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Abstract
Multi-walled carbon nanotubes (MWCNT) play a synergistic role with conducting polymer in practical applications
such as biological sensing. In this paper, multi-walled carbon nanotube and polypyrrole (PPy) composites were
prepared on a fiber surface for the first time, and their morphology and electrical properties were characterized.
Compared with PPy-coated fiber, the presence of carbon nanotubes induced the growth of large areas of PPy
nanowires. In addition, fiber organic electrochemical transistors (FECTs) based on PPy and MWCNT were assem-
bled, showing a higher on/off ratio, better stability, and greater flexibility. The lactate biosensor based on FECTs
exhibits high sensitivity, with a correlation coefficient of R = 0.9889, quick response time of 0.6–0.8 s, a wide linear
response range of 1 nM–1 mM, and excellent selectivity for lactate. Furthermore, the lactate concentration in human
sweat was successfully detected by a FECT-based sensor. The hybrid fibers can be easily woven and placed on
fabric simply by stitching. This favorable performance of the FECT-based sensor makes it suitable for noninvasive
sensing of lactate. Therefore, it provides a promising platform for future use in healthcare and detection applications.
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Introduction

The determination of lactate is of great significance for clinical
diagnostics, fermentation, and food analysis [1, 2]. In particular,
lactate concentration is a key parameter in clinical diagnostics for
predicting multiple organ failure and evaluating the health status
of patients, such as monitoring respiratory insufficiency, meta-
bolic disturbance, and psychological disorders [3–5].
Traditionally, chromatography and spectrophotometry have been
used to analyze lactate concentrations [6–10]. However, these

methods are time-consuming, expensive, and complicated.
Therefore, the development of methods for the rapid, efficient,
and real-time monitoring of lactate concentration is critical.
Electrochemical biosensors can provide quantitative information.
Specifically, organic electrochemical transistors (OECTs) show
great potential in biomolecule detection due to their unique struc-
ture, small size, and compatibility with aqueous solution [11, 12].
In addition, most studies have indicated that OECT sensors are
much more sensitive than traditional sensors, which is attributed
to their inherent amplification characteristics and enhanced
signal-to-noise ratio [13]. Khodagholy et al. [14] developed a
planar organic electrochemical transistor consisting of two paral-
le l s t r ips of poly(3 ,4-e thylenedioxyth iophene) /
poly(styrenesulfonate) and ionic liquid for the detection of lactate
concentration (10–100 mM). Ji et al. [15] reported an OECT-
based glucose and lactate sensor in which the gate electrodes
were modified with glucose oxidase/lactate oxidase and poly(n-
vinyl-2-pyrrolidone)-capped platinum nanoparticles. The OECT
sensors demonstrated extremely high sensitivity, with detection
limits of glucose and lactate up to 100 nM and 1 uM, respective-
ly. Strakosas et al. [16] developed enzymatic sensors using a
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platinum-modified gate of a planar OECT. The sensors showed
high stability, sensitivity, and selectivity, although the planar
configuration and long response time were not conducive to
practical application.

Fiber is bendable and elastic, whichmakes it easy to bewoven
and integrated into fabrics. Fiber can also be used to develop
electronic components on textile substrates to achieve better
function, transforming traditional two-dimensional structures
for three-dimensional detection. In our previous study, FECTs
were integrated to produce glucose and dopamine sensors [17,
18]. Owing to the flexibility and structural uniqueness, FECTs
exhibit superior sensitivity and excellent selectivity, while main-
taining good repeatability. Conducting polymers have been stud-
ied extensively in OECTs, and make it possible to prepare large-
area flexible devices. Among these, polypyrrole (PPy) has cap-
tured considerable attention because of its redox properties, var-
iable conductivity, and ease of preparation [19–21]. However, its
widespread use is limited because of poor stability and short
cycle life [22, 23]. At the same time, carbon nanotubes (CNT)
have been widely studied given their high surface activity, chem-
ical and electrochemical stability, acceptable biocompatibility,
and rapid electron transfer kinetics [24, 25]. However, many
studies have reported that CNTs lack selectivity and require met-
al oxides or conducting polymers to enhance their specificity.
Therefore, considerable efforts have been carried out recently
to prepare CNT and conducting polymer nanocomposites for
biological sensing. Cui et al. [26] reported the biocatalytic syn-
thesis of a PPy-enzyme-CNT composite, and the prepared nano-
composites were successfully applied for an electrochemical bio-
sensor of lactate. Braik et al. [27] prepared a poly(3,4-
ethylenedioxythiophene)/CNT-modified electrode and investi-
gated a highly sensitive amperometric enzyme biosensor for su-
peroxide detection. Because of the synergistic effects, the biosen-
sor presented better analytical performance, higher sensitivity,
and lower detection limit. Xue et al. [28] described a flexible
polyaniline/CNT nanocomposite film-based electronic gas sen-
sor. Compared with CNT- and polyaniline-based films, the hier-
archical nanocomposite film sensor exhibited better sensing re-
sponse and cycle stability. All these results indicate that the syn-
ergistic effects of composites significantly enhance the electro-
chemical properties.

In this study, multi-walled carbon nanotubes (MWCNT)
were first coated on the backbone of nylon (PA6) fiber,
forming a thin template and conductive layer. The pyrrole
was then polymerized in situ on the surface of the MWCNT-
modified PA6 fiber, forming a large number of PPy nanowires
to enhance the electrical properties and electrochemical activ-
ity. The transistors were assembled from the composite mate-
rials as the channel layer, electrode, and solid electrolyte,
which is more conducive to wearable electronic biosensor
devices. The electrical properties and sensor performance of
the devices were investigated. The FECT-based sensor dem-
onstrated a better sensing response and was easily integrated

into fabrics, providing great potential for point-of-care
applications.

Experimental section

Materials

PA6 filament, acetone, alcohol, sodium dodecyl benzene sulfo-
nate, pyrrole, 5-sulfosalicylic acid dihydrate, iron(III) nitrate
nonahydrate, sodium anthraquinone-2-sulfonate, poly(vinyl al-
cohol) (PVA), glucose, ascorbic acid (AA), creatinine, uric acid
(UA), phosphate, and multi-walled carbon nanotubes were pur-
chased from Aladdin Reagent Co. L-(+)-lactic acid and LOX

(from Pediococcus sp. lyophilized powder, ≥20 units/mg solid)
were obtained from Sigma-Aldrich (USA). Nafion (D520) was
supplied by Shanghai Hesen Electric Co., Ltd. LOX stock solu-
tion (10 mg/mL) was prepared with phosphate-buffered saline
(PBS, pH= 6.5). All the reagents in this study were of analytical
grade and were used as received.

Preparation of PPy nanowire/MWCNT/PA6 fiber and PPy/PA6
fiber

First, the 85D (D represents denier) PA6 filament was ultrason-
ically treated with alcohol and acetone for 10 min to remove dirt
and pollutants on the fiber surface, and the treated PA6 fiber was
then dried naturally. Second, MWCNTs were dispersed in dis-
tilled water by ultrasound for 1 h in the presence of sodium
dodecyl benzene sulfonate (SDBS) as a surfactant, with a mass
ratio of MWCNT/SDBS/water/alcohol = 1:1:50:50. The dried
PA6 fiber was soaked in the MWCNT dispersion to obtain
MWCNT/PA6-modified fiber. In a third step, the MWCNT/
PA6 fiber was dried at room temperature, the complex was im-
mersed in a mixture of pyrrole monomer and solution A
consisting of sodium anthraquinone-2-sulfonate and water at 0–
4 °C, and the solution was then stirred at 600 rpm for 10 min.
Meanwhile, under the same volume of solution A, solution B
composed of 5-sulfosalicylic acid dihydrate and iron (III) nitrate
nonahydrate aqueous solution [29] was prepared. After solution
B was added dropwise to solution A, the reaction solution was
stirred for 4 h at 600 rpm and 0–4 °C. The fiber was removed,
washed with deionized (DI) water and alcohol, and then dried
naturally to obtain the PPy/MWCNT/PA6 fiber. The preparation
process for the PPy/PA6 fiber was the same as for PPy/
MWCNT/PA6.

Fabrication of gate electrode and Immobilization
of the enzyme

To prepare the Nafion-LOx/PPy/MWCNT/PA6 and Nafion-
LOx/Pt gate electrodes, PPy/MWCNT/PA6 fibers and Pt wires
(1–1.5 cm) were removed and soaked in 10 mg/mL LOX solu-
tion, prepared by phosphate-buffered saline (PBS) solutions
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(pH = 6.5) for 12 h at 4 °C, followed by removal of the fiber and
immersion in Nafion solution (1 wt%) for 12 h at 4 °C. Finally,
the fiber and gate electrodes were removed and dried at 4 °C to
obtain the LOX-modified PPy/MWCNT/PA6 and Pt gate elec-
trode, which were rinsed with DI water to remove residues and
stored at 4 °C for future use. Lactate (1 nM–1mM)was prepared
in solution with different concentrations of PBS.

Device characterization

The electrical response of the FECTs was characterized by a
Keithley 4200 semiconductor analyzer. All electrical mea-
surements were carried out under ambient conditions. For out-
put measurements, the channel current Ids was measured as a
function of drain voltage Vds under gate voltage from −0.4 to
3 V. For transfer measurements, the channel current Ids was
measured as a function of gate voltage Vg under a constant
drain voltage (Vds = −2 V). Lactate detection of the FECTs in
PBS solutions was carried out utilizing channel current vs.
time curves (Ids vs. time) at a fixed gate voltage (Vg = 1 V).

Results and discussion

Lactate sensor based on FECTs

Scheme 1a shows the fabrication of the FECTs. The nylon
fiber is firstly wound in a loop, then placed in the dispersed
solution of MWCNT in the presence of surfactants. The dis-
persion of MWCNT showed no aggregation of particles for at
least 24 h after ultrasound treatment, indicating uniform sta-
bility. After treatment with MWCNT, the color of the PA6
fiber changed from white to black (Fig. 1); then polypyrrole
was polymerized in situ on the surface of theMWCNT-treated
fiber. The source-to-drain channel and the gate electrode were
connected through the solid electrolyte consisting of mobile
ions. Scheme 1b shows the preparation process of the lactate
sensor, which is immobilized in the Nafion matrix with a gate
electrode of either platinum or modified conductive fiber coat-
ed with lactate oxidase (LOx).

The FECT sensor is similarly assembled by adding solid
electrolyte between the PPy/MWCNT/PA6 as active layer and
the Pt gate electrodes. When the sensor comes into contact
with the lactate solution, the gate reacts with the electrolyte,
inducing a current change in the channel. Most importantly,
the sensor can be woven and stitched into the fabric, which
holds promise for use in wearable electronics.

Surface morphology of fibers

The surface morphology of the fibers is shown in Fig. 2.
Figure 2a shows the microstructure of the original nylon fiber,
which is composed of multiple monofilaments. The surface of

the fiber is very smooth after cleaning, with an average diam-
eter of 120 um. After MWCNT treatment, the cylindrical
nanotubes were highly compact and evenly distributed on
the fiber surface (Fig. 2b), with a diameter of 20–30 nm and
a length of 10–20 um. Pure PPy without MWCNT treatment
was directly polymerized on the nylon surface, showing a
typical granular structure and a small number of coexisting
lines (Fig. 2c). In Fig. 2d, after MWCNT treatment and in situ
polymerization of pyrrole, the surface of the MWCNT/PA6
fiber forms a uniform three-dimensional linear structure.
Figure 2e is a high-magnification image of (d). It shows a
large area of entangled and highly dense networking structure
of PPy with nanowires about 200 nm in diameter, which
completely cover the surface of the MWCNT/PA6 fiber.
Figure S1 (see Electronic Supplementary Material, ESM) of
Infrared spectroscopy (IR) also confirms the formation of PPy.
Three-dimensional interconnect PPy is wrapped around the
MWCNT, which facilitates efficient carrier transfer between
the fibers. Compared with the PPy/PA6 fiber system, the
MWCNT becomes a soft template to absorb more pyrrole
monomer, leading to the linear growth of polypyrrole between
the fiber and polypyrrole, while the MWCNT also act as
“bridges” connecting different filaments into a complete
entity.

This is more conducive to the efficiency of carrier
transport, the stability of the device, and the sensitivity
of lactate determination. As displayed in Fig. 2f, the
cross-sectional view clearly shows that the diameter of
the fiber is about 180 um, and is composed of 15–20
nylon filaments (core) and a composite layer (shell) less
than 1 um thick.

Mechanical properties and sewing of fibers

Figure 3a shows the optical images of the PPy/MWCNT/PA6
fiber under different bending conditions, indicating that the fiber
is flexible and can tolerate mechanical deformation. The fiber
length of the lactate sensor is 1–2 cm. As shown in Fig. 3b, the
PPy/MWCNT/PA6 fiber of 2 cm was taken as an example.
Under stable voltage of 2 V, the current of the fiber at bending
angles from 0 to 180° remained constant. The resistance of the
2 cm fiber was calculated at about 660 Ω, and there was little
change with varied time. The value agreed well with Fig. S2 (see
ESM). This is attributed to the flexibility and stability of the PPy/
MWCNT/PA6 fiber, resulting in no changes in the resistance
under different degrees of bending. This is beneficial for future
applications of the transistor devices. Figure 3c shows the results
of the 2 cm PPy/MWCNT/PA6 fiber under alternating bending
tests of different frequencies. Even after bending 20, 60, 100,
150, 200 times, the resistance of the conductive fiber shows only
a slight increase. Moreover, the scanning electron microscopy
(SEM) image in Fig. S3 (see ESM) shows no cracks appearing
on the surface of the fiber after 200 cyclic bending tests. These
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results indicate that the conductivity of the functional fiber is not
affected by the number of bending tests or the angles. Because of
weaving and body movement, these devices experience contin-
uous mechanical stress. Therefore, the endurance of the fiber
against stress needs to be evaluated. The stress–strain curves of
the PA6, PPy/PA6, MWCNT/PA6, and PPy/MWCNT/PA6 fi-
ber are shown in Fig. 3d. The maximum fracture stress of the
original PA6 fiber is about 0.28 N/tex, and the elongation at
break ε is 45%± 3%. After treatment with PPy, the largest frac-
ture stress of the fiber decreases to 0.20 N/tex, and the elongation
at break ε is 30%± 2%. After modification by MWCNT and
PPy, the maximum fracture stress is about 0.18 N/tex, and the
elongation at break ε is 25%± 1%. This indicates a decrease in

Young’s modulus compared to the untreated fiber. However, it
can still tolerate hand-weaving, sewing, and embroidering.

Figure 3e, f shows the optical image of the PPy/
MWCNT/PA6 fiber sewn into the sleeve and back of
a T-shirt. The conductive fiber arrays are completely
embedded in the textiles or garments. It maintains good
flexibility that can withstand the human body’s different
angles of bending and stretching many times, demon-
strating its wearability. Transistors made of the fiber
can tolerate significant stress and versatile deformation.
Obviously, such transistors can be integrated into wear-
able textiles and easily adapted to biochemical-related
electrochemical sensors.

Scheme 1 Schematic illustration of the preparation process of (a) the fiber organic electrochemical transistors based on MWCNT and polypyrrole, and
(b) the flexible lactate sensor assembly

Fig. 1 The PA6 fiber before (a) and after (b) MWCNT treatment
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Electrical performance of FECTs

Figure 4a–c shows the typical output characteristics of the
FECTs based on PPy/PA6, PPy/MWCNT/PA6 (PPy/
MWCNT/PA6 gate electrode), and PPy/MWCNT/PA6
(Pt gate electrode), respectively. Low-voltage operation is
utilized here, with negative voltage (−2 V) at the drain, and
gate voltage varying from −0.4 to 3 V. With increasing
gate voltage, the channel current decreases, while it in-
creases as the source–drain voltage increases, which repre-
sents a typical depletion-mode behavior of OECTs [14,
30]. The operational mechanism of FECTs can be under-
stood as follows: A positive voltage is applied to the gate,
the cation from the electrolyte is then injected into the PPy
and MWCNT channel, and finally compensates for the
anions on the PPy. This leads to a decrease in the hole
density in the channel, which leads to a decrease in the
drain current. The output of the FECTs based on PPy/
PA6, PPy/MWCNT/PA6 (PPy/MWCNT/PA6 gate elec-
trode), and PPy/MWCNT/PA6 (Pt gate electrode) was in-
vestigated separately. Compared with PPy/PA6, the
MWCNT modification significantly increased the on-
current of the devices from 14 mA to 25 mA. Figure 4d–f
displays the transfer curves of PPy/PA6, PPy/MWCNT/
PA6 (fiber gate electrode), and PPy/MWCNT/PA6 (Pt gate
electrode). Compared with other devices, the FECTs based
on composites with a Pt modified gate electrode exhibit the
highest slope of the transfer curve. The transfer curve of
the FECTs with MWCNT and PPy composites shows that
the channel current changes by two orders of magnitude
under gate voltages from 0 to 3 V. The on/off ratios of the

three devices are calculated as 30, 67, 102, respectively.
The FECTs based on the PPy/PA6 fiber show an on/off
current ratio of 30. However, the FECTs based on the
PPy/MWCNT/PA6 fiber exhibit higher on-current and
lower off-current, leading to a higher on/off ratio.
Figure 4g–i demonstrates that all FECTs can be turned on
and off rapidly on a 0.5-s time scale. The devices are in the
on-state at Vg = 0 V and in the off-state at Vg = 2.7 V. After
switching between on–off states many times, the cycle sta-
bility of the PPy/PA6 devices is decreased. By contrast, the
Pt gate electrode based on the PPy/MWCNT/PA6 device
exhibits the most outstanding performance, indicating
good signal modulation between on- and off-states. This
may be attributed to the electrochemical activity of Pt,
which has a larger active surface area than the other
electrodes.

Working principle of FECT-based lactate sensors

When the applied gate voltage reaches 1.0 V and the solution
of different lactate concentrations is dropped onto the gate
electrode, lactate is oxidized to pyruvate and lactate oxidase
is reduced, as shown in Eq. (1) [31, 32]. The oxidation process
results in the donation of electrons to the gate electrode, gen-
erating a Faraday current and changing the double electrical
layer at the gate/electrolyte interface, which decreases the
voltage drop at the gate/electrolyte and increases the gate volt-
age at the electrolyte/channel, hence inducing an increase in
the effective gate voltage and directly affecting the channel
current Ids [33, 34]. The schematic illustration of the potential
drop before and after the addition of lactate is shown in Fig. 5.

Fig. 2 SEM images of original and modified fiber. (a) Nylon fiber, (b) MWCNT/PA6 fiber, (c) PPy/PA6 fiber, (d) PPy/MWCNT/PA6 fiber, (e)
magnification of (d, f). The cross-sectional view of the PPy/MWCNT/PA6 fiber
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L−Lactateþ O2 →
LOX Pyruvateþ H2O2H2O2→2Hþ þ O2 þ 2e−

ð1Þ

In fiber organic electrochemical transistor devices, the
Faraday-induced current increases the effective gate voltage
of the transistor. In general, the calculation formula for the
channel current of organic electrochemical transistors is
expressed by Eq. 2 [18, 33, 35] as follows.

Ids ¼ Wqμtpo
LVp

Vp−Veff
g þ Vds

2

� �
Vds; Vdsj j << Vp−Veff

g

��� ���� �
Vp

¼ qtp0
Ci

Veff
g ¼ Vg þ Voffset

ð2Þ

whereW and L represent the width and length of the channel, t
is the thickness of the organic semiconductor layer (PPy and
MWCNT), q is the electronic charge (1.602 × 10−19), μ is the

hole mobility, Ci is the effective gate capacitance, po is the
initial hole density of the channel before Vg is applied, Vp is
the clipping voltage, and Vds is the source–drain voltage. Vg

eff

represents the effective gate voltage in the device, and Voffset is
the potential change caused by the potential difference be-
tween the Pt/electrolyte and the PPy and MWCNT
composite/electrolyte interface.

In this study, PBS solution (pH = 6.5) is utilized to dilute
lactate to prepare lactate solution at concentrations of 1 nM/L,
50 nM/L, 100 nM/L and 1 uM/L, 100 uM/L, 1 mM/L. Then
the fixed lactate enzyme electrode is added to test the sensi-
tivity of the lactate sensor. From the following Eq. (3), it can
be concluded that when Vg

eff increases with the increase in
lactate (LA) concentration, Ids is gradually reduced [15, 36].

Veff
g ¼ 2:3 1þ rð ÞkT

ne
log CLA½ � þ constant ð3Þ

where r is the ratio between the capacitance of the electrolyte/

Fig. 3 (a) Digital photographs of the fiber from extending to bending
states, (b) current vs. time relationship and the image of bending to
different angles, (c) resistance as a function of bending time, (d) load

and stress curves of different fibers. Optical image showing the PPy/
MWCNT/PA6 fiber array sewn into the (e) sleeve and (f) back of a T-shirt
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channel (Cc) and the electrolyte/gate interface (Cg), r = Cc/Cg,
k is the Boltzmann constant, T is the temperature, and CLA is
the concentration of lactate. By detecting the changes in chan-
nel current or effective gate voltage, the lactate concentration

in the analyte can be obtained.

Sensing performance of lactate

Figure 6a and b demonstrate the real-time current responses of
the FECTs with Nafion-LOx/PPy/MWCNT/PA6 and Nafion-
LOx/Pt gate electrode to the addition of lactate continuously with
varying concentrations. Through the different current responses
under the varied concentrations of lactate, the lactate sensor is
sensitive to the performance when the external gate voltage set
for this test is 1.0 V. To determine the better gate material, the
FECT performance with different Pt gate electrodes and PPy/
MWCNT/PA6 was evaluated. Both devices presented a current
response to 1 nM lactate, and the response time was 0.6–0.8 s,
while the response was significantly enhanced with increased
lactate concentration. In the case of the conductive fiber gate
electrode, the current response was more obvious after adding
the 1 nM lactate than that of the Pt gate electrode. When lactate
concentration was increased, the channel current Ids continued to

Fig. 5 The potential drop between the Pt gate and PPy/MWCNT channel
before (red line) and after (blue line) the addition of lactate in PBS
solution

Fig. 4 Output characteristics of FECTs based on (a) PPy/PA6 with PPy/
PA6 gate electrode, (b) PPy/MWCNT/PA6with PPy/MWCNT/PA6 gate
electrode, and (c) PPy/MWCNT/PA6 with Pt gate electrode. Transfer
characteristics of FECTs based on (d) PPy/PA6 with PPy/PA6 gate elec-
trode, (e) PPy/MWCNT/PA6 with PPy/MWCNT/PA6 gate electrode,

and (f) PPy/MWCNT/PA6 with Pt gate electrode. Transient characteris-
tics of FECTs based on (g) PPy/PA6 with PPy/PA6 gate electrode, (h)
PPy/MWCNT/PA6 with PPy/MWCNT/PA6 gate electrode, and (i) PPy/
MWCNT/PA6 with Pt gate electrode
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increase. However, compared with the Pt gate electrode, the
current response of the sensor based on the fiber gate electrode
decreased slightly with the increase in lactate concentration. The
current variation was less than 1 mA even at a high lactate con-
centration of 1 uM, demonstrating that the modulation signal of
the sensor is weaker than that of the Pt gate sensor. The Pt gate
electrode fixed with lactate oxidase provides better sensitivity for
the device. The presence of Pt promotes the generation of chem-
ical reactions and reduces H2O2 concentration, resulting in the
possibility of donatingmore electrons near the surface of the gate
electrode. In addition, the linear regime for the desired sensitivity
range is of considerable importance. Linearity determines the
accuracy of sensor signals, which can be evaluated by the corre-
lation coefficient (R). To compare the response of the channel
current after the addition of the lactate, the normalized current
response (NCR) was calculated in accordance with Eq. 4 [37,
38]. Figure 6d and e show the NCR curves of the FECT-based
lactate sensors in response to different concentrations of lactate
solution.

NCR ¼ IconcD −Iconc¼0
D

Iconc¼0
D

����
���� ð4Þ

where I conc¼0
D and I concD are the channel currents before and after

the addition of lactate solution, respectively. As seen in Fig. 6d,
when the concentration of lactate increases from 1 nM to 10 uM,
compared with the PPy/MWCNT/PA6 electrode (correlation

coefficient at 0.5856), the calibration curve (linear regime) for
the Pt gate electrode has better curve fitting, with a correlation
coefficient of 0.9889. Sensitivity of 0.15 NCR per decade is
obtained for the Pt gate-based sensors, which is almost three
times that of the PPy/MWCNT/PA6 gate electrode, further illus-
trating the greater sensitivity and stability of Pt for the gate
device.

The improvement in the device sensitivity can be attributed
to the larger active surface area and higher electrocatalytic
activity of the Pt gate electrode [15]. Compared with the fiber
electrode, it can improve the efficiency of charge transfer on
the gate electrode, promote fast electrochemical reaction, and
determine the sensing ability of devices. The results indicate
that the Pt gate yields better sensitivity in the sensing range, so
the Pt gate-based devices are used in the subsequent perfor-
mance test.

The selectivity of the FECT sensor is of considerable impor-
tance for biosensors. The biological fluid including the lactate
coexists with interfering species such as uric acid (UA), amino
acid (AA), glucose, and creatinine. Analysis was performed to
assess whether these substances would interfere with the deter-
mination of lactate. Figure 6c shows the specificity of the FECTs
with a Nafion-LOx/Pt gate electrode. The 100 uM uric acid
(UA), 100 uM amino acid (AA), 100 uM creatinine, 100 uM
glucose solution, and 100 nM lactate were selected and com-
pared. When 100 nM lactate was added, the channel current
response decreased rapidly to a certain extent. However, when

Fig. 6 Sensing performance of the FECTs with (a) Nafion/PPy/
MWCNT/PA6 and (b) Nafion/Pt gate electrode for lactate (LA) concen-
trations from 1 nM to 1 mM at Vds = −1 V, with Vg is fixed at 1 V. (c)
Selectivity measurements of the FECTs with the Pt gate using the addi-
tion of 100 nm lactate intercalated by the addition of 100 uMAA, 100 uM

UA, 100 uM glucose, and 100 uM creatinine. The normalized current
response with (d) Nafion/Pt and (e) Nafion/PPy/MWCNT/PA6 gate elec-
trode as a function of the logarithm of lactate concentration. (f) The
reproducibility of the FECTs with Pt gate electrode
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a high concentration of AA, UA, glucose, and creatinine was
injected into the devices, almost negligible current response
was observed, as shown in Fig. 6c. Subsequently, after additional
100 nM lactate was added, Ids showed a significant change and
kept the same amplitude as before. These results indicate that the
FECT sensor with a Nafion-LOx/Pt gate electrode remains free
of potentially interfering species and has good selectivity to lac-
tate, thus providing a promising platform for selective detection
of lactate in real samples. Reproducibility is considered a crucial
factor for biosensor performance. To investigate the reproducibil-
ity of the FECT sensors, nine devices were fabricated separately
under similar procedures and then evaluated bymeans of parallel
measurements of lactate at different concentrations. The accuracy
of the sensitive performance of the lactate sensor was analyzed
through the test results. As shown in Fig. 6f, all the measured
values of the three groups of lactate sensors tested have high
matching with their respective current responses. At different
concentrations, the calculated relative standard deviation of these
repetitive measurements is in the range of 1.68–3.93%, indicat-
ing that the sensors based on FECTs have satisfactory
reproducibility.

Analysis of real samples

The development of a noninvasive method for the determina-
tion of lactate is of great significance. People who engage in
strenuous physical activity for a short period are reported to
have about 537 nM of lactate in their sweat [39]. To demon-
strate the practicality of the prepared FECT sensor, the direct
analysis of lactate concentration in human sweat after exercise
was investigated by applying the standard addition method.
Sweat samples were collected from four healthy volunteers
after physical exercise, then diluted with PBS solution and
mixed with the 537 nM concentration of standard liquid.
Finally, the mixture solution was added to the lactate sensor.
Table 1 and ESM Fig. S4 show the results for these prepared
sensors. The calculated relative standard deviation after recov-
ery is 5.57%, and the recovery values of lactate range from
96.8% to 109.3%. These results indicate that our lactate sensor
can detect the content of lactate in body fluids to evaluate the
level of exercise intensity, which can be applied in future
biological and healthcare detection.

Conclusions

In summary, fiber organic electrochemical transistors based on
polypyrrole and multi-walled carbon nanotube composites were
prepared and used as biosensors to detect lactate. The MWCNT
provided a larger surface area for functionalization, while the
synergistic effect of MWCNT and PPy nanowires enhanced
the electrical properties and sensing performance. To further en-
hance the sensing properties, different gate electrode modifica-
tions were investigated. The proposed biosensor demonstrated
advantages of fast response, high sensitivity, and good specific-
ity, as well as outstanding stability and repeatability. Based on
the superior sensitivity of the proposed device, the noninvasive
testing of human sweat after exercise was successfully carried
out. We believe that the fiber organic electrochemical transistor-
based sensor with appropriate functionalization can be applied as
an ideal platform for ultrasensitive and portable detection of
analytes in real samples for healthcare and biological applica-
tions. In addition, the sensors can be woven and stitched into
fabrics, and can thus play an important role in the development
of wearable devices for biomedical applications.
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