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Ultrathin MXene-Micropattern-Based Field-Effect Transistor

for Probing Neural Activity
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and Peng Shi*

MXenes, a new family of 2D materials, combine hydrophilic
surface with metallic conductivity.'””7] Since the introduction
in 2011, MXene’s excellent mechanical, electrical, chem-
ical, and physical properties have sparked great interests in
exploiting MXenes for energy storage,®1* nanocomposite fab-
rication,”!>1% and chemical sensing.'’~'% However, despite the
great potential of creating MXene-based biosensing devices,* 8l
there is still no report demonstrating the use of MXene for
probing cellular functions in a biologically relevant context.
With a hydrophilic surface property and 2D layered atomic
structures, MXene could be a promising candidate to create
biologically compatible[*®! field-effect transistors (FET) for rapid,
straightforward, and label-free detection of biological events.
Notably, MXenes can be easily micromachined to accommodate
various geometries with large contact surfaces. This property
can greatly simplify device manufacturing procedures, which
would otherwise require complicated processes (e.g., chemical
vapor deposition, epitaxial growth or mechanical exfoliation).
These methods are either low-yield or high-cost, and have been
used for FET devices based on other materials such as carbon
nanotubes, 22! nanowires!?223] or graphene.l24-28l

Here, we developed a simple and effective technique for
fabricating FET transistors based on ultrathin conductive
Ti3C,-MXene micropatterns, which were utilized to perform
highly sensitive label-free detection of dopamine, as well as
to monitor spiking activity in hippocampal neurons. The
MXene-FET biosensor was well compatible with long term
neuronal culture. The transparent ultrathin (=5 nm) layer of
Ti;C,-MXene micropatterns had no interference with tradi-
tional microscpy, so that calcium imaing of neural activity could
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be simultaneoulsy conducted with electrical measurement
using the MXene-FET with a temporal resolution of =50 ms.
To our best knowledge, this study is the first demonstration of
using MXenes for probing biological events in a cellular model.
The straightforward method for fabricating the MXene-FET
biosensors would also facilitate the adoption of this technique
in a wide range of biomedical applications.

Ti;C,~MXene was synthesized by selectively etching the
Al layer in precursor material Ti;AlC, with 48% hydrofluoric
acid (HF). The resulted bulk MXenes (Ti;C,T,) were firstly
examined by scanning electron microscopy (SEM) to confirm
the multilayered structure (Figure 1a). X-ray diffraction (XRD)
was also used to analyze the chemical composition of the fab-
ricated MXene, showing the transformation from Ti;AlC, to
Ti;C,T, (Figure 1b). The most intense peak at 39° of Ti;AlC,
disappeared after etching treatment, indicating the removal of
Al layer. In addition, the (00l) peaks of Ti;C,T,, such as (002)
at 9.5° and (004) at 19.4°, broadened with less intensity and
shifted to lower angles (8.8° and 18.5°, respectively), indi-
cating Al was replaced by —OH or —F moieties. After being
intercalated in dimethyl sulfoxide (DMSO) and delaminated via
sonication, few and single layer of MXene flakes are ready for
patterning and sensing applications (Figure 1c).

The ultrathin MXene micropatterns were created by micro-
contact printing (pCP), as shown in Figure 2a. MXene dis-
persed in aqueous solution was used to ink PDMS stamps with
patterns of alternating grooves (20 pm) and ridges (20 pm),
which was then printed onto 3-aminopropyltriethoxysilane
(APTES, Sigma-Aldrich) modified coverslips. After removal
of the stamps, one or several layers of MXene stripes were
left on the coverslips. These MXene stripes provide an active
surface to bind small biomolecules, which in turn change the
conductivity of the ultrathin MXene stripes. The highly sensi-
tive response to electrochemical perturbation makes MXene
a good candidate for biosensing applications (Figure 1c). As
shown in Figure 2b, this pCP-based method could consistently
create large-scale uniform MXene micropatterns. The width of
MXene stripes was selected as 20 pm to ensure high electrical
conductance as well as large surface area to interact with bio-
molecules. The thickness of micropatterns was regulated by
controlling the concentration of MXene ink, which was set to
create micropatterns of =5 nm as shown in Figure 2c. Also,
the micropatterns did not show any dramatic variations in
topography, indicating the high quality of our printing process.
Even though thinner MXene stripes could also be achieved by
HCP, too diluted MXene ink would cause discontinuity in the
resulted micropatterns, and thus failure of the final sensing
device.

wileyonlinelibrary.com 3333

o
o
3
=
G
2
a
-
o
=



http://doi.wiley.com/10.1002/adma.201504657

NOLLWDINNWWOD



ADVANCED
MATERIALS

'a\
Me \Iiir’ﬁ

www.MaterialsViews.com

d

www.advmat.de

nm
[ 10,15

0 20 40 60 80
um

Figure 2. Micropattering of MXene on glass substrates. a) lllustration of the patterning process by using yCP. b) SEM image of a substrate patterned
with MXene stripes. Scale bar, 100 pm. c) AFM image for analyzing the height of MXene micropatterns.

As the release of neurotransmitters is usually a result of
action potential firing,’”) we then used the MXene-based FET
device to achieve real-time monitoring of spiking activity in cul-
tured primary hippocampal neurons (Figure 5a). The MXene
material showed a very good biocompatibility with MXenes
even in long term cultures. Before seeding neurons, the sub-
strates with MXene micropatterns were briefly coated with
poly-L-lysine and laminin to enhance the adhesion of neuron
cells. As shown in Figure 5b, neurons showed normal mor-
phology with elaborated neurites on the MXene micropatterned
substrates. The 5 nm MXene patterns did not induce any edge
effects in neuronal cultures, as the neurite outgrowth was quite
random as shown in Movie S1 in the Supporting Information.
At 7-8 d in vitro (DIV), medium with high K* concentration
were used to stimulate the primary neurons in the culture; and
electrical measurement (currents from source to drain) and
calcium imaging were performed simultaneously to verify the
capability of our MXene-based FET device for capturing neural
activity in real-time. Due to the ultrathin thickness (=5 nm) of
the MXene micropatterns, the device was nearly transparent
(Figure 5b), so that traditional microscopic observation was
not interfered. Comparing current recordings with calcium
signals, the current fluctuation shared great similarity with
the fluorescence changes as reported by Fluo4-AM (Figure 5c,
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Movie S1, Supporting Information). The spike trains (series of
action potentials) derived from electrical and optical recording
showed a very high correlation coefficient of 0.82. The MXene
device showed great temporal resolution, as it captured spikes
that were not observable in calcium imaging due to the slow
dynamics (on the order of hundred milliseconds) of calcium
signaling in neuron cells. Even though a slight decrease in
conductivity of our Ti;C,~MXene-FET was observed over the
experiment window (7-8 d), it did not greatly affect the bio-
sensing performance of the device, and is probably due to slow
oxidation of Ti;C, in culture medium.*® The results directly
associated electrical measurements (by MXene-FET) with the
onset of action potentials (recorded by calcium imaging), and
clearly demonstrate the capability of the MXene-based bio-
sensor for real-time monitoring of neural activities.

In this study, we developed a highly sensitive device based
on Ti;C,~MXene-FET for detecting neurotransmitters, and
for probing action potentials in primary hippocampal neu-
rons. To our best knowledge, this is the first time an MXene
has been nanopatterned, and also the first experimental report
on an MXene sensor for probing neural activity. Function-
ally, the device could detect dopamine at a concentration as
low as 100 x 107 m, which is already dramatically lower than
many previously published results using graphene-based
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Figure 3. Electrical characterization of MXene micropatterns. a) Current/voltage curves at Vg varying from —1 to 1 V on MXene strips of different
lengths (2, 4, 6, 8, 10 mm). b) Analysis of the relationship between the resistances and the lengths of MXene stripe patterns. c) Schematic of the
experimental setup of the MXene—FET device using a solution gate. d) Analysis of the V-shaped ambipolar field-effect characteristic of a device based

on MXene micropatterns.

biosensors.’%*3 In the proof-of-concept experiments, the core
components of the MXene-FET were micropatterns created by
HCP. The optimal parameters of the micropatterns, including
thickness, width, length, and ink concentration, can potentially
be further tuned to improve the performance of the devices.

Even though pure Ti;C,T, has been predicted to be metallic
by density functional theory,l¥! it has been reported that surface
termination can be tuned to render the material semiconductor
property.**] Especially for Ti;C, prepared by exfoliation of
Ti;AlC, in HF, the surface is likely to be functionalized with
hydroxyl (—OH) and/or fluorine (—F) groups, which could turn
the derivative material to semiconductor with narrow band-
gaps (Figure S1, Supporting Information).*##] Unlike gra-
phene with a zero-bandgap, a proper bandgap with MXenes
reduces current leakages in an off state,*®l and therefore helps
to achieve better detection sensitivity in our devices. The detec-
tion limit could potentially be further improved by tuning the
micropattern properties and the transistor circuits.

The material, MXenes, also exhibited excellent biocompat-
ibility, as reflected by our long-term culture of primary hip-
pocampal neurons on the devices. It is well known that primary
neurons are extremely fragile and hard to culture,*”! we showed
well elaborated neuronal growth on MXene micropatterns, and
further established MXene’s compatibility with delicate biological
systems. These features guaranteed good interfacing of neuron
cells with the electronic components in the system, which enabled
real-time, label-free monitoring of neuronal spiking activities.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Meanwhile, the transparent ultrathin (=5 nm) layer of MXene
micropatterns did not interfere with traditional optical micro-
scopic observation of the cells, so that calcium imaging for neural
activity could be simultaneously conducted and compared with
electrical measurement using MXene—FET. It was found that the
MXene-FET actually achieved a much better temporal resolution
than the widely used calcium sensitive dye (Fluo-4). Besides the
functional advantages, the extraordinary machinability of MXene
and a pCP-based fabrication process provide a cost-effective solu-
tion for potential scaleup production of biodevices compared
with graphene and CNTs, which render MXene a great economic
advantage for industrial production.

Experimental Section

Preparation and Characterization of MXene: Ti;AlIC, (1 g) power was
immersed in 10 mL 48% HF, and stirred for 20 h at room temperature.
The obtained powder was then rinsed multiple times with deionized
water. The powder pellet was retrieved by centrifugation at 3500 rpm for
10 min, and the supernatant was discarded. The final product (Ti;C,T,
powder) was dried at 80 °C under vacuum for 12 h. In an N,-protected
environment, the Ti;C,T, powder was then placed in 10 mL DMSO, and
stirred for 18 h. The DMSO was removed by centrifugation at 3500 rpm
for 5 min. The intercalated Ti;C,T, was then dispersed in deaerated
water (Ti;C,T:water = 1:300, mass ratio) and sonicated for 5 h under
the protection of N,. The MXene-water mixture was then centrifuged
at 1000 rpm for 2 h, and the supernatant was collected for further
experiments.
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Figure 5. Real-time monitoring of spiking activities in primary neurons. a) Schematic showing the working principle of probing action potential by using
the MXene—FET device. Upon the firing of action potentials, neurotransmitters are released, which subsequently bind to the MXene surface to induce
fluctuation of electrical signals. b) Left panel: Fluorescence image of neurons immunostained for Blli-tubulin. Right panel: Merged image combining
the bright-field and fluorescence channels to show good compatibility between the neuron cells and the MXene micropattern. Scale bar, 100 pm. c) The
derivation of neuronal spiking activities by using current measurements with the MXene—FET device. The results were confirmed by and compared to
recordings obtained with simultaneously conducted calcium imaging (using the Fluo-4 probe).

imaging. Excessive dye molecules were removed by gently rinsing the
neurons three to four times with fresh ACSF solution. The sample
was then mounted on an inverted microscope. To analyze the calcium
imaging results, the fluorescence change over time was defined as
AF/Fy = (F1—Fo)/Fo, where F; indicated the fluorescence intensity of a
current frame and Fy indicated the fluorescence intensity of the previous
frame. The spike trains were derived by thresholding the AF/F, curve.

Immunocytochemistry: For analysis, cells were fixed for 30 min in 4%
paraformaldehyde in phosphate-buffered saline (PBS), permeablized in
0.25% Triton X-100 for 15 min, and then blocked with 4% bovine serum
albumin (BSA) in PBS for 2 h at room temperature or overnight at
4 °C. Samples were incubated with primary antibodies (anti-Blll tubulin,
Millipore) in 4% BSA for 2 h at room temperature, rinsed with PBS,
incubated with secondary antibodies for 1 h, and were again rinsed with
PBS.

Supporting Information

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