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Abstract 

The organic electrochemical transistor (OECT) can translate biochemical binding events 

between a recognition unit and its analyte into an electrical signal. We present an OECT 

comprising an n-type (electron transporting) conjugated polymer-based channel and lateral 

gate electrode functionalized with the enzyme, glucose oxidase. The device is integrated with 

a microfluidic system for real-time glucose monitoring in a flow-through manner. The n-type 

polymer has direct electrical communication with glucose oxidase, allowing glucose detection 

while surpassing hydrogen peroxide production. The microfluidic-integrated OECT shows 

superior features compared to its microfluidic-free counterpart, including higher current and 

transconductance values as well as improved signal-to-noise ratios, which enhances the sensor 

sensitivity and its detection limit. Thanks to the low noise endowed by the integrated 

microfluidics, the gate current changes upon metabolite recognition can now be resolved, 

revealing that the gate current can be used as the OECT sensor output along with the drain 

current. This is the first demonstration of the integration of a microfluidic system with an n-

type accumulation mode OECT for real-time enzymatic metabolite detection. The 

microfluidic-integrated design provides new insights into the mechanisms leading to high 

sensor sensitivities, crucial for the development of portable and autonomous lab-on-a-chip 

technologies. 

 

Keywords: Organic electrochemical transistors; Microfluidics; Metabolite sensing; n-type 

conjugated polymers; organic bioelectronics 
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1. Introduction 

Abnormal metabolite levels in bodily fluids are often associated with physiological 

disorders/pathologies that demand daily monitoring, further examination, and treatment [1]. 

More particularly, disruptions in the blood glucose levels may induce serious complications 

such as diabetes-related pathologies, including blindness [2], heart disease [3], kidney failure 

[4], and apoplectic stroke [5]. For these reasons, various sensors based on electrochemical [6], 

surface plasmon resonance [7], quartz crystal microbalance analysis [8], optical polarimetry 

[9], capillary zone electrophoresis [10], and gas chromatography [11] techniques have been 

developed to monitor glucose concentrations in physiological fluids. Among these platforms, 

electrochemical sensors have been at the forefront due to several advantages they possess, such 

as label-free and rapid detection, low cost, low power consumption, and portability endowed 

by miniaturized device designs [12, 13]. In electrochemical glucose sensors, the transducer unit 

is typically functionalized with a redox enzyme that binds specifically to its target metabolite, 

i.e., glucose, and generates a catalytic current that is proportional to the glucose concentration 

in the solution. One device configuration that has shown favorable traits for glucose sensing is 

the organic electrochemical transistor (OECT) [14-17]. OECT is an electrolyte-gated three-

terminal device which has been used to convert electrophysiological signals or molecular 

recognition events into an electronic output while providing on-site amplification [18]. The 

channel between the source and drain electrodes is made of an organic electronic 

(semi)conductor interfacing directly with the biologically relevant electrolyte. During OECT 

operation, a small bias at the gate electrode, the third terminal, injects electrolyte ions into the 

ion-permeable (semi)conductor in the channel, causing large changes in the current flowing 

therein. The amplification of biosignals by OECTs is granted by modulating the “volumetric” 

capacitance of the channel upon coupling of these electrolyte ions with electronic charges [18]. 

This modulation leads to record-high transconductance values compared to other electrolyte 
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gated transistors and, along with the low operating voltages, have now rendered OECTs 

ubiquitous in numerous biological sensing applications [19-21].  

Enzymes offer high specificity and sensitivity towards their target molecules. They are 

commercially available, remain active for several weeks when kept in an appropriate 

environment, and can be immobilized on solid surfaces [22, 23]. For glucose sensing with an 

OECT, the enzyme, glucose oxidase (GOx), is typically either added to the electrolyte or 

immobilized on the gate electrode. The typical channel material is the commercially available 

conducting polymer, poly(3,4-ethylenedioxythiophene) doped with polystyrenesulfonate 

(PEDOT:PSS) [16, 24-26]. Zhu et al. [27] and Macaya et al.[28] demonstrated the use of 

PEDOT:PSS based OECTs for glucose sensing, where GOx was added into the electrolyte 

confined inside a polydimethylsiloxane (PDMS) reservoir, using a platinum (Pt) gate electrode, 

with a detection limit in the µM range. Tang et al. developed an OECT based glucose sensor 

where the gold gate electrode was modified with multiwalled carbon nanotube/platinum 

nanoparticles, and a chitosan matrix was used to immobilize GOx [29]. The limit of detection 

(LoD) was extended to 5 nM due to the high catalytic activity of platinum. The sensing 

mechanism of all the PEDOT:PSS based OECTs reported for enzymatic metabolite sensing is 

based on the electrochemical oxidation of hydrogen peroxide (H2O2), produced during the 

GOx/glucose reaction cycle, by the gate electrode. This reaction perturbs the potential drop 

across the transistor interfaces with the electrolyte. The redistribution of the electrical field then 

leads to changes in channel current that scale with glucose content [26]. Hence, although 

sensing is performed by the gate electrode, the current output of the device is read from the 

channel, with the claim that the sensitivity of the device is higher when deduced from channel 

currents. However, all these studies comprise a few common drawbacks incluiding the 

electrolyte housing unit and practitioner dependent device operation. Firstly, large electrolyte 

reservoirs necessitate a high volume of analyte solution, leading to a longer detection time due 
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to their increased diffusion times (𝑡𝐷 = 𝐿2/𝐷, where 𝐿 is the reservoir height and 𝐷 is the 

diffusion coefficient). Secondly, glucose is introduced to the electrolyte typically by using a 

conventional pipetting method, which externally perturbs the fluidic domain and results in 

unstable current signals with huge, artificial spikes. A sensitive device with a quick, stable and 

artefact-free response to glucose that would only require a small volume of the analyte and 

minimum operating power is in high demand. 

The integration of microfluidics with OECTs can overcome the challenges mentioned above. 

Advanced micro total analysis systems (𝜇 − 𝑇𝐴𝑆) [30, 31], including electrochemical glucose 

sensors, are portable platforms that employ microfluidics for clinical diagnosis, drug discovery 

and screening, food safety, and environmental analysis [32-36]. Integrated with microfluidics, 

OECTs have the potential to become a 𝜇 − 𝑇𝐴𝑆 that would allow for a continuous, real-time, 

fast and stable signal response upon detection of biomarkers such as glucose, while using a low 

sample volume. Despite these promises, only a few studies reported microfluidic-integrated 

OECT sensors [37-40]. Yang et al., for example, reported the integration of OECTs with a 

surface-directed microfluidic system for glucose solution (10 mM) monitoring without the need 

for external pressure [41]. Ji et al. integrated a PDMS microfluidic channel with the OECT, 

which can achieve an LoD down to 100 nM and provides a short detection time of around 1 

min with extremely low consumption of analyte solution (30 μL) [42]. Pappa et al., on the other 

hand, reported a compact platform based on an OECT microarray integrated with a pump-less 

“finger-powered” microfluidic, for the quantitative screening of various metabolites, including 

glucose [25]. They benefited from a biofunctionalization scheme that incorporated an electron 

mediator (ferrocene), thus lowering the gate electrode’s working potential, and reducing 

interferences (LoD=10µM). Curto et al. monitored glucose concentration variations in cell 

culture using a microfluidic platform-integrated OECT [43]. Integration of microfluidics led to 
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transconductance values similar to OECTs which have a large reservoir, and provided high 

sensitivity even with very low electrolyte volume [42]. 

We have recently demonstrated a new type of OECT material and operation mode for 

metabolite sensing [14, 44]. In contrast to PEDOT:PSS based OECTs that are conventionally 

used for metabolite sensing (as summarized above), these devices rely on an electron-

transporting (n-type) semiconductor in the channel and as gate electrode coating. The n-type 

copolymer has a backbone comprising a highly electron-deficient naphthalene-1,4,5,8-

tetracarboxylic diimide (NDI) repeat unit and an electron-rich unsubstituted bithiophene repeat 

unit (T2), and is called P-90 (Figure 1a) [45]. The glucose-sensing ability of the OECT relies 

on the interactions of this polymer with GOx that is physically adsorbed on the active area [14, 

46]. With its reversibly reduced and oxidized NDI units, P-90 accepts the electrons generated 

during the enzymatic reaction and transfers them to the gold contacts [14, 44]. Thus, the sensor 

does not rely on H2O2 catalysis. As GOx consumes glucose on the microscale channel and gate 

(Figure 1 b-c), the channel switches from an OFF state to an ON state, characteristic of 

accumulation mode transistor operation. Accumulation mode sensors are considered more 

advantageous for biosensing applications than depletion mode counterparts due to their low 

power consumption, low threshold voltages that avoid parasitic reactions in ambient 

conditions, and the exponential increase in channel current upon the biorecognition event [14, 

44]. As such, their sensitivity and range of detection exceed that of PEDOT:PSS-OECT based 

glucose sensors along with the simplicity of the design and biofunctionalization process and 

components.  

In this work, we integrated the n-type OECT with a microfluidic channel (Figure 1d). By doing 

so, we aimed to exploit the features of electrical signal stability endowed by microfluidics while 

benefiting from the transistor circuitry to enhance the signal-to-noise ratio (SNR) and lower 
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the detection limit down to nM-range. We demonstrate that OECT sensors integrated with 

microfluidics show superior features compared to their microfluidic-free counterpart, including 

elevated current and transconductance values as well as higher SNRs, which results in high-

pitched sensitivity to glucose. We demonstrate real-time, continuous monitoring of various 

glucose concentrations supplied in a flow-through manner. The experimental findings were 

elucidated with numerical solutions obtained by finite element model simulations of unsteady 

fully coupled Poisson-Nernst-Planck (PNP) equations. The integration of microfluidics also 

allows us to record low-amplitude gate currents and its modulations upon glucose sensing, 

which was not possible in a microfluidic-free device. Our measurements reveal two important 

findings: 1) for the n-type OECT, transistor configuration does not necessarily enhance the 

glucose detection sensitivity as both gate and drain current read-outs show similar changes with 

glucose, 2) the transistor configuration leads to high SNRs as much larger currents are 

generated in the channel than the gate electrode, despite its micron scale size. 
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Figure 1. a) The chemical structure of the n-type conjugated polymer P-90, b) the schematic 

of the OECT with the electrical connections, and c) a microscope image of the gate along with 

two channels. The channel width, length and polymer thickness are 100 µm, 10 µm and 175 

nm, respectively, while the gate electrode area is 0.25 mm2. Scale bar is 500 m. d) Schematic 

of the perfusion system and microfluidic integrated OECT.  

 

2. Experimental Methods 

2.1. Materials 

The n-type NDI-T2 based copolymer, P-90 (see the chemical structure in Figure 1a) was 

synthesized according to previous protocols [14, 44, 45]. D-Glucose, 1X phosphate buffer 

saline (PBS) (Sigma Aldrich) and Glucose oxidase (Aspergillus niger, type X-S, lyophilized 

powder, 50-KU) were purchased from Sigma and used as received. Double sided tape for the 

microfluidic channel was purchased from 3M (3MTM, Acrylic Adhesive Transfer-7952MP). 
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G
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2.2. Fabrication and characterization of OECT sensors 

OECTs were microfabricated on glass substrates based on established protocols using standard 

photolithography and Parylene-C peel-off techniques [14]. The process flow is explained in 

detail in Figure S1. P-90 was cast from chloroform (4 g/L) on the active area (channel and gate) 

without any post- or pre-processing. We adopted an all-planar configuration where we use the 

polymer in the channel and at the gate electrode.  A drop of glucose oxidase (GOx) solution 

(10 g/L in 1X PBS, pH 7.4) was placed on the polymer surface for 30 minutes at room 

temperature. Note that GOx were immobilized both at the gate and the channel surfaces without 

needing neither chemical treatments nor ET mediator.  The electrical characterization was 

carried out using a Keithley 2602A Source Meter, which applied drain (VD) and gate voltages 

(VG) and measured gate and channel currents (IG and ID, respectively). For the 

chronoamperometry based sensing measurements, the device active area was filled with PBS 

that contains pre-set and varying concentrations of glucose. The readout signal of the OECT 

was considered as the steady-state baseline current obtained in glucose-free PBS solution (𝐼0). 

After a baseline was obtained, changes in IG and ID (∆𝐼 ) in response to subsequent addition of 

increasing glucose concentrations were monitored as a function of time. The relative response 

of the device was then normalized with the baseline current as in the following equation: 

 𝑁𝑅 =
∆𝐼 

𝐼0
=

(𝐼𝑔𝑙𝑢𝑐𝑜𝑠𝑒 − 𝐼0)

𝐼0
 (1) 

Note that all the electrical measurements were performed at room temperature (20 °C).  

2.3. Development, integration and operation of microfluidics with the OECT 

A multilayer approach for the fabrication of the microfluidic device was employed. Briefly, the 

microfluidic channel was designed with CorelDRAW software and fabricated using a CO2 laser 

(Universal Laser Systems – PLS6.75) by cutting a 30 μm thick pressure-sensitive adhesive 

(3MTM, Acrylic Adhesive Transfer-7952MP).  
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The width of the microfluidic channel was kept 1 mm to ensure that both channel and gate are 

in contact with glucose containing buffer solution. A thick PDMS layer, which holds the inlet 

and outlet, was attached to the top microfluidic channel as a top substrate. A perfusion system 

(Fluigent, Flow EZ LINEUPTM series) was connected to the microfluidic device via polyvinyl 

chloride (PVC) tubes and used to pump the analytes from vials to the inlet of the microfluidic 

chip (Figure 1d). Different concentrations of glucose solutions, which were prepared in 1X 

PBS, were sequentially injected into the microfluidic channel at a constant flow rate. M-switch 

selection valve was used as a mediator to connect all different vials housing the buffers to the 

microfluidic chip via a single PVC tube. It afforded easy injection of different concentrations 

of glucose solutions and rinsing the microfluidic chamber with PBS without inducing any 

perturbations to the device. Selecting the M-Switch position allowed to determine which of the 

connected buffers will be directed to the OECT by the flow control system. The flow rate was 

controlled by Fluigent (MFCSTM-EZ + Flow Rate Platform) control unit.  

First, the microfluidic device was flushed with PBS until IG and ID stabilized. Then, different 

glucose solutions were sequentially perfused into the microfluidic chip, starting from the lowest 

concentration. In the presence of glucose, IG and ID increased and reached a saturation plateau. 

After that, the perfusion system was stopped using remote control unit to allow the enzyme to 

consume all the available glucose in the channel, letting IG and ID to revert to their original 

baseline values. Then, the next glucose concentration was pumped into the microfluidic 

channel using the M-switch. This procedure was repeated for all glucose solutions.  

2.4. Physicochemical Characterization  

To verify the immobilization of GOx and its adherence on the P-90 film, we performed X-ray 

photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR). XPS was acquired 

using a KRATOS Analytical AMICUS instrument equipped with Al Kα X-ray source and 

operated at a voltage of 10 kV and a current of 10 mA. The high-resolution XPS spectra of 
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Sulphur, Oxygen and Nitrogen elements were recorded with a step of 0.1 eV under vacuum in 

the range of 10-7 Pa. The FTIR spectra were carried out using Thermo Scientific Nicolet iS10 

in the range of 550-4000 cm-1 at room temperature. Signal-averaged 64 scans attenuated total 

reflectance (ATR) FTIR mode was used to record the reflectance infrared spectra of the 

polymer film.  

2.5. Numerical Simulations 

The width of the microchannel is much larger than the depth, and hence, we investigate ion 

accumulation on the organic channel surface in a rectangular two-dimensional microchannel 

in the Cartesian coordinate system (x,y). The coupled PNP equations were solved using finite 

element package, COMSOL Multiphysics 5.4 that incorporates the ions transport under the 

electric field gradients for a dilute, completely dissociated ionic solution. In the numerical 

model, a finer mesh was distributed near the organic channel boundary to resolve ionic 

transport in thin electric double layer and capture the large electric field gradients. In all cases, 

the initial cation and anion concentrations are set to bulk concentration and initial potential is 

set to zero such that the system is rest when t=0. From t=0 onward, a time stepping routine in 

combination with direct solving method (MUMPS) was used to compute the time dependent 

ion accumulation behavior at the electrode surface. Note that, the current model does not 

include the ions to electron conversion in the organic channel. A theoretical model describing 

the physics is extensively explained in the supplementary information (Section 4). 

 

3. Results  

For the microfluidic integrated device design, we adopted a planar OECT configuration. We 

casted the solution-processable P-90 both in the channel and at the gate electrode, i.e., the 

OECT active area (Figure 1b-c). The channel had a width of 100 µm and a length of 10 µm, 
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and the polymer film was ca. 175 nm thick. The lateral P-90 gate electrode had an area of 0.25 

mm2. First, we investigated the effect of microfluidics integration on the steady-state 

characteristics of the n-type OECT. In the absence of microfluidics, a 1 mm thick PDMS well 

was placed on top of the OECT to confine 100 µL of PBS over an area with a diameter of 1 

cm. After the electrical measurements were performed, the same OECT chip was integrated 

with the microfluidic channel and characterized with 5 µL of PBS drawn on the active area 

under no-flow conditions. For the microfluidics-integrated OECT, the electrolyte was confined 

on the active area and had a height of 30 µm and a width of 1000 µm. P-90 OECT is an 

accumulation mode device, meaning that at gate voltages (VG) below the threshold voltage, the 

device is “off” (low-to-near zero current detectable in the channel). Above the threshold 

voltage, a positive VG pushes the cations of PBS into the channel which electrostatically 

compensate for the electrons injected from the source contact. Hence, upon applying a positive 

VG through the electrolyte, the channel is turned “on” and the drain current (ID) increases. 

Figure 2a and 2b show the typical output characteristics of the OECTs recorded in PBS before 

and after the integration of microfluidic channel, respectively. For both types of devices, the ID 

increases with an increase in VG. At low drain voltages (VD), the increase in ID is significant, 

followed by a saturation regime at higher VD, consistent with accumulation mode OECT 

operation [47]. Importantly, ID at all biasing conditions is much higher after microfluidic 

channel integration (e.g., ID_fld = 440.17 ± 3.17 nA vs. ID = 249.49 ± 10.37 nA at VD = VG = 0.6 

V). Figure 2c shows the corresponding transfer curves of these two systems. We see a more 

dramatic increase of ID with increasing VG, i.e., higher transconductance (𝑔𝑚 = 𝜕𝐼𝐷 𝜕𝑉𝐺⁄ ) for 

devices that integrate a microfluidic channel. We note here that for all devices, the leakage 

current is low (0.01-4 nA) and two orders of magnitude lower than ON currents (inset of Figure 

2c).  
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Figure 2. a) Representative output characteristics of a P-90 OECT a) before and b) after 

microfluidic channel integration. VG varies from 0 V to 0.6 V with a step of 0.05 V. c) Transfer 

characteristics of a typical P-90 OECT before and after the integration of microfluidics, 

measured at VD = 0.6 V. The corresponding gate currents are shown at the inset. d) 

Transconductance (gm) at various gate voltages with the statistical variation taken over 10 

repetitive measurements for each system. e) ID
0.5 vs VG curves showing the threshold voltage 

determination of the OECTs. f) Output characteristics of an OECT recorded withand without 

flow (100 µL/min). All measurements were performed in PBS (ca. 0.15 M, pH 7.4) in air using 

the lateral P-90 gate electrode. See Figure 1b-c for device geometry and operation. 

  

Compared to the microfluidic-free OECT, the gm at VG = 0.35 V is found to be approximately 

5× greater in OECTs that contain microfluidics (gm_fld = 906.64 ± 40.73 nS vs. gm = 212.54 ± 

128.6 nS), also confirmed statistically for ten different measurements (Figure 2d). At VG = 0.6 

V, gm is only 30% greater for the microfluidic integrated device. The microfluidic integrated 

devices also exhibit a lower threshold voltage (VT) (VT_fld = 0.20 V vs. VT = 0.34 V) (Figure 
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2e). Moreover, as we perfused PBS with a flow rate of 100 µL/min for an hour, the transistor 

characteristics did not change compared to the “no-flow” conditions (Figure 2e). These results 

evidence that the integration of microfluidics improves the steady-state performance of n-type 

OECTs.  

 

Figure 3. X-ray photoelectron spectroscopy (XPS) analysis of P-90 film before and after GOx 

immobilization. High resolution (XPS) spectra for S 2p a), O 1s b) and N 1s c). The spectra 

were calibrated to the reference C 1s at 284.8 eV. The deconvoluted peaks were obtained using 

Gaussian and Lorentzian methods, while Tougaard method was used for background 

subtraction. 

 

P-90 film has an excellent affinity with GOx, attributed to its ethylene glycol (EG)-rich, 

amphiphilic surface [14]. Our FTIR studies summarized in Figure S2 show that the P-90 

spectrum does not change significantly after the immobilization of GOx. The only change, 

however, occurs on the C-O-C vibrations at 1101 cm-1 (arising from EG units), shifting to the 

higher wavenumbers, and meaning that these vibrations become stiffer. This observation 

suggests that GOx physically adsorbs in areas rich with EG side chains and does not generate 

any chemical bonding with P-90. XPS further verifies that GOx is on the P-90 surface, even 

after vigorous rinsing upon physical adsorption (Figure 3). The high resolution of S 2p, O 1s, 

and N 1s spectra show a clear difference in the chemical composition of the film surface after 

adsorption of GOx. Firstly, we observe characteristic doublet peaks of S 2p3/2 (163.5 eV) and 

S 2p3/2 (164.6 eV) attributed to the sulfur atom in the thiophene chains (Figure 3a) [48]. Upon 
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enzyme adsorption, an additional small peak c.a. 163.1 eV appears, which corresponds to the 

Sulphur atom of the methionine [49]. Methionine is one of the amino acid building blocks of 

GOx structure [50]. In the O 1s spectra, the P-90 surface displays two deconvoluted peaks at 

532.05 eV and 532.74 eV, assigned to the C=O of the NDI unit and C–O of EG side chain, 

respectively [51]. We note that the C–O peak has a larger area than the C=O peak, suggesting 

the major contribution of EG chains on the uppermost surface. As the enzyme binds to the 

surface, an additional peak of the carboxylic acid bond appears along with an increase in the 

C=O contribution to the overall spectrum due to other C=O bonds of enzyme’s amino acids 

(Figure 3b). Further evidence for the presence of GOx on P-90 surface comes from the N 1s 

spectra. In addition of the N–C=O peak at 400.27 eV from the NDI unit [52], we observe a 

peak at 399.6 eV, which is attributed to the nitrogen species such as –NH+ and –NH3
+ that 

belong to the amino acids sequences (Figure 3c) [50, 53]. 

The next step is to demonstrate the performance of the microfluidic integrated OECT as a 

glucose sensor. For the case of microfluidic-free OECT, we confined 100 µL of PBS in a 1 mm 

thick PDMS chamber as in the experiments above and recorded ID and IG. As the current 

stabilized, we added solutions that contain various amounts of glucose into the well utilizing a 

conventional pipetting method (Figure 4, left). To keep the electrolyte volume constant (100 

µL), we took the same amount of PBS from the chamber for each addition of glucose solution. 

This OECT was then integrated with microfluidics, and glucose solutions were successively 

perfused into the microfluidic channel at a constant flow rate of 100 µL/min upon the 

stabilization of the IG and ID (Figure 4, right). Figure 4a shows that for both cases, ID increased 

in a step-like manner in line with the increase in glucose concentration in the buffer (1 µM to 

100 µM). Glucose oxidation with GOx leads to an increase in the current flowing in the channel 

[14, 46]. In accumulation mode transistors, it is the increase in VG that causes an increase in 

the conductance of the channel. This is because a higher VG pushes more cations into the 
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channel to compensate for the electrons injected from the contacts. Although, the constant VG 

(as well as VD) was applied to the system, the addition of glucose to the electrolyte environment 

was improved the gating efficiency. Clearly, glucose addition induces an increase in the 

number of electrons injected into the P-90 based channel and gate because of GOx presence 

(Figure 4a and 4b). As the concentration of the analyte catalysed by the enzyme increases, more 

cations are injected from the electrolyte into the channel and gate to compensate for the larger 

quantity of the electronic charge. On the other hand, it was well-studied that the P-90 based 

OECT did not show any response to the glucose without immobilizing the GOx at the channel 

and gate interfaces[14]. One clear trend in Figure 4a and 4b is that the current (ID and IG) 

response to glucose is much higher for the microfluidic-integrated device. Moreover, the data 

is much smoother as the spike formation at each glucose addition was eliminated by using an 

automated flow-through system. The microfluidic integration also allows us to resolve IG 

behavior compared to the open device (Figure 4b). While IG values of the microfluidic-

integrated device are two orders of magnitude lower than ID, we can resolve the IG response to 

the enzymatic reaction, which was not possible for the microfluidic-free device. Not only the 

current value, but also the change in current as a response to enzymatic reaction is higher for 

the microfluidic channel integrated OECT. For example, the normalized response (NR) of the 

OECT calculated from the drain current values is 0.02, 0.04, and 0.21 using the pipetting 

technique for 1, 10, and 100 µM glucose solutions, respectively. With the flow-through 

microfluidic system, the NR increased to 0.49, 1.17, and 1.81 for the same concentrations 

(Figure S3).  
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Figure 4. Time-course variation of a) ID and b) IG before (left) and after (right) microfluidic 

integration with increasing glucose concentrations from 1 µM to 100 µM. The microfluidic-

free device is integrated with a microfluidic channel at t = 500 s. The flow rate for these 

measurements was set to 100 µL/min.  

 

Next, we evaluated the dynamic range of the microfluidic integrated sensor by broadening the 

range of glucose concentrations fed to the system (1 nM to 1 mM). The real-time response of 

the device is shown in Figure 5a. The addition of glucose, for all the concentrations studied, 

caused ID and IG to increase and reach a saturation plateau. As all the glucose in PBS is 

consumed, the current reverts to its original value recorded in the absence of glucose. The 

current increases again when new glucose is introduced, evidencing the excellent reversibility 

of the sensor and regeneration of GOx. The NR values (from 1 µM to 100 µM) were obtained 

quite similar to those given in Figure 3 which indicates the repeatability of the sensor response 

(Figure S3).  The microfluidic integrated OECT detects 1 nM of glucose, unresolvable for the 

microfluidic-free sensor (Figure 5a, inset). Figure S4 shows the device’s response to repetitive 

additions of 1 nM of glucose, demonstrating that the reproducibility of the n-type OECT with 
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only small differences of less than 4% at the peak points (corresponding to the current 

saturation plateau value) between the first and last glucose addition. Thus, we conclude that 

the OECT integrated with microfluidics can offer electrically stable signals and is well suited 

for sensing particularly weak biological signals. Compared to OECTs that employ 

functionalized gate electrodes or other types of electrochemical sensors, the limit of detection 

is reduced to 1 nM for this device, despite the absence of external electron shuttle mediators 

and chemical functionalization steps to immobilize the enzyme (Table S1).  

 

Figure 5. a) Time-course variation in ID and IG of the microfluidic integrated OECT with 

glucose concentrations increasing from 1 nM to 1 mM. Inset shows a zoomed-in part of data 

for 1 nM of glucose. b) The calibration curve obtained using the normalized change in ID. Inset 

shows the normalized, real time change in ID and IG. c) Signal-to-noise ratio (SNR) of the 

microfluidic-integrated sensor deduced from ID and IG as a function of glucose concentrations. 
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The calibration curve, i.e., NR vs. glucose content in PBS (based on changes in ID), is depicted 

in Figure 5b. Interestingly, although IG values are lower than ID, the normalized change in IG 

upon glucose oxidation by GOx (∆IG/IG_0) is similar to that in ID (∆ID/ID_0), as shown in Figure 

5b inset. This finding has not been observed or reported in other studies using PEDOT:PSS 

based, depletion-mode OECTs for metabolite sensing. However, noise plays an important role 

in electronic sensors. Although reagent packages may state that an assay has a dynamic range 

that extends from zero concentration to some upper limit, the assay cannot accurately measure 

analyte concentrations down to zero. Sufficient analyte concentration must be present to 

generate an analytical signal that can reliably be distinguished from “analytical noise,” that is, 

the signal produced in the absence of analyte. Thus, SNR is widely accepted as a sensor figure 

of merit, particularly to estimate the LoD [54-56]. SNR is calculated as  𝑆𝑁𝑅 = 2𝐻/ℎ, where 

𝐻 is the height of the peak after the addition of glucose, and ℎ is the peak-to-peak background 

noise in a chromatogram obtained after injection of PBS. For instance, for 1 nM of glucose, 

SNR was calculated from ID and IG to be 300 and 1.25, respectively. Although the sensor 

sensitivity is the same when calculated from the gate or channel currents, SNR was drastically 

enhanced when deduced from the channel despite its miniaturized geometry, highlighting the 

effectiveness of the transistor configuration compared to the conventional amperometric 

sensors (Figure 5c).  

 

4. Discussion 

The experiments above showed the dramatic influence of microfluidics integration on n-type 

OECT sensor performance and, in general, OECT characteristics. To explore the physical 

grounds of this enhancement, we performed finite element method based numerical 

simulations. After systematic grid independence tests, the simulations were performed for 2D 

domain, and the boundary conditions are shown in Figure S5. The results show that the average 
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electric field intensity in the 30 µm microfluidic domain increases almost five times compared 

to 1000 µm channel height case (Figure S6a and S6b). Since the electric field is effectively 

conveyed to the whole domain, one can expect that ion transport to and at the channel surface 

will be more effective for the miniaturized, microfluidic system. We, therefore, calculated the 

average ion concentration on the surface of the channel for the two device configurations 60 

seconds after application of drain and gate voltages (0.5 V). The results suggest that the cation 

concentration is ca. three times higher when the electrolyte is confined to a 30 µm height 

compared to 1 mm (Figure S6c and S6d). This result explains the higher ID of the microfluidics-

integrated OECT at a given gate voltage. The average cation concentration at the P-90 channel 

surface increases with gate voltages, and the results are depicted in Figure S7. Note that our 

numerical model does not consider ions penetrating the channel. Several proposed models 

partially describe both the steady-state and transient behavior of OECTs, but the complex 

nature of mixed ionic-electronic conductivity in conjugated polymers is far from been 

completely understood and hence, will be examined in future studies to explain the excluded 

phenomenon of ion transport in the polymer [57-59].  

The sensor sensitivity to glucose dramatically improves as we integrate a microfluidic channel. 

We attribute this effect firstly to the enhancement of the device transconductance after the 

microfluidic integration. Owing to its lower threshold voltage and enhanced averaged electric 

field intensity, microfluidic integrated OECT shows higher transconductance for almost the 

entire range of applied gate voltages. The removal of the side products generated during 

GOx/glucose reaction by the flow applied can also play a role on device sensitivity. Upon its 

long time presence in the medium, side products could alter the current for the stationary system 

[14]. Maintaining flow within the microfluidic channel decreases the ‘time-of-floating’ of any 

products generated during glucose oxidation and leaves only the metabolite in the vicinity of 

the sensor.  
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One interesting finding in this study is that, in contrast to reports on the use of OECTs for 

enzymatic sensing, we see that IG is affected similarly by the enzymatic event as ID. Both the 

ID and IG fractional changes show a dependence on glucose concentrations, but the normalized 

current change is almost the same for both read-outs. The step-wise increase in IG is too low to 

be detected in the microfluidic-free OECT due to high background noise and interferences from 

pipetting. Under these conditions, it is therefore not well-defined whether OECT introduces an 

enhancement factor for enzymatic sensing compared to a conventional amperometric 

electrochemical sensor. Considering that IG can represent the current measured in an 

amperometric electrochemical homologous sensor (in the absence of channel 

functionalization), the expected sensitivity enhancement using OECT configuration does not 

seem to be in place [60]. Future studies will compare microfluidic integrated- and free-

PEDOT:PSS OECT sensors to shed light on this issue. Nevertheless, considering the 

sensitivities endowed by the electronic communication between the n-type polymer and the 

redox enzyme combined with the high SNR provided by the OECT circuitry, the strongest 

feature of this sensor is its miniaturized geometry. The current output of P-90 electrodes that 

have the same size as the gate electrode functionalized with GOx is orders of magnitude lower 

than the drain current of the transistor tested under the same conditions [14]. Hence, despite 

the lack of a model that describes the quantification of the analyte concentration (either from 

Cottrell or Nernst equation, or a combination of them) [60] from the OECT output, n-type 

accumulation mode OECTs offer a new avenue for coupling of electronics with catalytic 

enzymes for metabolite sensing applications. 

5. Conclusion 

In this study, we integrated an n-type OECT with microfluidics for real-time monitoring of 

glucose. We demonstrated the detection of glucose, a target metabolite of high biological 

significance in cellular metabolic pathways and associated with critical health care conditions, 
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using a miniaturized and easy-to-fabricate microfluidic integrated transistor platform. The 

integration of microfluidics increased the ON currents as well as the transconductance of 

OECTs. The n-type OECT detected nanomolar concentrations of glucose with high SNR. 

Thanks to the low noise of the system, gate currents and its changes upon glucose detection 

could be resolved, revealing that the transistor configuration does not enhance the sensitivity 

for enzymatic sensing. However, the use of transistors rather than passive electrodes (using ID 

rather than IG) increased the SNR dramatically, which justifies the application of OECTs for 

enzymatic sensing. The technique described here for integrating electrically active components 

directly into microfluidic channels may prove useful for other applications within the growing 

field of microfluidic devices. Providing local amplification on the site of detection and high 

sensitivity to low concentrations of glucose, n-type OECTs stand out as next-generation 

miniaturized biosensors and will be useful for fundamental studies and applied research in 

organic bioelectronics and microfluidics. 
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