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Abstract: Nowadays, bioelectronic devices are evolving from rigid to flexible materials and substrates,
among which thermally-drawn-fiber-based bioelectronics represent promising technologies thanks to
their inherent flexibility and seamless integration of multi-functionalities. However, electrochemical
sensing within fibers remains a poorly explored area, as it imposes new demands for material
properties—both the electrochemical sensitivity and the thermomechanical compatibility with the
fiber drawing process. Here, we designed and fabricated microelectrode fibers made of carbon
nanotube (CNT)-based hybrid nanocomposites and further evaluated their detailed electrochemical
sensing performances. Carbon-black-impregnated polyethylene (CB-CPE) was chosen as the base
material, into which CNT was loaded homogeneously in a concentration range of 3.8 to 10 wt%. First,
electrical impedance characterization of CNT nanocomposites showed a remarkable decrease of the
resistance with the increase in CNT loading ratio, suggesting that CNTs notably increased the effective
electrical current pathways inside the composites. In addition, the proof-of-principle performance of
fiber-based microelectrodes was characterized for the detection of ferrocenemethanol (FcMeOH) and
dopamine (DA), exhibiting an ultra-high sensitivity. Additionally, we further examined the long-term
stability of such composite-based electrode in exposure to the aqueous environment, mimicking
the in vivo or in vitro settings. Later, we functionalized the surface of the microelectrode fiber with
ion-sensitive membranes (ISM) for the selective sensing of Na+ ions. The miniature fiber-based
electrochemical sensor developed here holds great potential for standalone point-of-care sensing
applications. In the future, taking full advantage of the thermal drawing process, the electrical, optical,
chemical, and electrochemical modalities can be all integrated together within a thin strand of fiber.
This single fiber can be useful for fundamental multi-mechanistic studies for biological applications
and the weaved fibers can be further applied for daily health monitoring as functional textiles.

Keywords: carbon nanotube (CNT); polymer composite; thermal drawing; fibers; electrochemical sensing

1. Introduction

In recent decades, we have witnessed a booming development of wearable electronics
that can be seamlessly integrated into our daily life for health monitoring applications.
The constant interest in emerging wearable electronics promotes the development of soft,
flexible and multifunctional fibers and textiles [1]. Among such efforts, the thermal drawing
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process that has been conventionally used in the telecommunication industry became a
promising mass-fabrication method to produce flexible polymer-based multifunctional
fibers and textiles [2,3]. For example, fiber-based pressure sensors have been developed
and woven into functional textiles for large-scale pressure monitoring [4]. Fiber-based
neural probes have shown their usefulness in studying brain functionalities across optical,
electrical, and chemical modalities [2]. Novel functional materials, such as metallic glasses,
have also been successfully integrated in the thin strand of fibers as high-performance neu-
ral probes [5]. Thermally-drawn flexible fibers with tailored surface textures, chemistry and
geometry have been developed as neural scaffolds for nerve regeneration [6,7]. These show
the usefulness of such multifunctional fibers for fundamental biological studies as well
as daily health monitoring applications. Among explored functionalities, electrochemical
sensing, which offers robustness and simplicity in detection across various compounds [8],
still remains poorly investigated in fibers. Though recent efforts to develop fiber-type in
vivo biochemical sensors have brought successful results [9,10], the integrated electrochem-
ical modalities are still not yet fully demonstrated, due to the lack of electrode materials
which can satisfy both electrochemical sensing performance as well as thermomechanical
restrictions imposed by the thermal drawing process. In recent studies, carbon-based
polymer composites have been successfully integrated in the fibers [11], mainly for their
enhanced electrical properties. Carbon is known for its stable performance in electrochem-
istry [12], and is widely used for electrochemical sensing, energy storage, or harvesting
applications. To enable in-fiber electrochemistry, it is necessary to develop a functional
carbon-based composite with enhanced electrochemical properties as well as consistent
thermomechanical behaviors.

A high filler ratio is necessary for composites with submicron-size fillers [13] to facili-
tate sufficient bulk conductivity. This poses significant challenges to material processing
and later thermal drawing, due to the increased viscosity. Furthermore, the homogeneous
dispersion of loading particles becomes difficult due to the filler aggregation resulting
from poor dispersion. In addition, the weak interfacial adhesion between the filler and the
host matrix leads to both material degradation as well as mechanical failure in long-term
use. Thus, it is crucial to design composites with an appropriate filler ratio of functional
materials that possesses both easy processability, similar to the intrinsic polymer matrix,
and enhanced functionality as a result of the interaction of the host matrix and the active
fillers.

Among various conductive fillers, CNTs are chosen here for their large aspect ratio
and ultra-high specific surface area, which are gifted with excellent mechanical, electrical,
and electrocatalytic properties [13,14]. In particular, high electron transfer rate at the
surface of composite with a higher loading of the CNTs is expected in the electrochemical
measurements. CNT-based composites have been applied in electrochemical sensing,
both as surface modifiers for conventional electrodes or as electrodes themselves [12,15].
However, homogeneous dispersion of nanoscale CNTs into the host polymer matrix is
challenging due the agglomeration of CNTs as results of the Van der Waals interactions.
It further imposes difficulties in achieving thermomechanical compatibility for the fiber
drawing [16].

In this work, we investigated hybrid filler nanocomposites, containing both carbon
nanotubes (CNTs) and carbon black (CB) to attain enhanced electrophysical and electro-
chemical properties and to explore their applicability in fibers for electrochemical sensing.
The carbon-black-impregnated polyethylene (CPE) is chosen as the base polymetric mate-
rial [2,11,17], we further developed hybrid nanocomposites via loading 3.8 wt%, 5 wt%,
7.5 wt%, and 10 wt% CNTs into the CPE based on the melting extrusion method. The
series of nanocomposites have homogeneous dispersion of CNTs into the CPE. We further
evaluated the electrical, thermal, and thermomechanical properties of the nanocomposites.
The results showed the enhanced electrophysical characteristics and compatible viscoelastic
properties with the thermal drawing process. Later, we screened compatible encapsulating
thermoplastics and successfully fabricated CNT-CB hybrid nanocomposite fibers, which
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resulted in hundreds of meters of microelectrode fibers. A detailed characterization of
their electrochemical sensitivity, detection limit in nanomolar scale, and long-term stability
was performed. In particular, the surface electron transfer rate at the hybrid composite
fiber was characterized via cyclic voltammetry in analytic solutions of ferrocenemethanol
(FcMeOH), a standardized analyte in assessing the electrochemical properties of the sensors.
Later, we demonstrated its proof-of-principle use in detecting electroactive biomolecules.
Here, the dopamine (DA) was chosen as DA is known for its electrochemical profile [18,19]
and physiological significance, such as its strong involvement in mediating our learning
behaviors and motivations [20]. We have shown that down to 10 nM of DA can be reliably
recorded via our fiber in in vitro settings without requiring any surface enhancement. In
addition, we carried out the long-term experiments and incubated the fiber sensors in
settings which mimic the in vivo or sweat environment with regulated temperature and ion
composition. The sensitivity change over months was evaluated, which showed that there
were no clear signs of sensing degradation in CNT-reinforced nanocomposite fibers over
one month, whereas the pure carbon black based ones reached its lifetime at 2–3 weeks due
to poor interfacial interactions of the nanofiller with the host polymer matrix.

In addition to the electrochemically active molecules, we also investigated our fiber-
based microelectrode as an ion-selective electrode to detect specific ion concentrations.
Here we focused on Na+ ion concentrations, which is important for sweat analysis in
wearable devices [21]. For this, we functionalized our CNT hybrid composite fiber with ion
sensitive membranes (ISM) that consist of ionophores and ion exchangers within poly(vinyl
chloride) (PVC). We were able to selectively sense Na+ concentration with a relatively high
average sensitivity of 49.48 ± 8.82 mV/decades, which shows no response to K+ ions.

The newly developed CNT hybrid nanocomposite materials and the nanocomposite
fibers have shown excellent performance in electrochemical sensing to detect electrochemi-
cally active and inactive molecules. Further functionalization with other bioreceptors [22]
will enable ultra-specific and sensitive detections of different compounds in the sweat or
other body fluids.

2. Experimental Section
2.1. Synthesis of CNT Composites

The preparation of CNT-composites involves two major steps, consisting of dispersing
CNT-loaded low density polyethylene (LDPE) master patches (PLASTICYL™ LDPE2001,
Nanocyl SA, Sambreville, Belgium) into commercially available CPE (GoodFellow). Here
MWCNT loaded LDPE was chosen due to its easy processiblity and high stability to
prevent electrode fouling during electrode fabrication. As a first step, CPE films were
cut, individually weighed, and placed on Teflon film. The CNT master patch pellets were
also weighed and placed on the CPE sheets, and the amount of CNT master patch pellets
were adjusted to reach the objective loading weight content of 3.8%, 5%, 7.5%, and 10%.
Then, the CPE sheets with CNT pellets were pressed in a hot press (Lauffer Pressen UVL
5.0, Maschinenfabrik Lauffer GmbH & Co.KG, Horb am Neckar, Germany) at 200 ◦C and
50 N/cm2 for 15 min to embed the CNT pellets into CPE. One-step pressing was not able to
achieve sufficient mixing; thus, we chopped the pressed film into small pellets and pressed
again at 200 ◦C and 50 N/cm2 for 15 min.

The obtained sheet was then chopped into about 2 mm × 2 mm pellets. They were
fed into a twin-screw micro-extruder (DSM Micro 5) for melting extrusion in order to
achieve a homogeneous dispersion of the CNTs inside of CPE. All sections of the extruder
were preheated at 240 ◦C, and the screw was run at a speed of 100 rpm and extrusion was
performed in inert nitrogen gas. The obtained extruded filament was later pressed again
into a disk as composite electrode materials (Figure 1a).
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Figure 1. The composite synthesis with hybrid fillers (carbon nanotubes (CNTs) and carbon blacks
(CBs)) and their detailed electrical, thermal and thermomechanical characterizations. (a) A schematic
of synthesis process of the polymer composite with CNTs and CBs. (b) The electrical characterization
of the bulk polymer composite showing homogeneous dispersion in (i) and the resistivity with a
higher loading of CNTs. (c) Thermal analysis of crystallization and melting behavior of the composites.
(d) Dynamic mechanical properties of the composites.

2.2. Fiber Fabrication

The polyetherimide (Ultem) was initially chosen as the cladding material because of
its high glass transition temperature (215 ◦C). The CNT composite electrode was machined
into a slab with dimensions of 2 mm × 1 mm. A slot with the same cross-sectional size with
slightly longer length, which was intended for the tolerance of the thermal expansion, was
machined on the PEI slab with dimensions of 23 mm × 6 mm × 25 cm. The CNT composite
electrode was inserted into the slot of PEI slab; another PEI slab was placed on top of it and
consolidated as a dielectric layer.

The obtained preform had an overall size with dimensions of 23 mm × 12 mm ×
25 cm and then was drawn at temperatures of 210 ◦C (top), 350 ◦C (middle), and 110 ◦C
(bottom) into a fiber with hundreds-meter long in length using a custom-built fiber drawing
tower (Figure 2a).

Similar procedures were done with fibers made of polycarbonate (PC) cladding, where
only 0 wt%, 3.8 wt%, and 5 wt% CNT loaded composites were compatible due to a lower
glass transition temperature (Tg: 145 ◦C).
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Figure 2. The CNT nanocomposite fibers fabricated via the thermal drawing process and their
electrical characterizations. (a) A schematic of the thermal drawing process and photo of a fiber with
its cross−section. (b) The scanning electron microscope images of the CNT composites with different
loadings. (c) The electrical impedance analysis of the thermally drawn CNT composite fibers. The
electrical impedance measurements were performed across different samples (N = 4).

2.3. Electrical Characterization

Different loadings of CNT composite slabs prior to the thermal drawing, which had a
cross-section of about 0.52 mm × 2.0 mm and length from 10 cm to 1 cm, were prepared
by low-end machining. The DC resistance was determined by the source meter where the
silver paint (SPI supplies) was applied at both ends of the composite slab to ensure the
minimal influence from the contact resistance. Then the composite slab was cut with a step
of 1 cm and corresponding resistance was measured. From the results of resistance versus
length, the dispersion quality of the composite can be confirmed. Later the resistivity of
CNT composite before the thermal drawing was calculated by following the Pouillet’s law,
given the known length and area (Figure 1b).

To obtain the electrical impedance, the thermally drawn fiber with CNT composite was
cut into sections with the length of 3 cm, and the cross-sectional size of the CNT composite
electrode was measured under an optical microscope. Then, conductive silver paint (SPI
supplies) was applied on both ends to improve the surface contact and later was connected
to copper wire to facilitate the electrical connection. Electrical impedance measurement
was then performed using a potentiostat (Gamry Interface 1010E, Gamry Instruments
Inc., Warminster, PA, USA) in the impedance analyzer mode between both ends of the
fiber. A sinusoidal voltage with amplitude of 10 mV in the frequency range from 10 Hz
to 100 kHz was applied between the two ends of the fiber, and the resulting alternating
current was recorded, from which the electrical impedance of the CNT composite within
the fiber was determined. Later, the electrical impedance results were analyzed via the
Gamry software where we fitted the electrical impedance spectrum with the simple circuit
model of resistance and capacitance in parallel. Again we could calculate the resistivity via
following the Pouillet’s law, given the known length and area of the fiber. These analysis
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indicates both the resistive and the capacitive components in the fibers with CNT composite
electrodes (Figure 2c).

2.4. Scanning Electron Microscopy Characterization

Freeze fracture in liquid nitrogen was used to prepare samples of CNT composite
after the thermal drawing process. A thin gold layer or a thin palladium/platinum layer
was deposited on the fiber cross-section prior to the scanning electron miscroscope (SEM)
(HITACHI SU70, Hitachi High-Tech Corporation, Tokyo, Japan) observation (Figure 2b).

2.5. Thermal Characterization

Differential scanning calorimetry (Thermo plus EVO2 DSC8231, Rigaku Corporation,
Tokyo, Japan) technique was used to characterize the thermal properties of the newly
developed CNT composites. Samples of CNT composite were prepared as granules in a
few mg weight, and corresponding aluminum oxide powder with the same weight was
chosen as reference materials. The heating and cooling cycle from 20 ◦C to 250 ◦C with a
rate of 10 ◦C/min was repeated twice to eliminate the thermal memory of the composite
via the 1st cycle. The data of heat flow at the second cycle was analyzed to evaluate the
microstructures in the nanocomposite(Figure 1c).

2.6. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) technique was used here to characterize the
viscoelastic behavior of the CNT composites and cladding materials during the heating
process. The CNT composite samples with size about 1 mm × 10 mm × 15 mm were
prepared and mounted via the clap in the DMA machine (HITACHI DMA7100, Hitachi
High-Tech Corporation, Tokyo, Japan). The temperature range was set from 20 ◦C to 160 ◦C
with a heating rate of 2 ◦C/min for CNT loaded nanocomposites. The frequency of the
stress was set as 1 Hz with an amplitude of 50 mN. From the DMA analysis, with the
information of the storage modulus (E′) and loss modulus (E′′) during the heating process,
we can assess the suitable temperature zone and corresponding the needed stress during
the thermal drawing process. Ideally, for materials that are thermal drawing compatible,
the suitable viscosity during the heating is preferred. Based on this, we can screen the
encapsulating polymers for its compatibility for CNT composites as the cladding material.
In addition to E′ and E′′, the loss factor tan(δ) can provide more information about the
transition temperature of the composite material as well as insights of viscosity or elasticity
dominated behavior of the CNT composites with CNT and polymer matrix interactions
during heating (Figure 1d).

2.7. Cyclic Voltammetry

The electrochemical performance of the CNT composite fibers were first characterized
in 1 mM ferrocenemethanol (FcMeOH) dissolved in phosphate buffered saline solutions
(PBS). The cyclic voltammetry measurements were performed using a potentiostat (Gamry
Interface 1010E, Gamry Instruments Inc., Warminster, PA, USA), adopting the schemes
of three-electrode configuration. The samples are connected to the working electrode, a
glass-type Ag/AgCl reference (3M KCl, Basi) was used as the reference electrode, and a
Pt wire was used as a counter electrode. The scanning rate of the cyclic voltammetry for
FcMeOH solution was set from −0.5 V to 0.5 V with the varied scanning speed of 20 mV/s,
50 mV/s, 100 mV/s, 200 mV/s and 400 mV/s. From the CV results, the electrochemical
reaction speed at the surface of the composite fiber was characterized via the slope of rising
of anodic current at scanning speed of 20 mV/s (Figure 3).
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Figure 3. The electrochemical characterization of the CNT composite fibers. (a) Photograph of the
fiber-based sensor in (i). (ii) The representative cyclic voltammograms (CV) of CNT nanocomposite
fibers with varied scanning rates of 20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s, and 400 mV/s,
performed in 1 mM FcMeOH solutions. (b) The conductance per area of the electrode surface
calculated based on the slope of the CV normalized by the electrode area in (ii). The representative
CV curves obtained at 20 mV/s, a speed that all loadings of CNT composite fiber can achieve steady
state. Measurements were performed across different samples (N ≥ 4).

2.8. Amperometric Measurement

CNT composite fibers were then used to detect the physiological component, DA in
PBS (pH = 7.4) via the amperometric detection method. The measurement was performed
using the potentiostat (Gamry Interface 1010E, Gamry Instruments Inc., Warminster, PA,
USA), adopting both schemes of three-electrode and two-electrode configurations in 1×
PBS(−). The oxidation potential of DA 0.6 V was applied between the reference electrode
and the working electrode, then the current was collected between the working electrode
and counter electrode. Prior to adding the DA, the baseline current response of 20 mL of
PBS solution was stabilized for 5 min, then DA was added into the measurement solution.
The concentrations of DA in the measurement solution were adjusted to 10 nM, 30 nM,
50 nM, 100 nM, 200 nM, 300 nM, 500 nM, 1 µM, 5 µM, 10 µM, and 50 µM sequentially and
constantly mixed via a magnetic stirrer at the bottom. The period of each step was fixed at
3 min to ensure the full oxidation of the DA in the solution, then from the recorded current,
it is possible to deduct the DA concentrations. The cyclic voltammetry measurements were
also performed prior to and after the amperometric measurement of DA to confirm the
success detection of DA in both amperometry and cyclic voltammetry (Figure 4).
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Figure 4. The DA sensing characterization of the CNT composite fiber. (a) Representative amper-
ometry measurements of CNT composite fibers with DA sensing from 10 nM to 50 µM. (b) The
relationship of the averaged current density versus concentrations and the linear fitting of the re-
sponse in different concentration ranges in (i) and (ii). (c) The calculated sensitivity of CNT composite
fibers with different loading. Individual measurement is color coded. Concentration range: (i) 100 nM
to 1 µM and (ii) 10 to 100 nM.

2.9. Long-Term Evaluation of CNT Composite Fibers in Electrochemistry

CNT composite fibers with length of 3 cm were cut, the devices (N > 3) were prepared
via connecting to copper wire using silver paste. They were then fixed via the 5 min epoxy to
protect the connectorization parts. The proper functioning of the devices was first confirmed
via cyclic voltammetry measurement. To mimic the in vivo implantation environment or
in vitro sweating condition in close contact with skin, the devices were soaked into 1 ×
PBS solutions and stored in the dark at 37 ◦C. Then, the long-term stability of the device
was evaluated via amperometric measurement of DA as in the aforementioned methods
with narrower DA concentrations from 100 nM to 10 µ M, where the CNT composite fiber
exhibits linear sensing response. The series of amperometric measurements was performed
at day 0, 1, 2, 3 and week 1, week 2, and week 4 to determine the long-term sensitivity
changes of the CNT composite fiber as a microelectrode for biochemical sensing (Figure 5).
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Figure 5. The long-term evaluations of the sensing performance (1 month) of the CNT nanocomposite
fibers. (a) The sensitivity evolvement of the CNT nanocomposite fibers with different loadings.
Different groups of CNT-based nanocomposite fibers are color coded. The solid line indicates the
median of the sensitivity and the shaded area represents the standard deviation across samples.
(N = 4 for 5, 10 wt% samples and N = 3 for 0 wt% samples) (b) The whisker plot of the low detection
limit (LoD) calculated from amperometric data across fiber groups during the long-term evaluation.
The median LoD for 0 wt%, 5 wt%, and 10 wt% are 75.0 nM, 36.4 nM, and 27.6 nM, respectively. The
interquartile ranges (IQR) are 125.96 nM, 51.1 nM, and 36.4 nM, respectively.

2.10. ISM Solutions and Coating on Microelectrode-Fibers

ISM solutions consisting of 330 mg (33% by weight) of PVC (high molecular weight,
Selectophore grade, Sigma-Aldrich, St. Louis, MO, USA), 661 mg (66.1%) of DOS (041-
18643, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), 7 mg (0.7%) of sodium
ionophore X (Selectophore grade, Sigma-Aldrich), and 2 mg (0.2%) of potassium tetrakis((4-
chlorophenyl)- borate (purity ≥ 98.0%, Selectophore grade, Sigma-Aldrich) were added
to 12.5 mL of tetrahydrofuran (THF; purity ≥ 99.9%, FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) [23]. The mixture was stirred until a clear solution was obtained
with a concentration of 0.08 g/mL.

We prepared devices with 10 wt% CNT composite fiber of 3 cm in length, then we
functionalized the fibers with dip coating. The tip of the fiber was immersed in to the ISM
solutions for 5 s and allowed to dry for 60 s, this procedure was repeated 20 times. The ISM
functionalized fiber devices were allowed to dry overnight. Then, they were conditioned
overnight in the 100 mM NaCl solutions (50 mM Tris-HCl, pH = 7.8, FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan). Before the measurement, the ISM functionalized
fiber devices were washed in deionized(DI) water for 15 min, and were then ready to be
evaluated as ISE fibers.

2.11. Characterization of Ion Sensitive CNT-Composite Fiber (ISE Fiber)

The continuous open circuit potential (OCP) measurements were performed using a
potentiostat (Interface 1010E, Gamry Instruments) in a two electrode configuration, where
no current follows. The ISE fibers were dipped in the measurement solution (50 mM
Tris-HCl, pH = 7.8, FUJIFILM Wako Pure Chemical Corporation, Osaka Japan) while NaCl
concentrations were increased by adding concentrated NaCl solutions or NaCl particles to
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reach 1 µM, 10 µM, 100 µM, 1 mM, 10 mM, 100 mM, 1 M. At each step, the solution was
allowed to stabilize for 5 min.

2.12. Data Analysis

We prepared the customized MATLAB scripts to perform series analysis of data
including CV measurements to characterize the electron transfer properties at the electrode
surface, amperometric measurements to determine the sensitivity of the CNT composite
fibers, and the OCP measurements to evaluated the ISM functionalized fiber devices in
sensind Na+ ions.

The rising of the anodic current density was calculated by normalization of the area of
the electrode, then the slope was calculated by linear regression fitting, which gives the
averaged conductance of the electrode surface.

The amperometric response was normalized first by the electrode area. Then, a
smoothing filter with average across 5 s was applied to the amperometric data. Afterwards,
the baseline was calculated as the average of 2 min at 30 s prior to DA addition. Later, the
current response of DA was calculated as the average of 2 min at 30 s post DA addition.

For long-term evaluation where the current density response versus DA concentration
exhibits a linear response, such that the sensitivity was calculated based on the linear
regression of both parameters, statistical analysis was performed across all measured
samples by taking the median and standard deviation of their derived sensitivities.

Finally, the low detection limit (LoD) of the analyte concentration was determined
based on 3 times the blank baseline current. Its statistical analysis across samples and
measurements over the days was summarized via the whisker plot to describe the centre
and spread of the distribution of LoDs.

The OCP response of ISE fibers was calculated as the average of 2 min at 30 s af-
ter increasing the Na+ concentrations, and the sensitivity was calculated based on the
linear regression.

3. Results and Discussion
3.1. CNT Composite Materials

The fabrication of the CNT hybrid composite materials involves hot pressing and melt
extrusion of the composite materials (Figure 1a). First, to characterize the dispersion quality
of the CNTs within the composites, we used the electrical resistance as an indirect measure
of the homogeneity. The results in Figure 1b, where the resistance of the bulk composite
slabs is proportional to the length, show that the CNT dispersion within the composite
was macroscopically homogeneous in the functional level. We further characterized the
resistivity change with the increased loading of CNTs, where a drop of resistivity was
observed as expected. Here, the base material CPE has a concentration of carbon black
already exceeding the percolation threshold, so the observed resistivity change with hybrid
loading of CNT is within two orders of magnitude. Both the electrical behaviors and the
thermal characteristics were significantly altered (Figure 1c). We observed a decrease in
melting temperature as well as a broadening of the endothermic peak with the increased
loading of CNTs. These are because of the influence of the loading CNTs on the microstruc-
ture of the nanocomposites. With a higher loading of CNTs, the crystalline structure of the
polyethylene (PE) gets smaller, which requires less energy to break upon heating, therefore
we observed a decrease of Tm. The size distribution of the crystalline domains of PE also
get wider as a result of the interactions of CNTs with the polymer chains; thus, we observed
a wider endothermic peak. To evaluate the compatibility with the thermal drawing process,
we needed to go beyond the melting temperature values and examine the flow behavior
of the composites during the heating process. Here, we adopted the dynamic mechanical
analysis method in Figure 1d to gain deeper insights of the microstructure evolution and
viscoelastic behavior of the CNT composites. Without loading of CNTs, the CPE exhibits
a fast drop of storage modulus (E′) of about 5 orders of magnitude and relatively slow
drop of loss modulus (E′′) of about 3 orders of magnitude when the material is heated
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above its melting temperature. Because the crystalline structure within PE is still intact,
it is highly viscous upon melt-flowing. Adding CNTs significantly alters the visco-elastic
behaviors and the materials enter a rubbery state upon heating, as a result of the enhanced
interactions of the CNTs with the polymer chains. More interestingly, with 3.8 wt% and
5 wt% loading of CNTs, the composites exhibit more viscous behaviors above Tm. The
increased loading of CNTs within the nanocomposites, such as 7.5 wt% and 10 wt%, turns
materials into a more elastic state above Tm, as manifested by the tanδ data, which indicates
that they require a higher energy to deform during the thermal drawing process.

3.2. CNT Composite Fibers

Based on the visco-elastic behaviors of the CNT composite materials, we first chose
polyetherimide (PEI) (Tg 215 ◦C) as the encapsulating polymer for drawing all sets of
the CNT composites-based fibers in the same conditions (Figure 2a and Supplementary
Figures S1 and S2). Then we examined the structural properties of nanocomposites after the
thermal drawing by scanning electron microscope. Despite some microscaleCNT clusters as
a result of the interactions of CNTs and polymer matrix, there is no mesoscale CNT agglom-
eration across samples. In addition, in nanocomposite fibers with a higher loading of CNTs,
there are observably more CNTs being exposed at the fiber surface as shown in Figure 2b
and Supplementary Figure S3. The electrical impedance spectrogram analysis (Figure 2c)
of the thermally drawn fibers with different loadings of CNTs reveals that, at the functional
level, the higher loading of CNT leads to an enhanced electrical conductivity which is
consistent with the DC resistance measurement in the bulk nanocomposites (Figure 1b).
In addition, the capacitive behavior existing in the dielectrical polymer composites was
significantly reduced as CNTs, together with CBs, form a functional network to bridge the
conductive domains and reduce the capacitance. The resistivity of the CNT nanocomposites
before and after the thermal drawing process remain similar, which indicates that the CNTs
within the nanocomposites maintained their random orientation without aligning to the
extension direction during fiber drawing.

3.3. Electrochemical Characterization

The CNT-based nanocomposite fibers exhibit enhanced electrical behaviors and there
are considerable amounts of CNTs being exposed at the fiber surface, thus an enhanced
electron transfer rate at the surface is expected for electrochemical sensing applications.

To evaluate this, here, we adopted the cyclic votammetry (CV) technique (Figure 3a),
where a cycling of potential is applied to the working electrode and the resulting current
from the oxidation in the forward scan and reduction in the reverse scan is recorded. We
carried out the CV measurements in a solution of the standard analyte, ferrocenemethanol
(FcMeOH). FcMeOH was chosen because it can undergo a reversible one-electron redox
reaction via potential sweepings. As CNT nanocomposite fibers have the electrode in
the micrometer scale, so the characteristic time, related to the scanning rate of poten-
tials, significantly influences the diffusion profile of the microelectrode—the CNT-based
nanocomposite fibers. There exist two dominant parameters—either the mass transport or
the electron transfer rate that determines the shape of the voltammogram upon varying the
scanning rate.

The current transient following a potential step is defined by

i(t) =
nFAD1/2C∗

π1/2t1/2 +
nFADC∗

r
(1)

n: number of transfered electrons
F: Faraday constant
A: electrode area (effective)
D: diffusion coefficient
C∗: concentration of analytes at equilibrium
r: electrode radius (effective)
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which consists of both a time-dependent and a time-independent factor [24].
For the microelectrode, at a lower scan rate, the current response is primarily dom-

inated by the radical diffusion, thus the mass transportation rate. Their CV profile ex-
hibits a sigmoidal shape with their steady state current determined primarly by the time-
independent factor in the Equation (1).

i =
nFADC∗

r
= 4πnFDC∗r (2)

However, with the increased scanning rate, electron transfer rate overcomes the
mass transport rate, the current transient can no longer achieve steady state. Both time-
dependent and time-independent factors contribute to the current transient, thus CVs of
nanocomposites fibers starts to have anodic and cathodic peaks, which are commonly
observed at macro-electrodes.

We evaluated the electron transfer rate based on their CV profiles (Figure 3b). With
scanning rate increasing from 20 mV/s to 400 mV/s, the samples with no or less CNT
loaded composite materials were no longer able to achieve steady-state. While with a
higher loading of CNTs, the sigmoidal shape was maintained even at CV performed at
the high scanning rate of 400 mV/s. We further quantitatively examined the electron
transfer rate at the electrode surface. At a slower scanning rate −20 mV/s, all the samples
could reach their steady state as expected. The current at the steady state is determined
by the diffusion factor of the species, but how fast the CV profile reaches its steady state is
primarily determined by the electron transfer rate. We calculated the steepness of rising
part of the anodic curve in Figure 3b(ii), which gives the conductance per area of the
electrode surface. We observed an increase in the conductance of electrode surface for
electrochemical reactions with a higher loading of CNTs, which indicates an enhanced
electron transfer rate. So the electrochemical sensitivities of CNT nanocomposite fibers can
be improved with a higher loading of CNTs, when developed as electrochemical sensors.

3.4. Electrochemical Sensing

Owing to the miniature size of the fiber microelectrode and long-term biocompabilities
reported in the previous literatures [2,11], the CNT-based nanocomposite fibers represent
excellent candidates for in vivo biochemical sensing applications, particularly to interface
with the brain, as well as for smart textile applications to monitor physiological chemicals
related to health. Here, in this study, we first chose the DA as an analyte, as it is an
important neurotransmitter existing in our reward circuit in brain for mediating learning
and motivations. We use the amperometry technique; a fixed voltage is applied to the
working electrode, at which the DA can be oxidized, the oxidation current is recorded with
the precise temporal resolution. Throughout this set of experiments, we could evaluate
both the sensitivity and the practical low detection of the CNT-based nanocomposite fibers
in in vitro settings. In Figure 4a, the amperometric data show a step increase in current
with the addition of DA into the PBS solution. In particular, the 10wt% CNT composite
fibers could detect concentrations as low as 10 nM, the step increase in current density
was about 35.6 times higher than the noise level calculated as the root mean square of the
current density fluctuation after adding DA. Such precise detection in low concentration is
close to the in vivo concentrations. Then, we further quantified the current density change
with concentrations of DA. As we examined a quite large range of the concentrations
across almost four orders of magnitudes, the relationship between them exceeded the linear
response. Thus, we calculated the sensitivity based on different concentration ranges, such
as a physiological range of 100 nM to 1 µM, and low concentrations ranges from 10 nM
to 100 nM (Figure 4b,c). With higher loading of CNTs, there is a significant increase in the
sensitivities in both concentration ranges, thanks to the fast electron transfer rate offered by
the CNTs within the composites. It is particularly useful for in vivo applications where an
ultra-high sensitivity down to nanomolar or even picomolar range is needed.
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3.5. Long-Term Evaluation

For applications such as in vivo chemical sensing or smart textiles for health mon-
itoring, biosensors needs to be sufficiently stable for long-term use. Here we evaluated
the sensitivity change with prolonged exposure to the temperature-regulated phosphate
buffered saline (PBS) solutions, an environment that mimics the in-body or skin environ-
ment. We examined the DA sensitivity in the 100 nM to 10 µM range, where the relationship
between the current response and concentration exhibits a linear relationship. The results
(Figure 5) show that the CNT loaded nanocomposite fibers have prolonged stability in its
sensing performance over 1 month immersion into the PBS(−) at 37 ◦C. It proves that there
is no significant degradation of polymer composites; the surface electrochemistry of the
electrode is well-maintained (Supplementary Figure S2). However, the nanocomposite
fiber that does not contain CNTs began to fail at the 2–3 week time point, as a result of poor
adhesions of the polymer matrix and the filler particles—carbon black in this case. The
CNTs reinforce the interaction of the functional fillers with the polymer matrix and increase
its functional and mechanical durability. In addition, the low detection limit (calculated
as the concentration corresponding to three times the blank current) across different fiber
groups were evaluated across the long-term evaluation. We found that nanocomposite
fibers with higher loading of CNT have lower LoD, which is expected from the enhanced
sensing performance by the loading of CNTs (Figure 5b). In addition, the fluctuation across
the long-term evaluation in composite fibers with high loading of CNTs, such as 10 w.t%
CNT composite fiber, is much smaller compared to the ones without or with less CNTs
as indicated in Figure 5b with reduced IQR values. Thus our fiber holds great potential
for long-term use where high stability in sensing performance is required, particularly,
for in vivo applications which require correlating chemical releases with longitudinal
behavioral studies.

3.6. Evaluation of the Na+ Sensing Performance

The conventional ion-sensitive electrodes(ISEs) are based on the liquid contact elec-
trodes which consist of a metal electrode and the ISM, which are filled with an aqueous
solution. As such configuration requires liquid containers, which imposes difficulties in
designing wearable systems and further limits the miniaturization in sensors, the ISM-
coated electrodes are being developed to address this. However, electrode materials are
typically based on rigid metals, which makes it difficult to conform them with skin. In
addition, the polymer-based ISMs have a relatively poor attachment to the metal, and a
thin aqueous layer can form between the electrode and the ISM, which leads to instabilities
in measurements. Therefore, it is interesting to study the performance of the ISM integrated
with flexible CNT composite microelectrode fibers, which may offer new possibilities of
ISE fibers in wearable devices for health monitoring. First we focused on the fiber tip
functionlized with the ISM to show the proof-of-concept detection of specific ions, however,
it can be further extended on the side of the fiber as well. Here, the continuous potentio-
metric measurement was adopted, the ISE fiber was dipped in Tris-buffer solutions (50 mM
Tris HCl buffer, FUJIFILM Wako Pure Chemical Corporation), while NaCl concentrations
were increased within the buffer solutions. Tris-buffer solutions were used here, as proton
concentrations are regulated to eliminate their influence. The results (Figure 6) reveal the
steady increase of the OCPs with the increase of the NaCl concentrations. In addition, it
has no response to interferent K+ ions. We further calculated the linear sensitivity between
1 mM to 1 M across different devices with the average of 49.48 ± 8.82 mV/decade. It is
close to the theoretical value of 59.2 mV/decades for a monovalent ion sensing at 25 ◦C
based on the Nikolskii–Eisenman equation. It shows that our ISM-functionlized CNT
composite fiber can work properly as an ISE fiber for specific ions, extending possibilities
in applications such as the wearable devices or in vivo monitoring of ion flunctations.
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Figure 6. The Na+ sensing characterization of the ion-sensitive membrane (ISM) functionlized
CNT composite fibers. (a) The representative continuous measurement of the ISM-functionalized
fibers to Na+ ions (blue) and its selective response to the K+ ions (red). (b) The sensitivity cal-
culation of the Na+ ion response across different devices (N = 3) with an average sensitivity of
49.48 ± 8.82 mV/decade. Different markers indicate individual devices with its measurement.

4. Conclusions

In this work, we have developed a series of CNT-loaded nanocomposites and exam-
ined their electrical, thermal, and thermomechanical properties. We were able to incorporate
these materials into fibers via the thermal drawing process to develop miniature fiber-based
flexible electrochemical sensors. First, we evaluated the surface electron transfer capabilities
via the cyclic voltammogram, from which we calculated the slope of the rising of the anodic
current. We observed that the conductance per unit area increased with the increased
loading of CNTs. These are direct evidence of the faster electron transfer rate achieved
with higher loadings of CNTs. We then prepared the microelectrode sensor based on our
composite fibers, and were able to detect the DA in in vitro settings down to 10 nM with the
10 wt% CNT composite fiber. Such results show that the CNT-modified electrodes exhibit
ultra-high sensitivity without the need of additional steps for the surface functionalization.
To further demonstrate its long-term structural and functional stability in either in vivo
or in vitro settings, we evaluated the sensitivity and low detection limit change of the
CNT composites fiber immersed into saline solutions over months. We show that over the
course of one-month immersion into physiological solutions, the composite-based fibers
maintained their stability in biochemical sensing, indicating the composite materials are
mechanically intact and maintain their functional performance. Lastly, we combined the
ISM on the CNT composite fibers to extend the sensing capability to electrochemically
inactive molecules—ions. We were able to detect Na+ ions—an important biomarker in
sweat indicating our health status, with a reliable sensitivity of 49.48 ± 8.82 mV/decade
using our ISE fibers. In addition, there was no response to interferent ions such as K+.

The results obtained here demonstrate the possibilities of further developing the
thermally-drawn fibers towards biochemical sensing applications for fundamental biologi-
cal studies as well as healthcare applications. Currently, there is a trade-off between the
thermocompatibility imposed by the thermal drawing process and the sensitivity enhanced
by the functional filler loading. We need to further improve the composition, such as by
introducing unique 2D materials—Mxene [25] and graphene [26], which have enriched
surface chemistry. In addition, longitudinal functionalization of fibers can be realized via
nano/micro-scale patterning technologies, such as laser micro-machining for multiplexed
sensing. With the recent development of the convergence drawing technique, we can
easily integrate reference electrode, counter electrode, as well as composite-material-based
working electrode into fibers [10], from which we can develop the standalone miniature
fiber-based all-in-one electrochemical detector. Such fiber-based bioelectronics hold great
potentials for long-term chemical monitoring in vivo or in vitro, which will not only ad-
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vance fundamental biological studies which require correlating in vivo chemical releases
with longitudinal behavioral output, but also point-of-care applications where fibers are
integrated into textiles for seamless health monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12080559/s1. Figure S1: The DMA analysis of polymer -
polycarbonate (PC) and polyetherimide (PEI). Figure S2: The thermal drawing parameters of the
CNT composite fibers with different loadings based on the PEI as claddings. Figure S3: The scanning
electron microscope (SEM) analysis of the morphology and composition of the nanocomposites.
Figure S4: The cyclic voltammograms of the fiber sensors with 10 wt% CNT nanocomposites (N = 4).
Figure S5: The Na+ sensing characterization of the ion-sensitive membrane functionlized CNT
composite fibers in the physiological range.
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