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Abstract: Hand, foot, and mouth disease (HFMD) is a common childhood infection 23 

caused by enteroviruses, which exhibit distinct regional and seasonal epidemiological 24 

patterns. Wastewater-based epidemiology is a crucial tool for monitoring population 25 

infection dynamics and viral subtype distribution. However, the lack of effective on-26 

site viral detection methods limits timely early warning and effective surveillance of 27 

infectious disease outbreaks. This study developed a one-pot RT-RPA/CRISPR-Cas12a 28 

assay-based, string-powered flywheel microfluidic chip for the multiplex detection of 29 

HFMD viruses in wastewater. First, by leveraging the regulatory effect of heparin 30 

sodium on CRISPR/Cas12a activity, a one-pot RT-RPA/CRISPR-Cas12a system was 31 

constructed to detect four major subtypes of HFMD virus (EV-A71, CV-A16, CV-A6, 32 

and CV-A10). Subsequently, this method was integrated into a pull-wire, flywheel-type, 33 

dual-axis centrifugal microfluidic chip, named as the Heparin-Inhibited CRISPR-34 

Associated System Chip (HICAS-Chip), enabling integrated enrichment, purification, 35 

elution, and multiplexed detection. The HICAS-Chip allowed visual detection of 36 

nucleic acids at 10 aM sensitivity within 1 h, corresponding to the sensitivity of the 37 

one-pot RT-RPA/CRISPR-Cas12a assay. During a year-long wastewater monitoring 38 

program in Guiyang City, China, the HICAS-Chip identified EV-A71 and CV-A10 as 39 

the predominant circulating subtypes, with incidence peaks observed in June, 40 

November, and December. The wastewater detection results obtained using HICAS-41 

Chip showed high concordance (95.83%) with RT-qPCR assays. This platform provides 42 

an efficient portable device for the early detection and continuous monitoring of HFMD 43 

epidemic trends by wastewater-based epidemiology. 44 

 45 
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INTRODUCTION 49 

Hand, foot, and mouth disease (HFMD) is a widespread infectious disease with a 50 

high incidence among children under the age of five, caused by enteroviruses, and can 51 

result in neurological complications or even death 1–4. Moreover, its epidemiological 52 

trends show a gradual increase in both incidence and mortality rates, thereby 53 

intensifying the burden of prevention and control in densely populated areas and 54 

heightening the risk of infection in regions with low economic levels and inadequate 55 

healthcare resources 5,6. The primary subtypes responsible for HFMD are Enterovirus 56 

A71 (EV-A71), Coxsackievirus A16 (CV-A16), Coxsackievirus A6 (CV-A6), and 57 

Coxsackievirus A10 (CV-A10) 7. Therefore, early surveillance of these four viral 58 

subtypes is crucial for anticipating epidemic waves and timely public health responses, 59 

informing effective prevention measures. 60 

Wastewater-based epidemiology is an effective approach for the early warning of 61 

infectious disease transmission and outbreaks 8. By analyzing infectious disease 62 

biomarkers in wastewater collected from defined catchment areas, disease transmission 63 

within communities can be monitored in near real time 9. For instance, during the 64 

COVID-19 pandemic, numerous laboratories worldwide monitored SARS-CoV-2 RNA 65 

in wastewater to explore its potential as a population-level management and early 66 

warning tool 10. Our team successfully achieved semi-quantitative detection of SARS-67 

CoV-2 in wastewater using an in-house-developed paper-based analytical device, 68 

further demonstrating the practical feasibility of such surveillance approaches 11,12. 69 

Supporting this approach, Shrestha et al. 13,14 revealed seasonal patterns and dominant 70 

viral subtypes in HFMD studies across South Asia and Japan, demonstrating that 71 

detecting enteroviruses in wastewater can serve as a cost-effective approach for 72 

predicting community infection trends. 73 

The ultimate goal of wastewater-based epidemiology is to achieve on-site 74 

monitoring and provide real-time data, which is essential for early warning of infectious 75 

disease outbreaks. Therefore, analytical tools for wastewater-based epidemiology 76 

should be simple, rapid, cost-effective, sensitive, selective, and capable of multiplex 77 
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detection. However, the gold standard for pathogen detection, polymerase chain 78 

reaction (PCR), requires precise temperature control and laboratory conditions during 79 

testing, which limits its applicability to on-site surveillance in resource-limited settings 80 
15. Therefore, the development of sensitive detection technologies and portable devices 81 

is crucial for advancing the widespread use of wastewater surveillance in public health16. 82 

Recently, the clustered regularly interspaced short palindromic repeats (CRISPR)-83 

associated (Cas) system has demonstrated tremendous potential in the field of rapid 84 

diagnostics, due to its high targeting specificity and programmable recognition 85 

capabilities 17. CRISPR/Cas identifies target sequences via specific crRNAs, which 86 

activate the trans-cleavage activity of Cas nucleases, enabling signal output and visual 87 

detection. However, the standalone CRISPR/Cas system still faces the challenge of 88 

relatively low sensitivity, making it difficult to effectively identify low-abundance 89 

targets in complex samples, such as wastewater. To overcome this limitation, 90 

CRISPR/Cas systems are commonly integrated with isothermal nucleic acid 91 

amplification. Among these, recombinase polymerase amplification (RPA) exhibits 92 

temperature compatibility with CRISPR/Cas reactions, offering great potential for 93 

point-of-care testing. 94 

Despite these advantages, incompatibilities between RPA and CRISPR/Cas arise 95 

from differences in buffer composition and reaction kinetics, often leading to mutual 96 

interference, thereby hindering their seamless integration within a single reaction 97 

system. Consequently, most CRISPR-based diagnostic platforms adopt a stepwise 98 

workflow, in which RPA first amplifies nucleic acids, followed by CRISPR/Cas-based 99 

recognition and detection of the amplified product. Representative platforms such as 100 

SHERLOCK 18 and DETECTR 19 embody this combined approach. However, the two-101 

step workflow remains relatively laborious and time-consuming, and frequent lid-102 

opening operations increase the risk of aerosol contamination 20,21. 103 

To address these limitations, the integration of RPA and CRISPR/Cas into a one-104 

pot system has become essential for point-of-care testing. Current integration strategies 105 

mainly involve physical separation of reactions, enhancing RPA amplification 106 
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efficiency or modifying crRNA structures. Approaches such as RNase H 107 

supplementation 22, primer and buffer optimization 23, and crRNA engineering 24–27 can 108 

effectively reduce premature Cas12a activity but increase experimental complexity and 109 

costs. Consequently, Cheng et al. 28 proposed the use of heparin sodium to 110 

competitively inhibit Cas12a-crRNA interactions. This approach balances the 111 

amplification and recognition/cleavage reactions in a one-pot assay. 112 

In practical wastewater analysis, complex pretreatment and detection processes 113 

are further challenged due to the complex wastewater matrices and the dilution of viral 114 

particles. Consequently, wastewater testing usually involves laborious pretreatment 115 

steps, including virus concentration and lysis, and nucleic acid enrichment, purification 116 

and elution, which hinder the direct application of molecular detection techniques in 117 

point-of-care testing 29. To overcome these limitations, strategies that integrate multiple 118 

steps, including sample pretreatment, detection, and signal output, into multifunctional 119 

modular reactions are required. 120 

Microfluidics, often referred to as lab-on-a-chip systems, enables the precise 121 

manipulation of fluids at the micro- and nanoscale 30,31. This facilitates the integration 122 

of multiple steps, from sample pretreatment to nucleic acid amplification and detection 123 

within a single platform. Owing to their high integration, miniaturization, portability 124 

and reduced reagent consumption, microfluidic devices are well suited to advancing 125 

CRISPR-based isothermal nucleic acid amplification techniques toward point-of-care 126 

testing 32–34. However, many reported CRISPR-based microfluidics lack integrated 127 

pretreatment modules, limiting their applicability for wastewater analysis 35,36. 128 

Lab-on-a-disc is a branch of microfluidic devices that offers unique advantages 129 

due to its compact design and efficient centrifugal fluid control 37,38. Classic lab-on-a-130 

disc systems rely on externally powered centrifuges, which restrict portability 39–41. In 131 

contrast, string-powered flywheel systems provide a low-cost, instrument-free 132 

actuation strategy capable of bidirectional rotation. Notably, Bhamla et al. demonstrated 133 

that such mechanisms can generate sufficient centrifugal forces for high-efficiency 134 

separation, highlighting their potential for portable microfluidic devices 42. 135 
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Herein, we developed an integrated microfluidic chip based on heparin sodium-136 

mediated one-pot RT-RPA/CRISPR-Cas12a system for the multiplex detection of four 137 

major HFMD viruses in wastewater. The assay is fully integrated with a string-powered, 138 

dual-axis centrifugal microfluidic device, the Heparin-Inhibited CRISPR-Associated 139 

System Chip (HICAS-Chip), which enables on-chip nucleic acid capture, washing, 140 

elution and detection without external instrumentation while effectively preventing 141 

false positives from aerosol contamination. The platform was validated through a year-142 

long wastewater-based surveillance trial at a wastewater treatment plant in Guiyang 143 

City, China. Its results were compared to those of standard RT-qPCR, highlighting its 144 

potential as a simple, portable tool for HFMD surveillance by wastewater-based 145 

epidemiology. 146 

EXPERIMENTAL SECTION 147 

Materials. The LbCas12a protein was prepared in-house, while the RPA kit was 148 

purchased from Qitian-Gene Biotechnology Co., Ltd. Nuclease-free water, primers, 149 

FAM-labelled reporter probe, heparin sodium, T7 RNA polymerase, M-MuLV reverse 150 

transcriptase and RNA-purification magnetic beads were obtained from Sangon 151 

Biotech (Shanghai) Co., Ltd. The crRNA was synthesized by Guangzhou Boliase 152 

Biotechnology Co., Ltd., the PCR kit was sourced from ToloBio Biotech Co., Ltd., and 153 

the plasmid and RNA purification kits were purchased from Tiangen Biotech (Beijing) 154 

Co., Ltd. Thermal cycling for PCR was performed using ABI 7500 real-time 155 

quantitative PCR system (Thermo Fisher Scientific). The water-sample RNA extraction 156 

kit was supplied by Guangzhou Jiebeisi Biotechnology Co., Ltd. 157 

Preparation of Plasmids and in Vitro Transcription. Conserved sequences of 158 

EV-A71 (GenBank FN665373.1), CV-A16 (GenBank OQ626555.1), CV-A6 (GenBank 159 

MG385831.1) and CV-A10 (GenBank MK965242.1) were retrieved from the National 160 

Center for Biotechnology Information. Sequence specificity was verified using the 161 

Basic Local Alignment Search Tool. The verified sequences were chemically 162 

synthesized and ligated into the pUC57 vector to generate recombinant plasmids 163 

carrying ampicillin resistance. Full plasmid construction was carried out by Sangon 164 
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Biotech Co., Ltd. DNA concentrations were measured using an Invitrogen Qubit 4 165 

fluorometer (Thermo Fisher Scientific). 166 

Design of primers, crRNA, and ssDNA reporter. Based on the conserved 167 

sequences of the four enterovirus subtypes (EV‑A71, CV‑A16, CV‑A6, and CV‑A10), 168 

four pairs of subtype‑specific RPA primers for each virus were designed in accordance 169 

with the RPA primer‑design guidelines (Supplementary Table 1). Primer sets producing 170 

uniformly bright amplification bands were selected. Subsequently, crRNAs were 171 

designed for the corresponding amplicon regions; each crRNA comprises a spacer 172 

sequence that matches the target and a highly conserved repeat region. During 173 

isothermal fluorescence detection, a FAM‑BHQ‑labeled single‑stranded DNA (ssDNA) 174 

serves as the reporter. The sequences of the crRNAs and the FAM‑labeled reporter 175 

probes are listed in Supplementary Table 2. 176 

Construction of RT-RPA and CRISPR/Cas12a-based One-pot Assay. For the 177 

construction of the RT-RPA reaction system, 25 µL of Buffer V was used to hydrate the 178 

lyophilized reaction pellet. Subsequently, forward and reverse primers were added to a 179 

final concentration of 400 nM, together with 16 µL of sterile, nuclease-free water and 180 

the template to be tested, yielding a reaction volume of 45 µL. The reaction was then 181 

initiated by adding 5 µL of Magnesium Acetate I and incubated at 37 ℃ for 30 min. 182 

Upon completion, an equal volume of a phenol/chloroform mixture (1:1) was added to 183 

the tube, mixed thoroughly by vortexing, and centrifuged for phase separation. The 184 

aqueous phase containing the amplified product was collected for subsequent analysis. 185 

In the CRISPR/Cas12a assay, Cas12a and crRNA were added to a final 186 

concentration of 100 nM, together with a 500 nM FAM-labeled reporter probe, 2 µL of 187 

10× NEBuffer 2.1, and nuclease-free sterile water to a total volume of 20 µL. This 188 

system enables specific target recognition and collateral cleavage for signal generation. 189 

For the heparin sodium-based one-pot assay, 1 nM targeted RNA was selected as 190 

the target analyte. Using a controlled-variable approach, we optimized the heparin 191 

sodium concentration, crRNA-to-Cas12a molar ratio, reporter probe concentration, and 192 

M-MuLV reverse transcriptase concentration. Heparin sodium was tested at 193 
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concentrations of 10, 20, 30, 40, 50, and 60 µg · mL⁻¹. The final concentration of 194 

Cas12a was fixed at 100 nM, while the crRNA concentration was varied to achieve 195 

crRNA: Cas12a ratios of 1: 2 (50 nM), 1: 1 (100 nM), 2: 1 (200 nM), 3: 1 (300 nM), 196 

and 4: 1 (400 nM). The FAM-labeled reporter probe was set at 200, 300, 400, 500, 600, 197 

700, and 800 nM. M-MuLV reverse transcriptase was added at final activities of 40, 50, 198 

60, 70, and 80 U. The assembled RT-RPA/CRISPR system was incubated at 39 ℃ for 1 199 

h, after which fluorescence was measured with the ABI 7500 instrument. 200 

Design, Fabrication and Performance Evaluation of the HICAS-Chip. The 201 

microfluidic chip designed in this study was modeled using computer-aided design 202 

software and exported in .dwg format. The chip substrate was fabricated from 203 

polymethyl methacrylate (PMMA) via CO₂ laser cutting, with production outsourced 204 

to YoungChip Technology Co., Ltd. The chip has a diameter of 7 cm and a thickness 205 

of 4 mm. Two through-holes, each 2 mm in diameter, are positioned at the center of the 206 

string-driven centrifugal mechanism. Microchannel widths range from 0.15 mm to 1 207 

mm, and the chamber diameters range from 2 mm to 6 mm. The PMMA substrate and 208 

a pressure-sensitive adhesive layer were laminated by roller-press bonding to form a 209 

sealed microfluidic structure. 210 

After the magnetic beads and the glass‑fiber membrane are pre‑loaded into the 211 

HICAS‑Chip, a single‑sided pressure‑sensitive adhesive sealing film is applied to 212 

effectively seal the point where the chip contacts the external atmosphere. Within this 213 

sealed system, the pressure variation follows the ideal‑gas law: 214 

PV=nRT (1) 

where P denotes the pressure, V is the gas volume, n represents the amount of gas 215 

in moles, R is the ideal‑gas constant, and T is the temperature. 216 

Fluid actuation relies on the combined effects of pressure variation, capillary 217 

regulation, and centrifugal force. The flow of liquid in the microchannels obeys the 218 

Hagen-Poiseuille equation: 219 

Q=
πr4

8μL
∆P (2) 
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where Q denotes the volumetric flow rate, r is the channel radius, μ represents the 220 

liquid viscosity, L is the channel length, and ΔP is the pressure difference between 221 

atmospheric pressure and the internal pressure of the chip. The capillary threshold 222 

pressure is described by the Young‑Laplace equation: 223 

∆𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 =
2𝛾𝛾 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

𝑟𝑟𝑝𝑝
 (3) 

where γ denotes the liquid surface tension, θ is the contact angle, and rp is the pore 224 

radius. When θ exceeds 90°, the hydrophobic surface forms an effective capillary valve, 225 

and liquid can pass only when the applied pressure difference is greater than︱ΔPcap︱. 226 

The chip achieves rotation without an external motor by winding and unwinding a hemp 227 

rope. The centrifugal pressure difference experienced by the liquid at a radius r is: 228 

∆Pcentrifugal=
1
2
ρω2r2 (4) 

ω=�
2Fs

I
 (5) 

I=
mr2

2
 (6) 

N(rpm)=
60ω
2π

 (7) 

where ρ denotes the liquid density, ω denotes the angular velocity, F denotes the 229 

pulling‑line tension force, s denotes the pulling‑line length, I denotes the moment of 230 

inertia, m denotes the chip mass, and N denotes the rotational speed. 231 

In addition, pressure regulation plays an important role in controlling the 232 

accessibility of the elution chamber. When the elution chamber remains sealed, the 233 

internal gas volume remains constant, resulting in a relatively higher internal pressure 234 

compared with the punctured washing chamber depending on Eq. (1). Together with 235 

the hydrophobic capillary barrier described in Eq. (3), this pressure difference prevents 236 

liquid from entering the elution chamber during the washing process. Only after the 237 

pressure-sensitive adhesive (PSA) layer above the elution chamber is punctured can the 238 

internal pressure be rebalanced, allowing the elution buffer and nucleic acids to enter 239 

the chamber under centrifugal actuation. 240 

To assess the analytical performance of HICAS-Chip for HFMD virus, the four 241 
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viral subtype plasmids (EV-A71, CV-A16, CV-A6, and CV-A10) were 242 

transcribed in vitro. RNA concentrations were measured using a Qubit 4 fluorometer, 243 

and then serially diluted from 10 fM to 0.1 aM (10 fM, 1 fM, 100 aM, 10 aM, 1 aM and 244 

0.1 aM). To determine specificity and interference resistance, each target was tested in 245 

the presence of the other virus subtypes using the one-pot assay. Fluorescence signals 246 

were measured using an ABI 7500 instrument. 247 

To evaluate manual operation variability, five operators independently performed 248 

the HICAS-Chip detection procedure using the same sample (EV-A71, 100 aM). Each 249 

operator conducted four replicate experiments. The operators included three males 250 

(operators A-C) and two females (operators D-E), aged between 20 and 40 years. 251 

Fluorescence images were analyzed using ImageJ to obtain mean RGB intensity values. 252 

The detection threshold was defined as the mean fluorescence intensity of the negative 253 

control plus three standard deviations, and the coefficient of variation was calculated. 254 

Wastewater Collection and Off-Chip Pretreatment. Wastewater influent 255 

samples were collected from the Jinyang Wastewater Treatment Plant (106.6439°E, 256 

26.5948°N) in Guiyang City throughout 2024, including monthly sampling and daily 257 

sampling within one week during incidence peaks in June and December, yielding 24 258 

samples. For viral concentration, samples were first prefiltered to remove large 259 

suspended solids using a 10 μm filter membrane. Viral particles were then concentrated 260 

from 250 mL of wastewater by filtration through a 0.22 μm cellulose acetate membrane. 261 

Before filtering, the wastewater was adjusted to pH 3.5 with 1 M HCl. Then 1 M MgCl2 262 

was added to promote Mg2+-mediated electrostatic bridging between negatively 263 

charged viral particles and the cellulose acetate membrane. Finally, the cellulose acetate 264 

membrane containing virus particles was processed using a commercial water-sample 265 

RNA extraction kit, yielding a final RNA solution of 100 μL. This standardized 266 

procedure allows better evaluation of the HICAS-Chip performance in wastewater 267 

while reducing variability introduced during sample preprocessing, including virus 268 

concentration and lysis. 269 

Analytical Performance and Wastewater Surveillance of HFMD Viruses. To 270 
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test the recovery rate of the HICAS-Chip, spike experiments were performed by adding 271 

HFMD viral RNA at 0, 10 aM, 100 aM, and 1 fM to lysed wastewater samples, resulting 272 

in a final volume of 100 μL. The wastewater matrix used for the spike recovery 273 

experiments was obtained from influent samples collected in January, representing real 274 

environmental samples used as the background matrix. All subsequent procedures 275 

followed the standard HICAS-Chip workflow. The calculated recovery rates only 276 

reflect the analytical processes of the HICAS-Chip. The off-chip pretreatment steps, 277 

including viral concentration and lysis, were not tested because they were performed 278 

using a standardized commercial kit protocol, and our objective was to specifically 279 

evaluate the analytical performance of the HICAS-Chip rather than the overall recovery 280 

from raw wastewater. Fluorescence images were analyzed using ImageJ (weighted 281 

RGB formula: 0.299R + 0.587G + 0.114B), and recovery rates were calculated as 282 

follows: 283 

Recovery (%)=
Cspiked-Cbackground

Cadded
×100% (8) 

To further evaluate the applicability of the HICAS-Chip for wastewater 284 

surveillance and to assess the prevalence of HFMD viral subtypes in the targeted area, 285 

a total of 24 wastewater samples were analyzed using the tube-based one-pot RT-286 

RPA/CRISPR-Cas12a assay, the HICAS-Chip platform, and RT-qPCR. 287 

For the tube-based one-pot assay, fluorescence signals were obtained from three 288 

parallel reactions per sample. A positivity threshold was defined as the mean 289 

fluorescence intensity of the negative control plus three standard deviations (mean ± 290 

3SD). Samples with fluorescence signals above this threshold were classified as 291 

positive. For HICAS-Chip analysis, fluorescence images were captured by a 292 

smartphone and analyzed with ImageJ to obtain mean RGB values from each reaction 293 

chamber. The positivity threshold for on-chip detection was defined similarly as the 294 

mean ± 3SD of the negative control signals. The RT-qPCR was performed on the same 295 

wastewater samples to validate the developed method. 296 

Statistics and Reproducibility. Data analysis and visualization were performed 297 

using Microsoft Excel 2021 and Origin Pro 2024. One-way analysis of variance was 298 
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applied to test for overall differences among the independent groups. When significant 299 

differences were detected, Tukey’s honestly significant difference was used, with 300 

statistical significance set at α < 0.05. All experiments were performed with three 301 

independent replicates. 302 

RESULTS AND DISCUSSION 303 

Mechanism and Feasibility of HICAS-Chip. Figure 1 demonstrates the principle 304 

of the heparin sodium‑mediated one‑pot RT‑RPA/CRISPR assay and HICAS-Chip. As 305 

shown in Figure 1A, the one-pot assay integrates reverse transcription of the RNA 306 

template, RPA, and CRISPR/Cas12a‑driven cleavage in a single reaction. In the 307 

presence of the target, RPA is initiated by the coordinated action of recombinase, single 308 

strand binding proteins, and DNA polymerase, enabling rapid amplification. 309 

Concurrently, the crRNA binds to the PAM site of the target and guides Cas12a to cleave 310 

the DNA, thereby activating Cas12a’s trans‑cleavage activity. This activity 311 

indiscriminately cuts a FAM‑labeled reporter probe, generating a fluorescent signal that 312 

can be detected. Because RPA is an exponential amplification process that typically 313 

reaches completion within 10-15 min, whereas Cas12a’s target cleavage proceeds 314 

linearly, it is crucial to suppress premature Cas12a activity during the early phase of 315 

RPA. Adding heparin sodium creates a competitive interaction with crRNA for Cas12a 316 

binding, preventing loss of low‑abundance targets before RPA amplification and 317 

thereby ensuring a reliable one‑pot assay. 318 

Following the one-pot assay, Figure 1B provides a schematic overview of the 319 

HICAS-Chip and corresponding operation. The illustration includes the assembly of 320 

the microfluidic chip, the loading of samples and reagents, and the manual actuation of 321 

the device by pulling a string to generate centrifugal force and control the rotation 322 

direction. After sample processing, the chip is placed on a simple heating plate to 323 

provide the temperature required for the one-pot reaction, and fluorescence signals are 324 

used for result interpretation. Detailed operating principles and workflow are described 325 

in the section Workflow and Performance of the Integrated HICAS-Chip Device. 326 

To validate the regulatory role of heparin sodium, we first optimized its 327 
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concentration in the one-pot assay. As illustrated in Figures 1C-F, fluorescence endpoint 328 

values for each target varied with heparin sodium concentration, displaying a single-329 

peak profile: concentrations below or above the optimum yielded reduced signals. 330 

Statistical analysis identified the optimal heparin sodium concentrations as 20 µg mL⁻¹ 331 

for EV-A71, 30 µg mL⁻¹ for CV-A16 and CV-A6. Although the end-point fluorescence 332 

for CV-A10 showed no significant difference between 20 µg mL⁻¹ and 30 µg mL⁻¹, the 333 

highest signal was observed at 30 µg mL⁻¹; which was therefore adopted. 334 

 335 
Figure 1. Principle of the heparin sodium-mediated one-pot RT-RPA/CRISPR assay implemented 336 
on the HICAS-Chip. (A) Schematic illustration of the heparin-mediated one-pot RT-RPA/CRISPR-337 
Cas12a assay. Viral RNA is reverse-transcribed and amplified via RPA, followed by Cas12a-338 
mediated trans-cleavage of a FAM-labeled reporter to produce a detectable fluorescence under UV 339 
light. (B) Workflow of the HICAS-Chip. The integrated platform combines magnetic bead-based 340 
nucleic acid extraction with the one-pot RT-RPA/CRISPR-Cas12a assay. A rope-driven flywheel 341 
and pressure-sensitive membranes control fluid dynamics, while a micro-heating pad ensures 342 
optimal reaction temperatures for visual detection under UV light. (C-F) End‑point fluorescence 343 
values obtained with heparin‑sodium concentrations ranging from 10 µg mL⁻¹ to 60 µg mL⁻¹ for a 344 
constant 1 nM RNA template of (C) EV‑A71, (D) CV‑A16, (E) CV‑A6, and (F) CV‑A10. Data are 345 
presented as mean ± SD (n = 3). Statistical significance is indicated as: ns, p > 0.05; *, p < 0.05; **, 346 
p < 0.01; ***, p < 0.001. 347 

Optimization of Heparin Sodium-mediated One-pot RT-RPA/CRISPR Assay. 348 
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Analytical performance of the one‑pot assay is strongly dependent on the 349 

concentrations of critical reagents: the crRNA, the FAM‑labeled reporter probe, and the 350 

reverse‑transcriptase M‑MuLV. Herein, we systematically optimized these three 351 

parameters by fixing Cas12a concentration at 100 nM. 352 

The optimization of crRNA concentration (Figure 2 A‑D) revealed that 200 nM 353 

crRNA produced the strongest fluorescence peaks for the EV‑A71, CV‑A16, and 354 

CV‑A6 assays. Dose‑response analysis indicated that insufficient crRNA reduced its 355 

competitive binding to heparin sodium, thereby hindering the assembly of the 356 

CRISPR‑Cas12a complex, whereas excessive crRNA can diminish the early inhibitory 357 

effect of heparin sodium on Cas12a activity. For the CV‑A10 system, fluorescence 358 

signals at 300 nM and 400 nM were statistically indistinguishable. Considering cost 359 

efficiency and the slightly higher end‑point fluorescence observed at 300 nM, we 360 

therefore selected 300 nM as the optimal concentration for this subtype. 361 

The titration of the FAM-labeled reporter probe (Figure 2E-H) demonstrated a 362 

clear positive correlation between probe concentration and fluorescence intensity, with 363 

the 700 nM reporter probe yielding the highest signal for all four viral subtypes. 364 

Increasing the probe concentration beyond this point did not produce a statistically 365 

significant enhancement of the assay. Consequently, a probe concentration of 700 nM 366 

was adopted as the standard for all subsequent experiments. These concentrations were 367 

selected not only to maximize fluorescence signal for each HFMD viral subtype but 368 

also to minimize non-specific cleavage and cross-reactivity, ensuring reliable and 369 

robust one-pot assay. 370 
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 371 
Figure 2. Optimization of key reagents in the one‑pot assay. (A-D) The crRNA concentration was 372 
titrated while maintaining a fixed Cas12a concentration (100 nM) for EV‑A71 (A), CV‑A16 (B), 373 
CV‑A6 (C), and CV‑A10 (D). (E-H) Determination of the optimal concentration of the FAM‑labeled 374 
reporter probe in the single‑tube reaction for EV‑A71 (E), CV‑A16 (F), CV‑A6 (G), and CV‑A10 375 
(H). (I-L) Evaluation of the impact of varying M‑MuLV reverse‑transcriptase concentrations on 376 
fluorescence intensity for EV‑A71 (I), CV‑A16 (J), CV‑A6 (K), and CV‑A10 (L). Data are 377 
expressed as mean ± SD (n = 3). Statistical significance: ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, 378 
p < 0.001. 379 

In the one-pot assay, the concentration of reverse-transcriptase is a pivotal 380 

parameter because viral RNA must be converted to cDNA before RPA amplification 381 

and Cas12a-mediated cleavage can occur. To assess its impact, we used M-MuLV 382 

reverse-transcriptase (60 U as the reference) and varied its amount by adding or 383 

subtracting nuclease-free water while keeping all other reagents constant. As shown in 384 

Figure 3 I-L, increasing the enzyme dose did not appreciably change the end‑point 385 

fluorescence for any of the four viral subtypes, whereas reducing the RT concentration 386 

resulted in a statistically significant enhancement of the signal (p < 0.05). This trend is 387 

consistent with the findings of Malcı K et al.  43. The results suggest that the overall 388 

volume of the one-pot assay system can be decreased without compromising 389 

performance, thereby reducing the consumption of costly RPA reagents and offering a 390 

practical avenue for lowering expenses. 391 

A comparison of representative one-pot RPA/CRISPR analytical strategies is 392 
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summarized in Table S5. Unlike approaches relying on physical separation, staged 393 

reagent addition, or crRNA modification, the heparin sodium-mediated strategy 394 

achieves temporal control through a simple, reversible chemical interaction while 395 

preserving a true one-pot format. Table S5 further illustrates that heparin sodium 396 

combines moderate sensitivity with minimal cost and operational simplicity, striking a 397 

practical balance between performance and usability. While some two-step platforms 398 

(e.g., SHERLOCK/DETECTR) achieve slightly higher sensitivity (~1-2 aM), they 399 

incur increased reagent cost and procedural complexity. Physical separation or crRNA-400 

modification strategies similarly impose additional design constraints or handling 401 

requirements. Herein, the heparin sodium-based method allows universal reagent 402 

mixing, and rapid field deployment, making it well-suited for point-of-care applications. 403 

Workflow and Performance of the Integrated HICAS-Chip Device. As 404 

illustrated in Figure 3A, the development of the HICAS-Chip involved iterative 405 

optimization of the microfluidic device and the integrated detection workflow to ensure 406 

stable fluid manipulation and reliable performance. The optimized one-pot RT-407 

RPA/CRISPR reaction was subsequently integrated into the microfluidic device for 408 

wastewater analysis. A photograph of the fabricated microfluidic chip is shown in 409 

Figure 3B. The structural design of the device is illustrated schematically in Figure 3C, 410 

where the HICAS-Chip is composed of a PMMA substrate sealed with a PSA film. The 411 

PMMA substrate is the core component of the microfluidic device, and the PSA layer 412 

provides encapsulation and pneumatic isolation. As shown in Figure 3D, the PMMA 413 

layer integrates functional modules, including an annular main channel, magnetic bead 414 

chamber, washing and elution chambers, a siphon valve, and a waste reservoir, which 415 

provide the structural basis for nucleic acid enrichment, purification, elution, and one-416 

pot RT-RPA/CRISPR assay. 417 



18 

 

 418 
Figure 3. Design and fabrication of the HICAS-Chip. (A) An iterative design and optimization 419 
process of the HICAS-Chip to achieve stable fluid manipulation and integrated detection. (B) 420 
Photograph of the fabricated HICAS-Chip prototype. (C) Schematic illustration of the layered 421 
structure of the chip composed of a PMMA substrate and a PSA sealing film. (D) Layout of the 422 
PMMA microfluidic layer showing the annular main channel, magnetic bead chamber, washing and 423 
elution chambers, siphon valve, and waste reservoir. 424 

The detailed workflow of the HICAS-Chip is illustrated in Figure 4, and an 425 

operation demonstration of the microfluidic chip is provided in Supplementary Video 426 

S1. The lysed wastewater samples are first introduced into the chip for microfluidic 427 

processing. To ensure stable RNA capture and prevent magnetic beads from 428 

precipitating or moving between chambers, magnetic beads supported on glass fiber are 429 

preloaded into the bead chambers. This immobilization maintains uniform bead 430 

distribution and prevents bead loss during centrifugation, ensuring efficient nucleic acid 431 

capture. After loading, the microfluidic chip is sealed with a PSA film. To initiate 432 

operation, the PSA layer above the washing chamber is punctured to equilibrate internal 433 

pressure. Two 1.5 mm diameter cords are then threaded through the central holes of the 434 

chip to enable manual rotation. The sample is introduced through the inlet into the 435 

annular main channel and is evenly distributed into the magnetic bead chamber. 436 
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Within these chambers, a 5 min incubation is conducted for nucleic acids to bind 437 

to the magnetic beads. When the cords are pulled to rotate the chip, unbound 438 

components move toward the washing chamber, while nucleic-acid-bound beads 439 

remain immobilized within the magnetic bead chamber. Subsequently, 80% ethanol is 440 

introduced along the same fluidic pathway to remove impurities. After purification, the 441 

punctured hole above the washing chamber is resealed. The PSA layer above the elution 442 

chamber is then punctured to rebalance internal pressure, and nuclease-free water is 443 

introduced for elution. Another rotation releases the nucleic acids from the beads and 444 

transfers them into the elution chambers. Following elution, one-pot RT-RPA/CRISPR-445 

Cas12a assay reagents are introduced into the corresponding chambers through the 446 

punctured PSA ports without removing the PSA layer. The chip is then placed on a 447 

heating block at 39 ℃ for 1 hour, and fluorescence signals are visualized under UV 448 

light to determine specific HFMD viral subtypes. 449 

Although reagents were manually added in the current configuration, recent 450 

studies have demonstrated that waterproof breathable membranes can be integrated into 451 

microfluidic chips to regulate internal pressure and enable sequential reagent delivery 452 
44,45. Based on this principle, preloading of RT-RPA/CRISPR-Cas12a reagents on the 453 

HICAS-Chip is feasible, which could further simplify operation and reduce 454 

contamination risks for future field-deployable applications. 455 
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 456 
Figure 4. Simplified operating workflow of the HICAS-Chip. The integrated microfluidic device 457 
enables sequential on-chip processing, including nucleic acid capture, washing, elution, and one-458 
pot RT-RPA/CRISPR-Cas12a assay. After a 1 h isothermal reaction on a heating block, fluorescence 459 
signals are visually observed under UV illumination for rapid identification of HFMD viral subtypes. 460 

As shown in Figure 5A, the size and thickness of the HICAS-Chip are comparable 461 

to those of a conventional flywheel toy. During assembly, a roller was employed to 462 

achieve precise adhesion between the PSA film and the PMMA substrate, while internal 463 

air pressure was balanced using a syringe needle and transparent tape to ensure proper 464 

chamber sealing and fluidic stability 46. As illustrated in Figure 5B, the HICAS-Chip 465 

was divided into five independent detection units corresponding to the negative control 466 

(#1) and four enterovirus subtypes-EV-A71, CV-A16, CV-A6, and CV-A10 (#2-#5). 467 
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This physically separated compartment prevents interference posed by multiple target 468 

primers, as the case in multiplex PCR 47. Similarly, a recent LAMP-based chip for 469 

influenza virus has used separate chambers per subtype and showed that each channel 470 

produces signals only when the target is present without false positives 48. 471 

To systematically evaluate its detection performance, the multiplexed and 472 

synchronous detection capability was first examined (Figure 5C). A mixture containing 473 

RNA targets of EV-A71, CV-A16, CV-A6, and CV-A10 at a final concentration of 1 474 

nM was processed through the on-chip washing and elution steps, after which subtype-475 

specific one-pot assay reagents were added into the corresponding chambers. The 476 

results demonstrated that all four viral targets were successfully identified, confirming 477 

the HICAS-Chip’s capability for simultaneous multi-target detection. Furthermore, 478 

cross-reactivity validation was performed to assess possible signal interference among 479 

units. As shown in Figures 5D-G, distinct fluorescence signals appeared exclusively in 480 

chambers containing the corresponding positive targets, while no fluorescence was 481 

observed in non-target or negative control units, indicating excellent inter-unit 482 

independence and the absence of cross-interference within the developed HICAS-Chip 483 

platform. 484 
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 485 
Figure 5. Fluidic characterization and performance validation of the HICAS-Chip. (A) System 486 
composition and size comparison with a flywheel toy. (B) Schematic layout of the HICAS-Chip 487 
containing five units for target detection and quality control. (C) Simultaneous detection of four 488 
nucleic acid targets, confirming reliability under multiplex conditions. (D-G) Specificity tests for 489 
(D) EV-A71, (E) CV-A16, (F) CV-A6, and (G) CV-A10; fluorescence signals appeared only in 490 
corresponding units, indicating high specificity. (H) Volumes of sample, washing, and elution 491 
solutions across different chambers, demonstrating consistent distribution and reproducibility. (I) 492 
Temperature profile of the elution chamber, showing rapid heating and stable temperature 493 
maintenance for the one-pot reaction. (J) Performance of pre-loaded one-pot reagents stored at -494 
20 ℃, showing retained activity and simplified operation. Data are expressed as mean ± SD (n = 3). 495 

To further evaluate the stability of the HICAS-Chip, fluid dynamics and 496 

reproducibility were systematically examined across three key steps: nucleic acid 497 

adsorption, washing, and elution. As shown in Figure 5H, following sample injection 498 

and centrifugal transfer, excess liquid was efficiently directed into the left washing 499 

chamber, with volumes among the five detection units ranging from 4.49 to 7.21 μL. 500 

Subsequent washing removed unbound materials into the same chamber, producing a 501 

mixed phase of 11.58-12.16 μL, while elution released nucleic acids into the right 502 

chamber with stabilized volumes of 4.20-4.67 μL, demonstrating high uniformity and 503 

reliable fluidic control. The thermal stability of the chip during isothermal amplification 504 
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was also assessed by monitoring the chamber temperature with an infrared thermometer 505 

throughout a 1 h reaction. As depicted in Figure 5I, the temperature rapidly reached 39 ℃ 506 

within 2 min and remained constant thereafter, confirming rapid heat transfer and stable 507 

temperature maintenance suitable for the one-pot reaction. A comparative assessment 508 

of centrifugal microfluidic driving mechanisms is provided in Table S6; compared with 509 

electrically driven platforms, the supercoil-based, human-powered actuation enables 510 

bidirectional fluid manipulation with sufficient centrifugal force while markedly 511 

reducing system cost and power dependence. 512 

Furthermore, the storage stability of preconfigured detection reagents was 513 

investigated using 1 nM RNA targets, with normalized fluorescence used to evaluate 514 

performance over time. As shown in Figure 5J, signal intensity decreased by 515 

approximately 50% after 24 h of storage, suggesting, in agreement with Liu et al. 49, 516 

that pre-configuration should be performed within 24 h prior to on-site detection to 517 

ensure optimal assay reliability. 518 

To evaluate the operation variability of the manually actuated HICAS-Chip, five 519 

independent operators performed the HICAS-Chip using the same sample (EV-A71, 520 

100 aM). As shown in Figure S6, all twenty measurements produced fluorescence 521 

signals above the threshold, corresponding to a success rate of 100%. The fluorescence 522 

intensities obtained from different operators showed consistent signal levels, with an 523 

excellent inter-assay reproducibility (coefficient of variation of 2.74%). These results 524 

demonstrate minimal operator-dependent variability of the HICAS-Chip. 525 

Analytical Performance of the HICAS-Chip Assay. Sensitivity and specificity 526 

of the one-pot RT-RPA/CRISPR assay were first evaluated in tube-based reactions 527 

before integration into the HICAS-Chip. Plasmid-based RNA standards containing the 528 

conserved sequences of EV-A71, CV-A16, CV-A6, and CV-A10, were prepared and 529 

serially diluted to evaluate the sensitivity of the one-pot RT-RPA/CRISPR-Cas12a assay. 530 

As shown in Figure 6B-E, the fluorescence signals were obtained from tube-based 531 

reactions, allowing accurate fluorescence quantification and clear visualization of 532 

signal differences among target concentrations. Based on visual fluorescence, the 533 
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optimized one-pot assay achieved a limit of detection (LOD) of 10 aM. As shown in 534 

Figure 6A, specificity was evaluated through a heterologous cross-reactivity test. The 535 

results demonstrated that each viral RNA target produced a significant fluorescence 536 

signal only within its corresponding amplification primer/crRNA reaction system, 537 

while no statistically significant response was observed for non-matched subtypes or 538 

negative controls. 539 

Compared with reported one-pot RT-RPA/CRISPR-Cas12a assay strategies 540 

without integration, the sensitivity achieved here remains competitive. For instance, Lin 541 

et al. reported a glycerol-based physical separation strategy with an LOD of 100 aM 50. 542 

whereas Zeng et al. achieved an LOD of 5 aM using ssDNA-modified crRNA 24. In 543 

addition, the LOD determined by RT-qPCR for standard RNA samples in this study was 544 

1 aM (Figure S3), providing an additional reference for evaluating the sensitivity of the 545 

developed method. 546 

Furthermore, the assay was integrated into the HICAS-Chip to evaluate 547 

performance in the microfluidic platform. After integration, comparable visual 548 

detection sensitivity was maintained. As shown in Figure S7, fluorescence images 549 

acquired directly from the chip indicate that fluorescence signals at 10 aM and above 550 

can still be reliably distinguished from the negative control by the naked eye, 551 

demonstrating that HICAS-Chip did not compromise the sensitivity of the one-pot assay. 552 

To further evaluate weak fluorescence signals, quantitative image analysis was 553 

performed using ImageJ, where fluorescence was calculated based on the weighted 554 

RGB formula. As shown in Figure S8, fluorescence intensity gradually decreased with 555 

decreasing target concentration from 10 fM to 1 aM. Although the fluorescence signal 556 

at 1 aM remained statistically higher than the negative control (defined as mean ± 3SD), 557 

its brightness was nearly indistinguishable by the naked eye, whereas concentrations of 558 

10 aM and above could be clearly differentiated visually. These results indicate that the 559 

visual LOD of the integrated platform is approximately 10 aM, while image-based 560 

fluorescence analysis allows discrimination of signals down to 1 aM. 561 

The sensitivity achieved in this study is comparable to that reported for other 562 
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centrifugal microfluidic devices and CRISPR-based detection systems. For example, 563 

Xu et al. developed a hand-driven centrifugal device for the detection of human 564 

papillomavirus (HPV) and achieved LOD of 1 aM and 10 aM for HPV-16 and HPV-18 565 

in clinical samples, respectively 51. Similarly, Li et al. reported a handheld spinning-566 

based centrifugal device with an LOD of 3.49 μg mL-1 for urinary total protein analysis 567 
52. However, when fluorescence signals approach the LOD, visual interpretation may 568 

become challenging, highlighting the importance of quantitative image analysis for 569 

reliable result interpretation. 570 

To assess applicability in real-world samples, the assay was evaluated using 571 

wastewater. Viral particles were first concentrated from 250 mL of wastewater to 572 

approximately 100 μL during membrane filtration and RNA extraction, corresponding 573 

to an approximate 2500-fold enrichment factor. Based on this concentration process, 574 

the theoretical detection limit in the original wastewater sample could reach 575 

approximately 0.004 aM, indicating the potential capability of the platform to detect 576 

low levels of viruses in wastewater. 577 

In wastewater surveillance, detection performance may additionally be influenced 578 

by virus recovery rates, RNA extraction yield, and matrix inhibition effects. 579 

Nevertheless, the dual recognition mechanism of primer-crRNA targeting effectively 580 

eliminates cross-reactivity and enables reliable detection of the four major HFMD-581 

associated viruses. Furthermore, to reduce subjectivity in fluorescence interpretation 582 

under field conditions, smartphone-based image acquisition combined with machine 583 

learning-assisted analysis represents a promising strategy for automated signal 584 

recognition. In our previous work, a CRISPR/Cas12a biosensor integrated with a 585 

smartphone-based machine learning model achieved highly accurate fluorescence 586 

quantification 53. Such data-driven approaches could further improve the reliability of 587 

weak-signal interpretation in future on-site applications of the HICAS-Chip platform. 588 
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 589 
Figure 6. Sensitivity and specificity of the one-pot RT-RPA/CRISPR-Cas12a assay. (A) 590 
Fluorescence values obtained from three independent replicates were presented as a heatmap, with 591 
each viral RNA target tested in different reaction systems. (B-E) Bar plots showing fluorescence 592 
intensities of (B) EV-A71, (C) CV-A16, (D) CV-A6, and (E) CV-A10 at various RNA concentrations, 593 
along with corresponding representative fluorescence images. Data are presented as mean ± SD 594 
from three independent experiments. Statistical significance is indicated as follows: ns, p > 0.05; ∗, 595 
p < 0.05; ∗∗, p < 0.01; ∗∗∗, p < 0.001. 596 

Evaluation of HFMD Virus Abundance in Wastewater. To evaluate the 597 

recovery rate of the HICAS-Chip, viral RNA standards were spiked into concentrated 598 

and lysed wastewater samples, and fluorescence signals from unspiked wastewater 599 

were used as the background for correction. Fluorescence images obtained from the 600 

spike recovery experiments are shown in Figures S9A-D, illustrating the visual 601 

detection performance of the HICAS-Chip for four HFMD viral subtypes (EV-A71, 602 

CV-A16, CV-A6, and CV-A10) at different spike concentrations. Based on the 603 

quantified fluorescence intensities, recovery rates were subsequently calculated to 604 

assess the analytical reliability of the HICAS-Chip. As shown in Figure 7A, the 605 

recovery rates of the four viral subtypes ranged from 90% to 110%, with occasional 606 

outliers slightly above 120% or below 80%. Specifically, under the low-concentration 607 

condition (10 aM), abnormal recoveries were observed for EV-A71 (125.3%), CV-A16 608 

(71.9%), and CV-A6 (126.6%) (Figure 7B). At the medium concentration (100 aM), 609 

deviations occurred for EV-A71 (140.3%), CV-A16 (123.0%), and CV-A10 (76.9%) 610 

(Figure 7C). At the high concentration (1 fM), several outliers were recorded for EV-611 

A71 (77.4%, 122.5%), CV-A16 (74.3%), CV-A6 (137.9%), and CV-A10 (126.9%) 612 
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(Figure 7D). Occasional recovery rates exceeding 100% are attributed to stochastic 613 

amplification inherent to RPA and potential matrix-induced enhancement effects in 614 

complex wastewater samples. These phenomena have been reported for isothermal 615 

amplification of nucleic acid 54–56. Despite these fluctuations, the mean recovery values 616 

are acceptable. 617 

The HICAS-Chip was further applied and verified to detect 24 wastewater samples 618 

collected from Guiyang City (sampling sites and dates shown in Figure 8A). 619 

Fluorescence images obtained from the HICAS-Chip are presented in Figure S10. 620 

These images were analyzed using ImageJ to extract mean RGB intensity values from 621 

each reaction chamber, and the quantified fluorescence signals were visualized as a heat 622 

map (Figure 8B). 623 

To evaluate the detection performance of the RT-RPA/CRISPR-Cas12a system, 624 

the same 24 wastewater samples were first analyzed using the tube-based one-pot assay, 625 

and the results were compared with those obtained by RT-qPCR. Among the 24 samples, 626 

EV-A71 showed no negative results in the one-pot assay, whereas one sample each of 627 

CV-A16, CV-A6, and CV-A10 yielded fluorescence below the threshold and was 628 

classified as negative. Taking RT-qPCR as the reference method, the overall 629 

concordance between the tube-based one-pot assay and RT-qPCR was 96.88%. For 630 

each viral subtype, scatter plots were generated by plotting RT-qPCR Ct values against 631 

the fluorescence intensities obtained from the one-pot assay (Figures 8C-F), showing a 632 

strong inverse correlation between the two measurements. 633 

The wastewater samples were further analyzed using the integrated HICAS-Chip. 634 

Based on the quantitative analysis of fluorescence images, four samples exhibited 635 

fluorescence signals comparable to the negative control and were therefore classified 636 

as negative (marked with red circles). Notably, CV-A10 sample #22 showed an RGB 637 

intensity only slightly higher than that of the negative control and was therefore 638 

interpreted as negative. By the naked eye, the fluorescence signal of this sample was 639 

difficult to distinguish from the negative control, highlighting the challenge of 640 

interpreting extremely weak fluorescence signals based solely on visual inspection, 641 
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which further supports the use of image-based quantitative analysis to improve 642 

interpretation reliability. The three samples that were negative in the tube-based one-643 

pot assay were also classified as negative in the HICAS-Chip analysis, while CV-A10 644 

sample #22 was additionally classified as negative in the on-chip assay. Consequently, 645 

the HICAS-Chip achieved an overall detection concordance of 95.83% relative to RT-646 

qPCR, demonstrating high accuracy and stability in complex environmental matrices. 647 

The consistent results with standardized methods have also been reported for other 648 

portable platforms. For example, Xiong et al. reported 100% concordance with PCR 649 

when analyzing 54 clinical samples using a CRISPR-based system for the simultaneous 650 

detection of human coronaviruses 57. Similarly, Li et al. developed a hand-driven 651 

centrifugal device that achieved 100% agreement with standard laboratory methods for 652 

determining the minimum inhibitory concentration of antibiotics in 60 clinical samples 653 
58. Also, Xu et al. reported concordance levels of 98% and 99% with PCR for the 654 

detection of HPV-16 and HPV-18, respectively, using a hand-powered centrifugal 655 

platform 51. These comparisons indicate that the analytical performance of the HICAS-656 

Chip, including sensitivity, specificity and concordance with standard laboratory 657 

methods, is comparable to previously reported portable platforms. Unlike many 658 

existing systems, it also integrates nucleic acid pretreatment and supports multiplex 659 

detection for wastewater-based epidemiology. 660 
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 661 
Figure 7. Evaluation of the recovery performance of the HICAS-Chip one-pot assay in complex 662 
environmental matrices. (A) Overall recovery rates of four HFMD viral subtypes (EV-A71, CV-663 
A16, CV-A6, and CV-A10) at low (10 aM), medium (100 aM), and high (1 fM) spiking 664 
concentrations. (B-D) Recovery rate distributions for each subtype at low (B), medium (C), and 665 
high (D) concentrations, respectively. The recoveries ranged from 90% to 110%, with a few outliers 666 
slightly above 120% or below 80%. Spike recovery experiments were performed by adding viral 667 
RNA standards to RNA extracted from wastewater samples (initial volume: 250 mL); the reported 668 
recovery rates reflect only the on-chip processing and detection steps. 669 

To further investigate the epidemiological characteristics and temporal dynamics 670 

of HFMD within the population, fluorescence signals obtained from the HICAS-Chip 671 

assay were analyzed as a time series. Annual monitoring results for the four major viral 672 

subtypes-EV-A71, CV-A16, CV-A6, and CV-A10-are presented in Figures 8G-J, with 673 

7-day continuous sampling conducted in June and December. The results revealed that 674 

EV-A71 and CV-A10 were the predominant circulating subtypes, exhibiting 675 

pronounced increases in June, November, and December, indicating mid- and late-year 676 

infection peaks consistent with previous epidemiological reports. For example, a large 677 

epidemiological study in Sichuan Province (2011-2017) found incidence peaks in 678 

April-July and November-December each year 59. The dominant serotypes shifted over 679 

time and non EV-A71/CV-A16 become more common after 2013 60. Notably, 680 
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substantial signal fluctuations were observed in June and December; therefore, a 681 

detailed 7-day analysis was performed (Figures 8K-N). As shown, EV-A71 and CV-682 

A10 (Figures 8K, 8N) displayed significant day-to-day variation across both sampling 683 

periods, whereas CV-A16 and CV-A6 (Figures 8L, 8M) showed generally weaker 684 

fluorescence signals, with only sporadic increases on individual days. These variations 685 

may reflect factors such as wastewater treatment plant, temporal variations in viral 686 

shedding from infected individuals, or differences in sampling times. Overall, 687 

continuous wastewater monitoring effectively captured the intensity and distribution of 688 

HFMD infections in the community 61, underscoring the importance of strengthening 689 

EV-A71 vaccination coverage and accelerating the development of CV-A10 vaccines 6. 690 

Particularly, the incidence of CV-A10 has gradually increased to 25% in China and 691 

other East Asian countries 62. 692 

Overall, these results demonstrate that the HICAS-Chip not only enables sensitive, 693 

multiplexed viral detection but also provides a robust platform for rapid community-694 

level surveillance, highlighting its potential for future outbreak monitoring and vaccine 695 

assessment. 696 
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 697 
Figure 8. Validation of the HICAS-Chip for detection of HFMD viral subtypes in wastewater with 698 
RT-qPCR. (A) Sampling sites and collection dates of 24 wastewater samples from Guiyang City. (B) 699 
Heat map of mean RGB fluorescence intensity extracted from chip images using ImageJ; samples 700 
without detectable signals are marked with red circles. (C-F) Correlation between fluorescence 701 
intensity from the one-pot assay and Ct values from RT-qPCR for EV-A71, CV-A16, CV-A6, and 702 
CV-A10, showing strong inverse relationships and an overall sensitivity of 96.88%. (G-J) Annual 703 
variation in fluorescence signals for the four subtypes, with continuous 7-day sampling in June and 704 
December reveals infection peaks in mid- and late-year. (K-N) A detailed 7-day analysis showing 705 
pronounced daily fluctuations for EV-A71 and CV-A10, while CV-A16 and CV-A6 exhibited 706 
weaker, sporadic signals. 707 

CONCLUSIONS 708 

The HICAS-Chip developed in this study demonstrates high sensitivity and 709 

specificity for the rapid subtyping of major HFMD pathogens. It aligns with the WHO 710 

ASSURED criteria for point-of-care testing in resource-limited settings, being sensitive, 711 

specific, user-friendly, rapid, and requiring minimal instrumentation. Compared with 712 

traditional HFMD detection methods, this platform balances diagnostic performance 713 

with operational simplicity. Its reliability and practical utility were further validated 714 

through a year-long wastewater-based epidemiology surveillance program. 715 
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Despite these advantages, certain limitations remain. The integration of reverse 716 

transcription, RPA amplification, and CRISPR signaling within a single reaction 717 

presents challenges for precise absolute quantification. User-to-user variability 718 

associated with string-powered centrifugal actuation was evaluated and found to be 719 

within acceptable limits. Future work could further enhance quantitative performance 720 

and system robustness through optimized reaction design, machine learning-assisted 721 

analysis, and automated signal processing. 722 

Overall, this portable and low-cost microfluidic platform provides a practical 723 

solution for rapid pathogen identification. The HICAS-Chip requires minimal 724 

instrumentation and enables on-site wastewater monitoring of HFMD viruses, 725 

delivering timely data for early warning, epidemic tracking, and informed public health 726 

interventions. Moreover, it exhibits strong potential for extension to other infectious 727 

disease control and public health surveillance applications. 728 
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