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Ultrasensitive Monolithic Dopamine Microsensors
Employing Vertically Aligned Carbon Nanofibers
Lingju Meng,* Maedeh Akhoundian, Anas Al Azawi, Yalda Shoja, Pei-Yin Chi,
Kristoffer Meinander, Sami Suihkonen, and Sami Franssila*

Brain-on-Chip devices, which facilitate on-chip cultures of neurons to
simulate brain functions, are receiving tremendous attention from both
fundamental and clinical research. Consequently, microsensors are being
developed to accomplish real-time monitoring of neurotransmitters, which
are the benchmarks for neuron network operation. Among these,
electrochemical sensors have emerged as promising candidates for detecting
a critical neurotransmitter, dopamine. However, current state-of-the-art
electrochemical dopamine sensors are suffering from issues like limited
sensitivity and cumbersome fabrication. Here, a novel route in monolithically
microfabricating vertically aligned carbon nanofiber electrochemical dopamine
microsensors is reported with an anti-blistering slow cooling process. Thanks
to the microfabrication process, microsensors is created with complete
insulation and large surface areas. The champion device shows extremely
high sensitivity of 4.52× 104 μAμM−1·cm−2, which is two-orders-of-magnitude
higher than current devices, and a highly competitive limit of detection of
0.243 nM. These remarkable figures-of-merit will open new windows for
applications such as electrochemical recording from a single neuron.

1. Introduction

The brain is the most complex organ in our bodies and probably
more complicated than the known universe.[1] It contains 86
billion neurons and 60 trillion connections, which makes it
challenging to study, let alone understand how it is related
to consciousness[2] and neurodegenerative diseases such as
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Alzheimer’s and Parkinson’s diseases.[3,4]

Neurodegenerative diseases affect nearly
one billion people worldwide, according to
the World Health Organization (WHO).[4]

Thus, generations of scientists have been
trying to demystify the human brain via dif-
ferent routes, from in vivo investigation[5–7]

to numerical brain simulation.[8] During
the past two decades, because of the
boom in semiconductor manufacturing
techniques and microfluidics,[9] the Brain-
on-a-Chip (BoC) technology, which builds
microfluidic chips to simulate the func-
tion of the brain, has achieved tremen-
dous development.[4,10–12] To simulate dif-
ferent functions in a brain, various BoC
devices have been developed (e.g., neural
circuits[13], blood-brain barrier[14,15]). BoC
can not only be utilized in fundamental
research[14,16] but also provide a fast, cost-
effective route in drug screening in the
pharmaceutical industry because of its abil-
ity to be mass-produced by microfabrica-
tion technologies and ease in using.[17]

Biosensing technology is in rapid development for mon-
itoring various cell activities (electrical, mechanical, electro-
physiological, electromechanical, electrochemical, etc.) on BoC
devices.[18–23] Among them, electrochemical biosensors stand
out because of their capability of fast, real-time monitoring the
neurotransmitters (NTs). NTs are the signalling molecules that
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Figure 1. Illustration of the device setup, structure, and working mechanism: a) Illustration of the neurons and synapses in the human brain. b) Il-
lustration of a pre-synaptic neuron and a post-synaptic neuron. c) How dopamine as a neurotransmitter is transmitted in a synapse, and how does
the microsensor detect dopamine. d) Exploded view of the microsensor structure. e) The working mechanism of the electrochemical microsensor. f)
Photo of the microfabricated microsensors. g) SEM image of the carbon nanofibers. The scale bar indicates 100 nm. h) TEM micrograph of the carbon
nanofibers. The scale bar indicates 100 nm.

carry signals from one neuron to another across a synapse,
as shown in Figure 1a–c. Abnormal concentrations and dys-
function of NTs are considered indicators of neurodegenera-
tive diseases.[24,25] Dopamine (3,4-dihydroxyphenethylamine), as
a critical NT, posits significant roles in multiple physiologi-
cal processes, and abnormal dopamine concentrations can be
related to several neurological disorders, such as the afore-
mentioned Alzheimer’s and Parkinson’s diseases.[26] Conse-
quently, there has been a significant drive to develop suit-
able biosensors for dopamine (DA) detection in recent years.
Proper biosensors for DA detection should possess high selec-
tivity, high sensitivity and biocompatibility. Additionally, consid-
ering the BoC applications, the detection should be fast and
cost-effective. Traditional DA detection strategies are enzyme-
linked immunosorbent assay (ELISA) and high-performance liq-
uid chromatography (HPLC) associated with various electrical,
optical, or mass spectroscopy methods.[27–29] However, these
strategies involve costly equipment and require rigorous sam-
ple preparation,[26,30,31] which make them incompatible with BoC
applications. Photonic biosensors have also been investigated
in recent years to reduce the device cost and improve data ac-
quisition speed. This class of sensors relies on the shift of lo-
calized surface plasmon resonance and surface plasmon po-
lariton resonance.[31–33] However, this route requires an addi-
tional light source and suffers from data processing complexity
(full spectrum scan and peak position search). Electrochemical
sensors[34–36] are the most promising candidate for on-chip DA
detection because of fast, real-time monitoring of the NTs and
ease of use. However, current electrochemical biosensors have
limited selectivity (interference from ascorbic acid, etc.) and low
sensitivity (from under one to hundreds of μAμM−1·cm−2), along
with the severe biofouling (electro-polymerization rendering the
device inactive).[37,38]

In recent years, vertically aligned carbon nanofibers (VACNFs)
have come to the spotlight of biosensing. VACNFs consist of

carbon nanofibers oriented with their longitudinal axis perpen-
dicular to a substrate surface. On one hand, carbon materials
hold superior biocompatibility to most neural cells. Moreover,
unlike planar carbon electrodes like diamond-like carbon elec-
trodes, the rough surface of VACNF electrodes will significantly
reduce bio-fouling[39] and increase the surface area to enhance
the sensitivity.[39,40] VACNF electrodes also contain the capability
of high-selectivity sensing, which is highly appreciated in DA
detection to distinguish DA from ascorbic acid (AA) and other
interference molecules.[41,42] Several electrochemical biosensors
utilizing VACNFs have been reported.[43–48] However, to accom-
plish monolithic microsensors compatible with BoC devices,
there are still obstacles regarding device fabrication. The key
problem is that due to the high temperature in VACNF growth
(CVD process with temperature over 600°C), blistering defects
will occur on the prepared insulation layer before this step, and
the insulation is an essential part of the device because it will
reduce the signal noise level. Multiple compromised routes have
been developed to avoid this problem (summarized in Table
S1, Supporting Information): 1) Some researchers chose to
pattern the insulation after the growth of VACNFs.[49] Because
of the forest-like morphology of the VACNFs, multiple solvent
procedures in photolithography will damage the VACNFs by the
large surface tension during evaporation. So this method can
only be applied to single or sparse carbon nanofibers, which are
unsuitable for high-sensitivity biosensing. 2) Encapsulation (em-
bedding nanofibers into a matrix material) is another popular
route to solve the problem.[43,45] However, the matrix material
will make the VACNFs lose their large surface areas, the desired
property for high-sensitivity electrochemical sensing. 3) Hand-
made devices can always avoid the aforementioned problems,
but their cumbersome fabrication process is unsuitable for BoC
devices and future monolithic mass manufacturing. Thus, a fab-
rication process for a monolithic VACNF microsensor is the need
of hour.
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Figure 2. Microfabrication process flow of the VACNF microsensors.

Here, a novel process that avoids blistering sites on the insu-
lation layer was reported by us. This process enables the micro-
fabrication of monolithic VACNF microsensors. Cyclic voltam-
metry and chronoamperometry were utilized to characterize our
VACNF microsensor. In the chronoamperometry measurement,
tiny amounts of pipette injection of DA (dosage varying from
0.2 pmol to 10 pmol, concentration varying from 25 nM to 1
μM) in an environment of organoid media are exploited to eval-
uate the microsensor’s ability for in vitro neuron recording. In
our tests, our VACNF microsensor powered by the novel pro-
cess shows record-high sensitivity of 4.52× 104 μAμM−1·cm−2,
which is two-order-of-magnitude higher than current state-of-
the-art devices.[48,50,51] The limit of detection (0.243 nM) of our
VACNF microsensor is also among the lowest. The outstanding
performance of our microsensor will open new windows for cur-
rently challenging but demanding applications for BoC chips,
e.g., electrochemical recording of a single neuron.

2. Results

2.1. Device Structure and Working Principle

The VACNF microsensor consists of four parts: the Si substrate,
Cr wirings and pads, the Al2O3 insulation layer, and VACNF
electrodes (Figure 1d). The working mechanism of the elec-
trochemical DA sensor is based on the redox reaction on the
interface of the VACNF electrode, as shown in Figure 1e. In
an equilibrium state without external potential, the Fermi level
of the VACNFs is higher than the highest occupied molecular
orbital (HOMO) of an adjacent DA molecule. Initially, dopamine
molecules adsorb onto the surface of the CNF electrode through
various interactions, such as non-covalent 𝜋-𝜋 stacking, hy-
drogen bonding, and electrostatic interactions, facilitating
subsequent reactions. When the external potential is applied to
the electrode, its Fermi level will be lowered below the HOMO
of the DA molecule. Thus, electrons on the DA molecule’s
HOMO will be transferred to the electrode. An oxidation reac-
tion will occur, and an electrical current will be generated. This

oxidation current will be the characteristic signal of our VACNF
microsensor. During the reaction, dopamine molecules will be
transitioning between different redox states: dopamine (DA),
dopamine semiquinone radical, and dopamine quinone (DAQ).
DAQ is the primary oxidation product, formed by removing
two electrons and two protons. This process releases protons
and water molecules as byproducts. Various oxidation products
like dopaminechrome and dopamine ortho-quinone may also
form during the process.[41] The final produced device was with
electrodes consisting of free-standing, vertically aligned carbon
nanofibers as shown in the optical image (Figure 1f), scanning
electron microscope (SEM) image (Figure 1g) and transmission
electron microscope (TEM) image (Figure 1h).

2.2. Device Fabrication

Microsensors were fabricated in a two-layer photolithography
process (Figure 2). The Cr layer were first deposited on a Si wafer
by sputtering (step (a) and (b)). Then the photoresist AZ 5214E
layer was pattern on the Cr by a standard spin-coating (step (c)),
exposing, and developing (step (d)) photolithography process.
The photoresist patterns was then used as the etching mask to
wet-etch the Cr to create the Cr patterns (step (e)). After the pho-
toresist was removed, a 30 nm of Al2O3 layer was deposited onto
the wafer by ALD (step (g)). The second photolithography pro-
cess (step (h) and (i)) was similar as the first one, after which the
etch mask for Al2O3 etching will be generated to define the elec-
trode area. Subsequently, the Al2O3 covering the electrode area
was wet-etched (step (j)). After that, the Ni catalyst layer was pat-
terned via the lift-off route by evaporation (step (k)) and acetone
ultrasonication bath (step (l)), and the VACNFs were grown on
the patterned Ni afterward (step (m)). At last, our unique anti-
blistering process was applied after the VACNF growth, as shown
in step (n), resulting in uniform surfaces with minimal blisters.
Details of the fabrication process are shown in the Experimental
Section with references to the Supporting Information.
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Figure 3. Analysis of the blisters on the alumina thin films: a) Al2O3 film peeling off shown on the device after 600°C growth of VACNFs then finally
cooling to 120°C in the reaction chamber, and transferred to the ambient environment for fast cooling. The scale bar is 200 μm. b) Al2O3 film shown
on the device after high-temperature growth of VACNFs then cooling down slowly in the reaction chamber to room temperature. The scale bar is 200
μm. c) Comparison of Al 2p XPS spectra from Al2O3 films with different cooling approaches. d–g) Al 2p XPS spectra fittings of Al2O3 films with different
cooling approaches.

2.3. VACNF Characterization

From the cross-section created by the focused ion beam, it can
be verified from the SEM image (Figure 1g) that the CNFs are
evenly vertically aligned. As an essential analytical method for
carbon materials, the Raman spectrum (Figure S1, Supporting
Information) was acquired to retrieve more information on the
VACNFs. The broad D band at 1360 cm−1 indicates the fiber
structure, while the 2D resonance peak at ≈2800 cm−1 shows
the crystalline nature of the VACNFs.[42,52,53] X-ray photoelectron
spectroscopy (XPS) was performed to investigate the composition
of the VACNF surfaces. The spectra are shown in Figure S2 (Sup-
porting Information). The survey spectrum (Figure S2a, Support-
ing Information) shows that except for the carbon peaks and
oxygen peaks, there are also Ni peaks from the catalyst and Cr
peaks from the growth bed (Cr wirings). A deconvolution of the
C 1s spectrum in Figure S2b (Supporting Information) shows
that ≈45% of the carbon components of the sample are graphite,
which coincides with the Raman spectrum. Figures S2c–S2f
(Supporting Information) show the O 1s and Ni 2p peak sets.
Details are described in the Supporting Information. It should
be noted that the deconvolution of the Ni 2p in accordance with
Biesinger et al.[54] shows that the majority of Ni is in a metallic
state (>80%).

2.4. Analysis of the Blisters on the Alumina Thin Films

As stated in the introduction section, the high temperature
(≈600°C) in the VACNF growth will cause blisters on the

Al2O3 thin film because of the thermal expansion and gassing
process.[55,56] It has still been a problem haunting the researchers
willing to develop microsensors based on VACNFs.

During our device fabrication process, in order to avoid blis-
ters, a new cooling process, the anti-blistering slow cooling
process, was developed. In a normal cooling process after the
VACNF growth, as the chamber temperature reaches between
200 to 100°C, the samples will be removed from the chamber
for final cooling in the ambient environment. In our slow cool-
ing process, the samples will remain in the reaction chamber
till room temperature, which takes roughly four hours. Details
of these two cooling strategies can be found in the illustration in
Figure S3 (Supporting Information). A sample temperature mon-
itoring curve of the first stage of the cooling process is shown in
Figure S4 (Supporting Information). The cooling rate of the crit-
ical second stage (after Ar flow stopped as shown in Figure S3,
Supporting Information) of the slow cooling process can be esti-
mated as 0.72°Cmin-1. An optical microscope image (Figure 3a)
shows that by a normal cooling process, in which the samples
were taken out of the chamber at 120°C, due to the blistering,
peeling off of Al2O3 can be found. In comparison, another opti-
cal microscope image (Figure 3b) shows that the Al2O3 surface
retained its integrity after utilizing the slow cooling process.

To investigate the mechanism of blister reduction, four dif-
ferent Al2O3 thin films (30 nm) were compared under various
conditions: as-deposited, normal cooling process with chamber
cooling to 160°C (ALD Al2O3-160°C), normal cooling process
with chamber cooling to 120°C (ALD Al2O3-120°C), and slow
cooling process. As can be seen from the zoom-in optical images
(Figure S5, Supporting Information), the as-deposited Al2O3
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surface is quite smooth. Nevertheless, a large number of blisters
can be observed on the surfaces of the samples with the normal
cooling process, regardless of the sample-taking-out temper-
ature. The optical microscope images shown in Figure S5d
(Supporting Information) prove that the slow cooling process
will significantly reduce the blisters. Only a few blisters can be
found in this image. Image colorization and statistics (Figure S6,
Supporting Information) also proves that the blisters have been
reduced. P-values have been calculated between the slow-cooling
sample and normal cooled samples by Coste’s randomization,
and the results are all 100%, which mean there is no correlation
between them.

XPS measurements on various ALD Al2O3 thin films were
then performed. The survey spectra are shown in Figure S7a–d
(Supporting Information). Al2O3 typically exhibits a single peak
at approximately 74.7 eV in the Al 2p spectrum. In the results
shown here, a higher energy component appears at approxi-
mately 76.8 eV. This component can be attributed to the hydroxy-
lation of the alumina surface. Al 2p spectra in Figure 3c show that
the as-deposited Al2O3 has the highest OH content and the sam-
ple with slow cooling sample follows. Normal cooling processes
will, however, reduce the OH content. Peak fitting (Figure 3d–g)
was taken to quantify the OH ratio. A deconvolution of the O
1s peak (Figure S7e–h) also verifies this point with the values of
the ratio between OH content to all O 1s and Al 2p components
shown in Table S2 (Supporting Information). The ratios of OH
content for the slow-cooling sample (29.5% and 13.0%) are com-
parable to those of the as-deposited sample (36.5% and 13.5%),
which are much larger than those of the normal-cooling samples
(23.5% and 7.9%; 19.3% and 2.7%).

We hypothesize that if the thin film was cooled in the ambient
environment, the top and bottom surfaces of the thin film would
suffer from a significant temperature difference. Thus, internal
stress will result, and extra space between the Si substrate and
Al2O3 thin film is created. This space will assist the out-gassing
process, which could be a dehydration (removal of OH) process
or a dehydrogenation (removal of H) process. The released H2
or H2O gas will generate blisters on the Al2O3 thin film. Thus,
the normal-cooling samples with more blisters show much
smaller ratios of OH contents because most of it has been
released in gas form. Moreover, the decreased density of the
slow-cooling sample retrieved from the X-ray reflectivity spectra
shown in Figure S8 (Supporting Information) also indicates the
composition change of the sample. The density values are listed
in Table S3 (Supporting Information). It can be seen that the
density of the Al2O3 slow-cooling sample shows a lower density
(2.51 gcm−3) than those of normal-cooling samples (3.05 and
3.04 gcm−3).

2.5. Cyclic Voltammetry Characterization

At first, the microsensors were verified by cyclic voltammetry
(CV) measurement in phosphate-buffered saline (PBS). Four
different devices were analyzed, and the results are plotted in
Figure S9 (Supporting Information). It can be seen that the four
devices behaved similarly in the cyclic voltammetry characteriza-
tion in the PBS solution, which confirms that the device repro-
ducibility is acceptable.

After device verification, CV measurement was then per-
formed. Figure 4a,b show 100 cycles of CV scanning in PBS solu-
tion alone and PBS solution with 10 μM of DA. It can be seen that
the CV curves are quite stable in the 100 cycles (last for 8 min)
except for the first few cycles. The decay in the first several cycles
can be attributed to the building-up of the diffusion layer around
the electrode, which will be discussed later in detail. By simple
estimation of

√
2D0t, the diffusion length is around 22 μm (ex-

planation to the calculation can be seen in the Supporting Infor-
mation). In the 2D oxidation current mapping in Figure 4c, the
oxidation peak can be clearly identified as the dark belt around
the 0.2 V position. 0.21 V was taken as the potential to extract
the oxidation current evolution in the time domain, as shown
in Figure 4d. The curve generally follows the exponential decay,
which indicates that the oxidation current decay can be related to
the analyte diffusion to the electrode surface. Figure 4e shows CV
curves from the VACNF microsensor in PBS solutions with dif-
ferent DA concentrations (from 0.2 to 10 μM). Evident oxidation
and reduction peaks can be found between 0 to 0.2 V. Zoom-in
oxidation peaks are plotted in Figure 4f, and the baselines are de-
ducted for better visibility. It is obvious that with increasing DA
concentration, the oxidation current peak will increase following
the trend of DA concentrations. Thus, it can be concluded that the
oxidation peaks are derived from the oxidation of DA in PBS so-
lutions.

The scan rate analysis was performed to investigate the rela-
tion between the sampling time and diffusion mechanism based
on the CV measurement. The results are plotted and fitted in
Figure S10 (Supporting Information). According to the Randles–
Sevcik equation[57,58] and previous reports[59,60], the slope in a
log(oxidationcurrent) − log(scanrate) linear fitting will indicate the
analyte diffusion mechanism. The details are described in the
supporting text. It can be seen from Figure S10c (Supporting In-
formation) that the slope for the first cycle measurement is 0.76,
while the slope for the third one is 0.58. The first-cycle slope
can be interpreted as an indicator of the adsorption-dominated
charge transfer process because the most reactive sites were be-
ing taken. However, in the third cycle, the charge transfer was
totally dominated by the diffusion process.

To further investigate the DA oxidation current and utilize
the phenomena as the mechanism for the microsensor, oxida-
tion currents versus DA concentrations scatters are plotted in
Figure 4g. The connecting line shows two regimes, below 1 μM
and over 1 μM. In the ‘below 1 μM’ regime, the slope is apparently
steeper, while the ‘above 1 μM’ regime illustrates a much gentler
slope. This is because, in the DA reactions, the low-concentration
regime is adsorption dominated while the high-concentration
regime is diffusion dominated.[61] DA molecules need to adsorb
on the surface in order to react via the inner sphere route. In
real applications of BoC devices, DA concentrations are usually
small. The dopamine transients are on the order of 50–100 nM
in rats[62] and 850 nM in monkeys.[63] Thus, the concentrations
below 1 μM data points were taken for analysis to calculate the
sensitivity by the calibration curve (Figure 4h). The sensitivity is
calculated as in Equation (1) below:

S = dI
dc

× 1
A

(1)
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Figure 4. Cyclic voltammetry of the CNF microsensor: a) CV characterization (100 cycles) 3D plot against time in PBS solution. b) CV characterization
(100 cycles) 3D plot against time in 10 μM DA solution in PBS. c) 2D mapping of the DA oxidation current versus potential and time. d) Oxidation
current versus time curve based on the oxidation peak position located in sub-figure c. e) CV curves from the CNF microsensor in DA solution with
different concentrations. f) Zoom-in plot of the oxidation curves. g) Oxidation current versus DA concentration plot. h) Oxidation current versus DA
concentration (below 1 μM) linear fitting to calculate the sensitivity (the calibration curve).

In Equation (1), S represents the sensitivity; I is the current
signal (the oxidation current in this scenario), c is the analyte con-
centration, while A stands for the sensing area. The dI/dc is the
slope of the calibration plot shown in Figure 4h, which can be
retrieved by a linear fitting. The sensing area can be extracted
by the electrode diameter (100 μm). By substituting all the val-
ues into the equation, the sensitivity of our microsensor to DA in
PBS solution can be retrieved, which is 1.29× 103μAμM−1·cm−2.
By utilizing the 3𝜎 method, the limit of detection (LoD) can also
be calculated. The equation is as follows:

LoD =
3𝜎blank

s
(2)

where 𝜎blank stands for the standard deviation of the signal ac-
quired from blank measurement. In this scenario, it is the stan-
dard deviation of the signal that the microsensor acquired in pure
PBS solution, which is 1.27 nA. s represents the slope of the fit-
ting curve in the oxidation current versus concentration plot, as
shown in Figure 4h. By utilizing Equation (2), an LoD of 38 nM
can be retrieved. Sensitivity and LoD acquired by other analyses
will be discussed later.

Electrochemical impedance spectroscopy (EIS) is another
analytical method to investigate the VACNF microsensor
(Figure S11, Supporting Information). The starting part of the
zoom-in spectrum (Figure S11b, Supporting Information) can
be analyzed as the Rundle circuit, which includes the solution
resistance and the charge transfer resistance in parallel with the
double-layer capacitance. By fitting a semicircle into the Nyquist
plot (Figure S11b, Supporting Information), the solution resis-
tance and charge transfer resistance can be identified as 115 and
2.5 Ω, respectively. This fitted solution resistance is similar to
the uncompensated resistance measured with the potentiostat,
which verifies the EIS results. EIS in dopamine solutions with dif-

ferent concentrations are also performed. The results are shown
in Figure S12, (Supporting Information), which indicates no sig-
nificant change in both solution resistance and charge-transfer
resistance. The minimal charge transfer resistance proved that
the VACNF is an excellent polycrystal material for electrochemi-
cal sensors and partially explained the high sensitivity.

2.6. Control Device Analysis

As what has been stated before, one of the current state-of-the-art
routes to fabricate VACNF-based microsensors is performing an-
other photolithography process after the CNF growth to pattern
the essential insulation layer. However, traditional photolithog-
raphy involves many solvent procedures in the development and
cleaning steps. The large surface tension in the solvent evapo-
ration process on the VACNF-covered area will cause a ‘stiction’
phenomenon similar to that in MEMS fabrication.[64] Freestand-
ing fibers will stick to each other and easily be broken in the fol-
lowing steps, like nitrogen drying.

In making the control device, two successive acetone and IPA
rinsing steps were applied on a VACNF chip, and then gentle
nitrogen drying was performed. The SEM image in Figure 5a
shows that the device right after the fabrication process possesses
a forest-like VACNF morphology. No evidence of stiction is visi-
ble. However, large numbers of broken fibers can be observed on
the control device after solvent rinsing and drying (Figure 5b).
It should be noted that the solvent processes in an actual pho-
tolithography routine are even more rigorous. Thus, more dam-
age can be expected in real-life insulation layer patterning. Be-
cause of the contamination issue, we cannot perform the whole
photolithography process in a cleanroom. The solvent rinsing
and drying steps are used to verify the damage of the solvent to
the VACNF morphology.
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Figure 5. Control device analysis: a) SEM image of the as-deposited VACNFs. b) SEM image of the control device (VACNFs after the solvent process).
c) CV curves of the original device and control device in 0.2 μM of DA/PBS solution. d) CV oxidation peaks (baseline subtracted) of the original device
and control device in 0.2 μM of DA/PBS solution. e) CV curves of the original device and control device in 1 μM of DA/PBS solution. f) CV oxidation
peaks (baseline subtracted) of the original device and control device in 1 μM of DA/PBS solution.

CV measurements in different concentrations of DA solutions
were performed to examine the original device and the control
device (Figure S13, Supporting Information). In 0.2 μM of DA
solution (Figure 5c,d), the control device does not show any
visible oxidation peak, while the original device shows a clear
peak. In 1 μM of DA solution, both devices show oxidation peaks
(Figure 5e,f). However, the peak of the original device is much
larger than that of the control device. It can be concluded that the
original device is more sensitive than the device after acetone and

IPA rinsing and drying. This is because the original device had a
large surface area due to the forest-like morphology. Because of
the collapsed fibers, the control device possessed a much smaller
surface area. Moreover, the most reactive adsorption sites were
likely deactivated because of the collapsed fibers, reducing the
oxidation current.

An important electrochemical figure-of-merit, the electron
transfer rate (K0), was calculated then. The detailed calculation
process can be seen in the supporting text and Figure S14
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Figure 6. Chronoamperometry study of the CNF microsensor: a) Illustration of the injection process in the chronoamperometry measurement. b) CV
results of DA/organoid medium solutions with different DA concentrations. c) Sample chronoamperometry curve in PBS by injections of DA solutions
with different concentrations. d) Sample chronoamperometry curve in the organoid medium by injecting DA solutions with different concentrations. e.
Oxidation current versus dopamine concentration scatters with linear fitting to calculate the sensitivity.

(Supporting Information). It should be noted here that it has
been widely recognized by the research community that Nichol-
son’s equation can be used to analyze the dopamine reaction on
carbon fibers.[65] Interestingly, regarding the electron transfer
rate, the control device (0.0775 cms-1) surpasses the original
device (0.0163 cms-1). It is probably because the collapsed fibers
promote electron transfer. It can be concluded that the large
surface area of the original device and proper surface chemistry
for adsorption are the keys to high performance.

Moreover, CV measurements for devices with longer CNFs
have also been performed as shown in Figure S15 (Supporting
Information). From Figure S15a (Supporting Information), it can
be seen that the lengths of CNFs in this device is well longer than
2 μm while the aforementioned working device including CNFs ≈

1 μm. Figure S15b,c ((Supporting Information) demonstrate that
the characteristic signals are extremely hard to be recognized. By
comparison shown in Figure S15d,e (Supporting Information),
it can be revealed that the large background current values that
makes the characteristic signals indistinguishable, which is be-
cause the larger effective surface areas of the longer CNF elec-
trodes will increase the capacitive current.[66]

2.7. Chronoamperometry Characterization

To better understand the behavior of our VACNF microsensor,
another electrochemical technique, chronoamperometry (CA),
was selected to analyze the devices. Chronoamperometry is suit-

able for real-time neurotransmitter detection because it is fast,
simple for data acquisition, easy for data processing, and it also
has a higher signal-to-noise ratio.[67] Because of its unique prop-
erties, it allows us to simulate an in vitro measurement similar
to that of BoC applications.

To verify its feasibility in future BoC applications, the de-
vice was measured in both PBS and an organoid medium (OM)
solution, a medium solution for in vitro midbrain organoid
growth.[68] The OM provides a controlled in vitro environment
for cell growth and is much more complex compared to PBS so-
lution. The base medium contains a variety of essential nutri-
ents and proteins for the survival of the cells, and the complete
organoid medium is also supplemented with a common inter-
ferent, AA. As a result, electrochemical measurement results in
PBS and OM are different. The sensitivity in OM is reduced due
to the fouling from proteins, etc., while the oxidation peak po-
tential is also slightly shifted because of the presence of AA. The
details of the OM recipe can be found in the Experimental sec-
tion. The sensor chip setup (Figure 6a; Figure S16, Supporting
Information) is similar to that in the CV measurement. A small
volume of DA solution (10 μL) with concentrations ranging from
25 nM to 1 μM will be injected into PBS or OM in the quartz con-
tainer by a pipette placed close to the electrode array to mimic
the neurotransmitter release in a synapse. The injection details
are described in the Experimental Section.

CV measurement was first taken to acquire the value of
the oxidation peak potential as shown in Figure 6b. Then, the
CA measurement was performed, in which a fixed potential
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Table 1. Summary of state-of-the-art devices for electrochemical DA detection.

Material Detection (medium) Area (μm2) LoD (nM) Sensitivity (μAμM · cm−2) Reference

CNF (microelectrode) CV (in PBS) 7.9 × 103 38.0 ± 4.4 (1.29 ± 0.15) × 103 This work

CA (in PBS) 7.9 × 103 0.243 ± 0.035 (4.52 ± 0.66) × 104 This work

CA (in OMa)) 7.9 × 103 0.602 ± 0.070 (4.39 ± 0.51) × 104 This work

Carbon nanorods FSCVb) (in TBSc)) ≈ 900 60 ± 5 556 ± 445 [48]

PyCd) FSCV (in TBS) 500 50 900 [50]

Carbon fiber FSCV (in TBS) 2.24 × 103 9 ± 1.8 153 ± 63 [70]

CNF (macroelectrode) CV (in PBS) 8.1 × 107 55 0.34 [65]

Carbon cloth DPVe) (in PBS) NA 180 19.2 [71]

Graphene DPV (in PBS) 2.0 × 107 10 0.67 [72]

Au CV (in PBS) NA 128 0.156 [73]

Carbon sphere CV (in PBS) 1.3 × 104 10 ± 2 ≈331 [51]

Ag/r-GOf) pillar CV (in PBS) 4 × 106 5 × 10−7 ≈ 16.7 [69]

CA (in PBS&ASg)) 4 × 106 5 × 10−7 ≈ 175 [69]

ITOh) CV (in PBS) 1.19 × 106 30 ≈0.41 [74, 75]

Carbon nanograss CV (in PBS) 1.26 × 107 NA ≈770 [76]

a)
OM – Organoid medium;

b)
FSCV – Fast-scan cyclic voltammetry;

c)
TBS – Tris buffer solution;

d)
PyC – Pyrolytic carbon;

e)
DPV – Differential pulse voltammetry;

f)
GO –

Graphene oxide;
g)

AS – Artificial serum;
h)

ITO – Indium tin oxide.

(oxidation peak potential) was applied on the working electrode
and the current was recorded in real-time. With the DA injected
and oxidized at the electrode, the oxidation current will be
recorded (Figure 6c,d). Raw data were filtered by fast Fourier
transform (FFT) to increase the signal-to-noise ratio and illus-
trate the DA oxidation current more clearly. It is clear that with
a higher concentrated DA solution injected, the current pulse
will become higher. It should be noted that the pipette injection
involves a series of motions, which will cause disturbance of the
solution. Thus, there are bumps on the curves before and after a
pulse. Interpretation of these bumps is described in Figure S17
(Supporting Information).

The oxidation current values were obtained by sampling from
the chronoamperometry curves and averaging from different
devices. The oxidation current versus DA concentration scatters
are plotted in Figure 6e. The data points from measurements in
PBS show a linear relation similar to that in CV measurement.
Sensitivity and LoD can be retrieved by the same methodology as
in the CV results. The device shows an extremely high sensitivity
of 4.52× 104 μAμM−1·cm−2, which is two-orders-of-magnitude
higher than the highest state-of-the-art electrochemical DA
sensor,[48,50,51,69] and the LoD is 0.243 nM. The data points in
OM can be separated into two regimes, less than 0.25 μM and
more than 0.25 μM. The causation should be the same as in
the CV measurement (Figure 4g), adsorption. The sensitivity at
low concentrations is 4.39× 104 μAμM−1·cm−2, while 1.73× 104

μAμM−1·cm−2 is the value for higher concentrations (over 0.25
μM). Here, since the targeted BoC applications are more focused
on ultra-low-concentration sensing, 4.39× 104 μAμM−1·cm-2

can be considered as the sensitivity for DA detection in OM.
The LoD can then be calculated as 0.602 nM, which remains
at the same order of magnitude as that in the PBS solution.
This phenomenon can be attributed to the sizeable white noise
shown in Figure 6d brought by the mixture of molecules in the

OM and also the non-permanent fouling of the surface due to
surface adsorption of the medium components.

3. Discussion

Table 1 compares LoD and sensitivity between our sensor and
previous milestone works. To our knowledge, the sensitivity of
our VACNF microsensor is the highest in electrochemical DA
detection. It is the first one that exceeds 104 μAμM−1·cm−2. It
should be noted that some electrochemical sensors (such as or-
ganic electrochemical transistor (OECT) sensors and stochastic
sensors) and plasmonic sensors are not considered here because
their sensitivities are not evaluated by the same criteria as the
electrochemical sensors listed in Table 1. Moreover, the LoD of
our VACNF microsensor is also among the highest of current
state-of-the-art works.

The comparison of electrochemical DA sensors is plotted in
two dimensions, LoD and sensitivity, in Figure 7. Here, we take
our results in PBS by the CA technique. As what can be seen
from this figure, nanostructured carbon microelectrodes show-
case relatively large sensitivities from 31.3 to 900 because of their
large surface areas, such as PyC, carbon nanorods, etc.[48,50,51,70]

The sensitivity of our device is at least two-orders-of-magnitude
larger than previous reports due to the extremely large surface
areas brought by the dense array of nanofibers and well-reserved
electrochemically active sites by our unique fabrication process.

The LoD of our device is also among the lowest. It is because
our VACNF microsensors possess the highest sensitivity and in-
tegrated insulation layer, which will reduce the white noise in
the electrochemical measurement. To our knowledge, in the CA
measurement scheme, only the LoD of the Ag/r-GO pillar device
reported by Ali et al. in 2021 (LoD = 5× 10−7 nM)[69] is lower
than ours. In the CV measurement scheme, our sensor is also
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Figure 7. Comparison of our CNF microsensor with current state-of-the-
art electrochemical DA sensors.

among the best along with the carbon fiber sensor,[70] carbon
sphere sensor,[51] Ag/r-GO sensor,[69] and ITO sensor.[74]

4. Conclusion

In this work, we developed a unique slow-cooling technique. By
integrating this technique into the microfabrication process, the
favorable dense forest-like morphology of VACNFs was kept and
the blisters on the Al2O3 insulation layer were largely reduced.
VACNFs’ forest-like morphology will increase electrochemical
detection sensitivity, and the high-quality insulation will reduce
noise in electrochemical detection. Thus, a monolithic VACNF-
based microsensor to detect dopamine was successfully achieved.
Because of our novel fabrication process, the device shows a
record-high sensitivity of 4.52× 104 μAμM−1·cm−2 and compet-
itive LoD of 0.243 nM in CA measurement. The superior per-
formance will open a new window for BoC applications like the
electrochemical recording of a single neuron.

5. Experimental Section
Fabrication of Dopamine Microsensors: As shown in Figure 2, the fab-

rication of the microsensors started from a prime silicon wafer (n-type,
〈100〉, resistivity: 10-20Ωcm-1, Siegert Wafer, Aachen, Germany). A Cr layer
of 50 nm for wiring and pads (step (b)) was first deposited by sputtering
(PlasmaLab 400, Oxford Instruments, Bristol, UK). Parameters of the sput-
tering can be found in Table S4 (Supporting Information). Then, to pattern
the first layer of wirings and pads, an AZ 5214E photoresist (MicroChemi-
cals GmbH., Ulm, Germany) layer was spin-coated onto the wafer by 500
rpm of spreading for 5 s and 4000 rpm of spinning for 40 s (step (c)).
Afterward, the wafer was transferred onto a hotplate for soft-bake at 90°C
for 2 min to evaporate solvent residues. The photoresist (PR) film would
then be left at room temperature for cooling down and rehydration for 15
min. The first exposure was performed on a mask aligner (MA-6, SÜSS Mi-
croTec, Garching, Germany), and the exposure time was 2.5 s (intensity:
≈30 mWcm−2, 365 nm). To develop the exposed PR (step (d)), the wafer
would be bathed and agitated in a mixture of AZ 351B (MicroChemicals

GmbH., Ulm, Germany) and DI water (1:5, v/v). After this step, the PR
pattern was formed and could be used as the etching mask. In step (e),
the wafer was immersed in a bath of Cr etchant (ceric ammonium nitrate)
for 10 s. After rinsing in DI water, the PR pattern was stripped in an ace-
tone bath assisted by ultrasonication. As shown in the step (f), the bottom
Cr wirings and pads were formed. Then, consecutive acetone-IPA-DI wa-
ter rinses were performed on the wafer to clean the residues. After that,
a 30-nm-thick Al2O3 film was deposited by ALD (TFS 500, Beneq, Espoo,
Finland) with trimethylaluminum (TMA) and H2O as the precursors (step
(g)). The detailed parameters of the ALD deposition are shown in Table
S5 (Supporting Information). Al2O3 film was patterned by a photolithog-
raphy process identical to the previous one (step (h) and (i)). After the
photolithography, the Al2O3 openings would be created by immersing the
wafer in the mixture of AZ 351B alkaline developer and DI water (1:9, v/v)
for 8 min (step (j)). Here, the AZ 351B developer acted as the etchant to
Al2O3, and the AZ 5214E photoresist film was used as the etching mask.
After the etching, the unexposed photoresist would still be kept there for
future steps, and the wafer would be dried by nitrogen gas. To generate
the catalyst layer for VACNF growth, 20 nm of Ni layer was then deposited
onto the whole structure (step (k)) by an electron beam evaporator (IM-
9912 evaporator, Instrumentti Mattila, Mynämäki, Finland). After step (k),
the whole structure was placed in an acetone bath with ultrasonication to
lift off the PR and unwanted Ni (step (l)). In step (m), the VACNFs were
grown on the Ni film in a PECVD reactor (BlackMagic, Aixtron, Herzogen-
rath, Germany) at 600°C from C2H2 and NH3 gases first, for which the de-
tails can be found in Table S6 (Supporting Information); the slow-cooling
process was performed after the growth to keep the insulation integrated,
as shown in step (n).

Material Characterization: The XPS measurements were performed
with a Kratos AXIS Ultra DLD X-ray photoelectron spectrometer using a
monochromated AlK𝛼 X-ray source (1486.7 eV) run at 100 W. A pass en-
ergy of 80 eV and a step size of 1.0 eV were used for the survey spectra,
while a pass energy of 20 eV and a step size of 0.1 eV were used for the
high-resolution spectra. Photoelectrons were collected at a 90° take-off an-
gle under ultra-high vacuum conditions, with a base pressure typically be-
low 1× 10−9 Torr. The diameter of the beam spot from the X-ray was 1 mm,
and the area of analysis for these measurements was 300×700 μm. All ac-
quired spectra were charge-corrected relative to the position of graphitic
bonding of carbon at 284.2 eV.

The Raman spectrum was acquired on a WITec Micro-Raman system
(alpha300 RA+, WITec, Ulm, Germany). The measurement was performed
in the conventional mode with laser excitation of 532 nm. The intensity of
the laser was 2 W, and the objective lens used was 50×. The integration
time in the data acquisition was 0.8 s.

The SEM images were obtained on a Zeiss Supra 40 system
(Oberkochen, Germany). The in-lens detector was utilized, and the elec-
tron high tension (EHT) voltage was set as 4 kV.

Cyclic Voltammetry and EIS: A potentiostat (Reference 600, Gamry,
Philadelphia, Pennsylvania, USA) was utilized to conduct the CV and
EIS measurements. The measurement system contains three electrodes,
working, reference, and counter electrodes, as shown in Figure S17 (Sup-
porting Information). The reference electrode was a silver wire coated
with AgCl, while the counter electrode was a platinum wire. A quartz ring
was used to make a container on the microsensor area by attaching it
with the substrate assisted by solidified PDMS. 2 mL of PBS solution was
first added to the container, and the reference and counter electrode wires
were dipped inside the solution. The PBS solution was prepared by mixing
8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and 0.24 g of KH2PO4 in
800 mL of distilled water. The desired DA concentrations in the container
were obtained by adding high-concentrated DA solution prepared from
DA hydrochloride (Sigma–Aldrich) and the aforementioned homemade
PBS solution. It should be noted that the sampling time in the CV mea-
surements was 100 ms. No treatment before the characterization was
performed.

Chronoamperometry: The chronoamperometry experiments were also
performed on the Gamry Reference 600 potentiostat. The setup was sim-
ilar to that in the CV and EIS measurement. An additional hotplate was
added to keep the OM and PBS at 37°C.
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In chronoamperometric and OM cyclic voltammetry experiments, the
electrolyte solution employed was either Dulbecco’s Phosphate Buffered
Saline (PBS, Gibco) or N2B27 culture medium, which was typically uti-
lized for the cultivation of human midbrain organoids, provided that AA,
growth factors, and dibutyryl cyclic adenosine monophosphate (dbcAMP)
were included. The N2B27 medium was prepared using the previously es-
tablished protocol[77] by combining DMEM/F-12 (Gibco) and Neurobasal
(Gibco) at a 1:1 ratio. This medium was then fortified with N-2 supplement
(17502-048, Gibco) at a dilution of 1:200, B-27 supplement (12587-010,
Gibco) at a dilution of 1:100, GlutaMAX supplement (Gibco) at a ratio of
1:100, and Penicillin-Streptomycin (Gibco) at a dilution of 1:100.

Furthermore, the N2B27 medium was further enhanced to create the
complete OM by the addition of specific components, including 10 ngmL-1

of human glial cell line-derived neurotrophic factor (hGDNF, Peprotech),
10 ngmL-1 of human brain-derived neurotrophic factor (hBDNF, Pepro-
tech), 1 ngmL-1 of transforming growth factor beta 3 (TGF-𝛽3, Peprotech),
500 μM of dbcAMP (Sigma Aldrich), and 200 μM of AA (Sigma–Aldrich).

Each dopamine-containing solution was promptly prepared at the time
of use using a freshly prepared dopamine stock solution, which was cre-
ated by dissolving DA hydrochloride in PBS. Given the absence of 5% CO2
in the ambient environment, the alkalinity of the cell culture medium grad-
ually shifts. As a result, all experiments involving the culture medium were
conducted within a 15-min timeframe to ensure a stable pH of 7.4.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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