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Research continues in an effort to develop
new tools to detect biomarkers for infectious
diseases and cancers, environmental toxins,
and biowarfare agents.[1–7] The requirements
for integrated, user-friendly point-of-care test
(POCT) devices for the rapid and sensitive
detection of biomarkers in resource-limited
settings, e.g., the detection of emerging diseases such as bird flu[2,8–10] in developing
countries, are very demanding. Thus, various
types of biosensors with optical, electrochemical and mechanical transducers have
been designed to improve the performance
of these bioassays.[1,9,11–15] For example,
numerous elegant strategies have been pro- Figure 1. Schematic diagram of the iMED. a) A “plug-in cartridge” containing the reagents was
posed to dramatically improve the sensitivity docked to microchannels in the PDMS layer, which could be bonded onto the SPE surface. A
of POCT devices for the detection of both syringe was used to sequentially deliver preloaded reagents. b) Side view of the iMED. A series
proteins and nucleic acids.[16–33] Despite rapid of preloaded reagent plugs in a cartridge, which included the sample reagent, a washing buffer,
progress, the development of single-step signal solutions, and TMB/H2O2, were delivered automatically to the electrode surface for rapid
detection. c) A photograph of our iMED shows the small size of the device.
POCTs remains a challenge. Most ultrasensitive biosensors rely on amplification labels
(e.g., nanoparticles), which require multiple operation steps
to the electrochemical sensor surface. We demonstrate that this
that are inappropriate for highly demanding POCT settings.[34]
fully integrated iMED sensor is a rapid and sensitive detector
of multiple biomarkers for infectious diseases (H1N1) and canWhile label-free technologies can be realized in one step, they
cers and performs single-step assays within minutes.
tend to give false positive results and are often less sensitive
Electrochemical biosensors possess many attractive features
than biosensors that use amplification labels.[9,13] Moreover,
that are required for POCTs (e.g., low costs, rapid response
POCT technologies, even those with label-free sensors, usually
times, and ease of miniaturisation). Moreover, the quantitaentail washing steps to remove nonspecifically bound biomoletive nature of electrochemistry makes these sensors ideal
cules. In this study, we report the design of a low-cost, portable
candidates for quantitative POCTs[35–38] where widely used
intelligent microscale electrochemical device (iMED) that can
automatically deliver multiple reagents in a controlled manner
colorimetric assays are not feasible. Indeed, glucose meters
that employ electrochemical detectors and inexpensive screenprinted electrodes (SPEs) have proven to be a legendary marDr. F. Yang,[+] Prof. X. Zuo,[+] Z. Li, W. Deng,
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Figure 2. The bonding of the PDMS layer on the SPE surface and the optimisation of critical parameters for electrochemical detection. a) Plasma was
used to irradiate the PDMS layer containing dense meandering microchannels and the SPE with a framed PDMS shield for the immobilised antibodies.
After treatment, the surfaces of both the PDMS and the SPE were hydrophilic, with large amounts of hydroxyl groups, which are extremely beneficial for
chip bonding. b) PDMS can be bonded onto different commercially available SPEs after a plasma irradiation treatment. c) The bonding between PDMS
and SPE was irreversible, and solution leakage was eliminated. d) The cyclic voltammetry (CV) curve of TMB/H2O2 at normal bare SPE (Normal) and
at SPE bonded to PDMS containing microchannels (Channel) (scan rate: 0.1 V/s). e) The signal-to-noise (S/N) ratio of 1 μg/mL PSA detected by SPE
(Normal) and by the iMED (Channel), respectively. f,g) Two critical parameters – the sample volume (or plug length, the inset in f) and the flow rate
(5 μL/min, covered with a red rectangle in g) – were optimized by the integrated iMED.

cartridge to the microchannels in the PDMS layer. Bonding
the SPE surface with PDMS is difficult due to the roughness
of SPE (Figure S2, Supporting Information). We found that
the simultaneous plasma treatment of both surfaces could
make them sticky, resulting in irreversible bonding (Figure 2a).
This assembly approach is convenient and essentially free of
leakage, which compares favourably with the clamp-based
assembly method.[44,45] This plasma treatment made the SPE
surface hydrophilic, and IR studies, which revealed the presence of hydroxyl groups on the treated surfaces, confirmed
this result (Figure 2b and Figure S3, Supporting Information).
This conversion of the surface properties is responsible for
initiating the cross-linking reaction for SPE-PDMS bonding
(Figure 2c, Figure S4, Supporting Information). To avoid
plasma-irradiation-induced damage to antibodies immobilised
on SPE surfaces, we also coated round working electrodes on
SPEs with framed PDMS shields that could effectively prevent
the irradiation of the electrode surfaces (Figure 2a).
We prepared the reagent-loaded cartridges by cutting transparent Teflon tubing (inner diameter (ID): 0.5 mm) into 40-cmlong units and sequentially injecting the solutions and air
spacers using a manually operated syringe (1 mL). The volume
of injected reagent was controlled precisely with predefined
markers on the tubing surface (Figure S1 in the Supporting
Information). To prevent cross-contamination, we employed
at least three washing buffer plugs between each pair of reagent plugs (Figure 1). An as-prepared cartridge consisting of
antibodies, washing buffers and signalling reagents can be
stored for months at 4 °C.[43] This overall process is fast and
4672
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technically facile and does not require sophisticated instruments or trained personnel.
We designed dense meandering microchannels[46] to allow
the uniform and stable delivery of reagents over the SPE
surface (Figures S5b,c,d, Supporting Information). This design
overcame the delivery problem arising from poor wettability

Figure 3. Direct detection of total-PSA (tPSA) in undiluted serum from
patients (n = 21) by the iMED and a comparative analysis between the
iMED data and the data reported by the hospital, which used a standard
chemiluminescence (CL) method for tPSA assays. The two methods exhibited a strong correlation, with a Pearson’s correlation coefficient of 0.958.
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on SPE, which allowed capture of PSA, and then a secondary
antibody conjugated with horseradish peroxidase (HRP) was
bonded to the first layer. The HRP on the SPE surface produced
an intense electrocatalytic signal for appropriate potentials,
co-substrates, TMB and hydrogen peroxide. The signal-to-noise
ratio (S/N) for PSA detection increased by up to ca. 60% for
SPEs bonded with microchannels compared to normal SPEs
(Figure 2e) as a result of the microscale structures.
To optimize the performance of the iMED for PSA detection,
two critical parameters – the plug length and the flow rate –
were studied (Figures 2f,g). At a fixed flow rate, the plug length
defines the time and the volume of samples passing through
the sensor surface. A plug length of 5 cm, which corresponds
to 9.8 μL sample volume, produced a desirable signal for the
detection of PSA (500 ng/mL) within a reasonable time (28 min

COMMUNICATION

of the rough surface and the formation of microbubbles with
conventional microchannels (Figure S5a, Supporting Information). In addition, this design was compatible with multiplexed
assays that allowed sequential delivery of preloaded reagents
over multiple SPEs (Figure S5b,c,d, Supporting Information).
Cyclic voltammetry was used to evaluate the performance of
this electrochemical device by measuring a small redox molecule, 3,3′,5,5′-tetramethylbenzidine (TMB), on unmodified
SPE that was bonded to PDMS with meandering channels, and
these results showed that the electrochemical activity was maintained. The signal decreased in the case of shielded surfaces
with smaller areas (Figure 2d).
We subsequently used this iMED to detect PSA, which is a
well-established tumor marker for prostate cancers. To establish
a sandwich assay format, the primary PSA antibody was coated

Figure 4. The detection of H1N1-SV using a single-electrode–iMED assembly. a) Schematic of a single-electrode–iMED assembled from a
PDMS layer with meandering microchannels and an SPE (the white arrows indicate the flow direction). The photo obtained with a microscope demonstrates the local structure of a dense meandering microchannel. b) A single-electrode-based iMED was interfaced with a
portable potentiostat via a universal serial bus (USB) for electrochemical detection. c) A reagent cartridge filled with plugs of H1N1-SV, H1N1HRP, TMB, and buffer with various lengths L1, L2, and L3, respectively, prepared for automatic delivery along the flow direction (yellow arrow).
d) The i–t curve for H1N1-SV detection with H1N1-SV concentrations of 0, 10, 100, and 1000 ng/mL by the single-electrode–iMED assembly.
e) The iMED was used to detect H1N1-SV at concentrations ranging from 5 ng/mL to 5 μg/mL. The detection limit was as low as 5 ng/mL, with a
linear range from 5 to 500 ng/mL (r = 0.997). f) The H1N1-SV can be detected specifically with a significant electrochemical current increase, whereas
other non-specific antigens (AFP and PSA) had negligible effects on the electrochemical signal.
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Figure 5. An SPE array-based iMED for multiplexed assays of cancer biomarkers. a) A photograph of the four-electrode SPE array (left) and a schematic
diagram (right) of the immobilised antibodies and control proteins on each electrode in the SPE array. b) A reagent cartridge was loaded with multiple
solution plugs, such as one mixture of PSA and AFP (L1); another mixture of biotin-anti-PSA and biotin-anti-AFP (L2); avidin-HRP (L3); and washing
buffer. c) Schematic diagram of reagent plugs in a cartridge passing over the four-electrode SPE array, the biorecognition processes between antibodies and antigens and biotin-avidin interactions at the microscale interface in the iMED device. These results were characterised by electrochemical
measurements (enzyme catalytic system of HRP/TMB/H2O2). d) In the multiplexed detection format for PSA and AFP, we obtained a detection limit
of 500 pg/mL and a detection range of 500 pg/mL to ca. 10 μg/mL for AFP and a detection limit of 1 ng/mL and a detection range of 1 ng/mL to ca.
10 μg/mL for PSA (the flow rate was 5 μL/min). The sensitivity can be improved by decreasing the flow rate. The detection limits of 250 pg/mL and
500 pg/mL for AFP and PSA, respectively, were obtained at a flow rate of 2 μL/min. e) Our iMED device performed well in complex matrices such as
BSA solution (1%) and diluted serum (10%).

at a flow rate of 5 μL/min) (Figure 2f). Similarly, we found that
a flow rate of 5 μL/min led to sufficiently strong signals within
a reasonable time (28 min) (Figure 2g). Under these conditions,
we performed PSA assays with iMED. The dose-response curve
shows a non-linear increase in the electrochemical signal with
PSA concentration in the 3-log range, from 500 pg/mL to ca.
1 μg/mL. The linear response range lies at lower concentrations, from 500 pg/mL to ca. 100 ng/mL, with a detection limit
of 0.5 ng/mL (Figure S6).
To establish the real-world applicability of iMED, we explored
its performance in a total-PSA (tPSA) test of undiluted serum
from patients. The iMED device worked well in undiluted
human serum with minimal signal attenuation (Figure S7,
Supporting Information). The tPSA assays in serum generated
a linear response from 1 to 100 ng/mL (Figure S8, Supporting

4674

wileyonlinelibrary.com

Information). We collected 21 clinical samples from a local
hospital and analysed them with iMED. The assay results
were compared with data reported by the hospital, which used
a standard chemiluminescence (CL) method for tPSA assays
(Figure 3 and Table S1, Supporting Information). The two
assay methods exhibited a strong correlation, with a Pearson’s
correlation coefficient of 0.958. This analysis of actual samples
demonstrates that our iMED is an ideal POCT device for robust
biomarker detection and tumor screening.
Our iMED system can be generalised easily to the detection of other biomarkers. For example, we employed the
single-electrode iMED to detect H1N1 split influenza vaccine (H1N1-SV), which mimics detection of the H1N1 virus
(Figures 4a,b). The pre-loaded cartridge contained all of the
required reagents, i.e., TMB, H1N1 antibody conjugated HRP
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(H1N1-HRP), H1N1-SV at various concentrations and washing
buffer, which was integrated with the portable electrochemical
detection system (Figure 4c). The reagents in the cartridge were
delivered automatically to the sensor surface at a flow rate of
5 μL/min, and the fluid transport was complete in ca. 22 min.
We easily detected H1N1-SV with a low detection limit of
5 ng/mL (Figures 4d,e) in a linear range from 5 to 500 ng/mL
(r = 0.997) (Figure 3d inset). Furthermore, the detection of
H1N1-SV was highly specific (Figure 4f). Negligible electrochemical signals were observed for other antigens (e.g., PSA
and AFP).
We further employed our iMED to perform multiplexed
assays of biomarkers. We designed a four-electrode SPE
array integrated with the sample cartridge for the simultaneous detection of two tumor biomarkers: AFP and PSA.
The antibodies for PSA and AFP were immobilised on two
SPEs, whereas BSA at a concentration of 1% (mass ratio) was
applied to the other two SPEs as controls (Figure 5a). Reagent
plugs in the cartridge (Figure 5b) sequentially passed the surfaces of four electrodes in 30 min at a flow rate of 5 μL/min
(Figure 5c). In this multiplexed format, we achieved a
detection limit of 500 pg/mL and a detection range from
500 pg/mL to ca. 10 μg/mL for AFP and a detection limit
of 1 ng/mL and a detection range from 1 ng/mL to ca.
10 μg/mL for PSA (Figure 5d). Greater sensitivity can be
achieved at lower flow rates with the sacrifice of assay time.
For example, the detection limits of AFP and PSA decreased
from 500 pg/mL and 1 ng/mL at a flow rate of 5 μL/min to
250 pg/ml and 500 pg/mL at 2 μL/min, respectively. In addition, we found that this multiplexed iMED technique could be
performed in diluted serum (10%) with minimal interference
in this biological medium (Figure 5e).
In summary, we have designed our iMED with an integrated
reagent delivery system. The successful adaption of a bubblebased cartridge to the SPE system leads to automatic and rapid
sample delivery at the electrode surface in one step with minimal user intervention. This low-cost and portable device has
overcome the major barrier for quantitative POCTs with electrochemical detection. In this study, we have performed sensitive
and selective detections of several biological targets, including
tumor biomarkers (PSA and AFP) and mimicking virus of
influenza (H1N1-SV). Moreover, we have demonstrated the
multiplexing ability of our iMED and its application to actual
clinical samples. We also envisage that our iMED can be integrated readily with other low-cost technologies, such as paperbased electrodes[47] and personal glucose meters,[7,48] which
should allow the rapid and inexpensive detection of a wide
range of clinical, environmental and biothreat-related targets.
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