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Ultrastable N-Type Semiconducting Fiber Organic
Electrochemical Transistors for Highly Sensitive Biosensors

Xiu Wang, Zhi Zhang,* Peiyun Li, Jingcao Xu, Yuting Zheng, Wenxi Sun, Mingyue Xie,
Juanrong Wang, Xiran Pan, Xun Lei, Jingyi Wang, Jupeng Chen, Yiheng Chen,
Shu-Jen Wang, and Ting Lei*

Organic electrochemical transistors (OECTs) have attracted increasing
attention due to their merits of high transconductance, low operating voltage,
and good biocompatibility, ideal for biosensors. However, further advances in
their practical applications face challenges of low n-type performance and
poor stability. Here, it is demonstrated that wet-spinning the commercially
available n-type conjugated polymer poly(benzimidazobenzophenanthroline)
(BBL) into highly aligned and crystalline fibers enhances both OECT
performance and stability. Although BBL is only soluble in high-boiling-point
strong acids, it can be wet-spun into high-quality fibers with adjustable
diameters. The BBL fiber OECTs exhibit a record-high area-normalized
transconductance (gm,A) of 2.40 μS μm−2 and over 10 times higher
figure-of-merit (μC*) than its thin-film counterparts. More importantly, these
fiber OECTs exhibit remarkable stability with no noticeable performance
attenuation after 1500 cycles over 4 h operation, outperforming all previously
reported n-type OECTs. The superior performance and stability can be
attributed to shorter 𝝅–𝝅 stacking distance and ordered molecular
arrangement in the fibers, endowing the BBL fiber OECT-based biosensors
with outstanding sensitivity while keeping a miniaturized form factor. This
work demonstrates that, beyond new material development, developing new
fabrication technology is also crucial for addressing the performance and
stability issues in n-type OECTs.

X. Wang, Z. Zhang, P. Li, J. Xu, W. Sun, M. Xie, J. Wang, X. Pan, X. Lei,
J. Wang, J. Chen, Y. Chen, T. Lei
Key Laboratory of Polymer Chemistry and Physics of Ministry
of Education
School of Materials Science and Engineering
Peking University
Beijing 100871, P. R. China
E-mail: zhizhang@pku.edu.cn; tinglei@pku.edu.cn
Y. Zheng
College of Engineering
Peking University
Beijing 100871, P. R. China
S.-J. Wang
Department of Physics
Hong Kong Baptist University
Hong Kong, SAR P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202400287

DOI: 10.1002/adma.202400287

1. Introduction

Transistor-based sensors have many advan-
tages, such as high sensitivity, rapid re-
sponse, and feasibility for miniaturization,
making them promising for disease detec-
tion and health monitoring.[1–3] Transcon-
ductance (gm), defined as the derivative
of the drain current to the gate volt-
age (gm = ∂ID/∂VG), is a critical param-
eter for sensing, as it reflects the am-
plification capability and, ultimately, the
sensitivity.[4–6] Enlarging the active area (the
channel width (W) × length (L)) is a com-
mon strategy to enhance gm.[5,7–9] How-
ever, a large size is undesirable for many
biosensors, especially for in vivo sensing
where a small size is essential to mini-
mize tissue damage.[10–12] Specifically, neu-
ral recording demands miniaturized elec-
tronics, such as a flexible brain–machine
interface typically with dimensions around
or smaller than 20 × 20 μm.[13] Therefore,
the active area’s size is as crucial as gm
in determining device performance. Conse-
quently, area-normalized transconductance
(gm,A = gm/WL), which takes both gm
and channel area into account, becomes a

more comprehensive metric for evaluating the performance of a
transistor-based biosensor.[14]

Among various transistor-based technologies, organic electro-
chemical transistors (OECTs), utilizing organic semiconductors
as the channel, have attracted increasing attention due to their
merits of high gm, low operating voltage, and good biointerfac-
ing properties.[6,15,16] However, gm,A was seldom considered in
this OECT, which is critical for in vivo biosensing applications.
Furthermore, n-type OECTs lag far behind their p-type counter-
parts in both performance and stability, restricting their appli-
cations in complementary logic circuits and biosensors.[17] To
address these challenges, extensive efforts have been devoted
to synthesizing new n-type OECT materials.[18,19] For example,
many n-type OECT polymers have been developed based on high-
performance building blocks, such as naphthalene diimide,[20]

diketopyrrolopyrrole (DPP),[21] isoindigo,[22] and bithiophene
imide.[23] These efforts have significantly improved the device
performance with figure-of-merits (μC*) over 100 F cm−1 V−1 s−1,
approaching the state-of-the-art p-type materials. However, these
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Figure 1. Schematic illustration of the fabrication and applications of BBL fibers. a) Schematic diagram of the wet-spinning system for the fabrication of
BBL fibers. b) Deacidification of MSA in the coagulation bath during spinning. c) BBL molecular chain arrangements in fibers. d) Device configuration
of the BBL fiber-based OECT. e) Schematic diagram of the applications of BBL fibers in complementary inverters and wearable sensors.

new building blocks require complicated synthetic steps and high
cost, with most of them not yet being commercially available.
More importantly, the operational stability of the n-type OECTs
remains poor, posing a great challenge to their practical applica-
tions. Therefore, a question remains: is there any simple but gen-
eral approach to improving the OECT device performance and
stability for biosensing?

Herein, we report that the conventional wet-spinning
method can produce semiconducting fibers with enhanced
performance and outstanding stability, which has not been
observed before. Unlike commonly used material design ap-
proaches, we creatively enhanced the device performance
and stability simultaneously by developing new process
techniques. We selected a commercially available polymer,

poly(benzimidazobenzophenanthroline) (BBL), for this study.
The rapid removal of BBL solvent (methanesulfonic acid, MSA)
during spinning allowed for the readily adjustment of fiber
diameters while achieving high polymer chain alignment and
crystallinity (Figure 1a–c). The BBL fiber OECTs exhibited a
record-high gm,A of 2.40 μS μm−2 with over 10 times higher μC*
than its thin-film counterparts. Notably, the gm,A of BBL fiber
OECTs is about 200 times greater than that of the reported BBL
film-based ones.[24] The BBL fiber showed longer coherence
length, shorter 𝜋–𝜋 stacking distance, and maintained good
molecular packing along the fiber, leading to enhanced electron
mobility and stability. These BBL fiber OECTs showed negligible
current degradation after 1500 on–off switching cycles over
4 h operation, surpassing its thin-film devices and all other
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n-type OECTs. When used as biosensors, the device showed
high sensitivity and good selectivity. Moreover, when paired with
another p-type fiber, fiber-based complementary inverters were
successfully demonstrated, exhibiting high voltage gains.

2. Results and Discussion

BBL is a classical n-type ladder-conjugated polymer with highly
planar and rigid backbones.[25] Its side-chain-free nature makes
BBL only soluble in high-boiling-point strong acids, like MSA,[26]

introducing processing challenges, especially in fabricating thick
BBL films. Here, commercially available BBL (Sigma-Aldrich,
667846) was utilized, and BBL microfibers were fabricated us-
ing a custom-made wet-spinning apparatus (Figure 1a). The
rapid removal of MSA during the spinning process facilitated the
convenient preparation of BBL fibers with adjustable diameters
(Figure 1b). Determination of the optimal wet-spinning condi-
tions is critical to producing BBL fibers with good mechanical
and electrical properties. Fiber quality depends significantly on
the spinning formulation and an appropriate coagulation bath.
BBL solution with concentrations below 10 mg mL−1 had insuffi-
cient solid content, while concentrations exceeding 15 mg mL−1

were too viscous, both of which failed to facilitate fiber produc-
tions. Consequently, BBL dissolved in MSA at 10 mg mL−1 after
filtering was used as the spinning dope.

The coagulation bath, containing an antisolvent for the poly-
mer, plays a critical role in triggering polymer precipitation and
fiber formation, further controlling the polymer chain alignment
and crystallinity of fibers. Spinning needles with different diame-
ters (D) and lengths (Lʹ) were used to regulate fiber diameter and
performance. For example, the BBL fiber fabricated using a nee-
dle with D of 170 μm and Lʹ of 38 mm was denoted as BBL170,38
fiber. We first used a specific needle (D170, Lʹ38) to explore the
impact of the coagulation bath. We observed that BBL exhib-
ited different spinnabilities in various coagulation baths, among
which tetrahydrofuran (THF) and deionized (DI) water were ef-
fective for fiber formation (Figure S1, Supporting Information).
Specifically, fibers formed in DI water showed optimal unifor-
mity, while those in THF displayed inhomogeneous morphology.
Further exploration indicated that the fibers could maintain a uni-
form shape in a mixture of DI water and THF, as long as the THF
volume remained below 30%. To optimize both the spinnabil-
ity and ultimate performance of the fibers, we systematically in-
vestigated the coagulation baths with different DI water/THF ra-
tios (Figure S2 and Table S1, Supporting Information). The mi-
crostructure of BBL170,38 fibers obtained from different antisol-
vents was analyzed using wide-angle X-ray scattering (WAXS).
We calculated the coherence length (LC)[27] and paracrystalline
disorder (g factor)[28] of the fibers. As the THF ratio increased in
the coagulation bath, BBL fibers showed significantly increased
LC and decreased g factor (Figure 2a). Herman’s orientation fac-
tor (f)[29] was used to quantify the chain orientation degree in the
fibers, revealing enhanced f with higher THF content (Figure 2a
and Table S2 (Supporting Information)). These results indicated
that the molecular alignment and crystallinity of BBL fibers were
enhanced in coagulation baths with higher THF content. More-
over, the lamellar and 𝜋–𝜋 distance decreased with the increase
of THF content, indicating a more compact arrangement of BBL
chains (Figure 2b).[30] Given the above, a mixture of DI water and

THF with a volume ratio of 7:3 was used as the best coagulation
for BBL fiber fabrication.

The flow shear effect is also an important parameter affect-
ing the polymer chain alignment and crystallinity, which can be
tuned by adjusting the needle diameter. As the needle diame-
ter decreased, we observed reduced lamellar and 𝜋–𝜋 distances
(Figure 2c–e and Table S3 (Supporting Information)), enhanced
LC, reduced g factors, and increased chain alignment (f value)
(Figure 2f and Table S4 (Supporting Information)). The closer
and better molecular packing was also supported by photolu-
minescence (PL) spectra (Figure S6, Supporting Information).
Moreover, fiber dimensions and mechanical performance are im-
portant concerns in practical applications. The fiber diameters
can be adjusted by the needle size (Figures S7 and S8, Support-
ing Information), and BBL60,38 fibers showed an average diame-
ter of 10.31 ± 0.35 μm (Figure 2g), which was comparable to the
size of a neuron soma,[10,31] thereby providing an inherent advan-
tage for single-cell biosensors. Typical stress–strain curves of BBL
fibers are shown in Figure 2h, where the finer fiber exhibited bet-
ter mechanical strength and stretchability, achieving the highest
tensile strength of 105.8 MPa and a strain-to-failure of 6.8% for
the BBL60,38 fiber. Although reducing the concentration of BBL
solution could result in fibers with smaller diameters, it also led
to a decrease in mechanical strength (Figure S9, Supporting In-
formation). The tensile strength of BBL60,38 fiber, to our knowl-
edge, is a record-high value in semiconducting fibers and films
(Figures S10 and S11, Supporting Information).[32–35] Therefore,
a compact and ordered molecular arrangement in BBL fibers not
only enhances mechanical strength but also contributes to im-
proved electrical performance, a point we will demonstrate later.

BBL fibers with different dimensions coagulated in a mixture
of DI water and THF (7/3, v/v) were employed as the channel
materials for fiber OECT devices (Figure 1d and Figure S12 (Sup-
porting Information)). All BBL fiber OECTs showed typical n-
type accumulation-mode behaviors with outstanding OECT per-
formance (Figure 3a,b). The normalized gm (gm,norm) values of the
OECTs exhibited a fiber size-dependent trend (Figure S13, Sup-
porting Information), and we calculated their μC* values to com-
pare their intrinsic OECT performance (Figure S14, Supporting
Information).[23] Specifically, BBL60,38 fiber OECT showed a high
μC* of 13.10 ± 0.23 F cm−1 V−1 s−1 (Figure 3c), which is over
10 times higher than that of the BBL film OECT (1.04 F cm−1

V−1 s−1) (Figure S15, Supporting Information). The enhance-
ment can be attributed to the improved electron mobility arising
from the ordered alignment of molecular chains along the fiber
direction (Figure S16, Supporting Information).[30] As discussed
above, since gm,A is more suitable for evaluating the performance
of transistor-based biosensors, we employ gm,A to compare the
performance of different fibers. BBL60,38 fiber OECT achieved a
high gm,A value of 2.40 μS μm−2, which surpassed that of the
reported n-type film-based ones, exhibiting nearly one order of
magnitude enhancement (Figure 3d). To increase gm, film OECTs
typically use thick semiconducting channels, however, this in-
evitably compromises μC*.[14] It was noteworthy that our method
simultaneously improved both gm,A and μC*. In addition, the BBL
fiber OECTs exhibited fast response speeds, enough for most
biosensing applications (Figure S17, Supporting Information).
We attributed the significantly improved performance to highly
aligned chains and better crystallinity, as well as compacted
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Figure 2. Fabrication, optimization, and characterization of BBL fibers. a) Comparison of the g factor, LC, and f values of the BBL170,38 fibers fabricated
in different coagulation baths. b) Lamellar and 𝜋–𝜋 distance of the BBL170,38 fibers obtained in different coagulation baths. c) 2D-WAXS patterns and d)
line profiles of BBL fibers fabricated using needles with different diameters. e) Lamellar and 𝜋–𝜋 distance of the BBL fibers prepared using needles with
different diameters. f) Comparison of the g factor, LC, and f values of BBL fibers produced using needles with different diameters. g) Optical photograph
(left) and field-emission scanning electron microscopy (FESEM) image (right) of a typical BBL60,38 fiber. h) Typical stress–strain curves of the BBL fibers
with various diameters. Unless otherwise specified, a mixture of DI water and THF with a volume ratio of 7:3 was used as the coagulation bath.

molecular packing, which all contribute to efficient charge car-
rier transport along the fiber direction.

When used for sensors, the device’s stability is crucial for re-
producibility and prolonged operation. However, at present, n-
type OECTs encounter challenges in achieving long-time air-
stable operation, with most devices experiencing a dramatic drop
in channel current (ID) after only a few cycles, usually below
500.[23,36] Surprisingly, our BBL60,38 fiber OECT showed excellent
stability with negligible current attenuation after continuous op-

eration over 4 h with 1500 on–off cycling measurements in the air
(Figure 3e,g). Even after being kept in the air for 1 month, no visi-
ble current decline was observed, maintaining a current retention
of 100% (Figure 3h and Figure S18 (Supporting Information)).
Such high operational stability has never been achieved before
(Figure 3f). Although BBL is known for its good stability, how-
ever, the reported optimal stability of the BBL OECT devices only
presented a current retention of 95% after 1000 on–off switch-
ing cycles.[30] Thus, our fiber OECTs exhibited improved device
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Figure 3. Fiber OECT performance and stability characterization. a) Transfer and b) output characteristics of BBL60,38 fiber OECT. The channel width
(W) and thickness (d) were the fiber diameter and thickness, and the channel length (L) was 40 μm. c) μC* values of BBL fiber OECTs with different
channel dimensions. d) Comparison of gm,A for BBL60,38 fiber OECT and other reported n-type OECTs. e) Operational stability of BBL60,38 fiber OECT
under 1500 on–off cycling measurements in the air (VG = 0–0.6 V, VD = 0.6 V, pulse length = 10 s). f) Comparison of stability for BBL60,38 fiber OECT
and other reported n-type OECTs. g) The enlargement of the rectangle-labeled part of (e). h) Current retention of BBL60,38 fiber OECT over operational
time.

stability compared to their thin-film counterparts. We performed
an electrochemical quartz crystal microbalance with dissipation
monitoring measurement to explore the origin of the stability
(Figure S19, Supporting Information). We found that the BBL
fibers showed less passive and active swelling during the elec-
trochemical doping and dedoping process. Therefore, the better
device stability can be attributed to the closer 𝜋–𝜋 stacking and
enhanced polymer chain alignment in the BBL fibers, which has
been proved in the WAXS (Figure 2a–f) and PL studies (Figure
S6, Supporting Information).

The high gm,A, and excellent operational stability make BBL
fiber OECT a promising device for real-time, highly sensitive
biosensors. We explored the fiber OECT-based sensors for po-
tential lactate and glucose sensing. Figure 4a illustrates the di-

agram of the wearable sensors on different substrates for lac-
tate and glucose sensing. A modified gate electrode was used for
sensing. The electrons generated during the enzymatic reaction
could be directly transferred to the gate electrode, leading to a
larger gate voltage (VG) and increased ID. Figure 4b presents the
chronoamperometric response of the BBL60,38 fiber OECT-based
sensor to different concentrations of lactate in the presence of
lactate oxidase (LOx) in phosphate-buffered saline (PBS). The ID
increased with the increase of lactate concentrations with a high
linear response (R2 = 0.9949) within the concentration range of
10–200 μM, demonstrating a high sensitivity of 26.09 normal-
ized response (NR) dec−1 (Figure 4c). The glucose sensor also
exhibited a high sensitivity of 17.95 NR dec−1 and a good
linear response (Figure 4d,e). These sensitivities remain at
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Figure 4. Schematic illustration and performance comparison of the BBL fiber OECT-based sensors. a) BBL fiber OECT-based sensors with different
substrates and the schematic diagram of the wearable sensors for lactate and glucose sensing. Real-time ID response of the BBL60,38 fiber OECT-based
sensors as successive amounts of lactate/PBS and glucose/PBS solutions were added to the gate electrodes containing b) lactate oxidase (LOx) and d)
glucose oxidase (GOx). Normalized response (NR) curves derived from the chronoamperometric response of the BBL60,38 fiber OECT-based c) lactate
and e) glucose sensors. f) Sensitivity comparison of BBL fiber OECT-based sensors and other reported sensors for lactate[37–40] and glucose[23,37,41–47]

sensing. g) Real-time ID response of the BBL fiber OECT-based sensor as adding glucose and nonrelevant biomolecules including PBS, lactate, and
fructose solutions. The amount of each addition was 10 μL, and the concentration of lactate, fructose, and glucose solutions was 10 μM.

a record-high level compared to recently reported sensors
(Figure 4f). To rule out the possibility of the active material
on the gate electrode exhibiting inherent catalytic activity to-
ward biomolecules, we tested the selectivity of the fiber glu-
cose sensor. Figure 4g shows the ID response by adding non-
relevant biomolecules (including PBS, lactate, and fructose)

and glucose solutions. The negligible responses to the non-
relevant biomolecules while the remarkable response to glu-
cose, confirmed the good selectivity of BBL fiber OECT-based
sensors.

To date, complementary logic circuits have rarely been demon-
strated for fiber-based OECTs, largely due to the unbalanced
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Figure 5. Fiber-based complementary inverters and their performance. a) Schematic of the complementary-type inverter and chemical structures of
p-type P(lgDPP-MeOT2) and n-type BBL polymers. b) Voltage transfer characteristics, c) voltage gains, and d) power consumptions of the fiber-based
inverter at different supply voltages. The supply voltage (VDD) is 0.6 or 0.7 V.

n- and p-type fiber OECT performance and stability.[48] We fab-
ricated a complementary accumulation-mode inverter by com-
bining a p-type P(lgDPP-MeOT2)60,38 fiber and an n-type BBL60,38
fiber (Figure 5a). The voltage output characteristics shown in
Figure 5b indicated that the fiber inverter showed a sharp voltage
transition with a gain of ≈38 V V−1 at VDD = 0.7 V (Figure 5c),
which is among the highest values in complementary-type OECT
inverters. In addition, the maximum static power consumption
(Pmax) was only 2.64 μW (Figure 5d). The realization of the fiber
inverters will facilitate the integration of these fiber OECT de-
vices and technologies into a wider range of complementary-type
electronics.

3. Conclusions

In summary, we have successfully produced high-performance
BBL fibers with enhanced stability using a simple wet-spinning
approach. The rapid removal of BBL solvent (MSA) during spin-
ning allows for adjustable fiber diameters. The BBL fiber OECTs
exhibit a high area-normalized transconductance (gm,A) of 2.40 μS
μm−2 and unprecedented high stability, largely due to their closer
𝜋–𝜋 stacking, better chain alignment, and stronger interchain
interactions. The high-performance and ultrastable BBL fiber
OECTs can not only work as biosensors with high sensitivity and
good selectivity but also enable the construction of fiber-based
complementary inverters with high gains. Our work demon-
strates a promising fabrication technology for high-performance

and stable OECTs and opens a wider palette for fiber-based bio-
electronics.
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Supporting Information is available from the Wiley Online Library or from
the author.
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