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A B S T R A C T

Biochemical monitoring of bodily fluidics such as sweat, urine, and tears have been extensively developed, but
reliable biochemical analysis of sputum biospecimens remains limited and challenging due to the low abundance
of biomarkers in intrinsically viscous sputum. We reported a portable multi-channel sputum-based interdigitated
organic electrochemical transistors (SiOECTs) device for noninvasive sputum diagnosis. We tailored the AgNWs-
doped organic electrochemical transistors, integrating with multiplexed aptamer-antigen assays, to realize the
signal amplification and simultaneous detection of biomarkers in raw sputum biospecimens from lung cancer
patients. Clinical validation studies demonstrated favorable correlation coefficients between the sputum and
serum biospecimens. By utilizing our portable multi-channel iOECTs devices, lung cancer patients were differ-
entiated from health control with an optimum area under the curve (AUC) of 0.931, sensitivity of 87.0%, and
specificity of 86.5%. Our miniaturized and portable device could even realize the continuous in-home tracking of
the biomarkers change for lung cancer patients after radiotherapy/chemotherapy. It is envisaged that the SiOECTs
will shed light on noninvasive diagnostics platforms for sputum-related diseases.
1. Introduction

Biochemical monitoring of physiological phenomena via bodily flu-
idics like saliva, sweat, urine, and tears offers new insights and oppor-
tunities to ameliorate diagnostics efficiency radically [1,2]. Portable
bioelectronic devices have been applied to point-of-care diagnostics with
virtues of convenient operation, noninvasiveness, and inherent minia-
turization [1,3,4]. Although sweat/tears-based portable bioelectronics
has been well developed thus far, biomarkers extracted from deep tissues
are hardly accessible [5,6]. Sputum-based portable bioelectronics is an
attractive candidate for noninvasive diagnosis and monitoring, and the
patients can achieve real-time diagnosis and in-homemonitoring without
the restriction of instruments [7,8]. Moreover, sputum would be
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obtained via a noninvasive sampling strategy, which is preferable for
most patients [9–11]. Specifically, the human sputum is a secretion from
the lung, trachea, and bronchi. A high correlation between sputum and
lung-related diseases in the respiratory system has been demonstrated
[12–14]. However, the increase of acid glycoprotein in sputum and
subsequent cross-linking of glycoprotein via disulfide bond and hydrogen
bond leads to high viscosity and elasticity of sputum specimen. It poses
two foreseeable challenges of low abundance biomarkers and necessary
pretreatment in the accurate sputum biospecimens diagnosis [15,16].

Organic electrochemical transistors (OECTs) biosensors have attrac-
ted intensive attentions for various quantified diagnostics applications
due to the merits of intrinsic amplification effect, high signal-noise ratio,
and accessible integration with multiplexed bioelectronics [17–21].
(Y. Fang).
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Fig. 1. Design and biosensing mechanism of SiOECTs
platform. a) Detection scenario of SiOECTs when a
lung cancer patient expectorates sputum into a
portable SiOECTs device. b) Enlarged photography of
SiOECTs, demonstrating its hierarchical architecture.
c) Detection mechanism of SiOECTs via AgNWs-doped
interdigitated organic electrochemical transistors
biosensor and d) corresponding equivalent circuit and
electrical double layer effect. CapacitanceGE between
the gate and the electrolyte and the capacitanceEC
between channel and the electrolyte constitute the
EDL.
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Notably, the semiconductor doping effect is a critical factor for the
amplification of OECTs [22,23]. Electrically conductive materials, such
as silver nanowires (AgNWs) have been thought to be electron mediators
that enhance the electronic mobility/volumetric charge storage capacity
and thus assist the ion-electron transfer process [24]. Moreover, excellent
OECTs rely on acceptable electronic transport and effective ion pene-
tration from the electrolyte into the semiconductor channel, which are
inextricable prerequisites for amplifying small biochemical signals into
appreciable readouts. Sputum with viscous bio gels hinders the
ion-electron transfer process, which limits the design of advanced
OECTs-based sputum-analytical platform. Therefore, reducing the het-
erogeneity and high viscosity of sputum biospecimen to recover the
ionic-electron transport is of great significance for developing noninva-
sive sputum-based OECTs diagnostic bioelectronic devices, although its
research in this area is almost vacant.

Herein, we developed sputum-analytical biosensors by enhancing the
mobility and ultrasensitivity (down to ~pg/mL) of the OECTs device. We
introduced the AgNWs-doped organic electrochemical transistors bio-
sensors to recover the ion/electron transport process in the sputum. The
multiplexed, ultrasensitive biosensors were then assembled into a mini-
aturized, wrist-portable device to realize the sputum-based real-time
diagnosis and in-home monitoring. Lung cancer, which is closely related
to sputum [12,13], was chosen as a model to verify the functionality and
versatility of our sputum-based diagnosis device. The AgNWs-doped
organic electrochemical transistor arrays with interdigitated-electrode
architecture simultaneously enhanced the quantifications of panel bio-
markers of CEA, NSE, and CA125 with good selectivity and reliability.
Notably, the wrist-portable SiOECTs devices were evaluated against
clinic-used assay and demonstrated presentable linearity and high cor-
relation coefficient (CEA: R2 ¼ 0.963) even via noninvasive sputum
specimen testing. Furthermore, the SiOECTs based point-of-care testing
(POCT) device has been successfully applied to the multiplexed diagnosis
of lung cancer patients as a comparison against healthy individuals with
the enhanced area under the curve (AUC) of 0.931, sensitivity of 87.0%,
and specificity of 86.5%. Due to the merits of quick response, high
signal-noise ratio, miniaturization, and wrist-portability, our device
enabled continuous in-home tracking for the biomarker changes of lung
cancer patients after radiotherapy/chemotherapy.
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2. Results and discussions

2.1. Materials, design, integration of SiOECTs and its sensing strategies

The detection scenario of our SiOECTs for noninvasive sputum
diagnosis towards lung cancer surveillances was schematically illustrated
in Fig. 1a when a patient expectorates sputum into the device. The
portable SiOECTs device (Fig. 1b) introduced here involved the pre-
treatment unit, multi-target organic electrochemical transistors bio-
sensors, and the electronic system for pretreatment, collection, and
biochemical analysis of sputum specimen. The pretreatment unit,
including sputum reservoir encapsulation, was fabricated via 3D printing
of polylactic acid (PLA) with tailored architecture. The architectural
layout of the SiOECTs device was illustrated in Fig. S1a with dimensional
details in Fig. S1b-c. The device was integrated with a microcontroller
unit (MCU) and built-in digital to analog converters (DACs, Fig. S2,
Supporting Information). When a patient initiates a detection, the
equipped DAC will launch a drain-source and gate voltage, relying on
amperometric measurement via a SiOECTs device. To record multiplexed
amperometric currents of SiOECTs for quantifying biomarkers, the
analog to digital converters (ADCs) would track the resultant currents
flowing through corresponding electrodes. Subsequently, the recorded
data were transmitted to the storage center via a WiFi module for
continuous monitoring (Fig. S2, Supporting Information). The multi-
channel biosensor was laminated on a polyethylene terephthalate (PET,
thickness of 0.188*mm, Grafix DURA-RAR) substrate with hierarchical
architecture including metal interconnection (Cr/Au), AgNWs@PEDOT:
PSS layer, and a SU-8 passivation layer (Fig. S3a-b, Fig. S3 Supporting
Information). For the biochemical diagnosis of sputum-related disease
(e.g., lung cancer), the SiOECTs device was functionalized with aptamers
for specific binding of CEA, NSE, and CA125, respectively (Fig. 1c,
Fig. S3b, and S4, Supporting Information). CapacitanceGE between the
gate and the electrolyte and the capacitanceEC between the channel and
the electrolyte constitute the electric double layer (EDL). When the
biochemical reaction occurs, the small signal on the aptamer-
functionalized gate will be amplified to the channel current through
the electrical double layer effect, thus realizing sensitive detection
[25–27]. The biosensing mechanism of SiOECTs could be illustrated by



Fig. 2. Characterizations and validations of AgNWs-
doped process towards SiOECTs devices. a) The
comparisons of transfer characteristics and corre-
sponding transconductance for pristine PEDOT: PSS
and doped AgNWs@PEDOT: PSS. The inset is the SEM
photography of AgNWs@PEDOT: PSS. b) Statistical
analysis of normalized mobility due to the doping of
AgNWs. The normalized mobility of AgNWs@PEDOT:
PSS was enhanced from 0.52 � 0.04 to 0.95 � 0.08 (n
¼ 5) due to the doping. 2D GISAXS image of c) pris-
tine PEDOT: PSS and d) doped AgNWs@PEDOT: PSS.
e) 1D qz profile extracted from the 2D raw detector
mode in q-space, with the PSS halo and PEDOT π–π
stacking at qz ¼ 1.23 and qz ¼ 1.79, respectively.
AgNWs@PEDOT: PSS was observed at the same qz for
PSS and PEDOT with higher scattering intensity. f) EIS
analysis of AgNWs@PEDOT: PSS with the inset of
equivalent circuit Rs (Rct//CPE) and the modulus of
impedance Z (black curve) and phase angle (orange
curve) are plotted as a function of frequency. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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the electrical double layer effect (EDL, Fig. 1d). The biochemical inter-
action of the target with the gate would trigger EDLmodulation, resulting
in the changes of drain-source current. The AgNWs have been regarded
as effective dopant to enhance the electronic mobility, however, the
doping of PEDOT: PSS by AgNWs to modulate the mobility thus enhance
the synergistic determination of biomarkers has not been explored. We
compared the performance of pristine PEDOT: PSS and doped AgNW-
s@PEDOT: PSS (Fig. 2a) as the semiconductor composites of SiOECTs
and found that the doping of AgNWs (Fig. S6, Supporting Information)
enhanced the drain-source current and corresponding transconductance
by 23.1% and 42.3% (Fig. 2a), respectively. We also optimized the ratio
of AgNWs/PEDOT: PSS (Fig. S6, Supporting Information) and found the
doping of 3.0% AgNWs afforded the optimal outcome of trans-
conductance. As depicted in Fig S6, there is a dynamic balance between
the Ids and gm as the increase of AgNWs ratio. Specifically, the Ids and gm
for 4.0% AgNWs doping were 265.2 μA and 0.493 mS in Fig. S6e. The Ids
and gm for 6.0% AgNWs doping were 273.4 μA and 0.412 mS in Fig. S6f.
However, the highest gm was 0.738 mS at 3.0% AgNWs in Fig. S6d.
Notably, we performed statistical analysis of normalized mobility in
Fig. 2b and found the normalized mobility of AgNWs@PEDOT: PSS was
enhanced from 0.52 � 0.04 to 0.95 � 0.08 (n ¼ 5). Due to the intrinsic
doping characteristics, PEDOT: PSS-based OECTs bioelectronics gener-
ally operate in depletion mode. Typical output characteristics of SiOECTs
with functionalized gate electrode operating in depletion mode was
shown in Fig. S7 [28,29]. The drain-source current (IDS) decreased with
increasing bias gate voltage (VG) [30,31].

Grazing-incidence X-ray scattering (GISAXS) has been widely used to
3

characterize the intermolecular stacking (e.g., π-π) in semiconductor
composites, especially PEDOT: PSS [32,33]. We performed 2D GISAXS
analysis of pristine PEDOT: PSS and doped AgNWs@PEDOT: PSS in
Fig. 2c–d. The 1D qz profile extracted from the 2D raw detector mode in
q-space were demonstrated in Fig. 2e, with the observations of PSS
scattering halo and PEDOT halo with π–π stacking at qz ¼ 1.23 and qz ¼
1.79 Å�1, respectively [34,35]. Specifically, AgNWs@PEDOT: PSS were
observed at the same qz for PSS and PEDOT with higher scattering in-
tensity, which evidenced the doping of AgNWs@PEDOT: PSS. Mean-
while, the electrochemical impedance spectroscopy analysis (EIS, Fig. 2f)
revealed the SiOECTs with passable volumetric capacitance (90.1 � 9.1
F cm�3), which was comparable with other transistor biosensors
(Table S1).

2.2. Architecture, mechanism, and experimental validation of pretreatment
unit

To validate the feasibility of SiOECTs, we customized tailored pre-
treatment unit to reduce the heterogeneity/viscosity of sputum speci-
mens. Fig. 3a were typical general views of the SiOECTs, with the
exploded view of the PBC electronic system and multiplexed biosensors
(with the ZIF connector) for the sputum's pretreatment collection and
analysis. Fig. S1a demonstrated the architectural layout of the pretreat-
ment unit with detailed dimensions in Fig. S1b-c. As illustrated in Fig. 3b,
there are various bio gels in sputum specimens. Huggins equation Eqs. (1)
and (2) illustrates the derivation of the viscosity formula under the effect
of η0 [36].



Fig. 3. Mechanism and validations of ion-electron transport recovery in sputum specimens for SiOECTs device. a) Typical photographic images and exploded views of
SiOECTs. b) Mechanism of heterogeneity and viscosity for sputum biospecimen. There are various bio gels in sputum specimens, which hinder the ion-electron transfer
process. c) Photographic images and contact angles for sputum without/with SiOECTs processing and d) corresponding statistical analysis of contact angles. The
contact angles of SiOECTs-pretreated sputum decreased from 52.2 � 8.8� to 41.7 � 5.8� due to the integrated design. The standard deviation was calculated by three
replicate measurements. e) Viscosity analysis of pristine/SiOECTs-pretreated sputum. The maximum viscosity of SiOECTs-pretreated sputum decreased to 1.95 Pa s by
89.1% under our rheometer configurations. f) Transfer characteristics and corresponding transconductances of sputum without/with SiOECTs processing, resulting in
enhanced electron mobility by 88.2% due to the pretreatment unit. g) Statistical analysis of amperometric responses. The SiOECTs-pretreated sputum's amperometric
responses (n ¼ 5) were enhanced from 5.91 � 1.02 and 6.42 � 0.62 μA, and the corresponding coefficient variation (CV) was improved from 17.2% to 9.7%. The
standard deviation was calculated by five replicate measurements.
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ηsp ¼
η0 � ηs

ηs
(1)
ηs is the original viscosity when there are no bio gels in sputum
specimens. η0 is the viscosity of the sputum mixing with an unknown
amount of bio gels. The intrinsic viscous property [η] (mL/g) could be
analyzed as follows:

η¼Limc→0
ηsp
C

(2)

The viscosimeter was used to measure specific viscosities (ηsp), and
the viscosity formula was adopted to evaluate the viscous property.

Furthermore, the rheological characteristics are influenced by its
intrinsic viscosity, contact angle, and surface tension. With a form of the
Young equation that accounts for contact angle, the inverse relationship
between surface tension and angle is given by: [37]

γSG ¼ γSL þ γLGcosθc (3)
4

Where γSG is solid-gas surface tension, γSL is solid-liquid surface tension,
γLG is liquid-gas surface tension, and θ is contact angle. Meanwhile, the
surface tension (γ) can be extracted using the following equation: [38,39]

η¼ γτ=L (4)

Where L is the diameter of the droplet, τ is the relaxation timescale, η and
γ are the viscosity and surface tension, respectively, demonstrating the
inverse relationship.

The equations mentioned above revealed the influence of bio gels on
the viscosity, contact angle, and the surface tension of sputum, which are
the critical factors for the sufficient bio-interactions between the spu-
tum's biomarkers and the biosensors/devices and affect the efficiency of
the sputum-analytical platform [40–42].

According to the abovementioned formulas and analysis for the vis-
cosity, contact angle, and surface tension, we performed the character-
izations of hydrophilicity/hydrophobicity and rheometer analysis, then



Fig. 4. Optimizations, selectivity, stability, and calibration analysis of SiOECTs. a) Temperatures between 31 and 46 �C was selected, and the temperature of 37.0 �C
exhibited an optimal response signal of 7.08 � 0.21 μA. b) pH between 4.0 and 9.0 was optimized with the suitable pH value of 7.0. The best response signal was 7.12
� 0.35 μA. c) Incubation time demonstrated the best performance at 30 min with the value of 7.14 � 0.21 μA. d) 10 μg/mL of aptamer afforded optimized capability
with 6.99 � 0.21 μA. e) Selectivity of SiOECTs in the sensing of 1 ng/mL CEA against 10 ng/mL NSE, IL4, TNF-α, CKMB, MYO, cTnI, and 50 mU/mL CA125. Higher
response signals for target biomarkers were observed than those obtained from the interferences. f) Stability of SiOECTs for continuous monitoring within 3 weeks.
Typical g) CEA, h) NSE, and i) CA125 calibration curves of SiOECTs with the regression analysis (n ¼ 3), and the corresponding inserted plots are the calibration
curves of SiOECTs. Error bars in (a–i) represented the standard deviation of three replicate measurements (n ¼ 3).
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analyzed the influences of hydrophobicity and viscosity on SiOECTs
device's performance. It was demonstrated that enhanced amperometric
signal and ameliorated coefficient variation validate the pretreatment
unit's functionality and shed light on the design on the advanced sputum-
analytical platform. Considering the hydrophobic property of sputum for
interacting with multiplexed biosensors, the contact angles of sputum
decreased from 52.2 � 8.8� to 41.7 � 5.8� (n ¼ 3, Fig. 3c–d and Fig. S8,
Supporting Information) due to integrated design. As demonstrated in
Fig. 3e, compared with pristine sputum sample (Index ¼ 33, Table S3),
the SiOECTs-pretreated sputum exhibited decreased a maximum viscos-
ity of 1.95 Pa by 89.1% under our rheometer configurations after the
pretreatment unit. Notably, the corresponding transfer characteristics on
identical SiOECTs-pretreated sputum demonstrated enhanced trans-
conductance by 88.2% (Fig. 3f). Moreover, we conducted the statistical
analysis of amperometric current of identical sputum with the experi-
mentally measured values of 5.91 � 1.02 and 6.42 � 0.62 μA (Fig. 3g, n
¼ 5) for the pristine and SiOECTs-pretreated sputum, respectively.
Meanwhile, the ameliorated coefficient variation (CV) of SiOECTs was
improved from 17.2% to 9.7% (Fig. 3g, n ¼ 5), which was critical for the
advanced sputum-analytical platform. These characterizations verified
the functionality of the pretreatment unit, resulting in reduced viscosity/
contact angle and ameliorated signals, which laid the foundations for the
subsequently accurate quantification of biomarkers.
5

2.3. Characterizations, performance, and calibrations of SiOECTs

On account of interactions among the aptamer, the sputum
biomarker, and the electrolyte, parameters of the SiOECTs device,
including temperature, pH, binding time, and aptamer amount, were
selectively optimized for comparisons (Fig. 4a–d). The optimal parame-
ters of the temperature (37.0 �C, Fig. 4a) and pH value (7.0, Fig. 4b)
indicated the suitable configurations for SiOECTs. We tested the pH of 12
clinical sputum samples (shown in Fig. S9) and found the average pH
value of 7.2 � 0.1. The pH value of actual sputum biosamples is close to
the test parameters for the SiOECTs device. Incubation time demon-
strated the best performance at 30 min with the value of 7.14 � 0.21 μA
(Fig. 4c) and 10 μg/mL of aptamer afforded optimized capability with
6.99 � 0.21 μA (Fig. 4d).

Amperometric measurements were performed by adding various
interfering molecules to illuminate the selectivity of the SiOECTs device
for a panel of biomarkers. As for interfering molecules, specific protein
biomarkers including CEA, NSE, CA125, IL-4, TNF-α, CKMB, MYO, and
cTnI were selected. For the specificity evaluation, we selected changed
current (Δcurrent) for comparisons in the biosensing of CEA. As
demonstrated in Fig. 4e, The SiOECTs displayed a notable current change
(Δcurrent ¼ 5.78 � 0.13 μA) in the biosensing of 1 ng/mL CEA. In
contrast, we observed relatively low responses in the quantification of 10



Fig. 5. Diagnosis/monitoring of lung cancer and its clinic's performance. a) CEA, b) NSE, and c) CA125 correlation relationship between serum and pretreated sputum
among 106 clinical cohorts with favorable correction coefficient of 0.963, 0.969, and 0.958, respectively. The inset is the photography of SiOECTs assembled around
the wrist. Users can conveniently operate SiOECTs devices rather than rely on professionally trained people. Student's t-testing for significance evaluation between
lung cancer (n ¼ 54) and healthy control (n ¼ 52) for d) CEA and e) NSE with p < 0.05. f) Receiver operating curve analysis of single biomarker and combined
biomarkers towards 106 clinical raw sputum biospecimens (52 healthy controls vs 54 lung cancer patients). g) CEA, h) NSE, and i) CA125 monitoring of one subject
(lung cancer) after chemotherapy/radiotherapy over 16-weeks periods. The CEA and CA125 demonstrated the trend of first rising and then falling. The NSE exhibited
a continuous falling trend. The monitoring capability of SiOECTs would assist guidance of radiotherapy/chemotherapy for lung cancer. Error bars in (g–i) represented
the standard deviation of three replicate measurements (n ¼ 3).
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ng/mL NSE (0.38� 0.21 μA), 50mU/mL CA125 (0.31� 0.19 μA), 10 ng/
mL IL-4 (0.33 � 0.16 μA), 10 ng/mL TNF-α (0.36 � 0.24 μA), 10 ng/mL
CKMB (0.29 � 0.13 μA), 10 ng/mL MYO (0.33� 0.12 μA) and 10 ng/mL
cTnI (0.18� 0.14 μA). The favorable selectivity could be attributed to the
high affinity of the aptamer with optimized parameters, hindering
nonspecific binding. The selectivity characterizations of NSE and CA125
were demonstrated in Fig. S10, resulting in much higher response signals
for target biomarkers than obtained from the interferences (IL-4, TNF-α,
CKMB, MYO, and cTnI), which as a whole indicated the specific sensing
of panel biomarkers. We also tested the stability of the SiOECTs by
recording the amperometric current. The device exhibited high stability
lasted for three weeks (Fig. 4f). As shown in Fig. 4g, the proposed
SiOECTs afforded sensitive quantification of CEA with ultra-wide linear
ranges 1.0 pg/mL-1.0 � 105 pg/mL (correlation coefficient R2 value of
0.994). For the calibration of NSE and CA125, the SiOECTs also pre-
sented wide linear ranges and favorable correlation coefficients as dis-
played in Fig. 4h–i, which were comparable with other blood-type
biosensors (Table S2, Supporting Information).
2.4. Clinical sputum assay with SiOECTs

Due to the merits of intrinsic amplification effect, quick response,
high signal-noise ratio, and accessible integration, our SiOECTs device
6

potentially could be an advanced sputum-analytical platform for nonin-
vasive clinic POCT. Herein, our wrist-portable device was applied to
detect biomarkers of raw sputum biospecimens from clinic lung cancer
patients in a non-invasive manner. We utilized SiOECTs to test raw
sputum specimen from 52 healthy controls and 54 lung cancer patients to
evaluate its diagnosis performance and optimize its panel biomarkers
(Table S3-4). As demonstrated in Fig. 5a, the CEA calibration curve
afforded a correction coefficient of R2 ¼ 0.963, with the linear rela-
tionship of Concentrationsputum-CEA ¼ 0.752 � Concentrationserum-CEA þ
0.582. The concentrations of biomarkers (e.g., CEA, NSE) in serum were
measured by electrochemiluminescence assay (COBAS e801, Roche).
Meanwhile, we compared clinical trials for NSE and CA125 with a high
correlation coefficient of 0.969 and 0.958, respectively, as depicted in
Fig. 5b–c. Moreover, significant differences in CEA and NSE were
observed between the 52 healthy controls and 54 lung cancer patients
with p-value < 0.05 (Fig. 5d–e, Student's t-test, Table S3).

Moreover, a single biomarker is insufficient to diagnose lung cancer
in terms of specificity and selectivity. The multiplexed biosensor is an
efficient strategy for simultaneous detection towards accurate di-
agnostics [43,44]. We utilized the multi-channels design of organic
electrochemical transistors to address the subsequent signal recording
while maintaining its miniaturization. The area under the curve (AUC)
was used to evaluate the diagnostic performance of biomarkers, and AUC
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higher than 0.9 indicates favorable diagnostic efficacy [45,46]. As dis-
played in Fig. 5f, any individual biomarker (e.g., CEA, NSE, and CA125)
failed to harvest satisfying AUC with 0.837, 0.727, and 0.884 for CEA,
NSE, and CA125, respectively (Table S4). In the dual biomarkers analysis,
the analysis yielded the enhanced AUC value of 0.838, 0.924, and 0.891
for the combination of CEA&NSE, CEA&CA125, and NSE&CA125,
respectively (Table S4). Finally, the optimum diagnosis performance was
achieved via triple biomarkers combination with an AUC value of 0.931,
while the sensitivity value is 87.0%, and the specificity value is 86.5%.
(Table S4). Notably, the diagnosis capability was improved with the
merit of multiplexed biosensors assembled on a molecularly tailored
SiOECTs device. Practical clinical trials proved that our device is appli-
cable to detect sputum samples, accurately assisting clinical disease
diagnosis.

Furthermore, convenient operation and miniaturization are the
necessary considerations for the universal deployment of the portable
biosensor in clinics. Our fully integrated SiOECTs device could be
comfortably and conveniently assembled around the wrist (inset in
Fig. 5a), which is advantageous for lung cancer patient's in-home diag-
nosis and health monitoring. Herein, we realized the continuous tracking
for the changes of typical biomarkers in lung cancer patients' sputum.
Specifically, the values of biomarkers in sputum and serum were
observed toward monitoring three lung cancer patients after chemo-
therapy/radiotherapy over 16 weeks (Fig. 5g–i, Fig. S11, Table S3,
Supporting Information). Both in sputum (by our device) and serum (by
electrochemiluminescence assay, COBAS e801, Roche) biospecimens, the
CEA (Fig. 5g) and CA125 (Fig. 5i) demonstrated the trend of first rising
and then falling. At the same time, the NSE (Fig. 5h) exhibited a
continuous falling trend. As depicted in Fig. S12, statistical analysis of
sputum biospecimens demonstrated a favorable correlation coefficient
between the serum and sputum values for CEA, NSE, and CA125.
Moreover, due to the miniaturization design of our wrist-portable
SiOECTs, patients can conveniently operate SiOECTs devices by them-
selves rather than rely on professionally trained people (Fig. S13, Sup-
porting Information). Our SiOECTs devices would enable continuous in-
home detection and monitoring for the health surveillance of lung cancer
patients after radiotherapy/chemotherapy.

3. Conclusions

This work introduced a miniaturized and wrist-portable bioelectronic
device based on sputum biospecimens diagnosis. We utilized the
molecularly tailored multiplexed AgNWs-doped interdigitated organic
electrochemical transistors as the biosensors. In the device design, the
doping of PEDOT: PSS by AgNWs was utilized to recover and increase
mobility, thus enhancing the synergistic quantification of biomarkers.
Notably, the integrated device enables the recovery of ionic-electron
transport in sputum specimens, thus drastically enhanced electron
mobility. This device is capable for noninvasive and continuous clinic
diagnosis/monitoring of lung cancer via multiplexed biosensing.
Furthermore, with multiplexed biosensing design, our SiOECTs could
achieve the detection of CEA, NSE, and CA125 in human sputum bio-
specimens simultaneously. Particularly, by the multi-channel analysis of
triple biomarkers, our device can achieve optimum diagnosis capability
of lung cancer patients against healthy individuals with an AUC of 0.931,
a sensitivity of 87.0%, and a specificity of 86.5%. Moreover, due to the
merits of quick response, high signal-noise ratio, miniaturization, and
wrist-portability, patients could conveniently self-operate the wrist-
portable SiOECTs device for health monitoring without specialized
training. Abovementioned merits collectively demonstrated the practical
deployment of SiOECTs and could pave an avenue for noninvasive health
surveillance of sputum-related diseases in the clinics.
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