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Abstract
Prostate cancer (PCa) is the second most
common cause of male cancer-related
death worldwide. The gold standard of
treatment for advanced PCa is androgen
deprivation therapy (ADT). However,
eventual failure of ADT is common and
leads to lethal metastatic castration resis-
tant PCa (mCRPC). As such, the detec-
tion of relevant biomarkers in the blood
for drug resistance in mCRPC patients
could lead to personalized treatment op-
tions. mRNA detection is often limited
by the low specificity of qPCR assays
which are restricted to specialised labora-
tories. Here, we present a novel reverse-
transcription loop-mediated isothermal
amplification (RT-LAMP) assay and have
demonstrated its capability for sensitive
detection of AR-V7 and YAP1 RNA
(3x101 RNA copies per reaction). This
work presents a foundation for the de-
tection of circulating mRNA in PCa on
a non-invasive Lab-on-chip (LoC) device

for use at point-of-care. This technique
was implemented onto a Lab-on-Chip
platform integrating an array of chemi-
cal sensors (ion-sensitive field-effect tran-
sistors - ISFETs) for real-time detection
of RNA. Detection of RNA presence was
achieved through the translation of chem-
ical signals into electrical readouts. Val-
idation of this technique was conducted
with rapid detection (<15 min) of ex-
tracted RNA from prostate cancer cell
lines 22Rv1s and DU145s.

Introduction
One in eight men are expected to be di-
agnosed with prostate cancer (PCa) within
their lifetime.1 Aggressive tumours progress to
metastatic castration-resistant prostate cancer
(mCRPC) which is responsible for the ma-
jority of PCa-related deaths.2 Other patients,
however, will have clinically insignificant PCa,
where the longevity and quality of a patient’s
life is not adversely affected by PCa pres-
ence.3 Successfully determining between ag-
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Figure 1: Prospective workflow from liquid biopsy extraction from a PCa patient to a clinically
actionable response via mRNA detection using an ISFET biosensor and an optimised RT-LAMP
assay.

gressive and clinically insignificant PCa is cru-
cial to affording patients appropriate treatment.
Current clinical diagnosis for PCa relies on
multi-parametric MRI, PSA testing and trans-
rectal ultrasound-guided biopsy (TRUS).4 PSA
screening in the UK is not currently imple-
mented based on the limited benefits at di-
agnosing PCa on account of false negatives
and false positives.5 Current testing for PCa
is very limited prognostically and often leads
to overtreatment of patients with clinically in-
significant PCa. Another urgent biomarker re-
quirement is for the accurate and early detec-
tion of resistance to hormonal therapies - i.e.
the development of castration resistance. This
would facilitate the prompt discontinuation of
ineffective therapies (with their significant side-
effects) and potentially adoption of new ap-
proaches.

Recent research has indicated that detec-
tion of circulating biomarkers including cell-free
DNA, microRNAs, mRNAs and circulating tu-
mour cells, present a minimally invasive alter-
native to current testing methods.6–9 However,
mRNA detection in particular, is often com-
pounded by the limited specificity of qPCR as-
says.10 In addition, the relative low abundance
in circulating biofluids of mRNA and its inher-
ent lability can make this species a challenging
yet potentially valuable dynamic biomarker for
PCa prognosis. Detection of mRNA biomark-

ers at point-of-care (PoC) could provide rapid
in situ responses to direct treatment options
for PCa patients. Previous work has estab-
lished several mRNAs of interest for PCa prog-
nostics, including both androgen receptor (AR)
variant 7 (AR-V7) and Yes-associated protein
1 (YAP1) mRNA.11,12 AR-V7 is deficient of
the ligand binding domain (LBD) which nor-
mally makes the AR a ligand-activated tran-
scription factor, as a result it is constitutively
active. As such, AR-V7 presence in PCa pa-
tients is often associated with resistance to an-
drogen deprivation therapy (ADT), the gold
standard treatment for disseminated disease
which targets the AR LBD.13 Across data ex-
tracted from twelve clinical trials, the propor-
tion of mCRPC patients with detectable circu-
lating AR-V7 mRNA is 18.3 %.14 Detection of
circulating AR-V7 mRNA in mCRPC patients
treated with ADT, corresponded to reduced
overall survival and progression free survival in
these patients, supporting AR-V7 as clinically
actionable mRNA for detection in the blood.11

YAP1, on the other hand, is commonly associ-
ated with the epithelial to mesenchymal tran-
sition in several types of cancers.15–18 In multi-
ple PCa cell lines, YAP1 knockdown is associ-
ated with reduction in cellular motility, invasion
and progression to metastatic phenotypes.19–21

However, the YAP1 gene is downregulated by
late stage PCa-associated miR, miR-375-3p in
mCRPC samples.12,18 Therefore, YAP1 poten-
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Table 1: Primer sequences for both AR-V7 and YAP1 RT-qLAMP and RT-pHLAMP assays.

AR-V7 RT-qLAMP Sequence 5’→ 3’ YAP1 RT-qLAMP Sequence 5’ → 3’
primers primers
V7 F3 CTAGCCTTCTGGATCCCA YAP1 F3 TTTGCCCAGTTATACCTCA
V7 B3 AGGCTAGATGTAAGAGGGA YAP1 B3 CAAGAAGCAGTTAAGCACTT
V7 FIP TTCTGTGGATCAGCTACTAACCTAGA YAP1 FIP TCAGTACAGAGGGCATCGTTAGCAGT

TCTTAGCCTCAG ACTGTGATACCT
V7 BIP AGTAAACAAGGACCAGATTTCTGTAG YAP1 BIP CCTGAAGGAGACCTAAGAGTCAGGAC

TCTCTCAGTGTGTTTGA ATAAAACAAGAGACCA
V7 LF GCTCAGTGACAGGGCCTGAG YAP1 LF CAAAGCACTGTGCCAGGT
V7 LB CCAGGAGAAGAAGCCAGCCA YAP1 LB CCCTTTTTGAGTTTGAATCATAGCC

tially presents a temporal biomarker for pro-
gression from locally advanced PCa to mCRPC.
Since the miR-375-3p - YAP1 pathway is im-
plicated in docetaxel resistance, it could also
direct treatment for mCRPC patients.12

qPCR is commonly referred to as the ’gold
standard’ for nucleic acid amplification tests,
on account of its high accuracy and sensitivity.
However, thermal cycling equipment crucial to
qPCR experimentation is expensive and limited
to use in specialized laboratories.22 As a result,
qPCR experimentation is further compounded
by transfer times to a laboratory. Alterna-
tive solutions for amplification tests are there-
fore required for point-of-care (PoC) prognostic
and diagnostic tests. Loop-mediated isother-
mal amplification (LAMP), developed and op-
timised by Notomi et al and Nagamine et al
respectively, is a rapid (<30 min) and sensi-
tive DNA amplification technique.23,24 LAMP
utilises six primers targeting eight specific DNA
regions for exponential and isothermal amplifi-
cation resulting in a high-yielding DNA assay.23

Reverse transcriptase LAMP (RT-LAMP) al-
lows application of the technique to mRNA
and has previously been used to detect mRNA
in various diseases, including distinguishing
dengue serotypes, prostate cancer antigen 3 for
PCa diagnosis and more recently the N gene for
SARS-CoV-2 virus detection.25–27 Integration
of LAMP assays with ion-sensitive field effect
transistors (ISFETs) and unmodified comple-
mentary metal oxide semiconductor (CMOS)
technology for Lab-on-Chip (LoC) detection of
biomarkers has previously been successful.27–31

RT-LAMP can be adjusted to result in a pH
readout (RT-pHLAMP) during amplification
events (i.e. a positive signal), which allows

for compatibility with the pH-sensing ISFET
for use in a microfluidic PoC device.32,33 Dou-
ble stranded DNA synthesis, which occurs in
the RT-pHLAMP amplification event, releases
a proton per nucleotide addition to the DNA
strand.34,35

This work presents a method with bespoke
primer selection and optimisation for the de
novo development of RT-LAMP assays for the
detection of AR-V7 and YAP1 mRNA. Adap-
tation of this assay for ISFET compatibility re-
sulted in an accurate, sensitive (3x101 copies
per reaction) and rapid (<15 min) test for
YAP1 and AR-V7 synthetic RNA presence.
The assays were successfully tested on the IS-
FET LoC device presenting use of this de-
vice for PoC. Validation of this assay and the
LoC device was confirmed with detection of
AR-V7 and YAP1 mRNA extracted from PCa
cell lines. The development of this biosensor
and these assays present the potential for PoC
prognostics, where clinicians can rapidly adjust
treatment options for PCa patients.

Results

RT-qLAMP and RT-pHLAMP as-
say optimisation for AR-V7 and
YAP1 detection.

Initial optimisation of the RT-qLAMP assay
rendered the primers shown in Table 1. Differ-
ent lengths of the front inner primer and back
inner primer were tested to ensure optimal time
to positive (TTP) values were achieved. The
AR-V7 primers specifically targeted a region in
cryptic exon 3 to avoid amplification of the full-
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Figure 2: (a-d) Sigmoidal amplification curves of RT-qLAMP and RT-pHLAMP assays detecting
AR-V7 and YAP1 synthetic RNA. Synthetic RNA concentrations varied from 3x107 to 3x102 copies
per reaction for each RT-qLAMP reaction and 3x107 to 3x101 copies per reaction for each RT-
pHLAMP reaction. (a) Amplification curve of the RT-qLAMP assay detecting synthetic AR-
V7 RNA. (b) Amplification curve of the RT-qLAMP assay detecting synthetic YAP1 RNA. (c)
Amplification curve of the RT-pHLAMP assay detecting synthetic AR-V7 RNA. (d) Amplification
curve of the RT-pHLAMP assay detecting synthetic YAP1 RNA. (e-h) Standard curves of RT-
qLAMP and RT-pHLAMP detection of synthetic AR-V7 and YAP1 RNA at varying concentrations.
These graphs include linear regressions, the coefficient of determinations of each assay and error bars
displaying one standard deviation. (e) Standard curve of the RT-qLAMP assay detecting synthetic
AR-V7 RNA. (f) Standard curve of the RT-qLAMP assay detecting synthetic YAP1 RNA. Data
averaged across two experiments. (g) Standard curve of the RT-pHLAMP assay detecting synthetic
AR-V7 RNA. (h) Standard curve of the RT-pHLAMP assay detecting synthetic YAP1 RNA. Data
averaged across two experiments.

length androgen receptor (AR-FL) mRNA.36

Since mRNAs present in the blood are often
fragmented, synthetic RNA fragments of both
AR-V7 and YAP1 target regions (374 bp and
355 bp lengths respectively) were synthesized
for initial assay development.37,38 Both the AR-
V7 and YAP1 RT-qLAMP assays achieved lin-
ear detection of 3x107 to 3x102 copies of syn-
thetic RNA per reaction in under 17 min (Fig-
ure 2).

In order to generate a pH readout for IS-
FET compatibility, the RT-qLAMP assays
were adjusted as previously described to omit
tris(hydroxymethyl)-aminomethane (tris), the
pH buffering agent present in Isothermal Am-
plification Buffer (New England Biolabs).32 Be-
taine was further omitted in the augmented
assay to equate for lyophilisation compatibil-

ity. The resulting RT-pHLAMP assays sub-
sequently showed a sensitivity of 3x101 RNA
copies per each reaction (Figure 2). The stan-
dard curves of these reactions presented coeffi-
cients of determination (R2) of 0.976 and 0.988
for the AR-V7 and YAP1 RT-pHLAMP assays
respectively, which indicates the potential of
these assays for accurate quantification of RNA
per sample. TTP values for the pH sensitive re-
actions were significantly reduced: the average
TTP for detection of 3x102 copies of synthetic
AR-V7 RNA was 16.6 min in RT-qLAMP and
9.6 min in RT-pHLAMP. This is likely due to
the increased optimisation of the RT-pHLAMP
assay, allowing for faster TTP values. Detec-
tion from 3x107 to 3x101 copies of RNA was
achieved in under 12 min for both RT-pHLAMP
assays.
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Figure 3: (a): The variation in TTP in the YAP1 RT-pHLAMP assay with 1 ng of extracted
mRNA from two PCa cell lines, DU145s and 22Rv1s. (b): The variation in TTP in the AR-V7
RT-pHLAMP assay with 1 ng of extracted RNA from AR-V7 positive cell line, 22Rv1 and the
AR-V7 negative cell line, DU145. (c): The standard curves for multiple AR-V7 RT-pHLAMP
experiments including the unmodified synthetic AR-V7 mRNA assay, the assay spiked with off-
target DU145 mRNA and the assay containing mixed male serum.

Specificity of the AR-V7 RT-pHLAMP reac-
tion was confirmed by spiking the assays with
a synthetic RNA fragment present in the AR-
FL LBD (Supplementary Figure 4). Primers
detecting this AR-FL region were developed to
confirm its the presence in these spiked assays
(Supplementary Figure 5). No amplification oc-
curred between the AR-FL synthetic RNA and
AR-V7 primers after the reaction was termi-
nated at 35 min. A serial dilution experiment
for AR-V7 detection spiked with AR-FL then
took place. These results indicate that ampli-
fication of the AR-V7 RT-pHLAMP assay only
occurred with the presence of AR-V7 mRNA. In
this instance, the sensitivity of the reaction was
reduced to 3x102 copies, indicating that pres-
ence of off-target RNA decreased the efficiency
of the RT-pHLAMP assay.

Validation of AR-V7 and YAP1
RT-pHLAMP specificity with ex-
tracted RNA from prostate cancer
cell lines.

Extracted RNA from PCa cell lines 22Rv1
and DU145 was utilised to confirm the detec-
tion of endogenous YAP1 and AR-V7 mRNA.
22Rv1s have previously been reported as AR-
V7 mRNA positive whilst DU145s show little to

no AR-V7 expression.39 Five individual 22Rv1
RNA samples rendered an average TTP of 8.17
± 0.54 min with 1 ng of RNA per reaction (Fig-
ure 3 b). In contrast, 1 ng per reaction of ex-
tracted RNA from DU145s rendered no fluores-
cent signal after 35 min, indicating no ampli-
fication had taken place. These findings sug-
gest the AR-V7 RT-pHLAMP assay is specific
to AR-V7 mRNA in patient-derived cell lines.

In order to determine if off-target RNA af-
fected the efficiency of the RT-pHLAMP assay,
synthetic AR-V7 mRNA was spiked with 1 ng
of DU145 mRNA. A serial dilution experiment
was then conducted (Figure 3 c). These results
suggest that the presence of off-target RNA
marginally increased the TTP values at vari-
ous concentrations in the AR-V7 RT-pHLAMP
assay. In addition, reliable and quantitative de-
tection of synthetic RNA was achieved down to
3x102 copies per reaction. Utilising the stan-
dard curve generated from this experiment, the
average copy number of AR-V7 mRNA per 1
ng of RNA is 1.6 x 105 copies.

To indicate if both the RT-pHLAMP assays
for AR-V7 and YAP1 mRNA were feasible for
detection of circulating mRNA in the blood,
assays including mixed male serum were con-
ducted (Figure 3 c and Supplementary Figure
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Figure 4: Illustration of RT-pHLAMP implementation onto the LoC platform. (a): ISFET mi-
crochip setup with an acrylic manifold and RT-pHLAMP sample loaded onto the microchip. (b):
The array of the ISFET microchip once the experiment was initiated. In range pixels are shown
in green / light blue. Dark blue and red indicate pixels that are out of range for pH detection.
(c): The ISFET sensor output graph (left) and sigmoidal-fitted amplification curve (right) of a
positive AR-v7 sample on the ISFET microchip (3 x 106 copies per reaction). (d): Detection of
3 x 101 copies of synthetic AR-v7 RNA with the ISFET biosensor. The ISFET biosensor output
graph (left) and the amplification curve with sigmoidal fitting (right) are shown here. (e): The
ISFET sensor output graph (left) and amplification curve (right) of a negative AR-v7 sample on
the ISFET microchip. No sigmoidal fitting was performed for this experiment on account of the
negative signal.
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6 respectively). The limit of detection in these
experiments was also 3x102 copies per reaction
although TTP values were increased. pH values
for these reactions indicated that no pH change
took place, likely due to the carbonic acid / bi-
carbonate buffer system present in the blood.40

Integration of serum samples directly on to the
LoC platform would subsequently require fur-
ther optimisation, outside of the scope of this
study.

YAP1 mRNA presence was also tested in
RNA extracted from 22Rv1 and DU145 cell
lines. High expression of YAP1 mRNA concen-
tration has previously been recorded in DU145
cells.19 The RT-pHLAMP assay detected YAP1
mRNA presence in 8.08 ± 0.41 min at 1 ng
per reaction across RNA extracted from two
DU145 cell line samples. YAP1 presence was
additionally detected in 22Rv1 RNA samples,
at an increased TTP of 11.7 ± 0.68 min. miR-
375 is highly expressed in 22Rv1 cell lines and
targets YAP1 mRNA, resulting in its downreg-
ulation.18 As such, the variation in TTP values
for 22Rv1 and DU145 extracted RNA samples
corresponds to the expected concentrations of
YAP1 mRNA in these cell lines. A Welch’s
unequal variances t-test was used to confirm
the significance of this data (t = 14.47, p <
.001). RT-qPCR assays (Supplementary Figure
8) confirmed the high concentration of YAP1
mRNAs in DU145s and lower concentration in
22Rv1s (t = 8.15, p < .001). Also as expected,
no amplification curves were seen in DU145s
with the AR-V7 RT-qPCR assay, while fast am-
plification was observed in the 22Rv1 cell line
(Supplementary Figure 7). This indicates that
the RT-pHLAMP assay data corresponds well
with the gold standard of nucleic acid amplifi-
cation tests.

Implementation of AR-V7 and
YAP1 RT-pHLAMP assays onto
the Lab-on-Chip platform.

The developed RT-pHLAMP assays were subse-
quently imtegrated into the Lab-on-Chip which
utilised ISFET sensors to detect the rate of

pH change. Double-stranded DNA synthesis,
which occurs during the RT-LAMP amplifica-
tion event (in positive samples), releases a pro-
ton per each nucleotide addition.34,35 The sub-
sequent change in pH of the unbuffered RT-
pHLAMP solution is detected by the ISFET
and recorded by a mobile phone.

Synthetic YAP1 and AR-V7 RNA samples
were successfully detected at a concentration
of 3x106 copies per reaction. TTP values
were slightly increased on the LoC platform,
likely due to non-optimal conditions for the RT-
pHLAMP assay in the acrylic reaction cham-
ber. These increased values are still signifi-
cantly reduced (indicating more rapid detec-
tion) relative to the PCR gold standard for
nucleic acid amplification tests. The averaged
TTP value across triplicate experiments for de-
tection of YAP1 and AR-V7 synthetic RNA
at 3x106 copies per reaction was 7.25 ± 0.62
min and 7.11 ± 0.65 min respectively. Fig-
ure 4 shows the implementation of the AR-V7
RT-pHLAMP assay onto the microchip. Post-
processing of the voltage readout is required to
subtract the inherent drift present in ISFET
biosensors.41 The voltage output is converted
to proton count and sigmoidal fitting is then
carried out to return the amplification curve il-
lustrated in Figure 4.

Once the detection of 3x106 copies of both
AR-V7 and YAP1 synthetic RNA had taken
place with the LoC device, the limit of detec-
tion was tested at 3x101 copies. For both of the
RT-pHLAMP assays the pH change at 3x106
and 3x101 copies were similar, likely due to the
DNA production being the same at both con-
centrations. Figure 4 additionally shows the
amplification of 3x101 copies of AR-V7 syn-
thetic mRNA on the LoC device. Here, the
TTP values were 10.88 ± 0.95 min for the AR-
V7 RT-pHLAMP assay and 11.50 ± 0.98 for the
YAP1 RT-pHLAMP assay. This illustrates that
the sensitivity of the LoC device is comparable
to the benchtop RT-pHLAMP assays.
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Figure 5: (a): TTP and pH change values of the benchtop and LoC RT-pHLAMP assays. Benchtop
assays were terminated after 35 min, LoC positives were terminated after 30 min and LoC negatives
after 20 min. (b): The sigmoidal-fitted averages of AR-V7 mRNA in 22Rv1s, DU145s and negative
samples using the RT-pHLAMP assay. Graphs are the average values of triplicate assays. (c): The
sigmoidal-fitted averages of YAP1 mRNA in 22Rv1s, DU145s and negative samples using the RT-
pHLAMP assay. Graphs represent the average values of triplicate assays.

Detection of YAP1 and AR-V7
mRNA from patient-derived cell
lines on the Lab-on-chip platform.

Once it had been determined that these assays
were compatible with the ISFET biosensor, de-
tection of AR-V7 and YAP1 mRNA present in
RNA extracted from 22Rv1 and DU145 cells
was assessed. As confirmed in the previous
benchtop RT-pHLAMP and RT-qPCR assays,
22Rv1 cells are AR-V7 positive and DU145s
contain high levels of YAP1. Figure 5 shows

the ISFET detection of AR-V7 and YAP1 in
the two cell lines. Here, no positive signal is
detected for AR-V7 in the DU145 cell line, mir-
roring the expression shown in the RT-qPCR-
based assay and the relevant literature.39 Con-
trastingly, detection of 1 ng of AR-V7 mRNA
per reaction was achieved in 8.48 ± 1.43 min
in extracted RNA from 22Rv1s on the LoC de-
vice. Figure 5 (a) illustrates the comparison
between the LoC device and the benchtop as-
says for detection of AR-V7 and YAP1 mRNA.
The LoC values are largely comparable to the
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pH change and TTP values of the benchtop as-
say, indicating that the LoC device is a robust
method for AR-V7 and YAP1 detection in PCa
cell lines. YAP1 mRNA detection occurs in 8.01
± 0.64 min with DU145 mRNA and 13.22 ±
1.59 min with 22RV1 mRNA. The change in
TTP values between the two PCa cell lines on
average is 5.22 min, which is increased relative
to the benchtop assay. As such, it provides a
greater distinction between YAP1 mRNA con-
centrations within 22Rv1 and DU145 cell lines.

DISCUSSION
This paper presents a foundation for the LoC
detection of circulating mRNA in PCa. The
two novel assays judiciously developed for this
work are, to the authors’ knowledge, the first
RT-qLAMP experiments for the detection of
AR-V7 and YAP1 mRNA. Authentication of
AR-V7 and YAP1 detection was confirmed with
extracted RNA from PCa cell lines and RT-
qPCR. These RT-pHLAMP assays produced a
suitable pH change for use with CMOS tech-
nology containing an array of ISFET sensors.
This compatibility resulted in a LoC device
with potential for direct PoC usage. Detection
of synthetic RNA was achieved at a sensitivity
of 3 x 101 copies per reaction for both mark-
ers. The RT-pHLAMP reactions, on account
of their isothermal nature, remove the neces-
sity of specialised and expensive thermal cy-
cling equipment required for RT-qPCR experi-
ments. Further development of these assays for
the detection of circulating mRNA directly in
serum would further increase their potential for
rapid prognostics.

The PROPHECY study, completed in 2019,
has confirmed that the presence of circulat-
ing AR-V7 mRNA associates with a lower
progression-free survival and overall survival
in mCRPC patients treated with enzalutamide
and abiraterone.11 This illustrates that the
presence of circulating AR-V7 mRNA could be
used to monitor mCRPC patients and direct
treatment options. Therefore, PoC detection
of AR-V7 through this novel assay could show

clinical benefit to mCRPC patients.

YAP1 concentration can be distinguished in
the quantitative RT-pHLAMP assay and de-
tected using the LoC device with varying TTP
values in two PCa cell lines. High YAP1 con-
centration can be illustrative of PCa tumours
progressing to EMT while low YAP1 concen-
tration could indicate advancement of mCRPC
towards docetaxel resistance. In conjunction,
AR-V7 and YAP1 mRNA detection on a LoC
device, could result in clinically actionable in-
formation, obtainable rapidly (<20 min), sensi-
tively and directly in the clinic. Further evalua-
tion utilising blood samples from PCa patients
will be required to confirm the validity of these
assays for use directly in hospitals. Progres-
sion in sample preparation allowing for direct
detection of circulating markers in the blood in
RT-pHLAMP reactions will expedite the time
taken from biofluid extraction to a prognosis
using this PoC device.

Further detection of a larger range of circulat-
ing nucleic acid biomarkers could create a mul-
tiplex LoC device to serve as a prognostic test to
personalize medication for PCa patients. The
development of more RT-pHLAMP assays in
conjunction with the ISFET LoC device, could
result in a robust handheld device for rapid,
reliable and simultaneous detection of multiple
circulating prognostic PCa biomarkers.

Materials and methods

Synthesis of synthetic RNA targets

RNA fragments of AR-V7 and YAP1 sequences
were synthesized from DNA gblocks (Integrated
DNA Technologies) utilising the HiScribe™ T7
Quick High Yield RNA Synthesis Kit (NEB)
according to the manufacturer’s instructions in-
cluding the DNase step. Stock concentrations
were maintained at 3x1010 copies per µL and
stored at -80 oC in preparation for experiments.
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RT-qLAMP experiments

All reactions were completed in triplicate. Each
10 µL experiment contained: 1 µL 10x isother-
mal buffer (New England Biolabs (NEB)), 0,6
µL MgSO4 (100 mM stock), 1.4 µL dNTPs (10
mM stock of each nucleotide), 0.6 µL BSA (20
mg / mL stock), 0.8 µL betaine (5 M stock),
0.25 µL SYTO 9 green (20 µL stock), 0.25 µL
NaOH (0.2 M stock), 0.042 µL Bst 2.0 DNA
polymerase (120,000 U / ml stock, NEB), 0.1
Ribolock RNAse Inhibitor µL (40 U / µL stock,
ThermoFisher), 0.3 µL Warmstart® RTx re-
verse transcriptase (15,000 U / ml, NEB), 1 µL
10x LAMP primer mix (20 µM FIP and BIP, 10
µM LB and LF, 2.5 µM F3 and B3), 1 µL RNA
sample and the remaining solution was topped
up to 10 µL with nuclease-free water. Reactions
were conducted at 63oC for 35 min. One melt-
ing curve from 63 oC to 97 oC was conducted
to confirm the specific amplification of the re-
action at a ramp of 0.2 oC / s. Reactions were
conducted with a Lightcycler® 96 instrument
(Roche Diagnostics) in 96 well plates.

RT-pHLAMP experiments

All reactions were completed in triplicate. Each
10 µL experiment contained: 1 µL customized
isothermal buffer, 0.5 µL MgSO4 (100 mM
stock), 1.4 µL dNTPs (10 mM stock of each
nucleotide), 0.6 µL BSA (20 mg / ml stock),
0.25 µL SYTO 9 green (20 µM stock), 0.25
µL NaOH (0.2 M stock), 0.042 µL Bst 2.0
Warmstart® DNA polymerase (120,000 U /
mL stock, NEB), 0.3 µL Warmstart ® RTx re-
verse transcriptase (15,000 U / ml stock, NEB),
1 µL 10x LAMP primer mix (20 µM FIP and
BIP, 10 µM LB and LF, 2.5 µM F3 and B3), 1
µL RNA sample and the remaining solution was
topped up to 10 µL with nuclease-free water.
For serum experiments, the RNA sample was
diluted in mixed male serum (Sigma Aldrich)
and 1 µL of that solution was added to the re-
action. Reactions were conducted at 63oC for
35 min. One melting curve from 63 oC to 97
oC was conducted to confirm the specific am-
plification of the reaction at a ramp of 0.2 oC /
s. Reactions were conducted with a Lightcycler

® 96 instrument (Roche Diagnostics) in 96 well
plates. Reactions were scaled up to either 12 µL
or 20 µL reactions for implementation onto the
LoC device, proportions of each reagent were
kept the same.

RT-qPCR experiments

All reactions were completed in triplicate.
RT-qPCR reactions were completed in two
steps. 50 ng mRNA samples were initially
converted to cDNA with a RevertAid First
Strand cDNA synthesis kit (ThermoFisher Sci-
entific) as per the manufacturer’s instructions
including the optional step for GC rich re-
gions. cDNA was used immediately for qPCR
assays. qPCR experiments were conducted
in 10 µL quantities and contained the follow-
ing: 5 µL Fast SYBR® Green Master Mix
(Applied Biosystems), 2 µL cDNA sample,
0.5 µL forward primer (250nM, 5 µM stock),
0.5 µL reverse primer (250nM, 5 µM stock),
Nuclease-free water was added to make the re-
action volume up to 10 µL. Reactions were
aliquoted into a 96 well plate for analysis with a
StepOnePlus™Real-Time PCR system (Applied
Biosystems). Reactions were initially heated to
95 oC for 20 s. The cycling stage including heat-
ing at 95 oC for 3 s followed by 60 oC for 30 s.
The cycling stage was repeated for 40 cycles.
Melting curves were conducted with heating to
95 oC for 15 s followed by 60 oC for 1 min.

Translation of RT-pHLAMP onto
Lab-on-Chip device

The LoC system detects changes in pro-
ton concentration on the interface of the RT-
pHLAMP assay solution with the passivation
layer (Si3N4). The ISFET array is comprised of
56 x 78 ISFET pixels (4368 individual sensors,
2 x 4 mm).42 Temperature was maintained at
63 oC with a peltier heating module contact-
ing the underside of the cartridge. The LoC
device was battery-powered and data was sent
to an Android phone through a bluetooth con-
nection. Data extracted from the mobile phone
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was run through a MATLAB (R2021b) algo-
rithm designed to spot for amplification events.
The RT-pHLAMP assay solutions were housed
in an acrylic manifold with either 12 µL or
20 µL sized chambers. Adhesive gaskets com-
prised of Tesa® double-sided smooth lamina-
tion filmic tape sealed the acrylic manifold to
the cartridge. A 0.03 mm chlorodised silver
wire served as a Ag/AgCl reference electrode.
This electrode was in contact with the assay
solution and was placed between the adhesive
gasket and the microchip’s surface. Nuclease-
free Water was added to the chamber of the
manifold for the first 700 s to equilibrate the
system and set a common voltage across the IS-
FET array. The water was then extracted and
the RT-pHLAMP reaction mixture was added.
All samples that contained synthetic RNA or
extracted RNA were run for 30 min after the
addition of the RT-pHLAMP reaction. Nega-
tive controls contained nuclease-free water in-
stead of RNA and were run for 20 min after
the addition of the RT-pHLAMP reaction. All
reactions were completed in triplicate. Confir-
mation of amplification presence in these reac-
tions was confirmed with a Qubit 3.0 fluorom-
eter (Invitrogen). Measured pH values post-
reaction were conducted with a microFET pH
probe (Sentron).

RNA extraction from prostate can-
cer cell lines

22Rv1 and DU145 cell lines were cultured in T-
75 flasks with RPMI-1640 containing FBS (10
%) and L-Glutamine (5 mM). Cells were pas-
saged at 70 % confluency to maintain opti-
mal growth and kept to under 10 passages post-
thawing. For RNA extraction, cells were har-
vested at 70 % confluency and spun down to
remove media. For the 22Rv1 cells, RNA ex-
traction was performed using the Total RNA
Miniprep Kit (Monarch) as per manufacturer’s
instructions including the DNase I digestion
step. For DU145 cells, RNA extraction was
performed using the RNeasy Mini Extraction
kit (Qiagen) as per the manufacturer’s instruc-
tions. In both cases, RNA was eluted in 50
µL and RNA quantity/quality measured using

a Nanodrop D1000. Extracted RNA was stored
at -80 oC until use.

Statistical analyses
The Welch’s t- test was chosen to determine the
statistical significance of YAP1 RT-pHLAMP
TTP values and YAP1 qPCR Cq values in the
22Rv1 and DU145 cell lines experiments. This
test is commonly utilised in scenarios where the
two compared datasets have different variance
or different sample sizes.43 The null hypothesis
in each case was that the mean TTP or Cq value
was the same between the 22Rv1 and DU145
prostate cancer cell lines.

The calculation for degrees of freedom (v) for
Welch’s t-test is shown below (Equation (1)),
where s1 and s2 are the standard deviations of
the two datasets and N1 and N2 are the number
of samples per dataset.

v =
(
s21
N1

+
s22
N2

)2

(
s21
N1

)2

N1 − 1
+

(
s22
N2

)2

N2 − 1

(1)

The equation for t value for the Welch’s t-test
of unequal variance is shown below (Equation
(2)), where x̄1 and x̄2 are the mean values of
the two datasets.

t =
x̄1 − x̄2√
s21
N1

+
s22
N2

(2)

The null hypothesis was rejected when p < .05.

Acknowledgement The authors thank
members of the Georgiou and Bevan Laborato-
ries as well as Dr Sylvain Ladame for discussions
around this work.

Supporting Information Avail-
able
The following file is available free of charge.

11

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2022. ; https://doi.org/10.1101/2022.08.04.502773doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.04.502773
http://creativecommons.org/licenses/by-nd/4.0/


• Supplementary file 1: Includes further ex-
perimental data referenced in the main
manuscript.

References
(1) Nelson, A. W.; Shah, N. Prostate

cancer. Surgery (United King-
dom) 2019, 37, 500–507, DOI:
10.1016/j.mpsur.2019.07.006.

(2) Scher, H. I.; Solo, K.; Valant, J.;
Todd, M. B.; Mehra, M. Prevalence
of prostate cancer clinical states and
mortality in the United States: Es-
timates using a dynamic progression
model. PLoS ONE 2015, 10, 1–12, DOI:
10.1371/journal.pone.0139440.

(3) Loeb, S.; Bjurlin, M. A.; Nichol-
son, J.; Tammela, T. L.; Pen-
son, D. F.; Carter, H. B.; Carroll, P.;
Etzioni, R. Overdiagnosis and overtreat-
ment of prostate cancer. European
Urology 2014, 65, 1046–1055, DOI:
10.1016/j.eururo.2013.12.062.

(4) National Institute of Health and Care Ex-
cellence, Prostate cancer diagnosis and
management. 2019,

(5) Schroder, F. H. et al. The Euro-
pean Randomized Study of Screening
for Prostate Cancer – Prostate Can-
cer Mortality at 13 Years of Follow-
up. Lancet 2014, 384, 2027–2035, DOI:
10.1016/S0140-6736(14)60525-0.The.

(6) Wyatt, A. W. et al. Concordance of
Circulating Tumor DNA and Matched
Metastatic Tissue Biopsy in Prostate
Cancer. Journal of the National Can-
cer Institute 2017, 109, 1–9, DOI:
10.1093/jnci/djx118.

(7) Bryant, R. J.; Pawlowski, T.;
Catto, J. W.; Marsden, G.; Ves-
sella, R. L.; Rhees, B.; Kuslich, C.;
Visakorpi, T.; Hamdy, F. C. Changes in
circulating microRNA levels associated

with prostate cancer. British Journal
of Cancer 2012, 106, 768–774, DOI:
10.1038/bjc.2011.595.

(8) Antonarakis, E. S.; Lu, C.; Luber, B.;
Wang, H.; Chen, Y.; Zhu, Y.; Sil-
berstein, J. L.; Taylor, M. N.;
Maughan, B. L.; Denmeade, S. R.;
Pienta, K. J.; Paller, C. J.; Car-
ducci, M. A.; Eisenberger, M. A.; Luo, J.
Clinical significance of androgen recep-
tor splice variant-7 mRNA detection
in circulating tumor cells of men with
metastatic castration-resistant prostate
cancer treated with first & second-line
Abiraterone & Enzalutamide. Journal of
Clinical Oncology 2017, 35, 2149–2156,
DOI: 10.1200/JCO.2016.70.1961.

(9) Arko-Boham, B.; Ayite, N.; Michael, R.;
Dedea, E.; Owusu, A.; Ayitey, E.;
Shackie, E.-s. D.; Boatemaa, A.;
Adu-aryee, N. A. Circulating cell-
free DNA integrity as a diagnostic
and prognostic marker for breast
and prostate cancers. Cancer Ge-
netics 2019, 235-236, 65–71, DOI:
10.1016/j.cancergen.2019.04.062.

(10) Sita-Lumsden, A.; Dart, D. A.; Wax-
man, J.; Bevan, C. L. Circulating mi-
croRNAs as potential new biomarkers
for prostate cancer. British Journal of
Cancer 2013, 108, 1925–1930, DOI:
10.1038/bjc.2013.192.

(11) Armstrong, A. J. et al. Prospective mul-
ticenter validation of androgen receptor
splice variant 7 and hormone therapy re-
sistance in high-risk castration-resistant
prostate cancer: The PROPHECY study.
Journal of Clinical Oncology 2019, 37,
1120–1129, DOI: 10.1200/JCO.18.01731.

(12) Wang, Y.; Lieberman, R.; Pan, J.;
Zhang, Q.; Du, M.; Zhang, P.;
Nevalainen, M.; Kohli, M.; Shenoy, N. K.;
Meng, H.; You, M.; Wang, L. miR-375
induces docetaxel resistance in prostate
cancer by targeting SEC23A and YAP1.

12

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2022. ; https://doi.org/10.1101/2022.08.04.502773doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.04.502773
http://creativecommons.org/licenses/by-nd/4.0/


Molecular Cancer 2016, 15, 1–11, DOI:
10.1186/s12943-016-0556-9.

(13) Antonarakis, E. S. et al. AR-V7 and Re-
sistance to Enzalutamide and Abiraterone
in Prostate Cancer. New England Journal
of Medicine 2014, 371, 1028–1038, DOI:
10.1056/nejmoa1315815.

(14) Sciarra, A.; Gentilucci, A.; Silvestri, I.;
Salciccia, S.; Cattarino, S.; Scarpa, S.;
Gatto, A.; Frantellizzi, V.; Von He-
land, M.; Ricciuti, G. P.; Del Giu-
dice, F.; Maggi, M. Androgen recep-
tor variant 7 (AR-V7) in sequencing
therapeutic agents for castration resis-
tant prostate cancer: A critical re-
view. Medicine 2019, 98, e15608, DOI:
10.1097/MD.0000000000015608.

(15) Kaowinn, S.; Yawut, N.; Koh, S. S.;
Chung, Y. H. Cancer upregulated
gene (CUG)2 elevates YAP1 ex-
pression, leading to enhancement of
epithelial-mesenchymal transition in
human lung cancer cells. Biochemical
and Biophysical Research Commu-
nications 2019, 511, 122–128, DOI:
10.1016/j.bbrc.2019.02.036.

(16) Zeng, G.; Xun, W.; Wei, K.; Yang, Y.;
Shen, H. MicroRNA-27a-3p regulates ep-
ithelial to mesenchymal transition via tar-
geting YAP1 in oral squamous cell carci-
noma cells. Oncology Reports 2016, 36,
1475–1482, DOI: 10.3892/or.2016.4916.

(17) Sun, Z.; Ou, C.; Liu, J.; Chen, C.;
Zhou, Q.; Yang, S.; Li, G.; Wang, G.;
Song, J.; Li, Z.; Zhang, Z.; Yuan, W.;
Li, X. YAP1-induced MALAT1 pro-
motes epithelial–mesenchymal tran-
sition and angiogenesis by spong-
ing miR-126-5p in colorectal cancer.
Oncogene 2019, 38, 2627–2644, DOI:
10.1038/s41388-018-0628-y.

(18) Selth, L. A. et al. A ZEB1-miR-375-YAP1
pathway regulates epithelial plasticity in
prostate cancer. Oncogene 2017, 36, 24–
34, DOI: 10.1038/onc.2016.185.

(19) Jin, X.; Zhao, W.; Zhou, P.; Niu, T.
YAP knockdown inhibits proliferation
and induces apoptosis of human prostate
cancer DU145 cells. Molecular Medicine
Reports 2018, 17, 3783–3788, DOI:
10.3892/mmr.2017.8352.

(20) Collak, F. K.; Demir, U.; Sagir, F. YAP1
Is Involved in Tumorigenic Properties of
Prostate Cancer Cells. Pathology and On-
cology Research 2020, 26, 867–876, DOI:
10.1007/s12253-019-00634-z.

(21) Kalofonou, F.; Sita-Lumsden, A.;
Leach, D.; Fletcher, C.; Waxman, J.;
Bevan, C. L. MiR-27a-3p: An AR-
modulatory microRNA with a dis-
tinct role in prostate cancer progres-
sion and therapy. Journal of Clin-
ical Oncology 2020, 38, 193, DOI:
10.1200/JCO.2020.38.6\_suppl.193.

(22) Deng, H.; Gao, Z. Bioanalytical appli-
cations of isothermal nucleic acid am-
plification techniques. Analytica Chim-
ica Acta 2015, 853, 30–45, DOI:
10.1016/j.aca.2014.09.037.

(23) Notomi, T.; Okayama, H.; Masubuchi, H.;
Yonekawa, T.; Watanabe, K.; Amino, N.;
Hase, T. Loop-mediated isothermal am-
plification of DNA. Nucleic acids research
2000, 28, DOI: 10.1093/nar/28.12.e63.

(24) Nagamine, K.; Hase, T.; Notomi, T.
Accelerated reaction by loop-mediated
isothermal amplification using loop
primers. Molecular and Cellular
Probes 2002, 16, 223–229, DOI:
10.1006/mcpr.2002.0415.

(25) Parida, M.; Horioke, K.; Ishida, H.;
Dash, P. K.; Saxena, P.; Jana, A. M.;
Islam, M. A.; Inoue, S.; Hosaka, N.;
Morita, K. Rapid detection and dif-
ferentiation of dengue virus serotypes
by a real-time reverse transcription-
loop-mediated isothermal amplification
assay. Journal of Clinical Microbi-
ology 2005, 43, 2895–2903, DOI:
10.1128/JCM.43.6.2895-2903.2005.

13

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2022. ; https://doi.org/10.1101/2022.08.04.502773doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.04.502773
http://creativecommons.org/licenses/by-nd/4.0/


(26) Wang, L. X.; Fu, J. J.; Zhou, Y.;
Chen, G.; Fang, C.; Lu, Z. S.; Yu, L.
On-chip RT-LAMP and colorimetric de-
tection of the prostate cancer 3 biomarker
with an integrated thermal and imag-
ing box. Talanta 2020, 208, DOI:
10.1016/j.talanta.2019.120407.

(27) Rodriguez-Manzano, J.; Malpartida-
Cardenas, K.; Moser, N.; Pennisi, I.;
Cavuto, M.; Miglietta, L.; Moniri, A.;
Penn, R.; Satta, G.; Randell, P.;
Davies, F.; Bolt, F.; Barclay, W.;
Holmes, A.; Georgiou, P. Handheld
point-of-care system for rapid de-
tection of SARS-CoV-2 extracted
RNA in under 20 min. ACS Cen-
tral Science 2021, 7, 307–317, DOI:
10.1021/acscentsci.0c01288.

(28) Malpartida-Cardenas, K.; Rodriguez-
Manzano, J.; Yu, L. S.; Delves, M. J.;
Nguon, C.; Chotivanich, K.; Baum, J.;
Georgiou, P. Allele-Specific Isother-
mal Amplification Method Using
Unmodified Self-Stabilizing Com-
petitive Primers. Analytical Chem-
istry 2018, 90, 11972–11980, DOI:
10.1021/acs.analchem.8b02416.

(29) Malpartida-Cardenas, K.; Mis-
courides, N.; Rodriguez-Manzano, J.;
Yu, L. S.; Moser, N.; Baum, J.; Geor-
giou, P. Quantitative and rapid Plasmod-
ium falciparum malaria diagnosis and
artemisinin-resistance detection using a
CMOS Lab-on-Chip platform. Biosensors
and Bioelectronics 2019, 145, 111678,
DOI: 10.1016/j.bios.2019.111678.

(30) Kalofonou, M. et al. A novel hotspot
specific isothermal amplification method
for detection of the common PIK3CA
p.H1047R breast cancer mutation. Sci-
entific Reports 2020, 10, 2–11, DOI:
10.1038/s41598-020-60852-3.

(31) Alexandrou, G.; Moser, N.; Rodriguez-
Manzano, J.; Georgiou, P.; Shaw, J.;
Coombes, C.; Toumazou, C.; Kalo-
fonou, M. Detection of Breast Can-

cer ESR1 p.E380Q Mutation on
an ISFET Lab-on-Chip Platform.
IEEE - ISCAS 2020, 1–5, DOI:
10.1109/iscas45731.2020.9180622.

(32) Toumazou, C. et al. Simultaneous DNA
amplification and detection using a
pH-sensing semiconductor system. Na-
ture Methods 2013, 10, 641–646, DOI:
10.1038/nmeth.2520.

(33) Miscourides, N.; Georgiou, P. IS-
FET arrays in CMOS: A head-to-
head comparison between voltage
and current mode. IEEE Sensors
Journal 2019, 19, 1224–1238, DOI:
10.1109/JSEN.2018.2881499.

(34) Goda, T.; Tabata, M.; Miyahara, Y.
Electrical and electrochemical mon-
itoring of nucleic acid amplifica-
tion. Frontiers in Bioengineering and
Biotechnology 2015, 3, 1–7, DOI:
10.3389/fbioe.2015.00029.

(35) Sawaya, M. R.; Prasad, R.; Wilson, S. H.;
Kraut, J.; Pelletier, H. Crystal struc-
tures of human DNA polymerase β com-
plexed with gapped and nicked DNA: Ev-
idence for an induced fit mechanism. Bio-
chemistry 1997, 36, 11205–11215, DOI:
10.1021/bi9703812.

(36) Hu, R.; Dunn, T. A.; Wei, S.; Ishar-
wal, S.; Veltri, R. W.; Han, M.;
Partin, A. W.; Vessella, R. L.;
Isaacs, W. B.; Bova, S.; Luo, J. Ligand-
independent Androgen Receptor Variants.
Cancer Research 2010, 69, 16–22, DOI:
10.1158/0008-5472.CAN-08-2764.Ligand-independent.

(37) Qin, Y.; Yao, J.; Wu, D. C.; Notting-
ham, R. M.; Mohr, S.; Hunicke-Smith, S.;
Lambowitz, A. M. High-throughput se-
quencing of human plasma RNA by using
thermostable group II intron reverse tran-
scriptases. Rna 2016, 22, 111–128, DOI:
10.1261/rna.054809.115.

(38) Yao, J.; Wu, D. C.; Nottingham, R. M.;
Lambowitz, A. M. Identification of

14

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2022. ; https://doi.org/10.1101/2022.08.04.502773doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.04.502773
http://creativecommons.org/licenses/by-nd/4.0/


protein-protected mRNA fragments
and structured excised intron RNAs
in human plasma by TGIRT-seq peak
calling. bioRxiv 2020, 1–41, DOI:
10.1101/2020.06.25.171439.

(39) Koukourakis, M. I.; Kakouratos, C.;
Kalamida, D.; Mitrakas, A.; Pouliliou, S.;
Xanthopoulou, E.; Papadopoulou, E.; Fa-
soulaki, V.; Giatromanolaki, A. Com-
parison of the effect of the antiandro-
gen apalutamide (ARN-509) versus bica-
lutamide on the androgen receptor path-
way in prostate cancer cell lines. Anti-
Cancer Drugs 2018, 29, 323–333, DOI:
10.1097/CAD.0000000000000592.

(40) Wietasch, K.; Kraig, R. P. Carbonic
acid buffer species measured in real
time with an intracellular microelec-
trode array. The American journal of
physiology 1991, 261, 760–5, DOI:
10.1152/ajpregu.1991.261.3.R760.

(41) Moser, N.; Lande, T. S.; Touma-
zou, C.; Georgiou, P. ISFETs in CMOS
and Emergent Trends in Instrumen-
tation: A Review. IEEE Sensors
Journal 2016, 16, 6496–6514, DOI:
10.1109/JSEN.2016.2585920.

(42) Moser, N.; Rodriguez-Manzano, J.;
Lande, T. S.; Georgiou, P. A scal-
able ISFET sensing and memory array
with sensor auto-calibration for on-
chip real-time DNA detection. IEEE
Transactions on Biomedical Circuits
and Systems 2018, 12, 390–401, DOI:
10.1109/TBCAS.2017.2789161.

(43) WELCH, B. L. The generalisation of
student’s problems when several differ-
ent population variances are involved.
Biometrika 1947, 34, 28–35, DOI:
10.1093/biomet/34.1-2.28.

15

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2022. ; https://doi.org/10.1101/2022.08.04.502773doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.04.502773
http://creativecommons.org/licenses/by-nd/4.0/


Figure 6: ToC graphic with dimensions 7 cm x 3.5 cm. i.e. below the constraints of 9 cm x 3.5 cm.
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