Sensors & Actuators: B. Chemical 464 (2026) 140134

Contents lists available at ScienceDirect

SENSORS ana -

Sensors and Actuators: B. Chemical ACTUATORS -

journal homepage: www.elsevier.com/locate/snb

ELSEVIER

L))

Check for

Discrimination for fifteen genotypes of human papillomavirus (HPV) via | e
multiplexed qPCR in a portable and automated device

a,* a,d,e,**

Jingyang Zhao *”', Yingjun Xiao “', Jiajun Li?, Chao Liang , Hanqing Jiang
@ School of Engineering, Westlake University, Hangzhou, Zhejiang 310030, China

Y School of Materials Science and Engineering, Zhejiang University, Hangzhou, Zhejiang 310027, China

¢ The Third Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, Zhejiang 310009, China

d Research Center for Industries of the Future, Westlake University, Hangzhou, Zhejiang 310030, China

€ Westlake Institute for Advanced Study, Hangzhou, Zhejiang 310024, China

ARTICLE INFO ABSTRACT

Keywords:

HPV screening

Point-of-Care testing

Multiplexed qPCR

Rigid-flexible pneumatic switching

Screening for human papillomavirus (HPV) genotypes is crucial for cervical cancer prevention and has gained
widespread attention. However, a comprehensive discrimination of all the high-risk HPV (hr-HPV) is still limited
to centralized facilities, where testing is time-consuming, costly, and only performed by trained specialists.
Although many point-of-care testing (POCT) platforms have been developed, they currently monitor only a
limited number of hr-HPV genotypes (mainly HPV16 and HPV18) and suffer from poor detection accuracy. Here,
we report a portable and automated POCT platform that is capable of simultaneously identifying fifteen geno-
types of HPV, including all fourteen hr-HPV genotypes and one type of possibly high-risk HPV (phr-HPV). The
platform features a rigid-flexible pneumatic switching (RFPS) technology, which can automatically perform
omnidirectional dispensing, on-demand releasing, vortex mixing, and long-term storage of multiple reagents in a
palm-sized cartridge. A compact benchtop device, about the size of a shoebox, with a movable fluorescence
detection module, has been developed for 4 x 4 quantitative real-time polymerase chain reaction (qQPCR). By
using the platform, we achieved a limit of detection (LOD) of 3~50 copies/pL for all fifteen HPV subtypes.
Validated by 53 clinical samples, the platform successfully delivered “sample-in-answer-out” performance in one
hour, demonstrating good concordance with a gold standard analyzer (Pearson coefficients = 0.94), with 96.4%
sensitivity and 96% specificity. This platform not only advances HPV screening but also expands a range of POCT
technologies with strong potential for commercialization.

HPV (phr-HPV). Although the hr-HPV subtypes of HPV 16 and 18 ac-
count for over 70% of all cervical cancers in the United States [9], only

1. Introduction

Cervical cancer ranks as the fourth most common cancer among
women, with an estimated 600,000 new cases and more than 300,000
deaths each year, accounting for 7% of all female cancer cases world-
wide [1]. Almost all of the cervical cancer cases (more than 95%) can be
attributed to the infection of human papillomavirus (HPV) [2,3]. HPV
belongs to a large papillomavirus family with more than 200 genotypes,
which includes 14 types of high-risk HPV (hr-HPV) that can cause cer-
vical lesions [4] and low-risk HPV (Ir-HPV) that are merely associated
with genital warts [5]. Recent studies have shown that a single infection
of some HPV (especially HPV 73) with high viral loads can also lead to
cervical cancer [6-8]. Such types are categorized as possibly high-risk
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HPV 16 and 18 results are not enough for cervical cancer screening since
the other hr-HPV and phr-HPV infections can cause different cervical
cancer distributions in other countries and may vary at different periods
within the same region [10]. Therefore, a comprehensive screening of
all the hr-HPV and some phr-HPV (such as HPV 73) is crucial for the
prevention of progression from treatable HPV infection to severe cer-
vical cancer.

Various methods have been developed for HPV screening, including
Papanicolaou (Pap) test [11], lateral flow assays (LFA) [12,13],
isothermal amplification techniques [14-16], reverse dot blots [17], and
CRISPR-Cas-based analysis methods [18-20]. However, in terms of
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precision and robustness, these methods still cannot fully replace
quantitative real-time polymerase chain reaction (QPCR), which is the
most commonly used method and regarded as the clinical “gold stan-
dard” [21,22]. However, qPCR comes with challenges: it requires a
bulky robot arm to transport reagents between different reaction steps,
multiple fluorescence detection modules for multiplexed signal emission
and reading, and trained specialists to pre-load reagents, operate, and
maintain the complex instrument, making it restricted to centralized
facilities. In fact, 56% of women in low- and middle-income countries
(LMICs) have never been screened for cervical cancer during their life-
time [23]. Decentralized point-of-care testing (POCT) is critical for
effective cervical cancer prevention, especially in LMICs, since it is
capable of early and immediate treatment of HPV infection at the pa-
tient’s site.

According to the World Health Organization (WHO), an ideal POCT
should be ASSUATED: Affordable, Sensitive, Specific, User-friendly,
Rapid and robust, Equipment-free, and Deliverable to end users [24].
To meet these criteria, a multiplexed POCT device needs to handle
several functions: omnidirectional dispensing (to manage multiple re-
agents operation without manual intervention), on-demand releasing
(to proportionally control reagent flow for accurate testing results),
long-term storage (to avoid reagents pre-loading), and a simple design
(to ensure cost-effectiveness and robustness). However, most current
POCT approaches cannot simultaneously satisfy all these features
[25-27]. As a result, they often detect only a limited range of HPV
subtypes (mostly HPV 16 and 18) with poor detection accuracy. For
example, the capillary-driven [28,29] and gravity-driven [30,31] POCT
devices only perform one-directional reagent transportation, limiting
their application to multiple reagents operations. CD-like microfluidic
devices [32-35] actuated by centrifugal forces suffer from their
complicated siphon networks, and the inertia force generated by the
high-speed motor may result in unintended flow behavior, thereby
decreasing their operational accuracy. The precision and repeatability of
finger-actuated POCT devices [36-38] could be compromised by slight
variations in the activities of different users. Pneumatic POCT devices
[39-42] exhibit fast, precise, and versatile capabilities for multiple re-
agent handling; however, several separate pneumatic channels must be
applied to adjust each pneumatic valve, increasing system complexity
and compromising its robustness. More importantly, none of the POCT
technologies mentioned above exhibit long-term reagent storage capa-
bility, as the reagents must be manually added to the chamber by
end-users before application.

Here, we present a portable and automated platform for discrimi-
nation of fifteen HPV variants (including all fourteen types of hr-HPV
and one type of phr-HPV) via multiplexed qPCR. The platform com-
prises a parm-sized cartridge and a benchtop device. The cartridge
features a rigid-flexible pneumatic switching (RFPS) technology, which
is capable of self-regulated the applied pressure without the need of
extra pneumatic adjusting channels, automatically performing omnidi-
rectional dispensing, on-demanding releasing, vortex mixing and long-
term storage of multiple reagents (Fig. 1A). The benchtop device sim-
plifies multiple fluorescence detection modules to a single movable
module for 4 x 4 qPCR (Fig. 1B), significantly reducing both cost (see
Supplementary Table 1) and overall size (comparable to a shoebox).
With this platform, a limit of detection (LOD) of 3-50 copies/pL for all
fifteen HPV subtypes can be achieved. Validated by 53 clinical samples,
the platform achieved “sample-in-answer-out” performance in one hour,
demonstrating good concordance with a gold standard analyzer (Pear-
son coefficients = 0.94), along with 96.4% sensitivity and 96% speci-
ficity. Compared with existing POCT technologies (Table 1), our
platform offers the most comprehensive HPV screening (Fig. 1C) with
clinically applicable accuracy (Figs. 1D and 1E). Although our platform
still need a portable device to achieve multiplexed readouts, compared
with the commercial POCT platform (such as GeneXpert Xpress), it
shows advantages in terms of multiplexed detection capability, afford-
ability and portability, which demonstrates strong potential to improve
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accessibility and effectiveness of HPV screening, particularly in LMICs.
2. Experimental section
2.1. Materials and reagents

DNA extraction reagents of HPV, including beads, wash, and elution
buffer, were purchased from Wuxi Donglin Sci & Tech Development Co.,
Ltd. Primers, probes, Taq polymerase, and the amplification basis for the
14 high-risk HPV and 1 phr-HPV discrimination were provided by
Liferiver Bio-Tech Corp. Standard samples with known concentrations
and Tris-EDTA buffer solution for calibration were purchased from also
Liferiver Bio-Tech Corp. Paraffin oils applied for sealing the waste
chamber and amplification tubes were purchased from Sinopharm
Chemical Reagent Co., Ltd. All reagents were prepared and stored ac-
cording to the manufacturer's specifications to ensure optimal perfor-
mance during the PCR and sequencing steps. TPU film was purchased
from Xinrui (China), adhesives 9731 from 3 M (USA), and the 3D-print-
ing material polylactic acid (PLA) from Raise3D (China).

2.2. Design and fabrication of the RFPS cartridge

Cartridge substrate and cover were designed by using AutoCAD 2023
and Solidworks 2019. The RFPS consists of a block on the substrate, an
elastic film, and a lever connected to the cover via a hinge, resulting in
an interference fit when assembled. Y-shaped clip structures are used in
the cover layer to assemble the RFPS. The Y-shape clip has a clearance
between two legs. When the clip is pushed into the groove, the two legs
bend slightly and then recover to its original state as it comes through
the groove and tightly binds the cover and the substrate. The detailed
dimension information is provided in Supplementary Figure S1. The
cartridge was fabricated through an Ender 3 Pro 3D printer (Shenzhen
Creality 3D Technology Co. Ltd.). After printing, the surface of the
substrate layer was polished using 800-grit sandpapers (3 M, 407Q),
reducing surface roughness from about 24 pm to below 0.1 pm. The
surface roughness is measured using a surface profilometer (KLA-Ten-
cor, USA) and the results are provided in Supplementary Figure S2.
Double-sided adhesive films were cut using a Silhouette Cameo 2 cutter
(Silhouette America, Inc.). The TPU film was bonded to the substrate
layer using the adhesives by hot pressing at 45 °C for 10 min. Finally, the
cover was applied to the substrate layer through the mechanical clam-
per. Photos of the cartridge components are provided in Supplementary
Figure S3.

2.3. Flow behavior test for the RFPS cartridge

Images of omnidirectional dispensing and on-demand performances
were captured using a high-speed camera (Revealer NEO 25 with a
frame rate of 16000fps). An air compressor was used to generate the air
pressure, and several digital precision pressure regulators were used to
adjust the pressure value. The flow behavior testing process is as follows.
A given amount of liquid was injected into the testing device, and a high-
speed camera was used to record the flow behavior. Still images were
then extracted from the flow behavior video at fixed time points, and the
remaining area was calculated using Image-Pro Plus software. The
computed area was then multiplied by the chamber depth to determine
the volume. Details on the flow behavior testing system can be found in
Supplementary Figure S4.

The vortex mixing tests were performed as follows. A 250 pL testing
liquid deionized (DI) water, ethanol, and glycerol) with 50 pL
microbeads was injected into a cartridge. Mixing performance was
recorded with a high-speed camera at 0.1 s intervals under a pressure of
4 kPa. Pixel information during mixing was extracted from these images
using Photoshop CS6, and the mixing efficiency M was calculated ac-
cording to the following equation (43).
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Fig. 1. Overview of the multiplexed POCT platform for HPV identification. (A) Images of a cartridge with rigid-flexible pneumatic switches (RFPS), which enables
omnidirectional dispensing, on-demand releasing, and long-term storage of reagents. (B) Schematic diagram of a portable and automated device, which is capable of
conducting 4 x 4 multiplexed qPCR testing with a single movable PCR testing unit. (C) Schematic diagram of the multiplexed qPCR testing in four tubes for 15 HPV
genotypes. (D) and (E) Testing results for 15 HPV genotypes using the POCT platform.
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Table 1
Comparison of current methods for point-of-care testing of HPV.
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This work Cai et al. (2024) [19] Zhao et al. (2021) [15] Xu et al. (2025) [18] Xu et al. (2022) [20] Seely et al. (2023)
[13]
HPV genotypes 15 types 2 types 5 types 2 types 9 types 14 types
Reaction qPCR CRISPR LAMP CRISPR CRISPR LAMP
methods
Limit of 3-50 copies/uL 107%™ 10° copies/pL 107%™ 26x107°M 10 copies/ reaction
detection
Sensitivity 96.4% 100% 91.7% 95.6% 97.8% 93%
Specificity 96% 95.8% 100% 100% 98.1% 73%
Sample No Yes No Yes Yes Yes
pre-treatment (on-chip auto (manual pre- (on-chip auto (manual pre- (manual pre- (manual pre-
purification) treatment) purification) treatment) treatment) treatment)
Turn-out time 63 min 30 min 40 min 50 min 40 min 30 min

where N is the total number of sample pixel points, ¢; and ¢ are the
normalized concentration and expected normalized concentration,
respectively. Mixing efficiency ranges from 0 (0%, not mixing) to 1
(100%, full mixed).

For the long-term storage tests, the reagent storage chambers of the
cartridge were filled with the DNA extraction reagents, and the reagent
loading ports were sealed with a cover. The cartridges were then stored
at 25°C and 45 °C, respectively. Their weight was measured and
recorded every seven days. Three independent experiments were con-
ducted with the data shown as =+ s.d.

2.4. Preparation of clinical sample testing

The collection and use of cervical swab samples were approved by
the ethics committee of the Third Affiliated Hospital of Zhejiang Chinese
Medical University (No. ZSLL-ZN-024-028-01) and Westlake University
(No. 20241101JHQO001). The participants are all volunteered to be
tested with no compensation. After the cervical swab samples were
collected, each was labeled with a unique identifier and immediately
placed in a 2 mL preservative solution to maintain the integrity of the
nucleic acids and prevent degradation. The samples were stored at
—40°C for conventional qPCR and RFPS-POCT platform procedures.

2.5. Conventional qPCR procedures for comparison experiments

The DNA extraction and amplification reagents were prepared as
follows. First, 6 pL of AcrylCarrier and 20 pL of magnetic microbeads
were added to 500 pL of bonding buffer solution, which was then shaken
to yield a 526 pL microbead solution. Next, 21 mL of ethanol was added
to washing solutions A and W, which were then shaken. After shaking,
washing solutions A and W were obtained, respectively. Finally, 36 pL of
HPV nucleic acid fluorescence PCR testing mixture was combined with
0.4 uL of Tag enzyme, shaken, and centrifuged for several seconds,
producing the amplification reagents for multiplexed qPCR.

526 pL microbead solution was pipetted into a 1.5 mL centrifuge
tube, where a 200 pL sample was added. The tube was then manually
shaken up and down 10 times. The 726 pL mixture was transferred to the
affinity column, where it was centrifuged for 60 s at a rotation speed of
13,000 rpm. The waste solution was then abandoned. 500 pL of washing
solution A was added to the affinity column, and centrifugation was
performed for 40 s at a rotation speed of 13,000 rpm. The waste solution
was subsequently discarded. This washing process was repeated twice.
500 pL of washing solution W was added to the affinity column, fol-
lowed by centrifugation for 15 s at a rotation speed of 13,000 rpm. The
waste solution was then discarded. This washing process was also
repeated twice. A 200 pL elution solution was added to the affinity
column, followed by centrifugation for 2 min at a rotation speed of

13,000 rpm. The elution solution was added to 36 pL of amplification
solution in the PCR tube, which was then placed in a real-time PCR
testing equipment (SLAN-96P) to perform the qPCR process. The qPCR
temperature profile can be found in Fig. 1B. The entire testing process
took approximately 150 min (DNA extraction was 30 min, and qPCR
testing was 120 min).

2.6. RFPS-POCT platform configuration

A total of 526 pL of microbeads solution, 1000 pL of washing A so-
lution, 1000 pL of washing W solution, 200 pL of elution solution, and
700 pL of paraffin oils were pre-loaded into the lysis chamber, washing1
chamber, washing2 chamber, elution chamber, and paraffin chamber of
the cartridge, respectively. Then, the reagent loading ports were sealed
with a cover, allowing the cartridge to be stored long-term and readily
delivered to end-users. Upon receiving the cartridge, users only need to
add 200 pL of sample to the lysis chamber and insert the cartridge into
the detection device, where the DNA extraction and PCR procedures are
pre-programmed (Supplementary Figure S5). After about 60 min, the
testing results can be obtained.

3. Results and discussion
3.1. Multiplexed qPCR for fifteen types of HPV variants

The design of forward and reverse primers, as well as probes, is
crucial for achieving high specificity and sensitivity in multiplexed gPCR
assays. The primers were designed to target conserved regions, specif-
ically the L1 open reading frame of the HPV genome, which is highly
conserved across different HPV types (Figs. 2A and 2B). The length of
the primers ranges from 25 to 30 nucleotides, with optimized melting
temperature (Tp,) between 55 °C and 68 °C to ensure efficient annealing.
The guanine-cytosine (G-C) content of the primers is typically between
40% and 60%, which balances stability and specificity, thereby avoiding
secondary structures and self-complementarity. The probes are designed
to be complementary to the region within the amplified sequences, in
HPV variant L1 regions between 6500 and 6800 (Fig. 2C). Probes are
labeled with fluorescent dyes, FAM, VIC, Texas Red, and Cy 5, and a
quencher molecule to enable the detection of the amplified DNA at 62
°C. The probe designs are validated to prevent potential secondary
structures and to ensure that it does not form dimers with the primers.
Taq polymerase, MgCly, dNTPs, and other necessary components are
added to the reagent to create a proper salt environment and provide the
required material for amplification. In the 4 x 4 multiplex system, each
genotype was detected using the same set of four primers, comprising
two forward and two reverse, as a redundant design to enhance ampli-
fication robustness. The allocation of genotypes among the four tubes
was optimized to separate the most locally similar targets across
different reactions, for example, shared target-region motifs between
HPV56/66, HPV16/52, HPV52/33, and HPV59/35. This design helped
minimize cross-reactivity and maintain clear signal discrimination. By
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Fig. 2. Identification of HPV types by multiplexed qPCR. (A) Sequences of original HPV and amplification primers. (B) Schematic diagram of target sites in HPV DNA
and primer pairs designed for multiplex gPCR. (C) Sequences of DNA probes in HPV panel. (D) Limit of detection (LOD) of 15 types of HPV. (E) HPV 18 and HPV 15
genotypes identification in all the 15 types of HPV from 4000000 copies/pL to 400 copies/pL.
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using the multiplexed qPCR strategy, the limit of detection (LOD) for all
fifteen HPV genotypes was below 50 copies/pL, among which HPV 31
achieved the lowest LOD of 3.3 copies/pL and HPV 66 exhibited the
highest LOD of 47.9 copies/pL (Fig. 2D). Fig. 2E clearly demonstrated
the capability in viral discrimination, where HPV 18 and HPV 51 can be
successfully identified among the fifteen types of HPV genotypes with
their concentration even decreasing to 4 copies/pL.

3.2. Characterization of the RFPS cartridge

Fig. 3A shows the dimensions of the RFPS cartridge (Length =
125.5 mm, Width = 96.5 mm, and Thickness = 8 mm), which comprises
four layers: substrate layer, adhesive layer, elastic film, and cover
(Fig. 3B). Fig. 3C demonstrates the chamber arrangement in the RFPS
cartridge, including the reagent storage chambers, pushing channel,
mixing channel, reaction chamber, waste chamber, and amplification
tubes. The paraffin oil, elution reagent, lysis solution, washing A solu-
tion, and washing W solution were pre-added and stored in the respec-
tive reagent storage chambers. When the users received the cartridge,
they only needed to remove the sealing cover, add the sample, insert it
into the benchtop device, and wait for the test results. Several RFPSs are
arranged at the inlet/outlet to the reaction chamber (red circle in
Fig. 3C), which enables omnidirectional dispensing, on-demand
releasing, vortex mixing, and long-term storage of multiple reagents.

Fig. 3D illustrates the mechanism of RFPS. In the absence of pneu-
matic pressure, the hinge bends due to the interference fit, and the lever
applies a sealing force Fg’ that presses the elastic film against the block,
keeping the liquid sealed in the chamber (sealed state). When the
pressure is applied to the chamber, the elastic film expands outward
through the cover layer and pushes the lever upward. Once the pressure
exceeds the critical pressure P, the interference fit is overcome, a gap
opens at the end of the lever, and the reagent in the chamber flows into
the next chamber. Based on the simple lever principle, it can be seen that
as the length of the lever increases (lever width = 3 mm, lever thickness
= 2 mm), the critical pressure decreases. Experimentally, the critical
pressure was 38.3 + 2.1 kPa for a lever length of 16 mm, and dropped to
18.1 + 2.8 kPa when the lever length was increased to 58 mm (three
independent experiments, data shown as + s.d.). We tested the in-
fluences of lever thickness and width on the critical pressure and the
results are provided in Supplementary Figure S6. It can be seen that the
critical pressure was about 30 kPa when the lever thickness was 1 mm
(lever length = 40 mm, lever width = 2 mm). As the lever thickness
increased from 2 mm to 4 mm, the critical pressure was almost the same
(decreasing to about 23 kPa). As the lever width varied from 1 mm to
2 mm (lever length = 40 mm, lever thickness = 2 mm), the critical
pressure was also remaining the same. It can be observed an obvious
deformation of the lever when its thickness was 1 mm and thus it needs a
larger force to push the lever up for reaching the critical pressure. When
the stiffness of the lever was sufficient (thickness more than 2 mm), no
lever deformation was observed and the relationship between lever
dimension and critical pressure follows the lever principle, where the
lever balance only depends on the lever length and the force exerted on
the lever. The green star in Fig. 3D shows the length of actual lever
(37 mm) and the critical pressure (23 kPa) used in the cartridge. It can
be seen that the actual lever data fit the curve quite well, which means
the curve can provide an important basis for the design of cartridge. It is
important to note that the RFPS is capable of self-regulating the critical
pressure by adjusting the length of the lever, making it readily achiev-
able to transport the selective reagent to different chambers. Compared
to current pneumatic POCT devices, the RFPS-POCT device does not
require additional pneumatic channels to control the open/close state of
the pneumatic valves, thereby dramatically reducing its complexity and
enhancing its robustness.

Fig. 3E exhibits the selective transportation performance of the RFPS
cartridge. When pressure P1 (P1 < PC) was applied to the reaction
chamber through the pushing channel, the block of the RFPS prevented
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reagents from entering the amplification tubes, but instead directed
them into the waste chamber. When both P; and Py (P; + P2>P¢) were
simultaneously applied, the lever of the RFPS was lifted and the reagents
flowed into the amplification chamber. In this way, the flow behavior
can be readily switched between different chambers. It should be noted
that when pressure was removed, the flow can be immediately stopped,
due to the quick elastic recovery of the hinge, which pushes the lever
back to the block and thus seals the chamber. As shown in Fig. 3F and
Movie S1, when pressure was released every 2 s, flow stopped imme-
diately at each cycle, demonstrating the cartridge’s on-demand releasing
capability.

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2026.140134.

When the pressure is applied to the bottom of reaction chamber
through mixing channel, the air bubble can generate an efficient vortex
mixing. Tests were performed with liquids of different viscosities and
surface tensions. As shown in Fig. 3G, ethanol (viscosity of 1.2 mPa:-s,
surface tension of 22.3 mN/m) and DI water (viscosity of 1.0 mPa:-s,
surface tension of 72.8 mN/m) reached complete mixing in about 4 s
under 4 kPa. For glycerol (viscosity of 1500 mPa-s, surface tension of
63.3 mN/m), it took 22 s to complete thorough mixing at a pressure of 4
kPa, but only 9 s when the pressure was increased to 10 kPa. Vortex
mixing video is provided in Movie S2. The current microfluidic mixing
technologies mostly rely on two strategies: one is the continuous flow of
the fluid to be mixed through serpentine microchannel [43] or obstacles
[44], and the other one is entire liquid volume to be mixed by shaking
[45] or reciprocation [46]. However, the Euler force in these mixing
technologies may not be strong enough to cause a sloshing of the liquids
and the internal fluid flows are not strong enough to cause rigorous
mixing of the two fluid phases, resulting in a low mixing efficiency
especially for the liquid with high viscosity [47]. In our method, the air
bubbles are inserted from the bottom of the reaction chamber and rise
due to buoyancy force, thereby inducing a robust drag flow and mixing
of the entire fluids. And the rupture of the air bubbles will occur leading
to vigorous turbulence mixing. Therefore, the RFPS cartridge demon-
strated higher efficiency (full mixing within several seconds), simplicity
(only need a pneumatic channel at the bottom of the reaction chamber),
and broader applicability across different liquids (even viscosity as high
as 1500 mPa-s).

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2026.140134.

Fig. 3 H showed the long-term storage performance of the cartridge.
After 84 days, reagents weight decreased by only 1.2% at 25 °C and
3.6% at 45 °C. Before the elution step, it is necessary to perform a drying
step since the residual ethanol from the washing steps can strongly
inhibit the activity of DNA polymerase and other enzymes, resulting in
PCR amplification failure or low yield. Common drying methods, such as
low-temperature heating and high-speed centrifugation, are time-
consuming (usually several minutes) and need extra equipment (heat-
er and centrifuge). In the RFPS cartridge, the drying step was performed
by introducing air pressure to the bottom of the reaction chamber.
Fig. 3I exhibits the relationship between drying time and Ct value with
the air pressure of 30 kPa. It can be seen that there were no Ct values
when no drying step and drying time of 5 s were applied. As the drying
time varied from 10 s to 20 s, the Ct values decreased from 37 to 28 and
the Ct values almost remained the same when the drying time increased
to 25 s. The A260/A230 tests were also performed using UV-Vis Spec-
trophotometer (Thermo Scientific NanoDrop), where A260 is the
absorbance peak of DNA/RNA and A230 is the absorbance peak of im-
purities such as organic solvents. It can be seen that the A260/A230
value with the drying time of 20 s was 2.1 which was within the normal
range of 1.8-2.2. The A260/A230 value was 1.3 without the drying
process, indicating some pollutants (such as ethanol in the washing so-
lutions) remaining in the chamber and disturbing the amplification
reaction.
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3.3. Performance of the benchtop device

Fig. 4A showed the internal structure of the benchtop device. The
device consists of a pneumatic module, a heating/cooling module, and a
pneumatic

fluorescence module. The module includes an

Sensors and Actuators: B. Chemical 464 (2026) 140134

electromagnetic switch to control pneumatic pressure open/close state,
an electromagnet to capture the microbeads in the reaction chamber,
and an air pump to generate the required pressure. The heating/cooling
module is composed of a Peltier heating plate, a temperature sensor, an
aluminum heat sink, and a fan. The heating area is specifically designed
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to fit the shape of the amplification tube, ensuring precise and uniform
heating. To facilitate fluorescence detection, small openings were cut
out on both sides of the module. The fluorescence detection module
contains a light-gathering lens, filters, LED light sources, a dichroic
mirror, and photodiode (PD) signal acquisition modules (Fig. 4B). A
front-mounted lens focuses the light to enhance fluorescence intensity.
The whole fluorescence detection module is mounted on a linear guide,
which stops at an amplification tube to conduct four multiplexed fluo-
rescence detection and moves to the next tube, continuing until all four
tubes are measured.

From the results of standard fluorescent dyes with gradient dilution
(Fig. 4C), it is evident that each channel displays strong linearity, with a
linear range of > 0.99, indicating the module’s capability to accurately
detect and quantify fluorescence signals, providing a robust platform for
qPCR applications. Fig. 4D showed the temperature variation in one of
the amplification tubes. It can be observed that the temperature changes
remained stable and efficient over 40 thermal cycles. After hardware
validation, the signal processing algorithm was optimized to ensure that
the Ct values and their distributions from the RFPS-POCT platform were
consistent with those from the commercialized Slan 96 Instrument
(Fig. 4D).

3.4. “Sample-in-answer-out” process for HPV variants identification

Fig. 5A showed the reagent operation processes for qPCR using the
RFPS-POCT platform. The DNA extraction steps are as follows: (a) Lysis
step: A 200 pL sample was pipetted into the lysis chamber and released
into the reaction chamber together with the lysis solution under pressure
P; (= 23 kPa). Air pressure P, (= 2.5 kPa) was applied through mixing
channel at the bottom of the chamber, achieving a full mixing in about
4 s. An electromagnet was used to extract the microbeads, followed by a
pressure P3 (= 3.5 kPa) through pushing channel to transfer the reagents
to the waste chamber. (b) Washing step 1: Washing solution A from
washingl chamber was released to the reaction chamber using pressure
P;. Vortex mixing process was then performed, and the solution was
transferred to the waste chamber, with the microbeads extracted in the
reaction chamber by the electromagnet. (c) Washing step 2 is similar to
washing step 1. It should be noted that each step for washing 1 and 2 was
performed two times. (d) Drying step: a pressure of 35 kPa was applied
to the microbeads in the reaction chamber through mixing channel for
20 s. It can be clearly observed that there were washing solution residual
remaining in the microbeads without drying. (e) Elution step: The
elution reagent was injected and mixed in the same way as in previous
steps. Since the elution reagent was transferred to the amplification
tubes, both P4 and P5 (= 35 kPa) were applied at the same time to reach
the critical pressure of the lever and seal the amplification tubes. Thus,
all the elution reagents were equally distributed to the four amplifica-
tion tubes for eliciting a multiplex PCR reaction. (f) Paraffin oil sealing
step: a pressure of 30 kPa was applied for releasing the paraffin oil to the
reaction chamber. It should be noted that the pressure of 30 kPa is
higher than the pressure applied in other chambers (23 kPa), due to the
high viscosity of paraffin oil. Then P4 from pushing channel and Py from
mixing channel (= 40 kPa) were applied simultaneously to transfer the
paraffin oil to amplification tubes. Finally, a pressure of 4.5 kPa was
applied from the pushing channel to direct the remaining paraffin oil in
the reaction chamber to the waste chamber. The paraffin oil sealing step
is critical for preventing the evaporation of reagents in amplification
tubes and waste chamber during thermal cycles. The detailed informa-
tion for reagents volume and operation time is provided in Fig. 5B. The
whole reagents operation video is provided in Movie S3. After the re-
agent operation processes, the thermal cycling (thermal profile are
provided in Fig. 4D) and fluorescence detection are automatically per-
formed by the benchtop device.

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2026.140134.
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3.5. Clinical validation of the POCT platform

To evaluate RFPS-POCT’s clinical applicability, we tested 53 cervical
swab samples from volunteers. Each patient sample was split into two
aliquots: one aliquot was processed using the RFPS-POCT and the other
with a benchtop PCR system (SLAN-96P, China) (Fig. 6A). The standard
gqPCR procedure involves manually reagent transferring, centrifugal
mixing and drying steps, which takes about 30 min. Thanks to the
automatic pneumatic microfluidic manipulation and efficient bubble
mixing, the RFPS cartridge only takes less than 3 min to complete the
purification procedure (Fig. 5B). On the other hand, due to the fast
heating/cooling strategy used in the fluorescence detection device, the
heating and cooling time takes about 12 s and 26 s, respectively, making
the whole qPCR procedure about 60 min (Fig. 4D) and it is much faster
than that of the commercial fluorescence detection equipment (about
120 min) we used in the experiments. Both assays used the same puri-
fication and testing reagents. Fig. 6B shows the results from RFPS-POCT
and conventional qPCR. We compared fluorescence intensity, where a
good concordance between these two methods was observed with the
Pearson coefficient (r) values of 0.94. As independent analytical mea-
sures, the fluorescence intensity (FL) distribution is provided for both
positive and negative samples (Fig. 6C). The FL values were significantly
higher in patients with HPV than those in negative groups (Fig. 6D). HPV
18 genotypes (n = 13) prevailed in the 53 samples and HPV 66/68
accounted for only one case in the tested samples. Some patients were
infected by more than one types of HPV, for example, No. 39 patient was
infected by both HPV 18 and HPV 51. One case of false negative for HPV
18 and one case of false positive for HPV 45 were observed, achieving a
sensitivity of 96.4% and a specificity of 96% (Figs. 6E and 6F). Receiver
operating characteristic (ROC) curves were further constructed for IBV.
We found the diagnostic accuracy was excellent, with an area under the
curve of 0.998 (Fig. 6G). The video of the “sample-in-answer-out” per-
formance is provided in Movie S4.

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2026.140134.

4. Conclusion

In this study, we developed a portable and automated platform
capable of discriminating fifteen HPV genotypes, covering all fourteen
high-risk types and one possible high-risk type. The system consists of a
palm-sized cartridge and a compact benchtop fluorescence detection
device. At its core is the rigid-flexible pneumatic switching (RFPS)
technology, which self-regulates critical pressure to control reagent flow
without the need for additional pneumatic channels. This not only
simplifies the design and improves robustness but also reduces the ma-
terial cost to about $1.2 (Supplementary Table 1). The RFPS cartridge
integrates multiple essential functions, including omnidirectional
dispensing, on-demand release, vortex mixing, and, importantly, long-
term reagent storage, a feature rarely achieved in existing POCT de-
vices. The benchtop device further streamlines multiplexed fluorescence
detection by replacing multiple modules with a single movable unit for
4 x 4 gPCR, shrinking the entire system to the size of a shoebox and
making it suitable for point-of-care deployment. Using this platform,
fifteen HPV genotypes were reliably detected with limits of detection
ranging from 3 to 50 copies/pL. Clinical validation with 53 cervical
swab samples demonstrated actual “sample-in-answer-out” performance
within one hour, showing strong agreement with a gold-standard
analyzer (r = 0.94), and achieving 96.4% sensitivity and 96% speci-
ficity. Overall, the platform fulfills WHO’s ASSURED criteria for point-
of-care diagnostics. Beyond HPV screening, the RFPS-based approach
offers a versatile foundation for a broad range of applications, including
biomedical testing, environmental monitoring, food safety, material
synthesis, and pharmaceutical analysis.
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