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Abstract

Rationale: Early and accurate detection of disease is crucial for its prevention, identification, and treatment.
However, most of disease diagnostics is still limited in clinical laboratories due to the need of complicated
instruments and professional personnel. Herein, we reported a smartphone-based synergistically enhanced
colorimetric method for molecular diagnostics in our point of care (POC) smart cup platform.

Methods: A disposable microfluidic chip was developed for colorimetric loop-mediated isothermal
amplification (LAMP) detection of multiple HPV DNA in our POC smart cup platform. The colorimetric
detection takes advantage of synergistic effect of PPi4- and H* ions, two byproducts of LAMP reaction. Color
signal of LAMP assay was recorded and analyzed by our custom Android app (dubbed “Hue Analyzer”).

Results: Our method not only significantly improves colorimetric readout, but also provides a 10-fold increase
in detection sensitivity. It has been successfully applied for HPV-associated cancer screening with spiked saliva
and clinical swab samples.

Conclusion: The proposed POC diagnostic platform is completely compatible with other nucleic acid
biomarkers and has great potential for personalized health monitoring and disease prevention.

Key words: synergistic enhancing effect, hue based colorimetric detection, point-of-care testing, HPV-associated

cancer screem’ng

Introduction

Early and rapid disease diagnosis, including
cancer screening, infectious disease detection, remains
a significant global challenge. Nowadays, cancer and
infectious disease have become the leading causes of
death and disability, posing a considerable threat to
human health globally [1]. For example, human
papillomavirus (HPV) causes nearly all cervical
cancers (99%) and some other cancers (i.e.,
oropharynx, vagina, vulva) [2]. Recent research
demonstrated that primary HPV DNA testing detects
cervical neoplasia earlier and more accurately than
cytology test widely used for cervical cancer screening

[3]. However, current HPV DNA tests, such as
QIAGEN's careHPV™, Cepheid Xpert HPV Assay
(Xpert), Atila HPV diagnostics kit and Roche's cobas®
HPV test, typically require well-trained technicians,
expensive instruments, and long detection time
(several hours to days), which are not suitable for
widespread application at home and low-resource
settings [4]. Therefore, there is an unmet need for
simple, fast, accurate, point of care (POC) molecular
detection technologies.

Recently, simple
techniques such as

isothermal
loop-mediated

amplification
isothermal
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amplification (LAMP) has emerged as a powerful
method for POC molecular diagnostics due to its
simplicity, sensitivity and low resource requirement
[5, 6]. Especially, simple colorimetric detection of
LAMP reaction can be achieved with various
indicators including Mg?* indicator, pH-sensitive
dyes, and functional gold nanoparticles [7-13].
However, most of them only monitor single ion
changes (e.g, H* or Mg?) during LAMP
amplification, leading to low reliability and
non-sensitive colorimetric LAMP detection.

Today smartphones have become ubiquitous
with internet connectivity, including developing
countries with resource-limited settings. The
embedded camera coupled with powerful computing
capabilities enables smartphone to become an
alternative to conventional dedicated optical detector,
allowing low cost and reliable signal acquisition,
image analysis, and result reporting. Especially,
image analysis using smartphone can be easily
adapted for objective color readout, eliminating
variations caused by potential differences in color
perception and environmental factors during analysis
[14-17]. For example, smartphone-based approach has
been adopted for the fluorescence-based and
colorimetric-based detection of LAMP reaction [12,
18-23]. An inexpensive fiber-optic bundle-based
fluorescence microplate reader integrated with a
mobile phone has been developed for highly stable
and sensitive detection of nucleic acid amplification
[18]. CIE xyY colorspace (chromaticity-luminance)
method has been developed to analyze LAMP
fluorescence signals [19]. However,
fluorescence-based LAMP assay typically requires
fluorescence filters and excitation light source.
Colorimetric-based LAMP assay is simpler, lower cost
and more suitable for instrument-free POC diagnostic
applications.

Herein, we developed a smartphone-based
synergistically enhanced colorimetric molecular
detection strategy for LAMP assay, enabling
instrument-free molecular diagnostics at the point of
care. The target nucleic acids of causative pathogens
from raw samples can be directly amplified through
LAMP reaction in a disposable microfluidic chip in
combination with our portable smart cup platform
powered by exothermic chemical reaction [23, 24]. The
synergistically enhanced visible color signal can be
recorded by a smartphone camera and readout by our
custom Android app (dubbed “Hue Analyzer”). As a
demonstration of clinical applications, we
successfully  achieved HPV-associated  cancer
screening by detecting multiple HPV DNAs (i.e., HPV
16, 18 and 31) in saliva and clinical cervical swab
samples in the smart cup platform.

Experimental

Chemicals and instruments

(NH4)2SO4, Tween 20, KCI, KOH, acetonitrile
and hydroxy naphthol blue (HNB) were purchased
from Sigma-Aldrich. The stock solution of HNB was 2
mM in ddH>O. Sterile molecular biology-grade water
was purchased from Thermo Fisher Scientific Inc.
EvaGreen® dye was purchased from Biotium. 10X
isothermal amplification reaction buffer, Bst 2.0 DNA
Polymerase (8,000 U/mL), thermostable inorganic
pyrophosphatase (2,000 U/mL), MgSOs and dNTP
were purchased from New England BioLabs (INEB)
Inc. GspSSD2.0 Isothermal Mastermix was purchased
from OptiGene (UK). Hydrophobic PTFE membrane
filter was purchased from Sterlitech Inc. HPV 16, 18
and 31 genomes were obtained from Dr. Jianxin You
Lab at the University of Pennsylvania. Escherichia coli
O157:H7 was purchased from ATCC (ATCC®
43895™). LAMP primers and PCR primers were
purchased from Integrated DNA Technologies, Inc.
All other chemicals used in this study were analytical
reagent grade or better. Homemade non-buffered
LAMP reaction solution was prepared by mixing 10
pL 1M (NH4)2SOs, 1 pL Tween 20, 25 pL. 2 M KCl, 4 pL
IM KOH, 140 pL dNTP, 40 pL Bst 2.0 DNA
Polymerase and 270 pL ddH>O. LAMP primers mix
was prepared by mixing 40 pL 100 pM FIP/BIP, 20 pL
100 uM LE/LB (or LF), and 5 pL 100 uM F3/B3 [25,
26]. The non-buffered LAMP reaction solution and
LAMP primers mix were stored at -20 °C. UV-vis
spectra were measured by a p-Quant microplate
reader Nanodrop 2000C (Thermo Scientific, USA).
Real-time LAMP and PCR reactions were carried out
on CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad, USA).

LAMP experimental protocol

Three different LAMP reaction solutions (15 pL
LAMP reaction) were used in our LAMP assay: i)
homemade, non-buffered LAMP reaction solution: 7.5
pL  pre-prepared non-buffered LAMP reaction
solution, 3.6 pL ddH>O, 0.8 pL LAMP primers mix, 0.9
pL HNB and 1.2 pL 100 mM MgSOy; ii) NEB LAMP
reaction buffer: 2.1 pL dNTP, 1.5 pL 10X isothermal
amplification reaction buffer (New England BioLabs
Inc), 0.6 pL Bst 2.0 DNA polymerase, 0.9 pL 100 mM
MgSQO,, 0.8 pL LAMP primers mix, 0.9 pL HNB and
72 pL ddHO; and iii)) Optigene GspSSD2.0
Isothermal Mastermix (Optigene, UK) for real-time
fluorescence LAMP assay: 9 pL GspSSD2.0 Isothermal
Mastermix, 3.7 pL dd H2O, 0.8 pL LAMP primers mix
and 0.5 pL Eva green. All LAMP reactions in the
presence/absence of 1 pL target (ddH-O for negative
control) were incubated at 65 °C. Endpoint imaging
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and hue value analysis of colorimetric LAMP assay
were achieved by Galaxy S6 smartphone (Samsung,
South Korea) with our custom Hue Analyzer app
(Figure S1).

Smartphone app for hue value analysis

The Hue Analyzer app (Figure S1) was
developed with Eclipse Integrated Development
Environment (IDE) in Android Developer Tools and
Java. The app includes: i) Main menu, ii) Instructions,
iif) Parameter settings and image capturing, and iv)
Data analysis and result reporting. The app (Figure S1
(B)) provides operating instructions for user and
allows the user to select the detection regions of the
reactor array displayed in the preview window
(Figure S1 (C)). The app takes photos of the
microfluidic chip or tube at the end of LAMP reaction.
All images are saved in Joint Photographic Experts
Group (JPEG) format. The app analyzes the hue
values from the user-defined regions and displays
their results.

Microfluidic chip fabrication and operation

The 36 mm x 21 mm x 3.50 mm microfluidic chip
was assembled by three layers: i) a 250 pm polymethyl
methacrylate (PMMA) film top; ii) a 3 mm PMMA
chip; iii) and a 250 pm PMMA film bottom (Figure S2).
The top/bottom cover films were cut by a CO; laser
(Universal Laser Systems). The chip body was
fabricated by a computer controlled milling machine
(HAAS Automation Inc.) to create four LAMP
reaction chambers, microchannels, inlet and outlet
(Figure S2A). 1 pL of specific LAMP primers mix was
pre-loaded into individual LAMP reaction chamber
before bonding the chip body with PMMA film top by
using acetonitrile [27]. In the experiment, the outlet of
the chip (Figure S2B) was firstly covered by a
hydrophobic porous membrane to provide an
obstruction to liquid sample but not air, enabling all
four reaction chambers to be fully filled. After
thermally-treated lysate sample along with LAMP
reaction solution (without LAMP primers) was
introduced into the chip through its inlet (Figure S2B),
the hydrophobic porous membrane was removed.
Then, the inlet and outlet of the chip were sealed by
PCR Sealers™ tape (Microseal® ‘B’ Film) (Bio-Rad)
and the chip was inserted into our homemade smart
cup for LAMP amplification.

Portable smart cup platform

Smart cup platform developed previously by our
Lab [23, 24] was used for LAMP reaction without
need of electricity, enabling instrument-free POC
molecular diagnostics. Briefly, the smart cup (Figure
S3) utilized water-triggered, exothermic chemical
reaction to supply heat for isothermal amplification.

In the test, one Mg-Fe alloy pouch and 7.5 mL of tap
water were added into the smart cup to produce
chemical heat for isothermal amplification. The
temperature was regulated by a phase change
material (PCM) (Innotech Products Ltd., USA) that
melts at 68 °C. After preheating the smart cup for
approximately 10 min, the microfluidic chip loaded
with samples was inserted into the smart cup for
isothermal amplification. After 60 min incubation for
LAMP amplification, the chip image was taken by the
smartphone and the hue value of each reaction
chamber was quantitatively read by the Hue Analyzer
app. The smart cup is reusable except for Mg-Fe alloy
pouch (~0.15 $ per pouch) and the estimated cost for
chip material and assay reagents is ~2 $ per assay,
enabling simple, cost-effective POC molecular
diagnostics.

Saliva samples preparation

Saliva samples were collected from participants
without swallowing or expectorating for 5 min and
then spit into the collection vial (IRB protocol #:
823266). 2 mL saliva was collected through this
protocol. Known concentration HPV DNA (i.e., HPV
16, 18 and 31) were spiked into saliva samples and
then incubated at 95 °C for 4 min to inactivate
potential inhibitors of LAMP reaction existing in
saliva matrix. The saliva samples could be used
immediately or stored at -20 °C until use. To detect
spiked HPV DNA in saliva samples, 37.5 pL
non-buffered LAMP reaction solution, 23 pL saliva
samples, 4.5 pL HNB and 6 pL 100 mM MgSO, were
initially mixed in a tube and then added into the
microfluidic chip by a digital pipette (Figure S2B).

Clinical cervical swab samples preparation

Clinical cervical swab samples obtained from the
Hospital of the University of Pennsylvania (IRB
protocol #: 829760) were utilized for liquid-based Pap
smear test, real-time quantitative PCR and HPV
genotype analysis in our smart cup-based POC
diagnostic platform, respectively. The Pap smear test
was completed at the Hospital of the University of
Pennsylvania. For HPV DNA detection by real-time
PCR and our smart cup platform, 200 pL cervical
swab samples were firstly centrifuged at 1000X g for 5
min. Next, the liquid supernatant including methanol
was removed and left cell pellet. Then, the
concentrated cervical cells were resuspended by 50 pL
ddH;O and repeated the above steps for 3 times.
Lastly, the concentrated cervical cells were incubated
at 95 °C for 10 min for cell lysis and released the
nucleic acids [28]. After cells lysis at 95 °C for 10 min,
the solution was concentrated at 1000X g for 10
seconds and the liquid supernatant was used for
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further LAMP amplification. For LAMP reaction in
our smart cup platform, 37.5 pL non-buffered LAMP
reaction solution, 23 pL cervical cell lysis solution, 4.5
pL HNB, 4 pL ddH,O and 6 pL 100 mM MgSO, were
mixed and added into the four-chamber chip which
have already been pre-loaded with HPV 16, 18 and 31
LAMP primers (ddH>O for blank control group) in
their individual chambers, respectively. Then, the
microfluidic chip was incubated in the smart cup
platform for 60 min and the images were recorded by
smartphone camera and analyzed by the Hue
Analyzer app. The hue value of 238° was defined as
the threshold value at 5 times standard deviations
below the mean baseline level (blank control).
Real-time PCR detection of HPV DNAs was similar to
the previously reported method [29].

Results and Discussion

Synergistically enhanced colorimetric
molecular detection

A synergistically enhanced  colorimetric
detection strategy for LAMP assay has, for the first
time, been proposed by taking advantage of the
synergistic effect of pyrophosphate (PPi*) and H*
ions, two byproducts of LAMP reaction in
non-buffered LAMP reaction solution (without Tris
salt) (Figure 1A). The polymerization during LAMP
reaction produces large amounts of byproducts
including PPi* and H* ions. When LAMP reaction
occurs in non-buffered solution, its pH value changes
from 8.8 to ~ 6.8. When HNB is added to LAMP
reaction solution as a colorimetric indicator, its color
changes from initial blue to fuchsia due to the electron
transfer from HNB to Mg?* after formation of
HNB-Mg?* complex. During LAMP reaction, the
produced pyrophosphate ions react with Mg?* ions
and form  insoluble  product magnesium
pyrophosphate (Mg>P>O7), which promotes the
dissociation of HNB-Mg?* complex (Figure 1A).
Simultaneously, the produced H* ion in the
non-buffered LAMP reaction solution can also
decrease the stability of HNB-Mg?* complex and
further release the blue HNB (Figure 1A) [30-32].
Thus, the synergistic reaction of PPi* and H* ions
with HNB-Mg?* complex significantly improves the
release of blue HNB, producing an enhanced
colorimetric signal in LAMP assay. To validate it,
different concentrations of Mg?* ions were added in
LAMP reaction solution with 120 uM of HNB at pH
values of 8.8 and 6.8, respectively. As shown in Figure
1B, the hue value change of HNB indicator between 4
mM and 8 mM Mg?* was, respectively, ~25° and ~36°
at a constant pH value (8.8) and various pH values
(8.8 to 6.8), which showed that synergistic effect can

significantly =~ improve the colorimetric LAMP
detection. Due to absence of buffer solution, the pH
value in the non-buffered LAMP solution dropped
more than that of the buffered LAMP solution after
LAMP amplification (Figure S4). But we did not
observe any obvious effect of the non-buffered LAMP
solution on the LAMP reaction, which is consistent
with the previous literature [10]. In addition, there is
no significant difference in pH change for different
nucleic acid targets (e.g., HPV 16, E. coli O157,
Salmonella and ADNA) in our non-buffered LAMP
assay (Figure S5). All of these results show that
non-buffered LAMP solution is suitable for high
sensitive colorimetric detection of nucleic acids.

To evaluate the sensitivity of our synergistically
enhanced colorimetric detection method, we chose
HPV 16 as a model analyte. We carried out
colorimetric LAMP assay with 10-fold serially diluted
DNA template in the homemade non-buffered LAMP
reaction solution and NEB LAMP reaction buffer
(New England Biolabs, MA), respectively. A limit of
detection of 50 copies per test for HPV 16 can be
achieved with the non-buffered LAMP solution,
which is 10-fold higher than that of NEB LAMP
reaction buffer (Figure 1C). To further validate that
the synergistic effect improves colorimetric LAMP
detection compared to single pH change, 10 mU of
thermostable inorganic pyrophosphatase was added
into the non-buffered LAMP solution to digest
pyrophosphate and maintain a constant Mg?* ion
concentration. As shown in Figure S6A and S6B, a
more significant color change was observed in our
synergistically enhanced colorimetric detection
without pyrophosphatase. In addition, HNB indicator
showed better sensitivity than phenol red (pH
sensitive dye) in our non-buffered colorimetric LAMP
assay (Figure 1C and Figure S6C). Therefore, the
synergistic effect in the non-buffered LAMP solution
not only significantly enhances the color change
between positive and negative samples, but also
improves the detection sensitivity of LAMP reaction,
allowing us to develop an ultrasensitive colorimetric
molecular detection.

Smartphone-based hue image analysis

Colorimetric readout with naked eye is a simple,
straightforward and instrument-free biochemical
analysis method. However, it is susceptible to
variations in human color perception. To this end, a
custom Hue Analyzer app was developed for
objective and reliable colorimetric readout by
quantifying hue value of images, eliminating need for
sophisticated optical instrumentation (Figure 2A and
Figure S1). The app can take photos, process images,
quantify hue values of images, as well as report
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results. In color models, the hue, saturation and
intensity (HSI) have widely applied for artificial
intelligence image analysis such as real-time flame
detection, lane-marking detection as well as analytical
chemistry [15, 33]. The hue component describes the
attribute of pure color, which is close to human
perception of color and its sensitivity to image noise is
lower compared with saturation and intensity. Hue
value can be represented as an angle in the color
ranging from 0 to 360°. To investigate the reliability of
our smartphone-based hue image analysis method,
we determined the hue values of a series of 120 uM
HNB indicator solution with different concentration
of Mg?* (0, 2, 4, 6, 8, and 10 mM) by the Hue Analyzer
app (Figure 2A and B). The hue values changed from
205° to 260° and showed a good linear relationship (12
= 0.993) at Mg?* ion concentrations ranging from 0 to

10 mM (Figure 2C). For comparison, absorption
spectra of HNB indicator solution were measured
with different Mg?* 1ion concentrations by
determining their absorbance peak at 650 nm (Figure
2D) on conventional UV spectrophotometer. The
results show that our smartphone-based hue analysis
method has wider linear range and lower variation
compared to UV spectrophotometer method (Figure
2Cand E).

In addition to human color perception
difference, colorimetric detection can be affected by
variations of environment light. We evaluated the
effect of different environmental light on hue image
analysis and compared its performance with that of
RGB value detection which has been widely used for
color analysis, including colorimetric LAMP assay [12,
34, 35]. Unlike traditional RGB model, hue value in
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Figure 1. Synergistically enhanced colorimetric detection strategy of LAMP assay in non-buffered reaction solution. (A) Detection mechanism. (B)
Colorimetric detection and hue value analysis of HNB indicator with 4, 6 and 8 mM Mg2* at a constant pH value (8.8) and various pH values (8.8 to 6.8), respectively. (C)
Colorimetric LAMP detection of HPV 16 DNA and hue value analysis in non-buffered LAMP solution and NEB LAMP reaction buffer, respectively. Error bars denote s.d. (n=3).
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concentrations of Mg2* ions. (D) Absorption spectra of HNB with various Mg2* ion concentrations. (E) Absorbance peak of HNB indicator at 650 nm as a function of various Mg2*
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HSI model is independent of the light intensity
because it is multiplicative/scale invariant [36]. As
shown in Figure S7, the hue value analysis exhibits
more reliable and reproducible results compared to
RGB model. Additionally, we tested the long-term
stability of hue-based colorimetric detection in LAMP
assay. As shown in Figure S8, the hue image analysis
shows that there is no significant hue value change in
LAMP reaction products after more than 21-days
storage under daylight exposure at room
temperature, enabling POC molecular diagnostics
without need for dark storage condition. In addition,
the sensitivity and specificity of smartphone-based
hue value analysis method in the non-buffered
colorimetric LAMP assay is comparable with that of
conventional fluorescence detection in Optigene
GspSSD2.0 Isothermal Mastermix (Figure S9 to Figure
S13). These results show that the smartphone-based
hue image analysis is a reliable, stable and sensitive
approach for objective, digital colorimetric detection
without need of sophisticated optical instrumentation,
allowing us to develop simple, inexpensive,
instrument-free POC diagnostics.

Multiple HPV DNA detection in saliva samples

To validate the feasibility of our proposed
method for simultaneous detection of multiple nucleic
acid targets at the point of care, we designed and
fabricated a four-chamber microfluidic chip (Figure
3A, top, and Figure S2) to simultaneously detect three
high-risk HPV genotypes, HPV 16, 18 and 31 in saliva
and clinical swab samples. The LAMP primers

targeted to HPV 16, 18, and 31 (Table S1) were
pre-stored and dried in chambers 2, 3 and 4,
respectively. The specific LAMP primers pre-stored in
the chambers determine which HPV DNA will be
amplified. Chamber 1 serves as a blank control
without any primers (Figure 3A, top). If needed, more
chambers can be added in the chip to simultaneously
detect more nucleic acid targets.

Saliva-based screening of high-risk HPV DNA is
a simple, non-invasive and reliable method for early
diagnosis of HPV-related cancers, such as
oral/oropharyngeal cancer and throat cancer [37]. In
the testing, saliva samples spiked with HPV DNA
were first incubated at 95 °C for 4 min to inactivate
potential inhibitors before introducing into the
microfluidic chip. Next, saliva samples were mixed
with non-buffered LAMP reaction solution (no LAMP
primers) and pipetted into the microfluidic chip with
pre-stored HPV LAMP primers. Then, the chip was
inserted into the smart cup (Figure 3A, bottom, Figure
S3) for isothermal amplification. After 60-min
incubation, the chip image was taken by the
smartphone (Figure 3B, left) and hue value of each
chamber was quantitatively determined by the Hue
Analyzer app (Figure 3B, right). The combination of
simple microfluidic chip with our portable smart cup
platform allows us to develop an inexpensive,
instrument-free molecular point of care diagnostics.

As shown in Figure 3C, the groups of saliva
samples spiked with 10% copies of HPV 16, 18, and 31
DNAs, respectively shows significantly different hue
values with control groups (p < 0.001, t-test). In our
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spiked 103 copies of HPV 16, 18 and 31, respectively. *** indicates a significant difference in the hue value (p < 0.001, t-test). Error bars denote s.d. (n=3).

experiment, we did not observe any significant effect
of potential buffering capacity of saliva (Figure 3C
and Figure S14). As shown in Figure 1C, the
sensitivity of the developed smartphone-based hue
value analysis method for HPV DNA detection could
reach 102 copies, which is comparable to that of
previous methods [25,38]. Additionally, we further
demonstrated the feasibility of our method for
simultaneous detection of multiple HPV genotypes in
the same saliva sample in the smart cup platform
(Figure S15). All these results verified that saliva
samples do not influence our colorimetric LAMP
detection, which has great potential in saliva-based
diagnostics.

HPV-associated cervical cancer screening in
clinical swab samples

To further validate the clinical application of our
smart cup diagnostic platform, we tested fifteen
clinical swab samples including three positive
samples and twelve negative samples. The collected
clinical samples can be directly added into the
microfluidic chip after thermal lysis [28]. Results can
be easily recorded and reported by smartphone after
60-min amplification (Figure 4A, B and Figure S16).
As shown in Table 1, the results obtained from the
smart cup platform agree well with that of real-time
PCR method [29]. The detection results of the smart

cup are also compared and correlated with that of
conventional Pap smear test which screens for
abnormal cell changes (Figure 4C and Table 1).
Therefore, our smartphone-based synergistically
enhanced colorimetric molecular detection platform is
suitable for clinical applications in cervical cancer
screening, and other infectious disease detection at
the point of care.

Table 1. Cervical cancer screening with clinical swab samples by
our smart cup platform, real-time PCR method and Pap smear
test.

Clinical Smart cup platform Real time PCR Pap smear
swab HPV16 HPV18 HPV31 HPV16 HPV18 HPV31 test
samples

1 - - - - - - NILM
2 - - - - - - NILM
3 - - - - - - NILM
4 - - - - - - NILM
5 - - - - - - NILM
6 - - - - - - NILM
7 - - - - - - NILM
8 - - - - - - NILM
9 - - - - - - NILM
10 - - - - - - NILM
11 - - - - - - NILM
12 - - - - - - NILM
13 - - + - - + HSIL
14 - + - - + - ASCUS
15 + - - + - - HSIL

+: detected; -: not detected; NILM: Negative for Intraepithelial Lesion or
Malignancy; HSIL: High-Grade Squamous Intraepithelial Lesion; ASCUS: Atypical
squamous cells of undetermined significance
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Figure 4. Cervical cancer screening with clinical swab samples in our POC diagnostic platform. (A) Screening workflow. (B) Detection results of our smart cup
platform. Red dash box indicates positive. (C) Pap smear results (HSIL: High-Grade Squamous Intraepithelial Lesion; NILM: Negative for Intraepithelial Lesion or Malignancy).

Conclusion

In summary, we proposed a synergistically
enhanced colorimetric method for LAMP assay and
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developed smart cup-based POC diagnostic platform

for HPV-associated cervical cancer screening at the
point of care. Our method allows the rapid, portable, The
and inexpensive molecular detection of a wide range
of nucleic acid targets without need for complex
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