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Integrated Urinalysis Devices Based on Interface-Engineered
Field-Effect Transistor Biosensors Incorporated With

Electronic Circuits

Yanbing Yang,* Jingfeng Wang, Wanting Huang, Guojia Wan, Miaomiao Xia, Duo Chen,
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Weihong Tan, Xiangfeng Duan, and Quan Yuan*

Urinalysis is attractive in non-invasive early diagnosis of bladder cancer
compared with clinical gold standard cystoscopy. However, the trace bladder
tumor biomarkers in urine and the particularly complex urine environment
pose significant challenges for urinalysis. Here, a clinically adoptable uri-
nalysis device that integrates molecular-specificity indium gallium zinc oxide
field-effect transistor (IGZO FET) biosensor arrays, a device control panel,
and an internet terminal for directly analyzing five bladder-tumor-associated
proteins in clinical urine samples, is reported for bladder cancer diagnosis
and classification. The IGZO FET biosensors with engineered sensing inter-
faces provide high sensitivity and selectivity for identification of trace proteins
in the complex urine environment. Integrating with a machine-learning algo-
rithm, this device can identify bladder cancer with an accuracy of 95.0% in a
cohort of 197 patients and 75 non-bladder cancer individuals, distinguishing
cancer stages with an overall accuracy of 90.0% and assessing bladder cancer
recurrence after surgical treatment. The non-invasive urinalysis device defines

BC diagnosis relies on the insertion of
an optical endoscope into the bladder
cavity through urethra to image the sus-
pected lesions.”® This process is highly
invasive and would cause urethra and
bladder injury, resulting in hematuria and
even urinary bacterial infection within a
few days after examinations.l”! Critically,
cystoscopy diagnosis is plagued with the
inherent bladder tumor heterogeneity,
and therefore, limits the accuracy of early
BC diagnosis.”! Recently, noninvasive
liquid biopsy emerges as an alternative
to address the bottleneck of spatiotem-
poral tumor heterogeneity and to obtain
disease-relevant molecular information for
clinical cancer diagnosis and cancer status
monitoring. 20

Bladder is a urine storage organ that

a robust technology for remote healthcare and personalized medicine.

1. Introduction

Bladder cancer (BC) is one of the most common and aggres-
sive malignant tumors in the human urinary system with the
increasing trend of morbidity and mortality worldwide.l=
The characteristics of complex pathologic patterns, the lack
of obvious specific clinical symptoms, and high postoperative
recurrence of BC require more efficient diagnosis and prog-
nosis of BC.>® Current clinical gold standard cystoscopy for

has been recognized as the metabolic
microenvironment for bladder tumor
cells, and its carcinogenesis and progres-
sion could make a pivotal impact on urine.?!l In this regard,
the development of a urine biopsy provides a powerful strategy
toward noninvasive early diagnosis and prognosis of BC. Clini-
cally, urinalysis has been routinely utilized to detect abnormal
metabolic biomarkers in urine for the assessment of health
status and preliminary screening of diseases.*>-*’! However,
the physiologically relevant biomarkers detected by routine uri-
nalysis are generally limited to high concentration targets over
the micromolar level. On the other hand, the concentration
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of BC-relevant biomarkers in urine is usually extremely low,
which is further complicated by the deeply complex urine
environment. Hence, it is highly desirable to develop a clinical
utility urinalysis technique with high sensitivity to identify trace
bladder tumor biomarkers in urine for efficient early-stage and
accurate BC diagnosis.

Here, we report and validate an integrated urinalysis device
that is composed of an indium gallium zinc oxide field-
effect transistor (IGZO FET) biosensor array, a device con-
trol unit, and an Internet terminal to afford direct analysis
of bladder-tumor-associated proteins in untreated urine sam-
ples. In this urinalysis device, molecular-specificity IGZO
FET sensing array units with engineered interfaces and high
uniformity enable the simultaneous and reliable monitoring
of five bladder-tumor-associated protein molecules in urine
samples, significantly improving the diagnostic accuracy.
The device control panel with data conversion and wireless
communication ability permit the real-time transmission of
bladder-tumor-associated protein signatures to the Internet
terminal, which is further analyzed through machine-learning
algorithm. Overall, our technology delivers a 95.0% accuracy
in identifying BC after analyzing the protein signatures in a
cohort of urine samples from 197 BC patients and 75 non-BC
individuals. Importantly, the integrated urinalysis device could
distinguish among stage I-III cancer stages in BC patients
with an accuracy of higher than 90.0% and is effective in moni-
toring the status of patients in vivo to enable the prognosis and
guide the therapy. This integrated urinalysis device performs
the capability to real-time track the progression, metastatic and
recurrence of BC as well as provide an efficient monitoring
platform to promote the development of personalized health
management.

2. Results and Discussion

2.1. Assay Validation

The IGZO FET devices were fabricated on a Si/SiO, substrate
by photolithography in which Au source and drain electrodes
were deposited by thermal evaporation, and the magnetic
sputter-deposited IGZO layer with a thickness of 25 nm served
as channel material (Figure S1, Supporting Information). The
efficient biosensing relies first on the electrical performance of
IGZO FET device. As indicated in Figure S2, Supporting Infor-
mation, the transfer characteristic of back-gated IGZO FET
shows n-type transistor behavior with an on-state current of
40 A, current on/off ratio of 1 x 10%, and carrier mobility (tg)
of 15.8 cm? V7! 57}, and these electronic properties are compa-
rable to that of previously reported works (Table S1, Supporting
Information).26¥] In addition, the transfer/output character-
istics of IGZO FET device were well maintained under liquid-
gated voltage, promising the extraordinary performance of
IGZO FET in biosensing (Figure S3, Supporting Information).
To identify bladder-tumor-relevant proteins in urine samples,
a specific recognition molecule such as antibody should be
functionalized on the IGZO FET device to achieve a biosensor
(Figure 1a). In the biosensing process, the binding of charged
target proteins with recognition molecules would induce the
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accumulation or depletion of carriers in the IGZO channel and
generate a change in current amplitude (Figure 1b).

In biological buffer solutions, the charged protein molecules
would be surrounded by oppositely charged ions due to electro-
static interaction, thus decreasing the effective charge of pro-
teins.[2##1] This effect is known as Debye screening, and due to
the Debye screening effect, the effective electrical field of FET
biosensors could only be controlled within a distance called the
Debye length (Ap):1#3]

paoy 55 i)
2N g1

where ¢ is the dielectric constant of electrolyte. kg, T, and Ny
represent the Boltzmann’s constant, temperature, and Avoga-
dro’s number, respectively. I is the ionic strength of the solu-
tion. q is the elementary charge. According to this equation, it is
definite that Ay is inversely proportional to ionic strength, and
the value of Ay narrows from 70 to 0.7 nm when the concentra-
tion of phosphate-buffered saline (PBS) solution increases from
0.1to0 10 x 107> m (Figure 1b).

In urine samples with extremely high ionic strength, the
surface charge of proteins would be severely screened. To
overcome this limitation, the arrangements of recognition
molecules on the IGZO surface were regulated to minimize
its occupied length for the purpose of narrowing the distance
between target protein molecules and IGZO channel. Specifi-
cally, two different immobilization strategies that could bind
different terminals of antibodies for bladder-tumor-specific
nuclear matrix protein 22 (anti-NMP22) were utilized to regu-
late antibody arrangements on IGZO (Figure 1a). The IGZO
surface was first modified with (3-aminopropyl) triethoxysi-
lane (APTES) to introduce amino groups. Subsequently, anti-
NMP22 was separately immobilized on the IGZO surface by
coupling to N-terminal with the assistance of glutaraldehyde
or C-terminal through 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride and N-hydroxysulfosuccinimide
(EDC/NHS) chemistry. The presence of absorption peaks
(1530 and 1650 cm™) that corresponded to amide bonds in
the attenuated total reflection flourier transformed infrared
spectroscopy (ATR-FTIR) curves as well as the appearance
of characteristic peaks for C 1 s (286.6 eV), N 15 (399.9 eV),
and S 2p (162.4 eV) in the X-ray photoelectron spectra (XPS)
curves of N-terminal functionalized anti-NMP22/IGZO, sug-
gesting that anti-NMP22 was successfully immobilized on the
IGZO surface (Figures S4 and S5, Supporting Information).
As the pKa of amine groups at N-terminus is lower than 74
and the pKa of amine groups at side chains is higher than 74,
a pH of 74 was used to ensure that the N-terminus of anti-
body is deprotonated and reactive to glutaraldehyde, while the
side-chain amines are protonated and unable to react with
glutaraldehyde. Consequently, the arrangement of antibodies
on N-terminal functionalized IGZO biosensor is relatively
uniform. By contrast, as the non-selective EDC/NHS chem-
istry would allow the conjugation of both C-terminus and
side chain carboxyl groups, the arrangement of anti-NMP22
on C-terminal functionalized IGZO is relatively random. This
is as confirmed by the increased surface roughness of C-ter-
minal functionalized IGZO compared with that of N-terminal
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Figure 1. Interface engineering of FET biosensor. a) Schematic and AFM images of anti-NMP22 functionalized on the IGZO device by N-terminal
(top) and C-terminal (bottom). b) Debye lengths of PBS buffer and protein height. The sensing mechanism of the IGZO FET biosensor was also
plotted. c) Current response of N-terminal and C-terminal functionalized anti-NMP22/IGZO FET biosensor toward NMP22 target under different ionic
strengths. The concentration of NMP22 is 107'® g mL™". d) Real-time current response of N-terminal and C-terminal functionalized anti-NMP22/1GZO
FET biosensor toward NMP22 with concentrations ranging from 107 to 10® ¢ mL™". e) Calibrated curves of N-terminal and C-terminal functionalized
IGZO FET biosensors. The relationship between current response and logarithm of NMP22 concentration was plotted. The linear range of N-terminal
and C-terminal functionalized anti-NMP22/IGZO biosensor is 107 to 1072 g mL™ and 107" to 1072 g mL™, respectively. f) Selectivity of N-terminal
functionalized anti-NMP22/IGZO FET biosensor. The concentrations of target protein and interfering molecules are all 1072 g mL™. All the error bars

represent the standard deviations of three measurements.

functionalization in the atomic force microscopy (AFM)
images (Figure la). More importantly, the height of N-ter-
minal and C-terminal functionalized anti-NMP22 measured
with AFM are =2—4 nm and =5-7 nm (Figures S6 and S7, Sup-
porting Information), and the average thickness of N-terminal
and C-terminal functionalized antibody layer on the IGZO
surface achieved by ellipsometer is =3.3 and 5.8 nm. These
results suggest that the regulation of antibody modification
sites could control antibody orientations and the occupied
length of antibody on IGZO.
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To investigate the antibody orientation on the biosensing per-
formance, the N-terminal and C-terminal functionalized IGZO
biosensor toward NMP22 target with a concentration of 107° g
mL™! under different ionic strengths was investigated. The cur-
rent response (100 x AI/L) that was defined as the percentage
change in I before and after NMP22 conjugation (AI) compared
with I, was recorded (Figure 1c). An optimized anti-NMP22
modification concentration and protein incubation time of
5 min were selected for the following measurements (Figures S8
and S9, Supporting Information). Figure 1lc indicates that the
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N-terminal functionalized IGZO FET biosensor exhibits rela-
tively high current responses across all the investigated PBS con-
centrations compared with that of C-terminal functionalization.
At low ions strength of 0.1 x 1073 M PBS, the current response
between N-terminal (26.0%) and C-terminal (20.0%) func-
tionalized IGZO FET biosensor is relatively close, suggesting
that the majority of charges on NMP22 target were located in
the range of Ap with a long distance of 70 nm. When the ionic
strength increases to 1 x 10 M and even to 10 x 10~ m PBS,
which corresponds to Ap of 2.2 and 0.7 nm, the current response
of N-terminal functionalized IGZO FET biosensor (22.1% and
15.7% at 1 x 1073 M and 10 x 107 M PBS) is significantly higher
than that of C-terminal functionalization (11.1% and 5.6% at 1 x
1073 M and 10 x 1073 m PBS). Based on the above results, it is
recognized that the regulation of antibody orientation offers an
efficient strategy to minimize the occupied length of antibodies
and allows the target protein to be in closer proximity to IGZO
(Figure 1b). This narrowed distance would enable more charges
located in the range of Ap and improve the current response.

As the ionic strength of urine is equivalent to 10 x 1073 M
PBS, we then selected 10 x 10 M PBS to investigate the
sensing performance of IGZO FET biosensor. As shown in
Figure 1d; Figure S10, Supporting Information, the real-time
current response of IGZO FET biosensor is maintained rela-
tively stable during the whole monitoring process. In addition,
the anti-NMP22 functionalized IGZO (anti-NMP22/IGZO)
FET Dbiosensor conjugated by N-terminal exhibits relatively
high current response toward NMP22 across all the investi-
gated concentrations compared to that of C-terminal function-
alization (Figure le; Figure S11, Supporting Information). It is
apparent that the anti-NMP22/IGZO FET biosensor exhibits
an obvious current response of 172% upon the binding of
NMP22 with a concentration of 107'¢ g mL™ and then exhibits
a linear increase in current response as the concentration of
NMP22 increases from 107 to 102 ¢ mL, which is boarder
than that of C-terminal functionalized IGZO FET biosensor
(1075 to 1072 g mL™Y). The current variation is due to the accu-
mulation of negative surface charge in n-type IGZO channel
upon the binding of negatively charged NMP22. In addition,
the N-terminal and C-terminal functionalized anti-NMP22/
IGZO FET biosensors all present a significantly high current
response toward NMP22 target, while the current response for
interfering molecules is relatively low (Figure 1f; Figure S12,
Supporting Information). The detection reproducibility was
investigated by measuring the transfer characteristic curves of
eight anti-NMP22/IGZO FET biosensors after conjugation with
NMP22 target (Figure S13, Supporting Information). As shown
in Figure S13, Supporting Information, eight transfer charac-
teristic curves are highly consistent and the calculated relative
signal deviation (RSD) is 4.3%, demonstrating that the func-
tionalized IGZO biosensors exhibit excellent detection stability.
These results suggest the potential of IGZO biosensors for spe-
cific and reliable detection of bladder-tumor-relevant proteins.

2.2. Clinical Investigations
To examine the applicability of IGZO FET biosensor for effi-

cient bladder-tumor-relevant proteins detection in urine
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environment, an IGZO FET biosensor array consisting of
five detection channels capable of parallel measurements of a
group of bladder-tumor-relevant proteins, three control chan-
nels, and two Ag/AgCl reference electrodes were designed
(Figure 2a). A set of clinical-relevant bladder tumor urine
biomarkers was tested for detection and validation: NMP22,
membrane antigen carbonic anhydrase 9 (CA9), cluster of dif-
ferentiation 47 (CD47), cytokeratin 8 (CKS8), and cytokeratin
18 (CK18). The rationale for target protein selection was based
on previous studies of expression difference in BC at different
stages.1¥] To enable selective detection, five types of antibody
molecules that are specific to these bladder-tumor-associated
proteins were covalently functionalized on the IGZO FET bio-
sensor array (Figure 2a; Figure S14, Supporting Information).
The real-time and calibrated current responses of CA9, CD47,
CK8, and CK18 antibody molecules functionalized IGZO bio-
sensors toward CA9, CD47, CK8, and CK18 exhibit similar
response performance as that of anti-NMP22/IGZO FET bio-
sensor (Figures S15-S19, Supporting Information). The calcu-
lated detection limit (3 x standard deviation of the blank) of
N-terminal functionalized IGZO biosensor array for NMP22,
CA9, CD47, CKS8, and CK18 is 3.2 x 1077, 6.2 x 10718, 3.7 x
1077, 1.6 x 1078, and 4.1 x 1077 g mL™, which is =tenfold lower
than that of C-terminal functionalized IGZO FET biosensors
(73 x 1076, 2.5 x 10716, 8.1 x 107%, 6.8 x 107, and 2.1 x
1075 g mL™" for NMP22, CA9, CD47, CK8 and CK18), 10° folds
lower than that of electrochemical assay (10 g mL™ level), 10°
folds lower than that of fluorescence assays (10 g mL™ level),
and extremely lower than that of previously reported IGZO
FET biosensors (Table S2, Supporting Information). The above
results demonstrate that N-terminal functionalized IGZO bio-
sensor array exhibits high sensitivity and could be used for
rapid and facile identification of trace bladder-tumor-associated
proteins.

With excellent detection performance, the IGZO FET bio-
sensor array was incubated with freshly collected urine sam-
ples for subsequent analysis. NMP22, CA9, CD47, CK8, and
CK18 protein signatures were collected. Figure 2b; Figure S20,
Supporting Information, show that the IGZO FET biosensor
array exhibits an obvious current variation upon exposing to
BC patient urine samples, and the current response is sig-
nificantly more obvious than that of healthy individuals. The
intrinsic complexity of urine possibly would cause serious non-
specific adsorption and decrease the detection sensitivity and
accuracy. Bovine serum albumin (BSA) was utilized to mini-
mize non-specific adsorption and exclude weakly adsorbed bio-
molecules as validated by the increased current response after
blocking (Figure 2¢; Figure S21, Supporting Information). As
conventional urinalysis approaches are not sufficiently sensi-
tive to quantify the trace bladder-tumor-relevant proteins in
urine samples, the recovery measurement was performed to
evaluate the detection accuracy of IGZO FET biosensor array.
By adding a series concentration of target proteins into urine
samples, the recovery of spiked proteins was investigated and
listed in Table S3, Supporting Information. The measured
recovery ranges from 95.3% to 104.3%, indicating that our
designed IGZO biosensor array is reliable for quantitative
analysis of bladder-tumor-associated proteins in clinical patient
urine samples. To explore the detection reproducibility of the
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Figure 2. Clinical analysis of validation cohorts for BC diagnosis and classification. a) Photograph and schematic of eight-channel sensing array, in
which five channels are functionalized with specific antibody molecules for bladder-tumor-relevant proteins, and the remaining three channels are
utilized to record background signal of urine samples. b) 1.-V, curves of anti-NMP22/IGZO FET biosensor array in response to the urine samples
from a BC patient and a healthy individual. c) Current responses of anti-NMP22/FET biosensor array with and without BSA blocking for urine sam-
ples of five BC patients. P represents BC patients. No. 1-5 represents different patient samples. For example, “P1” represents a urine sample from
BC patient No. 1. Error bars represent standard deviations of three measurements. d) Heat map of five bladder-tumor-relevant protein signatures
in a training cohort. (n = 140; that is, 100 for untreated BC patients (including 39 cases in T1, 34 cases in T2, and 27 cases in T3) and 40 for healthy
individuals. The color intensity indicates the concentration of protein. Among them, NMP22, CD47, and CK18 are up-regulated, CD47 and CK8 are
down-regulated. e) Comparison of expression levels of five bladder-tumor-relevant proteins in urine samples from BC patients (n = 100) and healthy
individuals (n =40) (P < 0.005, unpaired two-sided t-test). f) Schematic diagram of NN algorithm for the identification and classification of BC. The
NN algorithm comprises four layers: an input layer, two fully connected hidden layers, and a prediction layer. g) ROC curves showing high accuracy
(AUC = 0.970) of NN algorithm in BC diagnosis, with its AUC significantly larger than that of a single protein. h) Confusion matrix summarizing the
BC classification results in the training cohort. i) Discrimination of BC patients from healthy individuals and classification of BC stages based on NN
algorithm or a single protein.

IGZO FET biosensor array, the current response of the bio-  reproducibility of the biosensor array is mainly attributed to
sensor toward the same BC patient urine sample was investi-  the large-area uniform IGZO channel materials and antibody
gated. The response curves shown in Figure S22, Supporting  immobilization layer. Based on the above results, it is expected
Information, for the same patient urine sample are highly that the IGZO biosensor array would be a powerful tool for
consistent (RSD below 77%), which shows excellent repro- identifying bladder-tumor-relevant proteins in human urine
ducibility for patient urine samples analysis. The excellent samples.
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2.3. Clinical Validation Cohort

To enable clinical management diagnostics, following the pre-
validation assays, we proceeded to patient-relevant testing with
our IGZO FET biosensor array. We designed a training cohort
with 100 patients (n = 100; 39 for stage I [T1], 34 for stage
II [T2], and 27 for stage III [T3]) referred for clinically indi-
cated BC diagnosed with image-guided aspiration and biopsy
(Figure 2d; Table S4, Supporting Information). All the patients
gave informed consent for the clinical validations. Urine sam-
ples of 40 healthy individuals were selected for comparison. The
expression levels of NMP22, CA9, CD47, CK8, and CK18 in urine
that were calculated based on the calibrated response curves in
Figure 1le; Figure S23, Supporting Information were summa-
rized in Figure 2d,e; Table S4, Supporting Information. Each
patient shows particularly different protein expression levels
(107° to 10 g mL™ level), suggesting the diversity of bladder
tumor phenotypes. The statistical expression levels of five
bladder-tumor-associated proteins in BC patients are remark-
ably higher than in healthy individuals (P < 0.005), which is con-
sistent with the upregulation expression theory of cancer.*l
Figure S23, Supporting Information also reveals upregulation
of NMP22, CD47, CK18, and downregulation of CK8 and CA9
as the increase of BC stages, which are in good agreement with
previously reported works.]

The difference in expression levels of bladder-tumor-associ-
ated proteins between BC patients and healthy individuals could
potentially be used to give a discrimination. A machine-learning
algorithm neural network (NN) was exploited to analyze and
train the five protein signatures obtained by IGZO FET bio-
sensor array to make a decision (Figure 2f). For the analysis of
urine samples with a single protein signature, a cut-off value
that could maximize the detection sensitivity and specificity
was exploited. The predicted results were compared with cys-
toscopy and tumor biopsies to determine the accuracy of our
biosensor platform. The receiver operating characteristic (ROC)
curves and precision-recall curves derived from NN algorithm
and a single protein signature were constructed (Figure 2g;
Figure S24, Supporting Information). As indicated in Figure 2g,
the area under the curve (AUC) of NN algorithm is signifi-
cantly higher than those of individual protein signatures. The
sensitivity and specificity for BC versus health differentiation
predicted with NN algorithm reach 96.2% and 100%. In order
to correlate antigen expression levels between BC stages and
explore the capability of the biosensor for BC stages classifica-
tion, the predicted and actual accuracy trained by NN algorithm
with five protein signatures as inputs were mapped into a con-
fusion matrix (Figure 2h). The NN algorithm generates a 94.9%
accuracy for T1 BC identification, 100% accuracy for T2 BC
identification, and 100% accuracy for T3 BC identification. The
overall diagnosis accuracy and classification accuracy achieved
with NN algorithm is 971% and 95.7% (95% confidence interval
[CI]: 92.3-99.1%). Notably, these values are significantly higher
than those calculated with single protein signatures (Figure 2I;
Figure S25, Supporting Information). The above results validate
that the simultaneous detection of five bladder-tumor-relevant
proteins with IGZO FET biosensor array and the training of
their combined protein signatures with NN algorithm are
essential for effective BC diagnosis and classification.
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2.4. Integrated Urinalysis Device for Point-of-Care Diagnosis

An ultimate goal of our platform is to enable efficient point-
of-care or home-care diagnosis for decentralized remote
healthcare. In this regard, we integrated the IGZO FET
biosensor array with micro-nano fabrication and wire-
less technology to achieve a portable device for urine anal-
ysis (Figure 3a-c; Video S1, Supporting Information). The
overall structure of the integrated urinalysis device mainly
includes 1) an IGZO FET biosensor array for obtaining five
bladder-tumor-associated protein signatures from untreated
urine samples; 2) a device control panel for acquiring detec-
tion data from the biosensor array and information communi-
cating; 3) a smartphone and an application program for data
analysis and display (Figure 3b). The operation processes of
the integrated urinalysis device are as follows: The micro-
controller unit (MCU) in the data conversion module reads
instructions from the smartphone via a wireless Bluetooth
unit and transfers the instructions to voltage signal through
a digital-to-analog converter (DAC). Then, the voltage fol-
lowing module magnifies the voltage signal and applies
voltage toward IGZO FET biosensor array. Subsequently,
the MCU sequentially accesses the measured current signal
from IGZO FET biosensor array and converts the signal into
readable information by an 8-to-1 multiplexer (MUX), a trans-
impedance amplifier (TIA), and an analog-to-digital converter
(ADC). The Bluetooth unit exports the readable information
to a smartphone, and the application program that incorpo-
rates NN algorithm and diagnosis interface could analyze
the received information to display the diagnosis results
(Figure 3d). The urinalysis device was compatible with a
power source to supply the whole device. The integrated uri-
nalysis device is a portable device with an overall dimension
of 15.2 cm (L) x 6.5 cm (W) x 2.4 cm (H), and it could be
directly used for data acquisition, information communica-
tion, and analysis (Figure 3c). Particularly, this stand-alone
device could be easily operated by a variety of non-trained
personnel and would not rely on well-instrumented labora-
tory or highly sophisticated analytical techniques. Specifically,
after incubating 100 pL collected human urine directly on the
device surface for 5 min, the integrated urinalysis device cap-
tures the bladder-tumor-associated protein signatures simul-
taneously and analyses the detection data with the assistance
of application program incorporated with NN algorithm
automatically to display the diagnosis results (Figure 3e,f;
Videos S2 and S3, Supporting Information). Owing to the
fast response speed of IGZO FET biosensor and the efficient
detection signal transmission, the whole urinalysis process
only requires less than 10 min. The diagnosis results dis-
played in Figure 3e,f validate that the integrated urinalysis
device could achieve efficient BC identification and classifica-
tion. Notably, the component of urine is particularly complex
and is influenced by human activities such as diet, rest, and
movements, while the integrated urinalysis device with high
stability and uniform biosensor array presents the ability to
achieve parallel measurements of five protein signatures from
urine samples. These features promise the potential of the
integrated urinalysis device for clinical utility, point-of-care
settings, and health clinics in rural areas.
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Figure 3. Integrated urinalysis device for point-of-care diagnosis. a) Schematic of integrated urinalysis device for the detection of urine samples. b) Cir-
cuit diagram and working principle of the integrated urinalysis device. c) Photograph of the integrated urinalysis device and the enlargement images of
the three parts. d) Testing interface and operation interface on the smartphone. e,f) Current responses and diagnosis results of the integrated urinalysis

device toward a BC patient (e) and a healthy individual (f).

2.5. Double-Blind Prediction

To explore the clinical utility of the integrated urinalysis device,
a testing cohort of patients (n = 65) with unknown diagnosis
information and non-BC individuals (10 healthy individuals
and 25 non-BC patients with urinary diseases) was selected for
a blind prediction (Figure 4a and Table 1). The expression levels
of bladder-tumor-associated proteins summarized in Figure 4b;
Figure S26, Supporting Information indicate that the BC
patients show significantly high protein expression levels than
non-BC patients and healthy individuals (P < 0.005). The pre-
diction performance was evaluated with cystoscopy and tumor
biopsies diagnosis results. As shown in Figure 4c,d and Table 1,
a sensitivity of 100.0% and a specificity of 92.1% were achieved
based on the ROC and precision-recall curves, and these values
are significantly higher than that estimated by urine cytology
(sensitivity of 48.0% and specificity of 86.0%) and fluorescence
in situ hybridization (FISH, 62.0% in sensitivity and 90.0% in
specificity).”*] These prediction results indicate that the inte-
grated urinalysis device could enable effective BC diagnosis.
For a further step, we explored the capability of the integrated
urinalysis device for BC stages classification with the same
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testing cohort. As indicated in Figure 4e, the integrated uri-
nalysis device could identify T1 BC with an accuracy of 84.2%,
T2 BC with an accuracy of 875%, and T3 BC with an accuracy
of 66.7%. The overall accuracy for BC diagnosis and classifica-
tion with our established NN algorithm remains 95.0% and
90.0% (95% CI: 84.1-95.9%), significantly higher than those
calculated with single protein signatures (Figure S27, Sup-
porting Information). To further investigate the cancer stages
classification capability of our integrated urinalysis device,
we performed clinically applicable H&E histological analysis
for selected BC patients. It is recognized that with the devel-
opment of BC, the tumor cells would gradually invade the
bladder wall and even surrounding tissues, and the nuclei of
tumor cells would grow larger and irregular.® Based on these
considerations, the BC stages were classified as shown in the
H&E images in Figure 4f; Figures S28-S30, and the classifica-
tion results display good concordance with those obtained by
urinalysis. The above analysis suggests that the integrated uri-
nalysis device could be utilized in BC stages classification effec-
tively. The reliable protein signatures identification capability
and the high accuracy in BC diagnosis and classification pos-
sibly benefit from the high sensitivity, stability biosensor arrays,
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85UB01 7 SUOLULLOD 9AIT.D) 3[cedl|dde aupy A peusenob a1e Sajoie O 8sn JO SajnJ 10} Aiq1T8UI|UQ A1 UO (SUOIPUOD-PUB-SWS)/LI0Y™A8 | 1M AReq Ul |Uo//Sty) SUORIPUOD pue Ss 1 8L 88S *[2202/TT/90] Uo Ariqiauliuo Ao ‘Ariq Aisieaun enybuss | Aq 122802202 Bwipe/z00T 0T/I0p/wW00" Ao 1M ARq Ul uo//Sdny woJj pepeo|umod ‘9g ‘2202 ‘S60vTZST



ADVANCED
SONCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de
a Health (n = 10) Non-BC (n = 25) T1 (n=38) T2 (n=24) T3(n=3) High
NMP22 ] Hm s
CA9 | b
CcD47 <
(%]
CK8 5
CK18 (&}
Low
b NMP22  CA9 CD47 CKs
7 4x1072
T, 4x10 0.0027
€
Q >
c 0.0004 3 3
[} = X
= 2x10712] 0.0001 Bl AUC | ¢
& 0.0019 - <0. . £ 50 1 — NN 0958 | S 501
= : 2 . —NN 0921
g 3 00038 L . | £ —— NWP22 0888 | 8 | Nmp22 0.885
g 4 * e 5 —— CA9 0.817 E —— CA9 0-874
° o4 34_4}*_3*_;'&_ .| ~— CD47  0.910 —— CD47 0.867
— Y/ ——— CK8 0.898 —— CK8 0.870
Q’°,®°é§s q’og»c’,f FESLLE LSS N 04— CKi8 0908 04{— ck1s 0.862
¥ F¥ F¥ FE S 0 50 100 0 50 100
100 - Specificity (%) Recall (%)
e Predicted Accuracy (%) f P1(T1) P2 (T2) P3(T3)
Health  T1 T2 T3 5 S 7 g
Health
= T1]113.2% ‘84.2% ‘ 2.6%
=
°
< 12|125%
T3 33.3% 66.7%
Overall accuracy: 90.0% 0 50 100

Figure 4. Blind prediction of testing cohorts for BC diagnosis and classification. a) Application of the trained NN algorithm for the analysis of an
independent testing cohort (n = 100; that is, 38 for T1, 24 for T2, 3 for T3, 25 for non-BC, and 10 for healthy individuals). The concentrations of
five proteins were shown by heat map. b) Protein expression levels in urine samples from BC patients, non-BC patients, and healthy individuals
(P < 0.005, unpaired two-sided t-test). c,d) ROC and precision-recall curves for the prediction of sensitivity and specificity in BC diagnosis based
on NN algorithm and a single protein signature. The AUC of the NN algorithm is significantly higher than that of a single protein. e) Confusion
matrix summarizing the BC classification results in a testing cohort. f) Six representative tumor tissue images showing three BC patients at dif-
ferent stages.

Table 1. Summary of BC diagnostic statistics for single proteins and protein combination.

Markers Training cohort (n = 140) Testing cohort (n =100)
AUC Avg. Sensitivity Specificity — Diagnosis  Classification Sensitivity ~ Specificity ~ Diagnosis  Classification
precision [%6] [%6] accuracy [%] [%] [%6] [%6] accuracy [%] [%]
Single proteins NMP22 0.935 0.935 92.0 85.2 86.4 69.3 79.3 83.1 82.0 68.0
- CA9 0.887 0.922 69.2 87.1 82.1 77.9 83.3 85.7 85.0 63.0
- CD47 0.935 0.934 87.1 89.3 87.1 72.1 78.4 91.7 87.0 67.0
- CK& 0.884 0.918 84.1 67.9 80.7 70.0 81.8 79.5 79.0 65.0
- cKig 0.958 0.941 91.6 93.9 92.1 65.7 85.1 92.3 89.0 67.0
Protein combination NN 0.970 0.968 96.2 100.0 97.1 95.7 100.0 92.1 95.0 90.0
Clinical methods Urinary - - - - - - 48.0 86.0 - -
cytology
- FISH - - - - - - 62.0 90.0 - -
Adv. Mater. 2022, 34, 2203224 2203224 (8 of 13) © 2022 Wiley-VCH GmbH

85UB01 7 SUOLULLOD 9AIT.D) 3[cedl|dde aupy A peusenob a1e Sajoie O 8sn JO SajnJ 10} Aiq1T8UI|UQ A1 UO (SUOIPUOD-PUB-SWS)/LI0Y™A8 | 1M AReq Ul |Uo//Sty) SUORIPUOD pue Ss 1 8L 88S *[2202/TT/90] Uo Ariqiauliuo Ao ‘Ariq Aisieaun enybuss | Aq 122802202 Bwipe/z00T 0T/I0p/wW00" Ao 1M ARq Ul uo//Sdny woJj pepeo|umod ‘9g ‘2202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

and systematic database treatment with NN algorithm. These
results highlight the ability of the integrated urinalysis device
in identifying BC status, opening up the possibility to track the
progression of BC.

2.6. Longitudinal Monitoring During Clinical Care

Longitudinal monitoring of protein signatures of BC patients
could provide critical information regarding the progression
of BC and enable effective prognosis. Especially, recording the
real-time protein signatures offers the possibility to evaluate the
cancer risk and provide the corresponding treatment strategy.
Consequently, serial protein signatures of a cohort of patients
(n = 16 for T1 patients and n = 16 for T2 patients) before and

www.advmat.de

after surgery were tracked with the integrated urinalysis device
(Figure 5a, Figure S31, Supporting Information). Urine samples
were collected 24 h before surgery and within one week after sur-
gery. As shown in Figure 5a, the concentrations of proteins show
an obvious decrease in all the patients, presumably due to the
decreased proteins expression level in urine after curative tumor
resection. To clearly present the change of protein signatures, the
longitudinal protein signatures of NMP22, CA9, CD47, CK8, and
CK18 were summarized in Figure 5b—f for T1 BC patients (n = 16)
and in Figure 5g—k for T2 BC patients (n = 16). It can be clearly
observed that all the investigated proteins show an obvious
decrease, and this tendency is particularly notable for T2 patients
(P < 0.05, paired t-test). Serial monitoring of bladder-tumor-
relevant protein signatures thus proposes a general strategy for
cancer recurrence evaluation and prognosis tracking.
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Figure 5. Longitudinal monitoring during clinical care. a) Urine samples

Surgery (n = 16)

Surgery (n = 16) Surgery (n=16)

from BC patients (n = 32; 16 for T1 and 16 for T2) before and after surgery

were analyzed by the integrated urinalysis device. The expression levels of five protein signatures were summarized by heat map. b-k) Changes in the
expression levels of five bladder-tumor-relevant protein signatures from T1 and T2 BC patients before and after surgery (P < 0.05, paired two-sided t-
test). (b) and (g) represent the changes of NMP22 level in urine samples from T1 and T2 BC patients before and after surgery, respectively. (c,h), (d,i),

(e)j), and (f,k) represent CA9, CD47, CK8, and CK18, respectively.
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3. Conclusion

This work presents an integrated urinalysis device that is
composed of an IGZO FET biosensor array, a device control
panel, and an Internet terminal to identify and analyze a group
of bladder-tumor-relevant proteins in urine samples for the
achievement of clinical management. The interface of IGZO
FET biosensor with excellent electrical performance was engi-
neered to decrease the Debye screening effect originating from
the high ionic strength of urine, thus enabling its capability for
direct analysis of protein signatures in freshly collected urine
samples. The urinalysis revealed that the bladder-tumor-asso-
ciated proteins in urine could reflect the critical signature of
BC, and the simultaneous detection and analysis of a panel of
protein is necessary for efficient BC identification and cancer
stages classification due to the intrinsic heterogeneous nature
of tumor. Through the training of five protein signatures in
urine samples from a cohort of 197 BC patients and 75 non-BC
individuals, the integrated urinalysis device could achieve a
95.0% diagnosis accuracy and a 90.0% cancer stages classifica-
tion accuracy. In addition, the protein signatures show a signifi-
cant correlation with treatment response. The serial monitoring
of protein signature reflects that the protein expression levels
decreased in all BC patients after surgical treatment, demon-
strating the potential of the integrated urinalysis device for BC
treatment monitoring, risk evaluation, and prognosis. The inte-
grated urinalysis device with the characteristics of portability,
low-cost, non-invasiveness, and automated data treatment and
analysis that can be operated by non-trained personnel could
potentially translate into standard clinical practice for cancer or
critical diseases diagnostics and prognosis. A similar platform
can be adapted for analysis of the other body fluids including
blood and saliva for the point-of-care diagnosis of a wide range
of biomarkers for personalized medicine.

4. Experimental Section

Materials and Reagents: Methanol, ethanol, isopropyl alcohol, acetone,
glutaraldehyde (25.0%), polyvinyl butyral (PVB), and iron(lll) chloride
(FeCls, >99.0%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. EDC, NHS, poly(methyl methacrylate) (PMMA), and APTES were
obtained from Aladdin. BSA and PBS (0.1 x 107 m, 1x 1073 m, and 10 x
1073 M, pH 7.4) were bought from Shanghai Yuanye Bio-Technology Co.,
Ltd. Bladder-tumor-relevant proteins NMP22, CA9, CD47, CK8, CK18 and
the corresponding antibody molecules anti-NMP22, anti-CA9, anti-CD47,
ani-CK8, and anti-CK18 were purchased from Dafeng Biotechnology Co.,
Ltd. The detailed information of these proteins is listed in Table S5,
Supporting Information.

Instrument and Characterization: The metallic electrodes (Cr/Au) array
was patterned by ultraviolet (UV) lithography (ABM. Inc, America) and
deposited by a thermal evaporator system (Jiashuo JSD-300, China).
The IGZO channel layer was deposited by a radio frequency sputtering
system with the assistance of mask templates (Jiashuo JSD300-11, China).
The sensing area of the FET biosensor was exposed by an electron beam
lithography system (EBL, JSM-6510, Japan). The microscopy images of
the 1GZO sensing electrodes were obtained with an optical microscope
(Olympus BX53MRF-S). The immobilization of antibody molecules on
the IGZO surface was characterized by XPS (ESCAI AB250Xi, USA) and
ATR-FTIR (FTIR5700, USA). The surface morphology and thickness of
IGZO layer were characterized by AFM (Park nx10, Korea), ellipsometer
(J.A. Woollam M-2000, USA), and high-resolution field emission SEM
(FEI Verios 460, USA). The ellipsometer characterization was performed
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at wavelength between 300 and 1000 nm at the incident angles of
65°, 70°, and 75°. The functionalized thickness of anti-NMP22 on the
device was fitted by the Cauchy model. The electrical characteristics of
the IGZO FET device were measured by a digital source meter (Agilent
B2902A, USA) connected to a probe station.

Clinical Samples: Urine samples of BC patients were provided by the
Union Hospital of Wuhan and Renmin Hospital of Wuhan University.
Urine samples of healthy individuals and non-BC patients were collected
from Wuhan University and Renmin Hospital of Wuhan University. All
relevant ethical laws and regulations concerning human participants
were complied with. The study was approved by the Ethics Committee
of Union Hospital of Wuhan and Renmin Hospital of Wuhan University.
All the participants in this study signed informed consent forms before
participating. In this study, the gender, age and pathological diagnosis
results of all clinical samples were recorded anonymously.

HAE Histological Analysis: Histological analysis of bladder tumor
tissues was performed by paraffin-embedded tissue sections fixed with
10% formalin. The bladder tumor tissue samples were sectioned at a
thickness of 5 um and stained with hematoxylin and eosin (H&E) for
imaging. The images were obtained with an Olympus CKX53 inverted
microscope slide scanner at 100x magnification.

Fabrication of IGZO FET Array: The IGZO FET array was fabricated
by the following processes. First, the interdigital source, drain, and
gate electrodes (15 nm Cr/50 nm Au) were deposited with thermal
evaporation after patterning by photolithography. The channel length
and width were 480 and 500 um, respectively. Then, the IGZO channel
layer was deposited between patterned source and drain electrodes by
magnetron sputtering with the assistance of a mask template. Ag/AgCl
reference electrodes were fabricated by sequentially dip-coating silver
colloid on the gate electrode, heating at 75 °C for 15 min to evaporate
solvent, dropping 0.1 m FeCl; solution on the silver colloid and reacting
for 4 min to form AgCl layer. The surface of AgCl electrode was then
treated with PVB-methanol solution for 3 h at room temperature to form
a protective layer.

IGZO FET Electrical Characteristics Evaluation: The ur and
transconductance (g,,) of 1GZO device were calculated based on the
transfer characteristic curves in Figure S2, Supporting Information. As
the interdigital electrode is composed of four independent electrodes
in parallel, the g of IGZO device is 1/4 of the apparent and it can be
calculated by:

_ gmL _ dIdL 2
HFE= aWV,C,y ~ AV 4WV,C oy @

where L and W represent the channel length (480 um) and width
(500 um). C,, is 11.5 nF cm™2 for Si wafer with 300 nm SiO, dielectric
layer. Vy is set at 0.2 V. Based on Equation (2), it is calculated that the
Leg of IGZO device is 15. 8 cm? V™' s7!. The obtained maximized value of
gm calculated by I4—V, curve is 1.0 uS.

Fabrication of IGZO FET Biosensor Array: To achieve selective
functionalization of antibody molecules on the IGZO sensing channel
and avoid gate leakage current, the IGZO FET array was spin-coated
with a layer of PMMA as protection layer and the IGZO sensing
region with an area of 480 x 500 um? was exposed by electron beam
lithography. The device was then integrated with a PDMS well
(with 2.5 cm length, 1.5 cm width, and 0.3 cm height) for selective
functionalization and sensing. Subsequently, the IGZO layer was
covalently functionalized with APTES to introduce amine groups on the
IGZO. Specifically, 1 mL of 5% APTES in ethanol was dropped into the
PDMS chamber for 1 h and then heated in an oven at 110 °C for 30 min
to strengthen the silanization of APTES.P Then, 1 mL glutaraldehyde
(5%) PBS buffer solution was added into the chamber and reacted for
2 h at room temperature to serve as linker molecules for conjugating
N-terminal antibody molecules. To obtain N-terminal functionalized
IGZO FET biosensor, 100 pL antibody solution was added onto the
IGZO channel and coupled with glutaraldehyde for 12 h at 4 °C.5% After
BSA (0.01 g mL™") blocking at 4 °C for 12 h and PBS buffer washing,
N-terminal functionalized IGZO FET biosensor was obtained. C-terminal
functionalized IGZO FET biosensor was prepared by sequentially adding
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4 mL of EDC/NHS PBS solution (containing 20 ug EDC and 10 ug NHS)
and 100 pL antibody solution onto the surface of APTES functionalized
IGZO FET array, and shaking at room temperature for 2 h to couple
with C-terminal antibody. It is worth noting that the 8-channel sensing
array consists of five detection channels for parallel measurements and
three control channels for background signal recording. The control
channels were obtained by blocking glutaraldehyde coupled IGZO with
BSA to minimize urine environment such as ion strength and pH on
the influence of sensing performance. To explore the optimized antibody
functionalization concentration, a series of antibody solutions with
concentrations ranging from 10-30 [Lg mL™" was investigated (Figure S8,
Supporting Information). Based on the measured current response, it is
determined that the optimized concentration for anti-NMP22, anti-CA9,
anti-CD47, anti-CK8, and anti-CK18 is 20 ug mL™.

Detection  of  Bladder-Tumor-Relevant  Proteins: ~ Before  the
measurements, the target protein incubation time was determined
as 5 min to achieve the optimized current response (Figure S9,
Supporting Information). To investigate the relationship between ionic
strength of PBS buffer and current response of biosensor, the current
response of anti-NMP22/IGZO FET biosensor toward NMP22 target
(107 g mL™") was recorded under different concentrations of PBS
buffer (0.1-10 x 1073 m). The real-time current response (4t curves)
of molecular specificity IGZO FET biosensor array was measured by
successively injecting 100 pL target protein solution with a range of
concentrations (107® to 10 g mL™) into the PDMS chamber. The
calibrated response curves were recorded by measuring the current
response of the IGZO FET biosensor array before and after target
proteins conjugation. The 1=V, curves were recorded at V4= 0.2 V. The
Ig—t curves were recorded at V4 = 0.2 V and V, = 0.6 V. The selectivity
of the IGZO FET biosensor array was evaluated by monitoring each
antibody molecule functionalized IGZO FET biosensor unit toward
the target protein and interfering molecules. For example, for NMP22
specific IGZO FET biosensor, NMP22 was used as the target, and
CA9, CD47, CK8, and CK18 were selected as interfering molecules.
The concentrations of the target and interfering molecules were all
1072 g mL™". The recovery measurements were performed by adding
a series concentration of target proteins into the urine samples and
calculating the found target proteins concentration.

Construction of Integrated Urinalysis Device: The portable urinalysis
device was integrated by an IGZO FET biosensor array, a Li-ion battery,
a Bluetooth unit, a multiplexer (MUX), a trans-impedance amplifier
(TIA), an analogue-to-digital converter (ADC), a digital-to-analogue
converter (DAC), a voltage following module, and a microcontroller
(MCU) unit. The NN algorithm was input into the smartphone to realize
the analysis of the received data. An application program that includes
operation interfaces, testing interfaces, and diagnosis results interfaces
for real-time data presentation and analysis, was also developed. The
diagnosis results could be presented on the interface to provide clinical
suggestions and the corresponding diagnosis data could be saved in the
smartphone.

Clinical Urine Samples Analysis: For clinical urine samples real-time
detection, the integrated urinalysis device was first exposed to PBS
electrolyte to record the initial current value I, and then the specific
current signal was recorded after adding 100 L urine samples into
the PBS electrolyte. The urine incubation time remained for 5 min. The
average current signal was generated by recording the current responses
of the device toward a specific urine sample for 60 s. A training cohort of
100 BC patients and 40 healthy individuals as well as a testing cohort of
65 BC patients, 25 non-BC patients, and 10 healthy individuals was used
for evaluation. The protein concentration was calculated based on the
linear range in the calibrated response curves in Figure Te; Figure S16,
Supporting Information. The obtained protein signatures were used for
subsequent machine-learning analysis.

Machine Learning for BC Diagnosis and Classification: NN model for
BC diagnosis and classification was used in this study. Specifically,
each biomarker value was set as an input feature x. Let a feature vector
X =[xy, X2, -, X,] denote n biomarker values. To deal with the numerical
instability problem that the original marker values are too low (<107°),
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features were standardized by removing the mean and scaling to unit
variance,

X'= ©)

where u denotes the mean of the training sample and o is the standard
deviation of the training samples.

Then, multilayer perceptron (MLP) was used to learn a classifier for
cancer classification,

Xpi1 = (X W +b) )

where x, is the input vector for h—th linear layer, W is the weight, and b
is the bias. In this work’s experiments, the dimension of hidden layers
is optimized and fixed as 100. The layer number is 3. ¢ is the ReLU
activation function.

In the last layer, a softmax classifier was used to predict,

- exp(x) |
¢ = arg max; e eXp()'(i)xIE:a (5)
where x denotes the output vector of the last layer. K =4 is the number
of types, including {Health, T;,T,,T;}. ¢ is the predicting class. The
hyperparameters of the neural network were optimized by the adaptive
stochastic gradient descent method.*l

The detailed analysis processes are as follows. The whole samples
collected in this paper were randomly split into the training set (60%)
and the blind testing set (40%). The diagnostic efficiency of the
algorithm was evaluated based on the concentrations of five protein
signatures fed into the output of the NN algorithm. The AUC values of
ROC curves, accuracy, recall, and precision were reported for evaluating
this work’s models. These models were implemented with an open-
source machine-learning toolkit, Scikit-Learn, in the platform of Python
3.8.1, Ubuntu Linux 16.04 LTS.’Y The hardware environment was with
Intel Xeon CPU E5-2620, NVIDIA TITAN Xp*3. In order to deploy this
classification model in portable mobile devices, the weights trained
by this model were exported and the model was refactored with C++
environment.

Statistical Analysis: The sensing current response of clinical samples
was obtained from five parallel tests and expression levels of bladder-
tumor-relevant proteins were organized in the heat maps via Origin
2022 (https://www.originlab.com/). The significance between expression
levels of five bladder-tumor-relevant proteins in urine samples from BC
patients and healthy individuals was tested using an unpaired two-sided
t-test. The significance between expression levels of five bladder-tumor-
relevant protein signatures before and after surgery was tested using a
paired two-sided t-test. Statistical significance of the data was calculated
at 95% (P < 0.05) Cls. ROC and precision-recall curves were constructed
to evaluate the accuracy of bladder cancer diagnosis and classification.
Sensitivity was defined as the probability that a test result was positive
when cancer was detected (true positive rate), specificity as the probability
that a test result was negative when cancer was not detected (true
negative rate), and accuracy as the overall probability that an individual
was correctly classified. The 95% Cls were calculated using a binomial
distribution. Significance analyses, construction of ROC and precision-
recall curves, and AUC calculation were performed using GraphPad Prism
8 (https://www.graphpad.com/scientific-software/prism/).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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