RESEARCH ARTICLE

W) Check for updates

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Palm-Sized Lab-In-A-Magnetofluidic Tube Platform for Rapid

and Sensitive Virus Detection

Ziyue Li, Shuo Zhang, Jiongyu Zhang, Lori Avery, David Banach, Hui Zhao,

and Changchun Liu*

Simple, sensitive, and accurate molecular diagnostics are critical for
preventing rapid spread of infection and initiating early treatment of diseases.
However, current molecular detection methods typically rely on extensive
nucleic acid sample preparation and expensive instrumentation. Here, a
simple, fully integrated, lab-in-a-magnetofluidic tube (LIAMT) platform is
presented for “sample-to-result” molecular detection of virus. By leveraging
magnetofluidic transport of micro/nano magnetic beads, the LIAMT device
integrates viral lysis, nucleic acid extraction, isothermal amplification, and
CRISPR detection within a single engineered microcentrifuge tube. To enable
point-of-care molecular diagnostics, a palm-sized processor is developed for
magnetofluidic separation, nucleic acid amplification, and visual fluorescence
detection. The LIAMT platform is applied to detect SARS-CoV-2 and HIV
viruses, achieving a detection sensitivity of 73.4 and 63.9 copies uL~',
respectively. Its clinical utility is further demonstrated by detecting
SARS-CoV-2 and HIV in clinical samples. This simple, affordable, and portable

sensitive and specific molecular detection
in clinical samples, nucleic acid-based
diagnostics typically consist of three ma-
jor steps: i) nucleic acid extraction, ii)
enzymatic amplification, and iii) signal
detection(®*®]. Polymerase chain reaction
(PCR)/reverse transcription PCR (RT-PCR)
is considered the “gold standard” for nu-
cleic acid amplification testing due to its
high sensitivity and specificity!®'!l. How-
ever, current PCR/RT-PCR assays require
expensive instrumentation for precise
thermal cycling, which limits the feasi-
bility for low-cost point-of-care diagnostic
applications. Therefore, there is an un-
met need to develop a simple, integrated,
“sample-to-result” molecular diagnostic
tool that can be used at the point-of-care,

LIAMT platform holds promise for rapid and sensitive molecular diagnostics

of infectious diseases at the point-of-care.

1. Introduction

Simple, rapid, and sensitive nucleic acid-based molecular de-
tection of virus is essential for monitoring and controlling the
spread of infectious diseases, including COVID-19 caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and acquired immune deficiency syndrome caused by
human immunodeficiency virus (HIV)!'l. To achieve highly

particularly in resource-limited settings.

In recent decades, researchers have
explored different strategies to develop
simple, rapid, and affordable point-of-care
diagnostic technologies for infectious
disease detection!'>1%l.  Some studies
have reported nucleic acid extraction-free molecular diagnos-
tic assays by combining simple heat-treated sample prepara-
tion with nucleic acid amplification tests such as PCR and loop-
mediated isothermal amplification!'>"1*]. However, detecting low-
abundance target molecules in clinical samples without nucleic
acid extraction and purification remains challenging. To meet
stringent sensitivity requirements in clinical testing, solid phase
extraction of nucleic acids has been integrated into microfluidic
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chips to develop fully integrated molecular diagnostic platforms,
using extraction methods such as membrane-based solid phase
extraction(!>1¢l and magnetic bead-based extraction!”!8]. Among
these methods, magnetic bead-based solid phase extraction is
widely used for integrated nucleic acid-based molecular diagnos-
tic platforms due to its speed, simplicity, and seamless integra-
tion with microfluidic technology!'’-2°l. However, most extrac-
tion approaches depend on traditional PCR technology or sin-
gle isothermal amplification assays, increasing the cost of in-
struments for precise temperature control or potentially causing
false-positive signals due to non-specific amplification.

Recently, CRISPR technology has emerged as a power-
ful tool for nucleic acid-based molecular detection due to
its simplicity, robustness, and high specificity??!. In par-
ticular, researchers have developed several highly sensitive
and specific CRISPR-based molecular diagnostic platforms,
such as specific high-sensitivity enzymatic reporter unlocking
(SHERLOCK)!2!] and DNA endonuclease-targeted CRISPR trans
reporter (DETECTR)!?)], by combining CRISPR detection with
isothermal amplification technologies (e.g., recombinase poly-
merase amplification [RPA]). However, most of these CRISPR
assays are limited to detecting purified nucleic acid samples
and lack a “sample-to-result” detection capacity. Typically, nucleic
acid extraction and purification methods require bulky instru-
ments (e.g., centrifuge machines) and multiple manual opera-
tions, which is not ideal for point-of-care diagnostic applications.

In this study, we describe the development of a simple, palm-
sized, lab-in-a-magnetofluidic tube (LIAMT) platform for molec-
ular detection of viruses. The LIAMT system is a self-contained,
all-in-one, microfluidic device that leverages the magnetofluidic
transport of micro/nano magnetic beads, enabling “sample-to-
result” nucleic acid testing. The device can perform viral lysis,
nucleic acid extraction, reverse transcription RPA (RT-RPA) and
CRISPR-based molecular detection. To enable simple point-of-
care molecular diagnostics, we further developed a palm-sized
processor for magnetofluidic operation, isothermal amplifica-
tion, and visual fluorescence detection. The detection signals can
be visually observed by the naked eye or recorded by a smart-
phone, eliminating the need for an expensive optical instru-
ment. We applied the LIAMT platform to detect both SARS-
CoV-2 and HIV. To demonstrate its clinical utility, we further
utilized the LIAMT platform to detect these viruses in clinical
samples, thus demonstrating great promise for simple, sensitive,
and affordable point-of-care diagnostics of infectious pathogens
in resource-limited settings or even at home.

2. Results and Discussion

2.1. Overview of the LIAMT Platform

Figure 1A summarizes the clinical assay workflow of the LIAMT
platform. The LIAMT platform consists of a disposable, all-in-
one LIAMT device and a palm-sized processor (Figure 1A). The
LIAMT device can directly accept raw clinical samples (e.g.,
swab, plasma) and perform “sample-to-result” molecular diag-
nostics within ~1 h. For clinical testing, the collected sample
is first added to the LIAMT device. Then, the device is in-
serted into the magnetic separation well of the palm-sized pro-
cessor for magnetofluidic-based nucleic acid purification. After
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nucleic acid purification, the device is transferred into the incu-
bation/detection well of the processor for isothermal amplifica-
tion and CRISPR detection. Last, the endpoint fluorescence sig-
nal of the device can be visually read by the naked eye or recorded
by a smartphone, eliminating the need for time-consuming nu-
cleic acid sample preparation and expensive instrumentation
(Figure 1A).

Figure 1B shows a schematic illustration of the fully integrated
and self-contained LIAMT device, which is capable of perform-
ing nucleic acid sample preparation, isothermal amplification,
CRISPR cleavage reaction, and fluorescence detection in a sin-
gle engineered tube. The disposable LIAMT device is composed
of a 3D-printed separator and a commercially available 1.5 mL
microcentrifuge tube. The separator isolates the microcentrifuge
tube into five independent zones: i) one lysis/binding buffer zone
for viral lysis and nucleic acid binding on the magnetic beads,
i) three washing buffer zones for nucleic acid purification, and
iii) one RT-RPA/wax (n-Eicosane)/CRISPR reaction zone (inset
of Figure 1B). All buffer solutions and reagents are pre-stored
in the LIAMT device and covered by mineral oil. As shown in
Figure 1C, the virus is first lysed to release nucleic acids when the
clinical sample is mixed with the pre-stored lysis/binding buffer
in the lysis/binding buffer zone. Due to the high salt condition
of the lysis/binding buffer, the released nucleic acid can bind the
surface of the silica-coated magnetic beads due to electrostatic in-
teractions. Then, the magnetic beads bound with nucleic acids
are transferred to the washing buffer zones to remove poten-
tial inhibitors by the magnetofluidic separation approach. Next,
the magnetic beads carrying nucleic acids are transferred to the
RT-RPA/wax/CRISPR reaction zone for isothermal amplification
and CRISPR-based fluorescence detection. In this reaction solu-
tion, the nucleic acid molecules will be released from the surface
of the magnetic beads due to the low salt condition of the reaction
buffer. Thus, the LIAMT platform provides a simple, rapid, and
affordable “sample-to-result” solution to detect virus in clinical
samples at the point-of-care.

2.2. Optimization of Magnetofluidic-Based Nucleic Acid Sample
Preparation

To prepare high-quality nucleic acid samples, we compared and
optimized differentlysis/binding buffer and washing buffer solu-
tions for the magnetofluidic-based nucleic acid extraction. First,
we evaluated and compared five different lysis/binding buffer
solutions, including: i) ZYMO lysis/binding buffer (ZYMO
Research), ii) MES buffer, iii) MgOAc buffer, iv) Tris-HCI buffer,
and v) Tris-HCl + isopropanol buffer!'®26?7]. In addition, we
evaluated four different washing buffer solutions, including:
i) deionized water, ii) 70% ethanol, iii) MgOAc with 1% Triton
X-100, and iv) 20% polyethylene glycol (PEG) solution!’®2¢]. As
shown in Figure 2A, the combination of the ZYMO lysis/binding
buffer and MgOAc washing buffer with 1% Triton X-100 showed
the best performance in the RT-RPA/CRISPR assay. To further
validate its versatility for other nucleic acid amplification testing,
we tested the extracted nucleic acids by using the RT-PCR
assay and obtained similar results as the RT-RPA/CRISPR
assay (Figure 2B). Next, we further evaluated the effect of the
MgOAc concentration in the washing buffer on the nucleic acid
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Figure 1. Overview of the LIAMT assay. A) Clinical assay workflow of the LIAMT platform. The LIAMT device can accept raw clinical samples. The nucleic
acid sample is prepared and transferred by magnetofluidic operation in the magnetic separation well of the processor. After magnetofluidic-based nucleic
acid extraction, the LIAMT device is transferred into the incubation/detection well for isothermal amplification and CRISPR-based fluorescence detection.
The endpoint fluorescence signal of the device can be visually observed by the naked eye or recorded by a smartphone. B) Schematic illustration of
the LIAMT device. The device contains five independent zones with pre-stored lysis/binding buffer, washing buffer, and RT-RPA/wax/CRISPR reaction
solution, respectively. All buffer solutions are covered and sealed by mineral oil. C) Schematic shows the processing of clinical sample detection by the
magnetofluidic separation operation in the LIAMT platform. This includes three main steps: 1) adding the clinical sample into the LIAMT device and
mixing with lysis/binding buffer containing magnetic beads, 2) washing the magnetic beads bound with nucleic acids in washing buffer zones to purify
nucleic acids, and 3) transferring the magnetic beads with nucleic acids into the RT-RPA/wax/CRISPR zone for isothermal amplification and CRISPR
detection.
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extraction and downstream amplification detection. We com-
pared and tested six different concentrations (1, 5, 10, 50, 100,
and 500 mm) of MgOAc buffer with 1% Triton X-100 by various
SARS-CoV-2 concentration samples in our LIAMT device. To
monitor the fluorescence signal of the CRISPR reaction in real
time, we removed the RPA amplicons of each tested sample
from the device and added them to the CRISPR reaction tubes
for real-time fluorescence monitoring. As shown in Figure 2C,
the washing buffer of 50 mm MgOAc consistently showed the
highest fluorescence signal for SARS-CoV-2 detection. Thus, we
determined the optimal lysis/binding buffer and washing buffer
for our LIAMT device to be ZYMO lysis/binding buffer and 50
mwm MgOAc washing buffer with 1% Triton X-100, respectively.

Unlike conventional magnetic bead-based nucleic acid extrac-
tion methods[?#-%, our LIAMT assay retains the magnetic beads
in the RT-RPA reaction solution, eliminating the need for an ad-
ditional elution step. Thus, the usage amount of the magnetic
beads can affect the downstream nucleic acid detection. To this
end, we tested a series of volumes of magnetic beads ranging
from 0.5 to 16 uL in the LIAMT device. We determined the op-
timal volume of the magnetic beads to be 2 uL, as it led to the
strongest fluorescence signals (Figure 2D). Interestingly, as the
usage of the magnetic beads increased, there was a significant
reduction in the fluorescence signals of the device. This result
could be attributed to two major factors: i) the increased amount
of magnetic beads may introduce more potential inhibitors into
the downstream RT-RPA reaction solution, and ii) an excessive
amount of magnetic beads can potentially interfere with the RT-
RPA reaction and reduce its amplification efficiency. In addition,
we evaluated the effect of the washing buffer volume and wash-
ing times on the LIAMT assay. We tested various volumes of the
washing buffer ranging from 120 to 420 pL. As expected, increas-
ing the volume of the washing buffer resulted in a higher fluores-
cence detection signal (Figure 2E). Considering the limited vol-
ume capacity of our LIAMT device, we used 420 pL of washing
buffer to wash the magnetic beads and purify the nucleic acids.
To optimize the washing efficiency, we further investigated the
number of washing steps by evenly dividing 420 pL of washing
buffer into 1, 2, 3, and 4 equal parts. As we increased the number
of washing times, we observed an increased fluorescence signal
(Figure 2F). However, when we applied more than three wash-
ing steps, the detection signals dramatically reduced, which may
be attributed to the increased loss of magnetic beads during the
magnetofluidic transferring process. Therefore, we used 2 uL of
magnetic beads and 420 pL of washing buffer with three wash-
ing steps in the design of our LIAMT device for the subsequent
experiments.

Last, we determined the effect of the incubation time of the
RT-RPA reaction and CRISPR reaction for nucleic acid amplifi-

www.advancedscience.com

cation and detection. To maximize the efficiency of the RT-RPA
reaction, the RT-RPA preamplification independently occurs in
the RT-RPA/wax/CRISPR zone of the device. This separation
occurs because its reaction mixture is initially isolated by the
wax from the CRISPR reaction solution. Thus, we compared and
tested their respective reaction times. As shown in Figure 2G, a
30 min RT-RPA preamplification reaction and 30 min CRISPR
reaction generated the strongest fluorescence signal for detec-
tion. Increasing the CRISPR reaction time did not significantly
improve the fluorescence signal. Thus, we chose to use a 30 min
RT-RPA preamplification reaction and 30 min CRISPR reaction
for our LIAMT device.

2.3. Design and Operation of the LIAMT Device

After optimizing the experimental conditions of the
magnetofluidic-based nucleic acid detection, we designed,
fabricated, and tested a disposable, all-in-one, LIAMT device
for “sample-to-result” detection of virus. We used 3D-printing
technology to fabricate our separator (Figure 3A) because of its
low cost and ease of usel®'33l. To minimize liquid leakage, we
optimized the design of the 3D-printed separator and improved
its mechanical strength by using UV curing (Figure S1, Support-
ing Information). Furthermore, we coated polydimethylsiloxane
(PDMS) solution on the edges of the separator to enable a
seamless seal between the separator and microcentrifuge tube.
For clinical testing, we directly add the raw clinical samples
into the lysis/binding buffer zone to lyse the virus and release
nucleic acids (Figure 3B). Thus, the released nucleic acid binds
the surface of the silica-coated magnetic beads due to electro-
static interactions. After inserting the device into the magnetic
separation well of the processor (Figure 3C), the magnetic beads
are transferred to the washing buffer zones for nucleic acid pu-
rification by manually rotating and lifting the device (Video S1,
Supporting Information). To minimize the potential inhibitor’s
interference and obtain high-quality nucleic acids, we designed
the separator with three buffer zones to wash the magnetic beads
bound with nucleic acids according to our optimized experi-
mental conditions above (Figure 2F). The nucleic acid extraction
efficiency of the LIAMT device was 75 +12% (n = 3), which was
comparable to conventional nucleic acid extraction (76 +8%, n
= 3). The total time required for magnetofluidic-based nucleic
acid extraction in the LIAMT device is estimated to be ~2 min,
which is ~8 times faster than that of the conventional nucleic
acid extraction (i.e., ~#15 min) (Figure 3D).

After the magnetic beads are transferred into the RT-
RPA/wax/CRISPR reaction zone, the LIAMT device is inserted
into the incubation/detection well for isothermal amplification

Figure 2. Optimization of magnetofluidic-based nucleic acid detection. A,B) Comparison and optimization of five lysis/binding buffer solutions (ZYMO,
MES, MgOAc, Tris-HCl, and Tris-HCI+IPA) and four washing buffer solutions (H,0O, 70% ethanol, 10 mm MgOAc with 1% Triton X-100, and 20% PEG
solution) by RT-RPA/CRISPR and RT-PCR, respectively. C) Six different concentrations (1, 5, 10, 50, 100, and 500 mm) of MgOAc solution with 1%
Triton X-100 were prepared and tested as washing buffer in the LIAMT device with various SARS-CoV-2 concentrations (3,600, 360, and 36 copies puL™").
The real-time fluorescence curves were recorded by a real-time PCR machine. D) Effect of the magnetic bead volume (0.5, 1, 2, 4, 8, and 16 pL) on the
magnetofluidic-based nucleic acid extraction. E) Effect of the washing buffer volume ranging from 120 to 420 pL on the magnetofluidic-based nucleic
acid extraction. F) Effect of the number of washing steps on the magnetofluidic-based nucleic acid detection. G) Comparison and optimization of the
incubation time for the RT-RPA reaction and CRISPR reaction, respectively. The endpoint fluorescence signal was detected by ChemiDoc MP Imaging
System.
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Figure 3. LIAMT platform and its operation. A) Photograph of the LIAMT device and its 3D-printed separator. Inset is the top view of the separator. B)
Magnetofluidic-based nucleic acid extraction steps in the LIAMT device. 1) Clinical sample is added into the device and mixed with the lysis/binding
buffer containing magnetic beads. The nucleic acids are released from virus and bound on the magnetic beads. The magnetic beads in the lysis/binding
buffer zone (as indicated by “1” on the cap) are captured and transferred to the mineral oil layer by the neodymium magnet (as indicated by the arrow
in the processor) when the device is inserted into the magnetic separation well. 2) The LIAMT device is rotated clockwise to the first washing buffer
zone (as indicated by “2” on the cap) and then lifted for the first washing step. 3 & 4) The magnetic beads are washed two more times by repeating
the magnetofluidic separation operation. 5) The magnetic beads bound with nucleic acids are transferred into the RPA/wax/CRISPR reaction zone. C)
Schematic illustration of the palm-sized processor, which contains a magnetofluidic separation well for magnetofluidic-based nucleic acid extraction,
and an incubation/detection well for isothermal amplification and CRISPR detection. D) Comparison of nucleic acid sample preparation time between
the traditional spin column-based method and the magnetofluidic method of the LIAMT device. E) Photograph of the palm-sized processor. Endpoint

fluorescence images of 1) SARS-CoV-2-positive and 2) SARS-CoV-2-negative samples.

and CRISPR detection (Figure 3E). The nucleic acids bound
on the magnetic beads release into the RT-RPA reaction mix-
ture and directly serve as the template of the RT-RPA amplifi-
cation reaction when the processor elevates the temperature to
~35 °C. At 35 °C, n-Eicosane wax maintains a solid state be-
cause its melting point is typically 36-38 °C. After a 30 min
preamplification, the temperature of the processor is raised to
above 40 °C, which melts the n-Eicosane wax. With the melt-
ing of this wax layer, the RPA amplification product is combined
with the CRISPR reaction solution, resulting in specific activa-
tion of the CRISPR-Cas12a enzymes in the presence of nucleic
acid target. Thus, the activated Cas12a enzyme non-specifically
cleaves the cyanine-5 dye (Cy5)/quencher-labeled single-stranded
DNA fluorescence probe (ssDNA-Cy5/quencher), generating a
strong fluorescence signal for visual detection (see inset of
Figure 3E).

Ady. Sci. 2024, 11, 2310066

2.4. Detection of Viral RNA by the LIAMT Platform

To enable point-of-care diagnostic applications, we designed
and fabricated a portable, palm-sized processor (40 mm x 30
mm X 60 mm) (Figure 3C,E; Figure S2, Supporting Information)
matched with the disposable LIAMT device, eliminating the need
for expensive equipment. The processor can be powered by a
portable charger. The palm-sized processor features three major
functions: i) facilitating magnetic bead separation and trans-
ferring by magnetofluidic operation, ii) incubating the LIAMT
device at desired temperatures for the RT-RPA reaction and
CRISPR cleavage, and iii) enabling visual endpoint fluorescence
detection (Figure S1, Supporting Information). The palm-sized
processor contains two functional wells: i) a magnetic separation
well containing a neodymium magnet (as indicated by the arrow
in the processor) (Figure 3C), designed for the magnetofluidic

2310066 (6 0f12) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Virus detection in spiked samples by using the LIAMT platform. A) Normalized fluorescence intensity of the device for SARS-CoV-2 detection.
NC, negative control. n.s., not significant with p > 0.05. “**p <0.00001. B) Real-time fluorescence detection of the CRISPR reaction after separate RT-RPA
preamplification of SARS-CoV-2 in the spiked samples. n = 3. C) Normalized fluorescence intensity for HIV detection in the LIAMT device. D) Real-time
fluorescence detection of RPA/CRISPR reaction of HIV in the plasma samples. n = 3.

operation and magnetic bead separation, and ii) an incuba-
tion/detection well, for RT-RPA/CRISPR reaction incubation
and visual fluorescence detection. To incubate the LIAMT device
for RT-RPA/CRISPR, we attached a thin-film heater on the wall
of the incubation/detection well (Figure S2, Supporting Informa-
tion). To observe the endpoint fluorescence, we used a 645-nm
LED as the excitation light source and Cy5 fluorescence filter set
for fluorescence detection (Figure S2, Supporting Information).

We evaluated the detection sensitivity of the LIAMT device
using serial dilutions of virus in the spiked samples. To enable
accurate quantitative evaluation, we first detected and quanti-
fied the copy number of SARS-CoV-2 and HIV in the samples
by QuantStudio 3D digital PCR chips (Figures S3 and S4, Sup-
porting Information, respectively). Then, we tested serial dilu-
tions of virus in spiked samples by using the LIAMT device.
As shown in Figure 4A, the higher the SARS-CoV-2 concen-
tration, the stronger the observed endpoint fluorescence signal.
With the LIAMT platform, we could consistently detect 73.4
copies pL™! of SARS-CoV-2 RNA, which is comparable to con-
ventional RT-RPA/CRISPR detection using a real-time PCR ma-
chine (Figure 4B). Additionally, we detected HIV in plasma sam-
ples and achieved a sensitivity of 63.9 copies uL™! (Figure 4C),
which is consistent with that of the RT-RPA/CRISPR assay
(Figure 4D). Thus, our LIAMT platform provides a simple, re-
liable, and sensitive approach for virus detection at the point-of-
care without the need for complex equipment.

Adv. Sci. 2024, 11, 2310066

2.5. Clinical Validation of the LIAMT Assay Platform

To further validate the clinical utility of our LIAMT platform, we
conducted a feasibility study with 73 clinical samples, includ-
ing 32 clinical nasopharyngeal swab samples for SARS-CoV-2
and 41 clinical plasma samples for HIV. Before testing these
samples with the LIAMT platform, we performed real-time RT-
PCR to confirm the clinical samples. In clinical diagnostics by
PCR/RT-PCR[33436] | the accepted cut-off for the quantification
cycle (Cq) value ranges from 35-40. Typically, samples with Cq
> 35 are considered to have a low viral load. Here, we used
a cutoff Cq value of 39 to determine the sample positivity. As
shown in Figure S5 (Supporting Information), among the 32 clin-
ical samples, 29 samples (Samples S1-S29, Supporting Informa-
tion) were determined to be positive, and three samples (Samples
S30-S32, Supporting Information) were determined to be nega-
tive. We next tested these clinical samples by using the LIAMT
platform, capturing end-point fluorescence images by a smart-
phone (Figure S6, Supporting Information). To further analyze
the fluorescence images, we used Image] software to quantify
the fluorescence intensity of the images (Figure 5A). We normal-
ized the fluorescence intensity and set the cut-off threshold to
0.12, which was calculated by p + 30, where p is the mean value
of the negative control and ¢ is the standard deviation. Although
our LIAMT device is not intended for quantitative detection, we
found that lower Cq values of the RT-PCR assay in the clinical

2310066 (7 0f12) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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samples resulted in stronger fluorescence intensities in the de-
vice (Figure 5A). With our LIAMT platform, we could distinguish
26 samples as positive from all 32 clinical samples, consistent
with that of the conventional RT-RPA/CRISPR detection (Figure
S7, Supporting Information). However, both the LIAMT platform
and conventional RT-RPA/CRISPR assay failed to detect three
samples (Samples S27-S29, Supporting Information, with Cq
values of 38.05, 38.33, and 38.22, respectively) as positive. In our
previous study!®], samples with Cq values close to 39 were either
weak or false positives. Finally, we assessed the receiver operating
characteristic (ROC) of the LIAMT platform and performed a sta-
tistical analysis. The LIAMT platform obtained an area under the
curve (AUC) of 0.897 (95% confidence interval [CI], 0.55-1) for
SARS-CoV-2 detection in clinical samples (Figure 5B). Addition-
ally, the positive samples showed an elevated fluorescence signal
compared to the negative samples (Figure 5C).

To further evaluate the versatility of the developed LIAMT plat-
form, we tested 41 clinical plasma samples for HIV. Of the 41
clinical samples, seven were determined by RT-PCR as positive
for HIV and 34 as negative (Figure S8, Supporting Informa-
tion). Detecting these clinical samples by the LIAMT platform
could distinguish all six positive samples except for sample 39
(Figure 5D; Figure S9, Supporting Information), consistent with
that of the two-step RT-RPA/CRISPR method (Figure S10, Sup-
porting Information). Sample 39 has a Cq value of 38.97, which
is close to the cutoff Cq value of 39. To evaluate the assay perfor-
mance, we next performed an ROC curve analysis and statistical
analysis on the LIAMT clinical results (Figure SE,F). The LIAMT
platform showed excellent performance (AUC = 0.958, 95% ClI,
0.90-1). Therefore, our simple, affordable, and portable LIAMT
platform provides a promising diagnostic alternative for virus de-
tection as a versatile diagnostic tool at the point-of-care.

3. Conclusion

In this study, we developed a simple, affordable, portable, and
sensitive LIAMT platform for “sample-to-result” virus detection
at the point-of-care. The LIAMT platform contains a disposable
LIAMT device and a palm-sized processor. The LIAMT device in-
tegrates virus lysis, RNA extraction, RT-RPA amplification, and
CRISPR-Cas12a cleavage reaction in a single tube. The palm-
sized processor has multiple functions, including magnetoflu-
idic separation, incubating the device, and enabling visual fluo-
rescence detection. The LIAMT platform can detect SARS-CoV-2
and HIV with a sensitivity of 73.4 and 63.9 copies uL™!, respec-
tively, within ~1 h. To demonstrate its clinical utility, we used the
LIAMT platform to detect both SARS-CoV-2 and HIV in clinical
samples, achieving a comparable performance to that of the real-
time RT-PCR approach. Compared with other research (Table
S1, Supporting Information)!3:3+38-42301 our LIAMT platform of-
fers several advantages: i) “Sample-to-result” nucleic acid-based
molecular detection. By taking advantage of the magnetofluidic
approach to manipulate magnetic beads, the LIAMT platform is
capable of performing nucleic acid sample preparation, isother-
mal amplification, and CRISPR detection in a simple engineered
microcentrifuge tube. ii) Palm-sized processor enabling point-
of-care diagnostics. We developed a palm-sized, multifunctional
processor for magnetofluidic operation, isothermal amplifica-
tion, and fluorescence detection, eliminating the need for ex-
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pensive equipment and enabling point-of-care diagnostic applica-
tions. iii) Simplicity and portability. We used a simple 3D-printing
technology to fabricate the separator and repurpose the dispos-
able microcentrifuge tube, enabling the development of a low-
cost, portable LIAMT device (<$5). We pre-stored all reagents
and buffer solutions in the device, eliminating the need for com-
plex reagent transferring and manual operation. In the future,
we will integrate an automatic magnetofluidic operation into the
processor to enhance the automation of the LIAMT assay!*}]. In
addition, we will further lyophilize the reagents in the LIAMT
device to simplify the device operation!**]. Overall, our sim-
ple, portable, sensitive, and self-contained LIAMT platform is a
promising tool for rapid detection of infectious disease at the
point-of-care, especially in resource-limited settings.

4. Experimental Section

Reagent Preparation for the LIAMT Assay: The reagents of the LIAMT
assay include lysis/binding buffer, washing buffer, RT-RPA reaction so-
lution, and CRISPR Cas12a reaction mixture. The lysis/binding buffer
(D7020-1-100) was obtained from the Quick-DNA/RNA Viral MagBead
extraction kit (R2140-E, ZYMO Research, USA). The washing buffer is a
50 mm MgOAc (CAS: 16674-78-5, Sigma-Aldrich) solution with 1% Tri-
ton X-100 (CAS: 9036-19-5, Sigma—Aldrich). The RPA kit, TwistAmp Ba-
sic, was obtained from Twist Dx Limited (Maidenhead, UK). RNase H
and nuclease-free water were purchased from New England BioLabs (MA,
USA). SuperScript IV Reverse Transcriptase was purchased from Ther-
moFisher Scientific (MA, USA). EnGen Lba Cas12a was purchased from
New England BioLabs (MA, USA). CRISPR RNA (crRNA) and fluorescent
reporter (ssDNA-Cy5/quencher) were synthesized from Integrated DNA
Technologies (Tables S2 and S3, Supporting Information).

The RT-RPA/wax/CRISPR reaction zone contains 50 uL of RT-RPA re-
action mixture, 20 pL of n-Eicosane wax, and 60 uL of CRISPR Cas12a re-
action solution. A total of 60 uL of CRISPR Cas12a reaction mixture was
prepared, containing 400 nm Lba Cas12a, 400 nm crRNA, 1X NEBuffer 2.1
(50 mm NaCl, 10 mm Tris-HCI, 10 mm MgCl,, 100 pg mL~" BSA, pH 7.9,
25 °C), and 4 um ssDNA-Cy5/quencher fluorescent reporter. The prepared
CRISPR mixture was pre-stored in the device and sealed with 20 pL of n-
Eicosane wax (CAS: 112-95-8, Sigma—Aldrich). The RT-RPA reaction mix-
ture (in 50 uL) contained one dried pellet, 29.5 uL of primer-free rehydra-
tion buffer, 0.5 um each for forward and reverse primers, 2 U uL™' Super-
script IV reverse transcriptase, 0.1 U uL~! RNase H, and 14 mm MgOAc.
In the LIAMT assay, RT-RPA reaction mixture was directly added on the
top of the wax and formed an RT-RPA/wax/CRISPR reaction system.

LIAMT Device Design and Fabrication: The LIAMT device consists of
a 3D-printed separator and a microcentrifuge tube (1.5 mL conical screw
cap tubes, 02-681-373, Fisher Scientific, NH, USA). The separator was de-
signed using Solidworks software and fabricated by a Form 3 3D printer
using clear resin (RS-F2-GPCL-04, Formlabs, MA, USA). The separator di-
vided the microcentrifuge tube into five independent zones, including a
lysis/binding buffer zone (with a 90° angle), three wash zones (with a 70°
angle each), and an RT-RPA/wax/CRISPR detection zone (with a 60° an-
gle) (as shown in the insets of Figures 1B and 3A). The different thickness
of the 3D printed separator to optimize its design was evaluated and com-
pared. Next, the 3D-printed separator was washed with isopropyl alcohol
for atleast 30 min and cured under UV light for at least 3 h. After UV curing,
the edges of the separator were coated with polydimethylsiloxane (PDMS)
solution (RTV615 001-KIT, Momentive Performance Materials, NY, USA).
Then, the 3D-printed separator coated with PDMS solution was inserted
into a microcentrifuge tube. The sealing with PDMS ensures no liquid leak-
age between different buffer zones. Last, the assembled LIAMT devices
were placed at room temperature for more than 12 h, allowing the PDMS
to completely solidify.

Portable Palm-Sized Processor Development: The palm-sized processor
was designed using Solidworks and fabricated by a Form 3 3D printer us-
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ing black resin (RS-F2-GPBK-04, Formlabs, MA, USA). The processor has
two vial wells: i) one magnetofluidic separation well for magnetofluidic
transferring and operation, and ii) one incubation/detection well for RT-
RPA/CRISPR incubation and fluorescence detection (Figure 3C). In the
magnetofluidic separation well, a cylindrical neodymium magnet (6.33
mm diameter X 6.33 mm height) was embedded to separate the mag-
netic beads and transfer them into different functional zones of the device
through magnetic force. In the incubation/detection well, a flexible thin-
film heater (HK5572R26.5L23A, Minco, MN, USA) and a thermocouple
wire were fixed on its inner wall to heat the device and monitor the tem-
perature, respectively (Figure S2, Supporting Information).

To visualize the fluorescence signal of the LIAMT device, a Cy5 fluo-
rescence filter set (#67-010, Edmund Optics, NJ, USA) along with LED
lights (LED645L, Thorlabs, NJ, USA) were used to build an optical detec-
tion path. The LED was placed at the bottom of the incubation/detection
well and served as an excitation light source (Figure S2, Supporting Infor-
mation). To block other wavelength light, the LED light was filtered by an
excitation filter (#67-035 in Cy5 fluorescence filter set, wavelength 604 —
644 nm). To observe specific emission fluorescence signal from the LIAMT
device, the emission filter (#67-038 in the Cy5 fluorescence filter set, wave-
length 672-712 nm) was placed on the observation window of the proces-
sor (Figure S2, Supporting Information).

Operation and Detection of the LIAMT Platform: For clinical testing
with the LIAMT device, 60-uL clinical samples were added into the ly-
sis/binding buffer zone containing pre-stored lysis/binding buffer (120 uL)
and magnetic beads (2 uL) (Quick-DNA/RNA Viral MagBead extraction
kit). After samples were introduced and mixed with the lysis/binding
buffer, mineral oil (#1632129, Bio-Rad, USA) was added into the LIAMT
device to cover all buffer solutions, thereby completely isolating the indi-
vidual zones. Then, the device was sealed by a screw cap marked by yel-
low tape, indicating the location of the different zones (Figure 3B,C). The
numbers 1, 2, and 3 on the screw cap show the lysis/binding buffer zone,
the washing buffer zone, and the RT-RPA/wax/CRISPR reaction zone, re-
spectively (Figure 3B,C). The location of the neodymium magnet was
marked with an arrow in the magnetofluidic separation well of the pro-
cessor (Figure 3B,C). And then, the device was slowly inserted into the
magnetofluidic separation well by aligning its lysis/binding zone (as in-
dicated by “1” on the cap) with the magnet (as indicated by the arrow in
the processor), the magnetic beads were collected and moved into the
mineral oil layer by magnetic force. Then, the LIAMT device was slowly
rotated clockwise to the first washing buffer zone (as indicated by “2” on
the cap) and was manually lifted, which brought the magnetic beads into
the first washing buffer for purification. After two more washing steps by
the same operations, the magnetic beads bound with nucleic acids were
transferred into the RT-RPA/wax/CRISPR reaction zone. Last, the LIAMT
device was inserted into the incubation/detection well of the palm-sized
processor for the RT-RPA reaction and CRISPR detection. The thin-film
flexible heater first heated the device for the RPA preamplification reaction
at 35 °C, in which the n-Eicosane wax remains solid and isolates the RT-
RPA reaction mixture and CRISPR reaction solution. After a 30 min RPA
preamplification, the heater’s temperature was elevated to ~40 °C. The el-
evated temperature resulted in the melting of the n-Eicosane wax, which
brought the RT-RPA preamplification reaction mixture and CRISPR reac-
tion solution together and initiated the CRISPR detection. After a 30 min
CRISPR reaction, the fluorescence signal of the CRISPR reaction was vi-
sually observed by the naked eye through the observation window on the
processor (Figure 3E).

Selection and Optimization of Lysis/Binding Buffer and Washing Buffer:
Five lysis/binding buffer solutions, including: i) ZYMO lysis/binding buffer
(R2140-E, ZYMO Research, USA), ii) MES binding buffer (4 m guani-
dine thiocyanate (GuSCN), 10 mm MES [2-ethanesulfonic acid], 1% Tri-
ton X-100, 1% p-mercaptoethanol), iii) MgOAc lysis/binding buffer (5 m
guanidine thiocyanate, 100 mm MgOAc, 1% Triton X-100), iv) Tris-HCl ly-
sis/binding buffer (4 m guanidine thiocyanate, 55 mm Tris HCl pH 7.5, 25
mM EDTA, and 3% Triton X-100), and v) Tris-HCl with isopropanol bind-
ing buffer (50% v/v Tris-HCl binding buffer and 50% v/v isopropanol) are
compared and tested. In addition, four washing buffer solutions were pre-
pared and tested, including: i) deionized water, i) 70% ethanol, iii)) MgOAc
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with 1% Triton X-100, and iv) 20% PEG solution. For the optimization of
MgOAc washing buffer, six MgOAc washing buffer solutions with various
concentrations (1, 5, 10, 50, 100, and 500 mm with 1% Triton X-100) were
prepared and tested. To optimize the usage of the magnetic beads and
washing buffer, serial volumes of magnetic beads (0.5, 1, 2, 4, 8, and 16 uL)
and washing buffer (120, 180, 240, 300, 360, and 420 pL) were prepared
and tested. Additionally, different washing operations (e.g., 1, 2, 3, and 4
washing steps) were evaluated and compared in the LIAMT device.

Preparation and Detection of Spiked Samples and Clinical Samples:  Be-
fore detection on clinical samples, swab samples spiked with heat-
inactivated SARS-CoV-2 virus (Isolate USA-WA1/2020, BEI, USA) were
used to evaluate the analytical performance of the LIAMT device. For HIV
detection, AcroMetrix HIV-1 High Control (Thermo Fisher) was used to
prepare spiked plasma samples. Before testing, the copy numbers of the
SARS-CoV-2 and HIV in the samples were quantified by digital RT-PCR.
De-identified nasopharyngeal swab samples were obtained and tested for
SARS-CoV-2 and clinical plasma samples for HIV under the approval of the
Institutional Review Board of the University of Connecticut Health Center
(protocol #P61067). For RT-PCR or RT-RPA/CRISPR detection, the viral
RNA samples were extracted using the QlAamp Viral RNA Mini Kit (Qia-
gen) according to the manufacturer’s protocol.

RT-PCR and RT-RPA/CRISPR Detection: A real-time fluorescence RT-
PCR assay was used to detect the extracted RNA as the gold-standard
method. The GoTaq Probe 1-Step RT-qPCR kit from Promega (WI, USA)
was used to prepare the RT-PCR reaction solution. A total 20 uL of RT-PCR
mix was used, including 1x GoTaq Probe Master Mix, 1x GoScript RT Mix
for 1-Step RT-qPCR, 0.5 um forward primer, 0.5 um reverse primer, 0.2 m
probe, and 2 L of the target. The RT-PCR protocol contains three steps: i)
reverse transcription (15 min at 45 °C), ii) RT inactivation and polymerase
activation (2 min at 95 °C), and iii) denaturation and extension (40 cycles
of 15 s at 95 °C and 60 s at 60 °C). Real-time RT-PCR detection was per-
formed using the Bio-Rad CFX96 Touch Real-Time PCR Detection System.

For comparison purpose with the LIAMT device, the conventional RT-
RPA/CRISPR was applied to test the extracted RNA in the samples. For
the RT-RPA reaction, the extracted RNA from the samples was added to
the RT-RPA reaction mixture. After the RT-RPA reaction, 2 uL of RT-RPA
amplification product was introduced to the CRISPR reaction mixture for
CRISPR detection. ssDNA-FQ probe was used for the real-time CRISPR
fluorescence detection by a real-time PCR machine.

Digital PCR Quantification of Target: BioRad Reliance One-Step Mul-
tiplex RT-qPCR Supermix (Cat. #12010176) was purchased from BioRad.
The RT-PCR mixture was prepared according to the manufacturer’s pro-
tocol. After 14.5 pL of reaction mixture was loaded into the 3D Digital
PCR chip (Cat. #A26316) by using a 3D Digital PCR Chip Loader (Cat.
#A29154), the chip was placed on a ProFlex 2x Flat Block Thermal Cycler
(Cat. #A26316) for the PCR reaction. At the end of the RT-PCR reaction,
the chip was read on either a QuantStudio 3D Digital PCR Instrument (Cat.
#A26316) or a fluorescence microscope Axio Observer from ZEISS.

Statistical Analysis:  Statistical analyses were performed by OriginLab
2020. All statistical analyses were performed using multiple Student’s T-
test, where n.s. = not significant with p > 0.05, and asterisks ",
) denoting significant differences with the following p values (“ = 0.001
< p <0.05, ™ = 0.0001 < p <0.001, ™ = 0.00001 < p <0.0001,
<0.00001).
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