6.86

at 1 x 10® CFU-mL L. Both the platform and qPCR consistently pro-
duced positive signals for all strains (Fig. 11E), confirming the plat-
form’s robustness in detecting naturally occurring A. hydrophila.
Although the per-test cost of the platform is higher than that of qPCR,
the total system cost remains below $200 (Table S4 and S5). Given its
low cost and the potential for broader applications, these results affirm
the platform’s suitability for on-site detection of A. hydrophila in aqua-
culture water.

4. Conclusions

We have developed a portable microfluidic platform for the quanti-
tative detection of A. hydrophila using MIRA technology. The platform
autonomously performs nucleic acid extraction, precision pipetting,
amplification, and detection, eliminating the need for laboratory in-
struments. Under optimized conditions, it achieved a detection range of
1 x 102to 1 x 107 CFU-mL™! for A. hydrophila within 40 min. Recovery
rates for spiked aquaculture water samples at various concentrations
ranged from 95.62 % to 119 %. The platform also demonstrated excel-
lent performance in detecting field strains of A. hydrophila. With its
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simple operation, high sensitivity, and rapid detection time, this plat-
form holds significant potential for in-field screening of A. hydrophila in
aquaculture water.

However, the lack of validation using aquaculture water samples
with naturally occurring A. hydrophila infection remains a limitation of
this study. This limitation is primarily due to the limited availability of
such samples, which is influenced by seasonal variations, geographical
location, and the sporadic nature of disease outbreaks. While the
detection performance was evaluated in actual aquaculture water
through spike-in experiments, further validation will be conducted once
naturally infected samples become available.

Looking ahead, the platform’s modular architecture will facilitate
the development of a multiplex detection method targeting multiple
virulence factors of A. hydrophila. This advancement is expected to
expand the detection capability to include various pathogenic variants.
Additionally, future efforts will focus on reducing detection costs by
minimizing reaction volumes, implementing multiplexing, and utilizing
bulk reagent formulations. These improvements will enhance the plat-
form’s applicability in resource-limited settings and support long-term,
cost-effective use.

Environmental implication

Aeromonas hydrophila poses a significant environmental hazard in
aquaculture, contaminating water bodies and causing disease outbreaks
that threaten ecosystem health and sustainable production. Traditional
pathogen detection methods are often lab-bound, slow, and impractical
for on-site monitoring, delaying intervention and potentially enabling
wider environmental contamination. This study presents a portable
microfluidic platform enabling rapid (<40 min), sensitive (10
CFU-mL™1), and on-site detection directly in aquaculture water. Timely
identification of such hazardous pathogens allows for immediate miti-
gation actions, preventing uncontrolled disease spread, reducing the
need for prophylactic antimicrobials, and minimizing economic losses,
thereby promoting more environmentally responsible and sustainable
aquaculture management.
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