Zhou et al. Microsystems & Nanoengineering (2026)12:144

: Microsystems & Nanoengineering
https://doi.org/10.1038/541378-026-01281-6

www.nature.com/micronano

ARTICLE Open Access

A fully integrated magnetofluidic system enabled
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meat adulteration detection
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Abstract

Meat adulteration poses serious economic, regulatory, and ethical challenges worldwide, creating an urgent need for
rapid, on-site, and multiplex authentication methods. Although polymerase chain reaction (PCR) is the gold standard
for nucleic acid analysis, its reliance on laboratory infrastructure and skilled operators limits field deployment, while
current isothermal amplification platforms still lack sufficient automation and integration. Here, we present Magtect, a
fully automated magnetofluidic system for rapid, multiplex identification of meat adulteration in sheep products. The
system integrates magnetic bead—based nucleic acid extraction, ultrasound-assisted washing, magnetic array-guided
bead distribution, and parallel multiplex recombinase polymerase amplification (RPA) detection within a single chip. By
combining silicone oil with a thermally controllable wax isolation layer, Magtect enables physical spatial separation of
multi-step reagents and on-demand mixing during heating, effectively preventing premature reagent contact and
cross-interference. Notably, the wax barrier isolates the elution buffer from the RPA master mix, eliminating bead-
induced amplification inhibition commonly observed in conventional magnetofluidic designs. Using this platform,
adulteration of sheep meat with duck, chicken, or pork components can be fully automatically identified within
30 min. The system achieves a detection limit of 0.1 copies/ulL and reliably detects adulteration levels as low as 1%.
These results demonstrate that Magtect provides a robust, sensitive, and field-deployable solution for on-site meat
authenticity verification, representing a significant step forward in automated food integrity monitoring.

Introduction

Meat adulteration, defined as the fraudulent substitu-
tion of high-value meats with lower-cost alternatives,
poses a serious global challenge to food safety and market
integrity. Since the European horsemeat scandal, this
issue has attracted sustained regulatory and public
attention'?. In China, mutton—a widely consumed pro-
tein source—is frequently adulterated with inexpensive
meats such as pork, chicken, or duck®*. These practices
not only undermine consumer confidence and cause
economic losses, but also introduce potential health risks
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and violate religious or cultural dietary restrictions>®.
Consequently, there is an urgent demand for meat
authentication technologies that are rapid, convenient,
cost-effective, and suitable for on-site deployment.
Conventional polymerase chain reaction (PCR)—based
methods are regarded as the gold standard for meat
authentication due to their high sensitivity and specifi-
city’ ™. However, PCR workflows rely on sophisticated
benchtop instruments and trained personnel, confining
their use to centralized laboratories and limiting their
applicability  for  point-of-care  testing (POCT).
Immunoassay-based approaches offer operational simpli-
city but often suffer from insufficient sensitivity and
specificity for reliable species discrimination'®!!. Iso-
thermal nucleic acid amplification techniques, such as
recombinase polymerase amplification (RPA), have
emerged as promising alternatives by eliminating thermal
cycling and enabling rapid amplification under mild
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conditions'*™'*, Nevertheless, despite simplifying the

amplification step, most RPA-based platforms still involve
labor-intensive and complex sample preparation and
detection procedures, preventing true workflow simplifi-
cation and fully automated on-site implementation'>~"".

Microfluidic technology provides a promising route
toward integrated nucleic acid testing by enabling min-
iaturized, fully enclosed systems that reduce contamina-
tion risk and facilitate automation'®™°. In recent years,
several microfluidic platforms have been reported for
meat adulteration detection. For example, Xiao et al.
combined microneedle-based DNA extraction with a
handheld centrifugal loop-mediated isothermal amplifi-
cation (LAMP) chip, achieving detection of 1% adultera-
tion within 60 min*'. Similarly, a toothpick-based
extraction strategy integrated with a centrifugal LAMP
device enabled 1% adulteration detection in 40 min®%
More recently, Xiang et al. developed a centrifugal
microfluidic chip integrating microneedle sampling with
clustered regularly interspaced short palindromic repeats
(CRISPR)-based detection, achieving a detection limit of
0.1% for multiple meat species within 30 min®*, Despite
these advances, most reported platforms omit effective
nucleic acid purification and rely on multiple manual
operations. Alternatively, some systems retain analytical
sensitivity at the cost of workflow simplicity. For instance,
Ding et al. reported a centrifugal RPA—CRISPR/Cas12a
platform capable of detecting 0.1% adulteration within
1h*% however, this approach required off-chip tube-
based nucleic acid extraction, precluding true “sample-to-
answer” integration. Collectively, existing microfluidic
solutions face a fundamental trade-off between simplified
extraction with compromised performance and complex
workflows requiring extensive manual intervention,
thereby hindering full automation and practical on-site
deployment.

Magnetofluidic technology offers a distinctive solution
to the integration challenges of on-site nucleic acid test-
ing®>~*’. Unlike conventional microfluidic systems, mag-
netofluidic platforms manipulate magnetic beads to
transport nucleic acids between discrete reagent cham-
bers, enabling integrated enrichment, purification, and
elution without complex fluidic control. This bead-
mediated transfer inherently isolates amplification
reagents from residual meat matrices, thereby improving
assay robustness and compatibility with complex food
samples. As summarized in Supplementary Table S2, a
comparative analysis of major microfluidic paradigms
highlights the strengths of magnetofluidics for fully inte-
grated, on-site nucleic acid testing. In particular, magne-
tofluidic systems enable pump-free operation through
magnetic actuation, rely on simplified and compact
instrumentation. However, despite these advantages, most
reported magnetofluidic systems remain limited in their
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ability to perform parallel multi-target analysis, a critical
requirement for practical on-site meat adulteration
detection where multiple potential adulterants must be
simultaneously identified. To address this limitation, we
previously developed the M-Detector system, which
integrates magnetic bead—based nucleic acid extraction,
ultrasound-assisted washing, magnetic array—guided bead
distribution, and parallel multiplex LAMP within a single
chip?®. This approach enabled scalable multiplex detec-
tion in a compact and enclosed format. Nevertheless, a
fundamental challenge in magnetofluidic integration
remains unresolved. Because magnetofluidic systems rely
on immiscible oil phases for reagent separation and lack
active fluid pumping, elution is typically achieved by
directly introducing magnetic beads into the amplification
master mix. This strategy is intrinsically suboptimal, as
elution efficiency is limited and, more critically, residual
magnetic beads can adsorb and inactivate key enzymes,
such as polymerases, leading to compromised amplifica-
tion efficiency and false-negative results.

In this work, we present Magtect, a fully automated
magnetofluidic system for multiplex meat adulteration
detection, applied to the identification of sheep, pork,
chicken, and duck DNA. A central innovation of Mag-
tect is the introduction of a wax isolation layer within
the amplification chamber. Using a highly versatile
centrifugation-based fabrication method, a dense solid
wax barrier is formed to physically separate the elution
buffer from preloaded RPA reagents. This design
ensures that magnetic beads used during extraction and
washing are never introduced into the amplification
reagents, thereby completely eliminating bead-induced
inhibition. Upon heating, the wax layer melts in a
controlled manner, allowing the eluted nucleic acids to
mix with the underlying RPA reagents and initiate
amplification. Furthermore, we systematically investi-
gate the scalability and design constraints of the chip by
analyzing magnetic bead resuspension, aggregation, and
transfer behaviors across chambers with varying dia-
meters. These results establish practical guidelines for
chip scaling and multiplex expansion. Overall, Magtect
system achieves full automation from nucleic acid
extraction to parallel multiplex RPA detection, provid-
ing a rapid and reliable platform for on-site meat
authenticity verification.

Results and discussion
Magtect system operation workflow

The Magtect system comprises a disposable Magtect
chip and a portable control analyzer, enabling fully
automated magnetic bead—based nucleic acid extraction
and multiplex RPA detection. The analyzer integrates
motion control, magnetic manipulation, ultrasonic
actuation, temperature regulation, and optical signal
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Fig. 1 . Overview of the Magtect system for multiplex meat authentication. a Schematic of the fully integrated “sample-to-answer” workflow,
showing on-chip magnetic bead-based nucleic acid extraction, ultrasound-assisted washing, magnetic array-guided bead distribution, and parallel
isothermal amplification. The centrifugally formed wax barrier is highlighted, which physically isolates the elution buffer from the amplification
reagents and melts upon heating to trigger the reaction. b Photograph of the assembled Magtect chip. ¢ Photograph of the portable Magtect
analyzer. d Exploded view of the analyzer, illustrating the integrated motion control, magnetic manipulation, ultrasonic washing, heating, optical

detection modules

acquisition, allowing all assay steps to be executed in a
closed and hands-free manner. The complete operation
workflow of the Magtect system is illustrated in Fig. la
and Fig. S12 and consists of four sequential steps: sample

lysis, magnetic bead washing, compartmentalized elution,
and multiplex amplification detection.

Step 1: Sample lysis and magnetic bead capture. After
sample lysis, the analyzer actuates the vertical stepper
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motor to position the Magtect chip adjacent to a fixed
magnet, enabling efficient capture of magnetic beads at
the bottom of the lysis chamber. The chip is then trans-
lated horizontally, transferring the bead aggregate through
the silicone oil-filled transfer channel toward the down-
stream washing zone.

Step 2: Magnetic bead washing via ultrasonic dispersion.
The Magtect chip is aligned with the integrated ultrasonic
transducer. Upon activation, the ultrasonic field uniformly
disperses the magnetic beads within the washing buffer,
ensuring thorough resuspension and effective removal of
residual inhibitors from the meat matrix.

Step 3: Compartmentalized elution through magnetic
redistribution. The chip is positioned within an annular
magnet array, where the spatially uniform magnetic field
redistributes the dispersed beads into six discrete clusters,
each aligned with an individual reaction chamber. The
chip is subsequently lowered vertically, guiding each bead
cluster through the silicone oil interface into its desig-
nated elution zone. During this process, the beads remain
physically separated from the underlying RPA reagents by
a solid wax barrier, enabling compartmentalized nucleic
acid elution without bead—-reagent contact.

Step 4: Multiplex amplification detection initiated by
wax melting. After elution is completed, the Magtect chip
is raised to retrieve the magnetic beads back into the
washing zone. The chip is then transferred to the heating
module, where controlled heating melts the wax barrier,
allowing the elution buffer containing target nucleic acids
to merge with the preloaded RPA reagents. Isothermal
amplification is subsequently performed at the preset
temperature. Real-time fluorescence signals from all six
reaction chambers are continuously acquired by the
optical detection module and wirelessly transmitted to the
companion mobile application.

Ultrasonic and magnetic field optimization for scalable
chip design

Multiplex detection in the Magtect magnetofluidic
system relies on two sequential and interdependent phy-
sical processes: uniform dispersion of aggregated mag-
netic beads by an ultrasonic field, followed by controlled
redistribution of the beads into discrete clusters using a
spatially uniform magnetic field. To systematically define
the optimal operating conditions for these processes and
to establish design guidelines for scalable Magtect chip
development, ultrasonic and magnetic field parameters
are evaluated through a combination of numerical simu-
lations and experimental validation.

Ultrasonic mixing is first examined, as complete bead
resuspension is a prerequisite for uniform downstream
magnetic redistribution. COMSOL simulations are per-
formed to analyze the acoustic pressure distribution
under constant power conditions. The results show that
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the central acoustic pressure profile remains stable, while
increasing chamber diameter extends the peripheral
region into the acoustic attenuation zone, leading to a
pronounced pressure drop at the chamber edge (Supple-
mentary Fig. S6). This effect suggests that beads located
near the periphery may experience delayed or incomplete
resuspension as chamber size increases. Experimental
measurements confirm these predictions. For chamber
diameters ranging from 13 to 23 mm, complete bead
resuspension is achieved, with resuspension time
increasing proportionally with diameter. Grayscale-based
image analysis further shows that the grayscale ranges of
all selected regions remain below the threshold value of
20, indicating uniform bead dispersion. In contrast, when
the diameter is expanded to 25 and 27 mm, the effective
acoustic field (defined as coverage >25 dB) no longer fully
spans the chamber, resulting in bead accumulation at the
edges and incomplete resuspension, where multiple
regions exhibit grayscale differences far exceeding the
threshold, revealing pronounced bead aggregation.
(Fig. 2a, Supplementary Fig. S7 and Fig. S15). These
results identify ultrasonic mixing, rather than magnetic
manipulation, as the primary factor determining the
upper limit of chip scalability in the present system.
Within the acoustically viable design space (<23 mm
chamber diameter), magnetic field configurations are
subsequently optimized to enable uniform bead aggrega-
tion and transfer. Circular magnet arrays composed of
multiple individual permanent magnets are evaluated,
where the diameter of each single magnet is varied from 3
to 8 mm to balance magnetic performance and system
miniaturization. COMSOL simulations using the Mag-
netic Fields, No Currents model are performed to com-
pare magnetic field intensity and lateral coverage
generated by arrays assembled from individual magnets of
different diameters (Fig. 2b and Supplementary Fig. S8).
Experimental validation is conducted by ultrasonically
dispersing magnetic beads in wash buffer, followed by
magnetic collection using each circular array. The
resulting aggregation patterns and time-dependent beha-
viors are systematically analyzed (Fig. 2b, Supplementary
Fig. S9 and Supplementary Fig. S16). Individual magnets
with diameters of 3 and 4 mm generate sufficient mag-
netic force but provide limited lateral coverage when
assembled into an array, resulting in incomplete aggre-
gation with low grayscale values and reduced coverage
ratios indicating pronounced residual bead accumulation
and central clustering. Arrays composed of 5 and 6 mm
individual magnets exhibit similar field distributions and
reach aggregation saturation within approximately 8s,
with comparable grayscale values indicating similar levels
of residual beads. Although arrays constructed from 8 mm
magnets minimize residual beads with the highest cov-
erage and grayscale values, their excessively broad
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Fig. 2 . Simulation and experimental validation of ultrasonic and magnetic field optimization for scalable chip design. a Bead resuspension
times in chips with different chamber diameters, including stable-time outcomes for 2-8 chamber chips with complete resuspension, 9-10 chamber
chips exhibiting bead accumulation, and corresponding COMSOL simulation results. b Simulated magnetic field distributions of individual magnets
with diameters of 3, 4, 5, 6, and 8 mm within the array, together with experimental observations of magnetic bead aggregation at the stable time
point. ¢ Experimental validation of magnetic bead aggregation behavior in 2-8 chamber chips with chamber diameters ranging from 13 to 23 mm
under the optimized 5 mm magnet array. RCs represent for reaction chambers
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magnetic fields produce overlapping attraction zones that
may compromise controlled bead partitioning between
adjacent chambers. Considering aggregation efficiency,
field confinement, and compatibility with dense chamber
layouts, the circular array composed of 5 mm individual
magnets is selected as the optimal configuration.
Magnetic bead aggregation and transfer are then eval-
uated using the selected 5 mm magnet array across the
ultrasonically defined chamber size range. For chamber
diameters up to 23 mm, beads are consistently aggregated
into well-defined clusters and efficiently transferred into
the downstream reaction chambers (Fig. 2c and Supple-
mentary Fig. S10). These results demonstrate that, once
complete ultrasonic resuspension is ensured, the

optimized magnetic field provides sufficient force density
for robust and reproducible bead manipulation.

Opverall, effective multiplex bead handling in the Mag-
tect system is governed by two sequential criteria. First, an
adequate ultrasonic pressure field must be established to
achieve complete bead resuspension, which defines the
maximum operable chamber size. Second, within this
constraint, an appropriately sized magnet array must be
selected to enable uniform bead aggregation and transfer.
As the detection chambers are arranged circumferentially
above the washing chamber, increasing multiplexing
requires either larger chamber diameters with higher
ultrasonic power and cost, or denser chamber layouts
with increased fabrication complexity. These approaches
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involve inherent trade-offs between throughput, system
cost, and manufacturability. Based on these considera-
tions, a Magtect chip incorporating six reaction chambers
with a diameter of 19 mm is adopted for subsequent
experiments, providing an optimal balance between
acoustic performance, magnetic efficiency, and device
compactness.

Development and optimization of a wax barrier for
Magtect chip

Conventional magnetofluidic systems rely on oil-phase
isolation to separate reagents and lack active fluid-mixing
mechanisms. Consequently, nucleic acids captured on
magnetic beads are typically eluted directly into the
amplification master mix, which restricts the choice of
compatible amplification chemistries. In particular, RPA
reagents exhibit poor compatibility with bead-based
elution. In our preliminary tests, direct elution of
nucleic acids from magnetic beads into the RPA master
mix led to severe inhibition and frequent amplification
failure (Supplementary Fig. S11). This limitation high-
lights a fundamental bottleneck of conventional magne-
tofluidic designs and motivates the development of a
more flexible strategy to decouple bead elution from
amplification.

To overcome this limitation within a static chip archi-
tecture, we introduce a temperature-responsive wax bar-
rier that physically separates the elution buffer from the
amplification reagents and enables their controlled mixing
by thermal actuation. During chip preparation, RPA
reagents are first dispensed into each reaction chamber,
followed by overlaying molten wax preheated to 48 °C. To
form a dense and uniform wax membrane, the chip is
placed in a custom-designed holder that constrains its
orientation and ensures that the centrifugal force is
applied perpendicular to the plane of the reaction
chambers. Centrifugation at 3000 rpm for 5 min drives the
molten wax to spread evenly and compactly across the
chamber cross-section (Fig. 3a). Upon cooling, the wax
solidifies into a continuous barrier that effectively isolates
the amplification reagents from the upper fluidic layers.
Subsequently, the elution buffer and a silicone oil layer are
sequentially added above the wax, establishing a vertically
stratified structure.

During operation, magnetic beads carrying purified
nucleic acids are transported into the elution buffer
located above the wax barrier, where elution occurs
without direct exposure of the amplification reagents to
the beads. After elution, the beads are magnetically
removed. The chip is then transferred to a heating mod-
ule, where controlled heating melts the wax barrier,
allowing the eluate to merge with the pre-stored RPA
reagents and initiate isothermal amplification in the
absence of bead-induced inhibition.
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The volume of wax is first optimized to ensure reliable
physical separation while minimizing reagent consump-
tion. A wax volume of 3 uL is insufficient to form a
continuous membrane and frequently results in incom-
plete coverage or adhesion to the chip sidewalls, leading
to unintended mixing. Volumes of 5 pL or greater con-
sistently generate visually intact barriers; however, func-
tional testing reveals that barriers formed with 5pL
occasionally rupture under ultrasonic agitation used in
the chip workflow. In contrast, barriers formed with 7 uL
and 9 pL remain structurally intact after ultrasonic treat-
ment (Fig. 3b). Considering robustness and volume effi-
ciency, 7 uL is selected as the optimal wax volume for
subsequent experiments.

Next, the thermal conditions required for efficient wax
melting and reagent mixing are systematically investi-
gated. Given the melting point of the wax (~40°C), the
minimum heating time required for barrier removal is
evaluated at 42, 44, 46, 48, and 50 °C using dye-labeled
solutions to visualize mixing. The onset of visible mixing
occurs at 90, 60, 60, 30, and 30s, respectively (Fig. 3c).
These conditions are then applied as pre-heating steps
prior to standard RPA incubation at 40 °C to assess their
impact on amplification performance. Heating at 42 °C
and 44 °C yields high and comparable amplification effi-
ciencies, whereas higher pre-heating temperatures
(246 °C) result in progressively reduced performance, with
complete amplification failure observed after pre-heating
at 50°C (30s) (Fig. 3d).

To balance rapid barrier removal with preservation of
amplification activity, a pre-heating condition of 44 °C for
60 s is selected as optimal. Under this condition, the wax
melts efficiently and remains in a liquid state during
subsequent incubation at 40 °C. Owing to its lower den-
sity, the molten wax migrates upward, passively promot-
ing mixing between the eluate and the underlying RPA
reagents. In contrast, higher pre-heating temperatures
likely compromise temperature-sensitive RPA compo-
nents, leading to reduced amplification efficiency. Col-
lectively, this optimized wax-mediated strategy enables
robust decoupling of bead-based elution and sensitive
amplification chemistries within an integrated magneto-
fluidic chip.

Optimization of on-chip nucleic acid extraction parameters

To obtain efficient and reproducible characteristic of
the integrated magnetofluidic system, four significant
parameters governing on-chip nucleic acid extraction
were systematically optimized: lysis/binding time, mag-
netic bead volume, washing time, and elution time. All
experiments were conducted using a quantified sheep
meat homogenate (1 copy pL™) as the model sample.
Extracted nucleic acids were analyzed directly on-chip,
with all six reaction chambers preloaded with sheep-
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specific RPA reagents. Extraction efficiency under each
condition was evaluated based on real-time amplification
kinetics, with the earliest amplification onset used as the
primary optimization criterion. All experiments were
performed in triplicate to ensure reproducibility.

Lysis/binding times of 2.5, 5, 7.5, and 10 min were
evaluated while keeping the magnetic bead volume
(20 uL), washing time (15s), and elution time (5 min)
constant. As shown in Fig. 4a, increasing the lysis time
progressively advanced the amplification onset up to
7.5 min, indicating improved nucleic acid release and
binding efficiency. Further extension to 10 min did not
result in an earlier signal rise. Therefore, 7.5 min was
selected as the optimal lysis/binding time, balancing
extraction efficiency and total assay duration.

Magnetic bead volumes of 10, 20, 40, and 80 pL were
tested under the optimized lysis condition (7.5 min), with
washing and elution times fixed at 15s and 5min,

respectively. As illustrated in Fig. 4b, 10 uL of beads
resulted in delayed amplification onset and occasional
reaction failure, likely due to insufficient bead recovery and
transfer. In contrast, bead volumes of 20 uL. and above
produced similarly early amplification onsets, with no fur-
ther improvement observed at higher volumes. Accord-
ingly, 20 pL was selected as the optimal bead volume.
Washing times of 15, 30, 45, and 60 s were evaluated
using the optimized lysis time and bead volume, with a
fixed elution time of 5 min. As shown in Fig. 4c, variations
in washing duration did not noticeably affect the timing of
amplification onset, suggesting that ultrasonic agitation
ensured effective impurity removal even with a brief wash.
Consequently, a washing time of 15s was adopted.
Elution times of 1, 3, 5, and 7 min were investigated with
all other parameters set to their optimized values. As
shown in Fig. 4d, extending the elution time from 1 to
3min significantly advanced the amplification onset,
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reflecting more efficient nucleic acid release from the
beads. Longer elution times did not further accelerate
signal initiation. Therefore, 3 min was identified as the
optimal elution duration.

In conclusion, the optimized on-chip nucleic acid
extraction protocol consisted of 7.5 min lysis/binding,
20 uL. magnetic beads, 15s washing, and 3 min elution.
This configuration enables rapid amplification initiation
while maintaining robust compatibility with downstream
on-chip RPA, supporting sensitive and reliable multiplex
meat species detection.

Specificity and sensitivity validation

The analytical specificity and sensitivity of the Magtect
system were evaluated using quantified liquid homo-
genates (1 copy uL™") of sheep, pork, chicken, and duck as
model samples. For each chip run, a positive control
containing a mixture of all four target DNAs and a
negative control consisting of nuclease-free water were
included to verify assay reliability.

Specificity was assessed by preloading species-specific
RPA reagents into individual reaction chambers. Each
single-species homogenate was processed independently
on separate chips, with experiments performed in tripli-
cate. As shown in Fig. 5a—d, amplification signals were
exclusively observed in reaction chambers containing the

corresponding primer sets, with no detectable cross-
reactivity across non-target chambers. This absence of
cross-talk is ensured by the fully enclosed design of each
reaction chamber together with the spatial isolation
inherent to the chip architecture, which effectively sup-
presses both fluidic cross-contamination and optical sig-
nal leakage between adjacent chambers (Supplementary
Fig. S14). These results confirm the high primer specificity
as well as the effectiveness of the enclosed magnetofluidic
architecture in preventing cross-contamination.

Sensitivity was evaluated using serial tenfold dilutions of
each meat homogenate, ranging from 10 to 0.01 copies pL™,
with three replicates per concentration. As shown in Fig.
5e—h, the Magtect system consistently detected all four
target species down to 0.1 copy puL™, demonstrating uniform
and high analytical sensitivity across all reaction chambers.

Collectively, these results demonstrate that the Magtect
system delivers robust species specificity and high sensi-
tivity within a fully integrated magnetofluidic platform,
supporting its suitability for reliable, multiplex meat
authentication in POCT applications.

Validation with simulated meat adulteration samples

To assess the performance of the Magtect system under
realistic adulteration scenarios, simulated meat mixtures
were prepared by blending sheep meat with a common
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Fig. 5 . Specificity and sensitivity validation of the Magtect system. Specificity evaluation for a sheep, b pork, ¢ duck, and d chicken targets.
Amplification signals were observed exclusively in reaction chambers containing the corresponding species-specific primer sets when tested with
individual DNA samples, demonstrating high specificity without cross-reactivity. Sensitivity evaluation for e sheep, f pork, g duck, and h chicken

targets. Serial tenfold dilutions of meat homogenates (10 to 0.01 copies/uL) were tested. The system consistently detected each target down to 0.1
copies/L, as indicated by distinct amplification curves. All curves represent the mean values of triplicate experiments
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adulterant, duck meat. Homogeneous minced samples
were generated at defined weight/weight (w/w) ratios of
1%, 10%, 20%, and 50% using a mechanical grinder, cor-
responding to sheep-to-duck mass ratios of 9.9:0.1¢g, 9:1 g,
8:2 g, and 5:5 g, respectively (Supplementary Fig. S13). For
on-chip analysis, approximately 1 g of each blended sample
was introduced into the lysis zone of the Magtect chip.

All samples were analyzed in triplicate under optimized
assay conditions. As shown in Fig. 6a—d, the system
consistently detected both sheep- and duck-derived DNA
across the full range of adulteration levels tested. Distinct
amplification signals were observed in the corresponding
reaction chambers preloaded with sheep- and duck-
specific RPA reagents, respectively. Notably, reliable
detection was achieved even at the 1% adulteration level,
demonstrating sensitivity compatible with regulatory
requirements for identifying economically motivated meat
adulteration. These results confirm that the Magtect
system enables accurate and automated detection of low-
level meat adulteration within a fully integrated magne-
tofluidic workflow, highlighting its potential for practical
on-site food authenticity verification.

Conclusion
In this work, we present Magtect, a fully automated
magnetofluidic system designed for rapid, on-site

multiplex authentication of meat species. The system
achieves sensitive and specific identification of sheep,
pork, chicken, and duck DNA, with a detection limit of
0.1 copy/pL—corresponding to 1% adulteration—within
30 min. This performance meets practical requirements
for field-deployable meat authenticity testing and
demonstrates the feasibility of integrating complex
nucleic acid workflows into a compact, user-friendly
platform.

Compared with existing magnetofluidic approaches,
Magtect integrates all essential sample-to-answer opera-
tions within a single chip. Its central innovation is the
introduction of a centrifugally cast, temperature-
responsive wax barrier that physically separates the elu-
tion buffer from preloaded RPA reagents. This design
resolves a fundamental limitation of conventional pump-
free magnetofluidics, where the absence of active fluid
mixing typically requires direct elution of nucleic acids
together with magnetic beads into the amplification
mixture. By preventing magnetic beads from entering the
amplification phase, the wax barrier eliminates bead-
induced inhibition and enables robust integration of bead-
based extraction with sensitive RPA chemistry within a
static fluidic architecture. As a result, elution and ampli-
fication are effectively decoupled, substantially broad-
ening the assay compatibility of magnetofluidic systems
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for POCT. Moreover, the optimized low-temperature
melting protocol ensures rapid and well-controlled barrier
removal without compromising amplification efficiency,
further supporting reliable and fully automated multiplex
detection. The system-level design is further strengthened
by systematic optimization of ultrasonic and magnetic
field parameters, which establishes clear physical con-
straints for scalable chip design. Uniform bead resus-
pension enabled by ultrasound, followed by deterministic
bead partitioning under a spatially uniform magnetic field,
forms the basis for robust multiplex detection. These
design principles provide practical guidelines for adapting
the Magtect platform to different levels of multiplexing
and assay requirements. Beyond meat authentication, the
Magtect platform is inherently adaptable to a broad range
of nucleic acid testing applications that employ magnetic
bead—based extraction and isothermal amplification.
Consequently, other applications employing similar bio-
chemical strategies—such as multiplex clinical diagnostics
for respiratory or sexually transmitted pathogens, or
environmental monitoring of waterborne microorganisms
—can be accommodated with minimal system modifica-
tion. In most cases, adaptation primarily involves the
design of target-specific primers and probes, together with
optimization of the lysis buffer for the corresponding
sample matrix. One limitation is that applications invol-
ving extremely dilute samples may require additional
upstream concentration, as the fixed on-chip lysis volume
can constrain the achievable absolute sensitivity.

Despite these advantages, the current system has lim-
itations. The use of a wax barrier, while effective and
robust, introduces an additional fabrication step during
chip preparation. In addition, although Magtect supports
multiplex target detection within a single run, overall
throughput is currently limited to one sample per chip.
Scaling to higher multiplexing levels can be realized by
increasing ultrasonic power or adopting spatially dis-
tributed ultrasonic transducers to support bead dispersion
in larger chamber arrays, in combination with a greater
number of circumferential magnets. However, increasing
the number of reaction chambers inevitably divides a
finite bead population into smaller fractions, reducing the
nucleic acid input per chamber and potentially lowering
detection sensitivity. Practical system design, therefore,
requires a balance between multiplexing capacity and
analytical sensitivity. Additional strategies, such as
upstream pre-amplification or multicolor fluorescence
detection, may further extend multiplexing capability
without a proportional increase in cartridge footprint.

In conclusion, this study demonstrates a fully inte-
grated, automated magnetofluidic platform capable of
true “sample-in—result-out” detection for meat adultera-
tion. By introducing a simple yet robust wax-based phase
separation strategy, Magtect overcomes a long-standing
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bottleneck in magnetofluidic integration and improves
compatibility with sensitive amplification chemistries.
These advances position Magtect as a practical and scal-
able solution for on-site food authenticity monitoring and
broader molecular diagnostics.

Materials and methods
Reagents and materials

Reagents for magnetic bead-based nucleic acid
extraction, including lysis/binding buffer, washing buffer,
and magnetic beads, were obtained from Magen Bio-
technology (IVD5412, Guangzhou, China). RPA kits for
sheep (KM105), pork (KM106), chicken (KM101), and
duck (KM102) were purchased from XianDa Gene
Technology (Suzhou, China). Quantitative PCR (qPCR)
master mix was purchased from TransGen Biotech
(AQ711, Beijing, China). Primer and probe sequences
used for qPCR validation are listed in Table S1. Silicone
oil was purchased from Dow Corning (DC184, Michi-
gan). Wax with a melting point of approximately 40 °C
was custom manufactured by Hushi Laboratory Equip-
ment (Shanghai, China).

Design and fabrication of the Magtect chip

The Magtect chip was designed using SolidWorks
(Dassault Systémes) and fabricated from polycarbonate.
The chip dimensions were 72 mm x 25 mm x 14 mm
(length x width x height). The chip integrates four func-
tional zones: a lysis zone, a transfer zone, a washing zone,
and six circumferentially arranged reaction chambers
(Fig. 1b and Supplementary Fig. S1).

The lysis zone accommodates sample loading, tissue
lysis, and initial nucleic acid capture by magnetic beads.
A silicone oil—filled transfer zone connects the lysis and
washing zones, enabling bead transport while prevent-
ing liquid mixing. The washing zone contains an ultra-
sonically compatible cavity for bead resuspension and
impurity removal. Each reaction chamber is vertically
stratified, consisting (from bottom to top) of preloaded
RPA reagents, a solidified wax barrier, an elution buffer
layer, and a silicone oil overlayer. The wax barrier
physically separates elution and amplification reagents
and enables controlled mixing upon heating. Wax bar-
riers were formed by dispensing molten wax into the
reaction chambers, followed by centrifugation at
3000 rpm for 5 min using a benchtop centrifuge (L530R,
Cence Laboratory Instrument Development, Changsha,
China). After solidification, the silicone oil layer isolated
the reaction chambers from the washing zone, mini-
mizing evaporation and cross-contamination. The chip
was sealed with a laser-cut polymethyl methacrylate
(PMMA) lid using double-sided adhesive tape (9472LE,
3M, Minnesota). Reagent inlets were sealed with
pressure-sensitive adhesive (9795R, 3M, Minnesota).
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Four mechanical slots enabled secure mounting in the
automated analyzer.

Portable analyzer and mobile application

The portable analyzer (250 x 170 x 171 mm®) integrates
motion control, magnetic manipulation, thermal regula-
tion, optical detection, and system control modules (Fig.
lc—d). Chip positioning was controlled by two ortho-
gonally arranged stepper motors (T20L, UMot Technol-
ogy, Chonggqing, China) with photoelectric sensors (PM-
L25, Panasonic, Osaka, Japan) providing positional feed-
back. Magnetic bead manipulation employed a stationary
magnet (N52D8x10, Dongyang Yixin Magnetic, Jinhua,
China) for bead capture and transfer, an ultrasonic
transducer (Hainertec, China) for bead dispersion, and an
annular magnet array composed of individual magnets
(each 5mm in diameter) for bead redistribution into
multiple clusters. Temperature control was achieved
using a polyimide heating film coupled to an aluminum
heating block with silicone thermal adhesive. A PT1000
thermistor provided real-time temperature feedback
(Supplementary Fig. S2). Optical detection was performed
using a six-channel fluorescence module, each channel
comprising an LED excitation source, optical filters, len-
ses, and a silicon photodetector. Fluorescence uniformity
across channels was validated experimentally (Supple-
mentary Fig. S3). System operation was managed by a
microcontroller (STM32F103CBT6) on a custom PCB.
An onboard OLED display and Bluetooth module enabled
user interaction and wireless communication with a cus-
tom Android application. The mobile application sup-
ported assay setup, real-time monitoring of amplification
curves, automated result interpretation, and data storage
(Supplementary Fig. S4).

Chip assembly

Chip assembly followed the workflow shown in Sup-
plementary Fig. S5. First, 30 uL of species-specific RPA
reagents was dispensed into each reaction chamber, fol-
lowed by 7 puL of molten wax (48 °C). The chip was cen-
trifuged at 3000 rpm for 5min to form a uniform wax
barrier. After solidification, 20 pL of elution buffer and
20 uL of silicone oil were sequentially added above the
wax layer. The chip was then sealed with the PMMA lid.
Washing buffer (1 mL) was loaded into the washing zone,
and silicone oil was injected into the transfer zone. Finally,
500 pL of lysis buffer, 20 uL of magnetic beads, 20 pL of
proteinase K, and the meat sample were added to the lysis
zone. After sealing, the assembled chip was inverted and
mounted in the analyzer for automated operation.

Benchtop nucleic acid extraction and reference assays
For comparison, nucleic acids were extracted manually
using a standard magnetic bead protocol. Meat samples
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(up to 1000 mg or 1000 pL. homogenate) were mixed with
lysis buffer, magnetic beads, and proteinase K, incubated
for 5-10 min, washed repeatedly, and eluted in 30 pL of
elution buffer. qPCR was performed in 20 uL reactions
using PerfectStart® II Probe qPCR SuperMix, with
cycling conditions of 94 °C for 30 s followed by 40 cycles
of 94°C for 5s and 60°C for 30s. RPA reactions were
performed at 40°C for 20 min, with fluorescence mon-
itored using a real-time PCR instrument (Beijing Biowe
Technology, Beijing, China).

Sample preparation

Fresh sheep, pork, chicken, and duck meat samples were
purchased from a certified supermarket. Species purity was
confirmed by qPCR following genomic DNA extraction.
Liquid homogenates were prepared by mechanical homo-
genization in phosphate-buffered saline, followed by debris
removal. The DNA concentration in each homogenate was
precisely quantified using a digital PCR system (Target-
One, Beijing, China). These quantified homogenates were
used for all optimization and sensitivity validation experi-
ments. For simulated adulteration studies, sheep meat was
mixed with duck meat at defined weight ratios using a
mechanical grinder. Mixed samples were processed fol-
lowing the same extraction and analysis procedures.
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