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Featured Application: Animal testing will be soon replaced by better accepted and less expensive
in-vitro cell culture models, which explains the recent demand for real-time cell culture monitoring
systems. They can bring high throughput screening and could be used not only for biomedical
purposes (drug discovery, toxicology, protein expression, cancer diagnostic, etc.), but also for
environmental ones (qualification of pollutants cocktails, for example). Beyond this, in-situ
monitoring also participates in strengthening the fundamental knowledge about cells metabolism.

Abstract: We review here the chemical sensors for pH, glucose, lactate, and neurotransmitters,
such as acetylcholine or glutamate, made of organic thin-film transistors (OTFTs), including organic
electrochemical transistors (OECTs) and electrolyte-gated OFETs (EGOFETs), for the monitoring of
cell activity. First, the various chemicals that are produced by living cells and are susceptible to be
sensed in-situ in a cell culture medium are reviewed. Then, we discuss the various materials used
to make the substrate onto which cells can be grown, as well as the materials used for making the
transistors. The main part of this review discusses the up-to-date transistor architectures that have
been described for cell monitoring to date.
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1. Introduction

Complex biological interactions or cellular stress responses difficult to highlight using
conventional biosensors, can be identified because of the changes in cellular physiology. These changes
are, typically, local changes in pH [1,2], in surface coverage of cells [3–6], in protein expression, or in
cellular metabolism that induce local changes in the concentration of metabolites or biochemicals,
such as glucose, lactate [7,8], dopamine [9], glutamate, acetylcholine, etc. Cell culture monitoring may
also be applied to monitor cancer cells’ metabolism, for example.

Chemical sensing of cellular activity has been described for decades [10], particularly to
study exocytosis, which is an important biological process used by cells to secrete molecules
acting as messengers in their surroundings. Even if it is possible to use conventional carbon fiber
ultramicroelectrodes to record exocytosis events, microfabrication techniques have significantly
improved electrochemical sensing, particularly arrays of sensors [11]. For example, recent reviews
have demonstrated that it is possible to record not only electrical cellular activity [12], but also to sense
exocytosis events on conventional microelectrode arrays (MEA) [13,14]. Therefore, MEA may be used
in basic research or clinical diagnostics for cell analysis–based drug discovery or environmental
monitoring, where they help to monitor in-situ (in Petri dishes) not only cell functions via
neurotransmitters release, but also enzymatic activity or cells respiratory activity (glucose consumption,
lactate production), using electrochemical reactions on sensing electrodes [15].
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Cellular responses to chemical stimuli must be, in turn, transduced into interpretable signals.
Even if the optical characterizations of cell metabolism are commonly reported in the literature [16,17],
direct electrical transduction is more attractive because the output signals are already in a form that will
be directly usable in processing electronic circuits. Among the devices able to provide such electrical
signals, we find electrochemical (potentiometric or amperometric) ones, which are most of the time
used in MEA and will not be reviewed here, and transistors. Transistors present the advantage of
transducing the recognition of (bio)chemical molecules directly into an electric signal. Moreover,
such a signal is also amplified by the transistor effect. Several excellent reviews discussing the use of
organic thin-film transistors for cell-based sensing have been published for a few years [18–20].

In this review, we will identify applications of silicon-based transistors and organic transistors.
The latter are particularly promising candidates because they can work in aqueous media and
physiological conditions, be low-cost, and have low-power consumption. Particularly promising
are the organic electrochemical transistors (OECTs), which have recently attracted considerable
attention for cell monitoring applications [21,22]. In most of the reported examples, transistors
were fabricated with extensive use of clean-room photolithographic processes, which considerably
increase the cost per device. In this review, we also address the problems of costs and portability by
reviewing techniques such as inkjet-printing (IJP) fabrication and the utilization of plastic and paper
substrates for cell-monitoring transistors. IJP has effectively demonstrated its capability of reducing
fabrication costs, because it is a non-contact, material efficient, and digital technique that allows rapid
device design and fabrication, in ambient conditions. Moreover, plastic substrates are much cheaper
(still another factor contributing to costs reduction) and easier to transport and to store than glass and
silicon, and may be more convenient for promoting cell adhesion.

In the first part, the various chemicals that can be sensed from living cells are reviewed. In the
second part, we reviewed the substrate materials used for cells culture, which can be used as well
for making the transistors. The following and main part discusses the various up-to-date transistor
architectures that have been described for cell monitoring. In the conclusion, we will identify tracks
for the further development of this field.

2. Chemicals to be Sensed

There are many chemicals that can be monitored in a cell culture, among which are the
components of the cell culture medium, which are necessary for keeping cells alive, and the metabolites,
which are produced by the cells in basic conditions or after cellular stress response due to internal or
external stressors.

2.1. Components of Cell Culture Media

Among essential components of a cell culture medium, some are very generic, such as dissolved
oxygen, glucose, or various ions, like Ca2+, Mg2+, Na+, K+, or H+ for pH monitoring. Some others are
less generic, such as vitamins (e.g., vitamin B12), or amino acids, such as glutamine.

Oxygen quantification can be done by electroreduction on a Pt or Au electrode [2], based on a
Clark electrode [23]. Glucose is typically detected using glucose oxidase (GOx), a redox enzyme that
is highly specific for glucose oxidation, associated to an amperometric reaction that detects H2O2

(a side product of the enzymatic reaction) [24], or that electrochemically recycles an artificial redox
mediator that replaces O2, the natural cosubstrate of the enzyme [25]. Glutamine can be detected
through a very similar procedure, simply by replacing GOx with the enzyme glutamine oxidase
(L-Glu), which also produces H2O2. Another way to detect glutamine is to use an enzymatic cascade
with glutaminase, which produces L-glutamate from glutamine, followed by glutamate oxidase. Lastly,
ions can be sensed using ion-selective devices such as ISFET-like devices, based on inorganic or organic
materials [26–28]. Figure 1 shows an example of an in-between device, and an ion-selective organic
electrochemical transistor (IS-OECT) [27]. Such transistors are, of course, among the most efficient
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devices for transducing the presence of a specific ion into a measurable signal, with a sensitivity
significantly higher than using conventional potentiometric sensors.
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10−3 M KCl. Reproduced from Sessolo et al. [27]. Copyright © 2014, John Wiley and Sons. 
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PyOx (pyruvate oxidase), or GluOx (glutamate oxidase), respectively, all of these enzymes producing 
H2O2 from O2. For example, Braendlein et al. [7] described an OECT for the detection of lactate in a 
cell culture medium (Figure 2). One of the interesting features of this reported sensor is that the circuit 
provides an original inherent background subtraction based on the so-called Wheatstone bridge 
(invented in 1843, but very poorly used in the biosensors community until now). The Wheatstone 
bridge is based on the balance between two legs of a bridge circuit, one leg of which includes the 
reference transistor, and the other leg being the sensing transistor; the balance is very sensitive to 
changes in the resistance of one of the two legs, which provides an extreme overall sensitivity. 

 
Figure 2. (a) Lactate oxidase and ferrocene cross-linked with chitosan and immobilized on the sensing 
organic electrochemical transistor (OECT) using epoxy terminated self-assembled monolayers. A 
second OECT is used as reference, where the same complex is used but where the specific enzyme is 
substituted by bovine serum albumin (BSA); (b) calibration curve for three different devices. The 
normalized response (NR) is NR = ∆Vout/∆Vout,max. The gate voltage is kept constant at VGS = 200 mV; 
(c) titration curve for successive additions of media collected from cells cultured at different 
concentrations for 24 h. Reproduced from Braendlein et al. [7]. Copyright © 2017, John Wiley and Sons. 

Figure 1. (a) Cross-section scheme of an ion-selective organic electrochemical transistor (IS-OECT)
based on an ion-sensitive membrane (ISM), and (b) output curve of the device recorded in aqueous
10−3 M KCl. Reproduced from Sessolo et al. [27]. Copyright © 2014, John Wiley and Sons.

2.2. Metabolites

Among the metabolites of the cell cultures, one finds lactate, pyruvate, and L-glutamate, but also
various neurotransmitters, biologically relevant ions, or other biomolecules [29].

Lactate, pyruvate, and glutamate can be detected through a procedure very similar to that of
glucose, simply by replacing the nature of oxidase enzyme, that is, GOx by LOx (lactate oxidase),
PyOx (pyruvate oxidase), or GluOx (glutamate oxidase), respectively, all of these enzymes producing
H2O2 from O2. For example, Braendlein et al. [7] described an OECT for the detection of lactate in
a cell culture medium (Figure 2). One of the interesting features of this reported sensor is that the
circuit provides an original inherent background subtraction based on the so-called Wheatstone bridge
(invented in 1843, but very poorly used in the biosensors community until now). The Wheatstone
bridge is based on the balance between two legs of a bridge circuit, one leg of which includes the
reference transistor, and the other leg being the sensing transistor; the balance is very sensitive to
changes in the resistance of one of the two legs, which provides an extreme overall sensitivity.
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Figure 2. (a) Lactate oxidase and ferrocene cross-linked with chitosan and immobilized on the sensing
organic electrochemical transistor (OECT) using epoxy terminated self-assembled monolayers. A second
OECT is used as reference, where the same complex is used but where the specific enzyme is substituted
by bovine serum albumin (BSA); (b) calibration curve for three different devices. The normalized response
(NR) is NR = ∆Vout/∆Vout,max. The gate voltage is kept constant at VGS = 200 mV; (c) titration curve for
successive additions of media collected from cells cultured at different concentrations for 24 h. Reproduced
from Braendlein et al. [7]. Copyright © 2017, John Wiley and Sons.
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Neurotransmitters other than L-glutamate are more difficult to detect because there are no specific
enzymes. For example, epinephrine [30] or dopamine [31] can be easily electrooxidized, at relatively
low potentials, but numerous other biomolecules (the archetypal one being ascorbic acid) can be also
oxidized at the same low potentials, which prevents this approach from being selective. The same
difficulties arise for other metabolites that can be found in culture media, but specific biosensors
have been extensively reported (DNA [32], proteins [33], hormones [34], carbohydrates other than
glucose [35], steroids [36], or even antibiotics [37]). Such biosensors were exclusively based on classical
transduction methods (e.g., amperometry) and actually very few are based and transistors.

3. Substrates for Cell Culture

3.1. Approaches for Cells Localization

Biological assays are most often based on cell populations instead of a single cell, which allows
for averaging the cellular responses but loses the temporal data. For electrical or electrochemical
sensors, another objective for cell monitoring is to force cells to set close to the sensing electrodes,
so that the released products (e.g., protons, metabolites, proteins, or catecholamines) do not have
to travel a long distance, being diluted, before being detected. These issues have been solved by
trapping single cells (or at least a few cells) close to the measuring electrode. Several approaches
for making structured substrates, such as microarrays of wells or cellular patterns, can be achieved
by surface modification, where the patterns of biomaterials support or inhibit cell adhesion, using
photolithography, dip-pen nanolithography, scanning probe lithography, microcontact printing, etc.
Adherent cells (most cells) can be localized on pre-defined areas of a culture surface using chemical
or physical patterning methods [38]; on the contrary, non-adherent cells (e.g., stem cells) can be
localized using techniques such as negative dielectrophoresis [39] or etched microwells [40]. Reviews
dealing with microwell fabrication methods for cellular studies are available [41]. These approaches
can be divided into physical and chemical methods, which may also be described as passive and
active. Both are pertinent, but one may bear a particular interest to the active methods able to place,
move, or remove cells on the sensing substrate. These active methods include the printing of cells on
substrates, including with contactless inkjet printing, which is very promising.

3.1.1. Passive Methods

The passive confinement of cells in microwells is attractive for its simplicity [42–44]. The reader
who wants to go into detail can read specific reviews that have been previously published [45–47].

For example, a simple method for controlling the spatial positioning of cells and bacteria on
substrates was described by Koh and colleagues [48], making microwells trapping cells composed of
hydrophilic polyethyleneglycol (PEG) walls and hydrophobic 3-(trimethoxysilyl)propyl methacrylate
bases, made on various substrates such as silicon, glass, or polydimethylsiloxane (PDMS) surfaces.
The same kind of approach was used by Rettig et al., where a microwell array was made by
photolithography and then PDMS molding, as described in Figure 3 [43].
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procedures (photolithographied master and PDMS, peeling-off, PDMS wells peeled off and put at the
bottom of a Petri dish, cells settlement into the peeled-off wells); (f) cells remaining in microwells,
depending on their diameters and depths. Scale bar: 100 µm. Reprinted with permission from
Retting et al. [43]. Copyright © 2005 American Chemical Society.

3.1.2. Active Methods

There are various non-physical methods to confine cells or at least to control their development
on defined areas of a substrate. These methods can be dynamic (i.e., triggered by an external stimulus).
For example, Bolin et al. demonstrated that epithelial cells seeded on the channel of electrochemical
transistor made of poly(3,4-ethylenedioxythiophene):tosylate (PEDOT:TOS) can grow, depending
on the potential gradient along the channel. In other words, the cell population along the channel
is controlled by the gate and drain potentials [49]. Even if it is not as mature as electrowetting,
this approach is particularly interesting because the transistors and organic semiconductors here are
not only being used for measuring, but also for as actuators.

Electrowetting was also proposed. It is a technique that is able to move microdroplets by applying
an electric field that changes their contact angle on the polarized surface; cells can be transported inside
of these droplets. Azam Shaik et al. proposed an array of thin film transistors able to dynamically
polarize a surface into reconfigurable patterns. They applied this technique to move HepG2 carcinoma
cells (a human liver cancer cell line) on a surface [50]. Electrochemical patterning has been also
investigated, for example, based on the self-assembled monolayer of alkanethiolates on gold, that they
could be switched from a state that prevents the attachment of cells to a state that promotes it [51].
Another approach is the selective electrochemical desorption of an anti-adhesive self-assembled
monolayer. Li et al. used this strategy in microfluidic channels, for the adhesion of several types of
cells in a controlled geometry (Figure 4) [52].
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described above. Adapted from Li et al. [52]. Copyright © 2007, John Wiley and Sons. 
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were incubated in a solution containing peptide-coated magnetic beads, which were absorbed inside 
the cells cytoplasm by endocytosis. The authors thus demonstrated that by activating a single 
microcoil, the interaction between the magnetic field and the bead contained inside the cells was 
strong enough to block the cell onto the active microcoil; moreover, by switching on sequentially 
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Also, in 2007, Lee et al. [53] demonstrated the possibility of using a standard CMOS
(complementary metal-oxide semiconductor) chip coupled with a microfluidic system specifically
designed for cell manipulation. The microfluidic part of the chip was equipped with a temperature
regulation system to provide ideal biological conditions for cell growth; very interestingly, the upper
part of the chip was supplied with an 8 × 8 microcoils array, and each microcoil was electronically
controlled by the CMOS chip and able to locally generate a magnetic field. On the top of the system,
a layer of bovine capillary endothelial (BCE) cells was grown; before deposition on the chip, the cells
were incubated in a solution containing peptide-coated magnetic beads, which were absorbed inside
the cells cytoplasm by endocytosis. The authors thus demonstrated that by activating a single microcoil,
the interaction between the magnetic field and the bead contained inside the cells was strong enough
to block the cell onto the active microcoil; moreover, by switching on sequentially adjacent microcoils,
it was possible to move the cells along the substrate, as shown in Figure 5.
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Figure 5. Manipulation of bovine capillary endothelial (BCE) cells. (A) A single BCE cell trapped on
the center of a microcoil (current generating the magnetic field: 20 mA of amplitude, with 50% of duty
cycle). The cell is then moved over the array to make a round trip; (B) Manipulation of three cells.
The cell inside the dotted circle is trapped and kept on the corresponding microcoil, while the two
remaining cells are moved toward it. Reproduced with permission from Lee et al. [53]. Copyright ©
Royal Society of Chemistry, 2007.

3.1.3. Printing

The idea for printing MEAs is not new; one of the first examples was given by Seddon et al. in
1994 [54], even if not for cell monitoring, but for the detection of heavy metal traces. The array was
made of a network of several thousands of 15 µm diameter carbon disc microelectrodes over an area of
5 mm × 5 mm, and they separated one another by a few hundreds of micrometers. The fabrication
process relied on a conventional thick-film printing technique, followed by local photoablation.

The microwells can be printed; however, another approach consists of printing primary layers
that promote or, on the contrary, prevent cell adhesion, for example, by inkjet printing (IJP) of
collagen solutions, which help cellular attachment and proliferation on a scaffold [55]; IJP of
Poly(lactic-co-glycolic acid) (PLGA) [56] or PEG hydrogels [57,58]. In an attempt to merge the two
approaches (printed wells and printed cells), Liberski et al. [57] described a very interesting approach
to prepare the arrays, not by the IJP of solid wells, which are then filled by cells, but by printing first
an array of cell culture medium droplets on the substrate, then printing on top of it a hydrophobic
thin layer of mineral oil over the droplets, then printing the cells into the culture medium droplet.
An excellent review [59] was published in 2018 by Feng et al., who discussed not only the droplet
deposition, but the reactions between droplets (e.g., cellular communication in-between droplets).

Beyond the printing of microstructured substrates for cell immobilization, the direct printing of
cells is also described. These approaches were reviewed, for example, in Barbulovic-Nad et al. [60],
in particular, contact printing and non-contact printing, the latter being photochemical methods,
such as laser writing, electrospray deposition, but also inkjet technologies. For example, Fujita et al. [61]
proposed cell microarrays made by the inkjet printing of plasmid and extra-cellular matrix protein
on a hydrophilic substrate (glass treated by polyethylene glycol). Spots were of 50 µm in diameter,
separated by 150 µm. Considering that printing may destroy fragile cells, such cell microarrays
have also been obtained in another way [62], by pre-functionalizing the substrate by albumin as a
hydrophilic agent, followed by spotting polyethyleneimine (PEI). Cells grown on this substrate only
adhere on the PEI-modified spots. However, more recent works have shown that the IJP of viable cells
is also possible [63]; because nozzle clogging generally occurs when multiple cells are ejected from the
nozzle, the jetting of individual cells is preferred.

All of these approaches, direct printing of cells or printing of scaffolds, are summarized in the
book of Tse et al. [64].
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3.2. Application of Cells Localization to Electrochemical Sensors, then to Transistor-Based Sensors

In 1972, an article already described a microelectrode array (MEA) [65] for recording the electrical
activity of heart cells, even if, in this pioneering work, the localization of the cells was simply obtained
by using a macroscopic glass chamber (Figure 6).
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and its contacts; right: zoom-in of the arrayed platinum black electrodes forming the floor of the
well; (b) scheme of the device. Reprinted from Thomas et al. [65]. Copyright © 1972, with permission
from Elsevier.

MEAs for the electrochemical (most often amperometric) detection of cellular activity using
photolithographied wells for single cells (or groups of a few cells) have been described since
1976 for oxygen quantification [66]. Amperometry is used, for example, to measure electroactive
neurotransmitters such as epinephrine, dopamine, or catecholamine, by the electrooxidation of these
molecules at a sufficiently high potential. If these molecules are released by the cells (e.g., at the
occasion of exocytosis events), each release produces amperometric spikes. These spikes reveal the
release kinetics on the level of a single exocytosis event, provided that the signal is laterally resolved
(i.e., not convoluted with the releases of other neighboring cells), and also is time-resolved (i.e., does
not suffer from diffusional broadening, which happens when the release area is far from the detecting
electrode). To allow a statistical analysis of these exocytosis events, a large number of release events
from a large number of cells must be measured locally and simultaneously. For efficient targeting of
single cells specifically to the electrode sites, the most common approach consists of patterning the
microwell structures [14] (Figure 7). These approaches have been reviewed recently by Ino et al. [67].
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Figure 7. (a) Fabrication process of the microwells by photolithography; (b) side view of the microwell
structure; (c) micrograph of a sensor array (300 × 500 µm); and (d) signal recorded for a unique
live chromaffin cell settled down in a well, in direct contact with the electrode. Adapted from
Huang et al. [14]. Copyright © 2017 Springer-Verlag GmbH.

4. Devices

This section reviews the various transistor-based devices that have been reported for ex-situ
(cell culture media are brought to the sensor) or, much more interestingly, in-situ (sensor active within
cell culture media) monitoring of cells activity. Firstly, inorganic transistors are reviewed (field-effect
transistors or liquid-gated transistors), then, organic transistors, including the electrochemical ones
that represent the vast majority of the reported works.

4.1. Inorganic Transistors

4.1.1. Field Effect Transistors

The basic concepts concerning the field effect are applicable, under certain conditions, to both
inorganic and organic transistors. It is usual to cite the patent filed by Julius Edgar Lilienfeld in
1930 [68] as the very first description of a field-effect transistor (FET), in contrast with the later work
of J. Bardeen, W. Shockley, and W. Brattain, who claimed its invention in 1947 and who received the
Nobel Prize in Physics in 1956 for their work.

An FET usually comprises four electrodes, namely: body, source, drain, and gate electrodes;
considering that the body and source are generally short-circuited, it is usual to consider the three
latter contacts only. A semiconducting channel sits between the source and drain. The density of
the charge carriers (electrons or holes) in the channel, responsible for the current flow, is modulated
by the gate voltage. Long after Bardeen, Shockley, and Brattain’s work, the first silicon-based FET
was described in the 1960s, which is still the actual form of today’s transistors (Figure 8, extracted
from the review of Horowitz, 1998 [69]). For an n-type FET working in the enhancement mode of
operation, upon the application of a sufficient positive voltage to the gate, an n-type channel forms
at the insulator/semiconductor interface ,where the electron density becomes sufficient to allow a
current of electrons to flow between the source and the drain. This turns the device on. For a p-type
FET, the applied gate voltage should be negative, and the charge carriers are holes instead of electrons.
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ion transport processes in cells, was used as the ionophore and was immobilized on the gate 
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when the insulator is silicon oxide. Adapted from Horowitz [69]. Copyright © 1999, John Wiley
and Sons.

Ion-sensitive field effect transistors

Maybe the most common FET architecture used in biosensors to date is the ion-sensitive field-effect
transistor (ISFET). This device is made of a reference electrode that also serves as gate electrode dipping
into an electrolyte, which is in direct contact with a dielectric deposited over the semiconductor. In this
configuration, the drain current is driven by the potential of the electrolyte–insulator interface, which is
the sensing interface (Figure 9). Therefore, the insulator must be functionalized in order to be sensitive
to a given analyte. The most common ISFET is sensitive to protons, for example, by using silicon nitride.
With this material, however, the operating gate potentials are high (several volts). To lower down the
gate potential, other dielectric materials are used, for instance tantalum oxide (Ta2O5), which provides
a higher capacitance than silicon nitride and therefore allows lower operating potentials. The review
of Lee et al. [70] is available for readers who would like to have more insights on the ion-sensitive
field-effect transistor for biological sensing.
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Ji et al. developed, in 2008, an ion-sensitive field effect transistor (ISFET) made on a flexible
substrate (polyethylene naphthalate) to measure the concentration of potassium cations in a
physiological medium. Valinomycin, a naturally occurring molecule that is involved in the potassium
ion transport processes in cells, was used as the ionophore and was immobilized on the gate electrode.
One may consider that this work opened the way to the development of living cells-based ISFETs [28].
Zhu et al. described, more recently, the fabrication of a graphene-based ISFETs for measuring the K+

production from glial cells. The device was fabricated by modifying the gate electrode by graphene
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and valinomycin, which guaranteed specificity for K+ without interference with Na+ or even Ca2+.
The sensor was brought close to the rat glial cells. The activation of the K+ channels led to a shift of
the transfer curves toward more positive potentials [71]. This work is interesting because it shows
that ISFETs are intrinsically sensitive to ions, without specificity; this specificity must be brought
by an external element. The other interesting feature is that the gate potential, which triggers the
current flow through the transistors, can also trigger the ion flux through biological ion channels,
which fully exploits the ion-to-electron transducing feature of these transistors and also paves the way
for solution-gated ones (developed in Section 4.1.2).

In order to monitor the membrane integrity of the living cells, which could be challenged by
cytotoxic chemicals, Imaizumi and coworkers described a pH-sensitive ISFET able to measure the
time-resolved changes in pH, generated by the HepG2 living cells immobilized on the gate insulator
of a proton-sensitive FET, when these cells are subjected to flushing with NH4Cl. The cell activity
decreased when a cytotoxic molecule was added [72]. The ISFET used a p-type Si as semiconductor,
SiO2 as dielectric, and Ta2O5 as gate-sensitive material, pre-treated with Poly-L-lysine. The living
cells were directly immobilized on the gate in a 5 mm diameter well. Figure 10 shows the potential
response of the device upon the addition of a 1,3-bis(tris(hydroxymethyl)methylamino)propane (BTP)
buffer and NH4Cl, or a BTP buffer and sucrose. For these measurements, the ISFET was operated as
a source-drain follower (i.e., with a constant drain-source voltage of 0.5 V, a constant drain-source
current of 0.5 mA, and no DC bias potential against the Ag/AgCl gate electrode). The output signal
was the voltage between drain and reference.
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on the gate potential with pH, K+, and Na+ concentration [2] (Figure 11). 

Figure 10. (a) Time-course of the ISFET potential difference (between gate and drain) during periodic
flushes (60 s each) of isotonic buffers containing 10−2 mol L−1 NH4Cl, or 2 × 10−2 mol L−1 sucrose.
A sharp pH change occurred when the buffer solution surrounding the cells on the gate insulator was
exchanged in a stepped manner. pH transients were not observed when no cells were present on the
gate insulator. (b) Illustrations of the mechanism. Reproduced from Imaizumi et al. [72]. Copyright ©
2017, with permission from Elsevier.

To follow the chemical activity of the living cells while being able to observe them using an
optical microscope, Sakata et al. developed a transparent ISFET, which they called ion sensitive
transparent-gate transistor (IS-TGT). The semiconductor was made of In–Ga–Zn-oxide (IGZO),
over which a thin SiO2 film was deposited as a gate dielectric. The cell activity was monitored
simultaneously with microscopic observations and electrical measurements, with a clear dependence
on the gate potential with pH, K+, and Na+ concentration [2] (Figure 11).
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Chemical Society. 

• Other kinds of classical inorganic field-effect transistors 

Besides ISFET devices, classical MOSFETs have been described for the monitoring of cell 
detachment. For example, Nabovati et al. [3] reported a capacitive sensor array using the CMOS 
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measured capacitance at the interface between the sensor and the cell culture medium. Practical 
results were obtained with H1299 cells (human lung carcinoma cell). This report is very recent; there 
is, to our knowledge, no other example of CMOS-based living cell monitoring systems at the moment, 
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Electrolyte-gated field-effect transistors (EGFETs) have a very similar architecture compared to 
ISFETs, but there is simply no solid dielectric on the semiconductor, and the gate electrode is not 
necessarily a reference electrode, but can also be a bare metal. In an EGFET, upon the polarization of 
the gate, an electrical double layer (EDL) is formed at the gate/electrolyte and 
electrolyte/semiconductor interfaces. These double layers, and more particularly the 
electrolyte/semiconductor EDL, act as a dipole of a few angstroms of thickness only, which creates 
an extremely strong electrical field across the interface; this electric field is finally able to attract 
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thin layer between the source and drain electrodes. It should be noted that any change in terms of 
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Figure 11. (a) Scheme of the ion sensitive transparent-gate transistor (IS-TGT) structure; (b) image of
a cell culture dish with IS-TGT; (c) change in surface potential measured by the IS-TGT with HeLa
cells in the well; and (d) optical micrograph of living cells (0 h) and dead cells (40 h). The gate area is
shown by the dotted line. Adapted with permission from Sakata et al. [2]. Copyright © 2017 American
Chemical Society.

Other kinds of classical inorganic field-effect transistors

Besides ISFET devices, classical MOSFETs have been described for the monitoring of cell
detachment. For example, Nabovati et al. [3] reported a capacitive sensor array using the CMOS
technology for in-situ cell growth monitoring. They constructed an array of 8 × 8 CMOS that measured
capacitance at the interface between the sensor and the cell culture medium. Practical results were
obtained with H1299 cells (human lung carcinoma cell). This report is very recent; there is, to our
knowledge, no other example of CMOS-based living cell monitoring systems at the moment, but one
may expect a quick development of this area in the near future.

4.1.2. Electrolyte-Gated Field-Effect Transistors

Electrolyte-gated field-effect transistors (EGFETs) have a very similar architecture compared to
ISFETs, but there is simply no solid dielectric on the semiconductor, and the gate electrode is not
necessarily a reference electrode, but can also be a bare metal. In an EGFET, upon the polarization of the
gate, an electrical double layer (EDL) is formed at the gate/electrolyte and electrolyte/semiconductor
interfaces. These double layers, and more particularly the electrolyte/semiconductor EDL, act as a
dipole of a few angstroms of thickness only, which creates an extremely strong electrical field across the
interface; this electric field is finally able to attract mobile charge carriers from the semiconductor bulk
to its surface, thus creating a highly conductive, thin layer between the source and drain electrodes.
It should be noted that any change in terms of surface potential (on the gate or on the semiconductor)
will drive a change in the drain current.
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One of the earliest reports dealing with EGFET for cell monitoring, Steinhoff et al., described an
AlGaN/GaN-based electrolyte gate FET array for the detection of extracellular electrical potentials.
They reported the recording of extracellular action potentials from a confluent layer of rat heart muscle
cells put directly on the gate, with a signal amplitude of 75 mV (signal-to-noise ratio of five) [73].

Similarly, transparent EGFETs have been also utilized for cells monitoring. For example, Izak et al.
proposed real-time monitoring of cell growth through a diamond-based electrolyte-gated FET sensitive
to pH, Na+, and K+, as well as to the adhesion of cells. As explained above, the difference between
this EGFET configuration and an ISFET configuration, is that the diamond gate was free of gate oxide,
which brings a higher sensitivity for small potential changes above the gate electrode [74]. In this
work, the cellular activity was followed by changes in the threshold voltage of the device (Figure 12).
A similar EGFET configuration was proposed by Procházka et al.; they studied yeast cells on their
device and related the cellular metabolism with changes in potential (mostly because of pH changes)
over the gate electrode [75].
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function of sodium concentration. Reproduced from Ižák et al. [74]. Copyright © 2017, with permission
from Elsevier.

A very impressive work was also published by Pulikkathodi et al. in 2018 [76]. The authors
developed a methodology where the EDL formed on a metallic gate electrode was used to modulate
the channel conductivity of an electrical double layer FET (EDLFET). As shown in Figure 13,
after insulation, only a part of the channel and the gate remain in direct contact with the surrounding
solution. If optimized, this tiny hole can trap a few cells, which are then in contact with the gate.
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and without the passivation layer (to better see the structure). Adapted from Pulikkathodi et al. [76],
with permission of The Royal Society of Chemistry.

The authors applied their device to the enumeration of circulating tumor cells and investigated
their bioelectric signals, achieving a single cell resolution. To achieve this result, they functionalized
the well with a DNA aptamer specific for the cells. As shown in Figure 14, one, two, or three cells can
be trapped in the well and can modify the drain current accordingly. With this device, it is possible to
investigate bioelectric signals from cells, with a high sensitivity (if the changes in the input signal are
low, the output signal is high, of several tens of µA, which is easily measurable). Clearly, it is possible
to monitor the changes in the transmembrane potential due to the opening or closing of the embedded
ion channels.
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Adapted from Pulikkathodi et al. [76], with permission of The Royal Society of Chemistry.

4.2. Organic Transistors

The organic field-effect transistors’ working principles are similar to those of the inorganic ones,
given in Section 4.1.1. It is not the purpose of this review to go into the details of the charge transport
within the organic conjugated materials, but the readers who want to go into deeper details can read
the article of Horowitz, 1998 [69], or Coropceanu et al., 2007 [77]. In the category of OFETs designed for
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the cells monitoring, one finds ISOFETs (ion-selective OFETs) and EGOFETs (electrolyte-gated OFETs).
The other category is the organic electrochemical transistor (OECT).

4.2.1. Organic Electrochemical Transistors

As for the other devices, it is first necessary to recall the functioning principles driving the
organic electrochemical transistors (OECTs). They present a very similar architecture compared to
EGFETs, with the difference that the semiconductor is organic and that the ions, instead of forming
double layers at the gate/electrolyte and electrolyte/semiconductor interfaces, penetrate inside the
materials (i.e., inside the organic conducting material forming the channel). This means that the
basic working principle of OECTs relies on the reversible electrochemical doping of the channel,
upon the application of an appropriate gate voltage. The material constituting the channel is generally
Poly(3,4-ethylenedioxythiophene) doped with Poly(styrene sulfonate) (PEDOT:PSS) [78,79], a p-type
conducting polymer. Without a gate bias, the polymer is in its conducting state and a current can
flow between the source and drain. This is also true if the gate electrode is negatively polarized with
respect to the source contact, the channel being maintained in its oxidized form. But if a positive gate
voltage is applied, reduction occurs at the channel, which is consequently de-doped and becomes less
conducting. More details are given, for example, in the article of Nielsen et al. [79], or the review of
Rivnay et al., published in 2018 [78].

Ex-situ monitoring

OECTs have demonstrated their applicability for sensing ions [80], pH [81], metabolites such as
glucose or lactate [7,82], or neurotransmitters [32,33]. Again, these applications have been recently
reviewed [21]. More precisely, Strakosas et al. [82] described the immobilization of lactate oxidase
and glucose oxidase enzymes in a hydrogel at the platinum gate of an OECT, and evaluated their
sensing ability by tracking their glucose consumption and lactate production, ex-situ, in a cell
culture medium that was treated, or not, with cisplatin. This work showed the possibility to monitor
metabolite concentrations, and more particularly, the ratio between the two metabolites’ concentrations,
to predict the response of living cells under a given stress (e.g., upon the presence of toxic compounds).
The experimental setup, using cells as a filtering membrane, was original. M. Braendlein et al. ([7])
described a similar device, still ex-situ, used to monitor an ensemble of 105 cultivated cells (peripheral
blood mononuclear cells), which produced an estimated lactate concentration of 10−5 M after 24 h
in their experimental conditions. More importantly, they pointed out a clear difference in activity
between normal and cancer cells, confirming the enhanced glycolytic metabolic activity of the latter.

In-situ monitoring

As reviewed above, most of the devices rely on the measurements made from solutions picked up
from cell culture, and are not in-situ. Even if providing a unique insight into the possible transductions
that can be used to monitor living cells, ex-situ monitoring cannot compete with in-situ monitoring.
To achieve this, the approach should consist of cultivating cells directly on the substrate where
transistors are fabricated, and as close as possible to the gate of the OECTs, used as the sensing
electrode by way of proper functionalization.

Yao et al. described, in 2013, the architecture of an OECT-based cell monitoring system, where a
monolayer of an epithelial cell was cultured on the semiconductor surface of OECTs. As shown in
Figure 15, the cells established a polarized monolayer with the apical side facing the electrolyte and the
basolateral side attached on the substrate. It was supposed that tight junctions between the cells could
restrict the passage of ions from the electrolyte to the semiconductor. The activity of the cells, more
particularly the opening and closing of cystic fibrosis transmembrane conductance regulators (CFTR,
nanopores controlling the transepithelial chloride flow), also controls the sodium flow and more
particularly, its sodium concentration at the basolateral side close to PEDOT:PSS. This change in ionic
strength results in a change in the electrical characteristics of the transistor [83]. Again, as described
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in Strakosas et al. [82], an ensemble of cells was used as a membrane. This setup is able to control,
depending on how tight cells are on top of the electroactive material, whether te cells are healthy
or not.
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Cells form a dense monolayer on top of the surface, in-between the OECTs and the electrolyte; (b) detail
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Salyk et al. described an array of 96 wells at the bottom of which sat OECTs having a channel
(fabricated in PEDOT:PSS) of 1.5 mm2 surrounded by a circular gate electrode, onto which the
electrogenic cells (3T3 fibroblast cells) were cultivated. Because of the extensive ion exchange, the cells
growing at the transistor channel modulated the current within it; hence, the removal of cells resulted
in changes of the channel current, thus making it possible to distinguish between the wells occupied by
living cells from those unoccupied, or from the wells occupied by dead cells [84]. A similar work was
made with unicellular microalgae (Haematococcus pluvialis) settled on a PEDOT:PSS OECT. This alga
is known to produce an interesting metabolite, astaxanthin (a high-value anti-oxidant), which is
laborious to detect with conventional methods. The electrical characteristics of the transistors varied
depending on the maturation degree of the cell, which allowed for determining the best moment of
astaxanthin production [4] (Figure 16).
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Figure 16. (a) Scheme of an OECT array. The electrical characteristics of the OECTs depend on the
presence of the H. pluvialis cells, whether in the solution or adherent to the transistor; the culture
medium serves as the electrolyte; (b) photograph of the OECT array platform; and (c) micrograph of
the SU-8 microwell. Reproduced from Wei et al. [4] under the Creative Commons Attribution License
(CC BY 3.0).
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4.2.2. Organic Field-Effect Transistors

The functioning principles that govern the organic field effect transistors are the same as for
the inorganic ones, and have been already recalled above (Section 4.1.1). One of the advantages of
OFETs as bioelectronic substrates is that their electrically active surface is an organic film onto which
the detection of electrical bio-signals is intrinsically easy. For using OFETs in cell cultures, and more
particularly for cultivating cells on top of such devices, it is necessary to use organic semiconductors
that are not toxic for the cells themselves, to allow attachment and growing. The chemical modification
of organic surfaces, to make them biocompatible, is expected to be easier than for inorganic materials.

Even without the direct application in FET devices, the growth of living cells on organic
semiconductors have been demonstrated (e.g., on pentacene) [85]. In practice, mouse neural cells’
growth on pentacene showed that the latter is stable upon prolonged contact with a physiological
buffer and that the cells adhere and remain viable on it for more than 15 days. The authors succeeded in
improving the adhesion by immobilizing laminin and poly-L-lysine on pentacene. Another article [86]
reported, later, the success of the growth of stem cells on organic semiconductors, such as T6
(sexithiophene) and PDI-8CN2 (N,N’-bis(n-octyl)-dicyanoperylenediimide). As far as we know, further
electrical characterizations of such cells@pentacene-based OFETs, cells@PDI8CN2, or cells@T6 have
not been reported so far.

The contact of aqueous and saline media on organic semiconductors usually leads, after a short
time, to the degradation of the electrical characteristics. Also, organic thin film transistors usually
need to be operated at voltages over ten volt (which limits their use in aqueous solutions), and charge
carrier mobility in organic semiconductors is generally several orders of magnitude smaller than in
the inorganic ones, which limits the frequency range that can be explored. For this reason, Spanu
et al. developed an organic charge-modulated FET (OCMFET), for which a floating gate, in contact
with the living cells, avoids any contact between the culture medium and the organic semiconductor
(Figure 17a) [12]. With such a device, the authors detected action potentials in physiological conditions
from cardiac cells. The authors also showed that transduction acts through capacitive coupling between
the floating gate and the cellular membrane. As shown in Figure 17b, action potentials were recorded
with a high time resolution. This work also gave rise to a world patent [87].
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Figure 17. (a) Principle of the organic charge-modulated FET (OCMFET) (cross-section and working
principles). The charge fluctuation over the sensing area determines the charge re-distribution inside the
floating gate, which modulates the charge carriers’ density inside the channel of the transistor; (b) rat
cardiomyocytes activity maintained at 37 ◦C for 8 days and measured with an OCMFET. The device
is able to evidence that cell activity is accelerated by the addition of norepinephrine or attenuated
with verapamil. Adapted from Spanu et al. [12], under the Creative Commons Attribution License
(CC BY 4.0).
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Liquid electrolyte-gated organic field effect transistors for cell monitoring are reviewed in the next
section, but the work of Zhang et al. [88] can be considered in this section, because the architecture
of their device was based on a dual gate (i.e., in-between the classical bottom-gated OFET and the
EGOFET). In this work, the bottom gate was used in order to shift the operating domain within the
range where the transconductance reaches its maximum (Figure 18). Indeed, such devices can be
limited by their operation voltage; in other words, the voltage range where their transconductance
is maximum could exceed the gate voltage window for which the gate current stays negligible.
This gate voltage can be kept within a tolerable range if a voltage is, at the same time, imposed from
another bottom, isolated, gate. For example, in this work, the authors were able to set the maximum
transconductance point to a top-gate voltage below 0.3 V.
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detachment upon addition of trypsin. Reprinted with permission from Zhang et al. [88]. Copyright ©
2017 American Chemical Society.

4.2.3. Electrolyte-Gated Organic Field Effect Transistors

EGOFETs [89,90] have not been often used for cell monitoring, probably because they are more
recent devices and have been much less described than OECTs. However, electrolyte-gated OFETs have
attracted considerable attention for biosensing applications, for two main reasons: (1) the dielectric
layer separating the gate electrode and the organic semiconductor in traditional OFETs is replaced
by an electrolytic solution, which makes these transistors particularly suitable for liquid sample
analysis; (2) the electrolyte leads to extremely high capacitances between the gate electrode and the
semiconductor (up to a few hundreds of µF cm−2), which is reflected in the very small polarization
voltages necessary to bias these devices (ca. 200–400 mV). Such low voltages are ideal for measurements
in biological aqueous media and strongly reduce power consumption. By properly functionalizing
the gate electrode with specific molecules (e.g., antibodies), the target molecules present inside the
electrolyte interact with the gate surface, leading to modification of the interface capacitance which,
in turn, modulates the drain current, even for an uncharged target at trace levels [91]. Their pertinence
has been demonstrated for pH sensing [92,93] and biosensing for the detection of small toxic organic
molecules [91,94] or proteins secreted by cells (e.g., interleukins [95,96] and TNF-α (tumor necrosis
factor alpha) [97]). The fact that EGOFETs have not yet been used for living cells’ monitoring could be
due to the fact that these EGOFETs have always been reported using top-gate configurations, and never
using side-gates. So far, no examples of fully printed EGOFETs have been reported [98], which may be
another factor that prevented their utilization in the field of cell monitoring.

However, Cramer and colleagues reported a work in 2013, where liquid gated organic FETs were
used to monitor cells’ activity [99]. They used a pentacene-based EGOFET for monitoring the neuronal
network activity. These devices are actually highly sensitive to small potential changes in the cell
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medium. Their devices did not record neurons independently, but several hundreds to thousands of
neurons immobilized together on a single gate. They mostly demonstrated that pentacene enables
good cellular adhesion, and that adhesion can be monitored through the coupling of the ionic currents
at the cells–pentacene interface, with changes in OFET current.

5. Conclusions

There are three essential parts in a field-effect transistor: the gate, acting as the current switch; the
dielectric, which is an electrolyte in several configurations; and the semiconductor. A number of the
aforementioned devices are already hybrid systems, where one can consider that the cells play the role
of a “living” electrolyte or “living” gate. For example, Tarabella et al., 2015 [100], described an OECT
were the electrolyte above the PEDOT:PSS was replaced by a Physarum polycephalum cell, into the
membrane of which the gate electrode has been plunged. It was shown that the cell acts as a reservoir
of cations, which can be exchanged with the underlying PEDOT:PSS film, as in the case of an electrolyte;
it is assumed that the cations in the intracellular matrix can cross the cell membrane through the ion
channels, which open under the proper polarization of the gate. A large number of reported work also
focusses on the quality of the contact between the cells and the underlying semiconductor, to create the
most intimate contact between the cell membrane and the SC. However, as far as we know, FET devices
where the cells themselves (collection of cells or single cell) totally replace the semiconductor have
never been described to date, but would constitute a major achievement. In-between, the in-situ
production of semiconductors by living cells, for example by oxidative polymerization of conjugated
monomers through the action of reactive oxygen species (ROS) produced by the cells’ metabolism,
has just started to be investigated and is very promising [101].

Funding: ANR (Agence Nationale de la Recherche) and CGI (Commissariat à l’Investissement d’Avenir) are
gratefully acknowledged for their financial support of this work through Labex SEAM (Science and Engineering
for Advanced Materials and devices) ANR 11 LABX 086, ANR 11 IDEX 05 02.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McConnell, H.M.; Owicki, J.C.; Parce, J.W.; Miller, D.L.; Baxter, G.T.; Wada, H.G.; Pitchford, S. The cytosensor
microphysiometer: Biological applications of silicon technology. Science 1992, 257, 1906–1912. [CrossRef]
[PubMed]

2. Sakata, T.; Nishimura, K.; Miyazawa, Y.; Saito, A.; Abe, H.; Kajisa, T. Ion Sensitive Transparent-Gate Transistor
for Visible Cell Sensing. Anal. Chem. 2017, 89, 3901–3908. [CrossRef] [PubMed]

3. Nabovati, G.; Ghafar-Zadeh, E.; Letourneau, A.; Sawan, M. Towards High Throughput Cell Growth Screening:
A New CMOS Biosensor Array for Life Science Applications. IEEE Trans. Biomed. Circuits Syst. 2017, 11, 380–391.
[CrossRef] [PubMed]

4. Wei, W.; Xiao, K.; Tao, M.; Nie, L.; Liu, D.; Ke, S.; Zeng, X.; Hu, Z.; Lin, P.; Zhang, Y. A Novel
Organic Electrochemical Transistor-Based Platform for Monitoring the Senescent Green Vegetative Phase of
Haematococcus pluvialis Cells. Sensors 2017, 17, 1997. [CrossRef] [PubMed]

5. Ramuz, M.; Hama, A.; Rivnay, J.; Leleux, P.; Owens, R.M. Monitoring of cell layer coverage and differentiation
with the organic electrochemical transistor. J. Mater. Chem. B 2015, 3, 5971–5977. [CrossRef]

6. Nabovati Khormazard, G. A Label Free CMOS-Based Smart Petri Dish for Cellular Analysis. Ph.D. Thesis,
École Polytechnique de Montréal, Montréal, QC, Canada, 20 June 2016.

7. Braendlein, M.; Pappa, A.M.; Ferro, M.; Lopresti, A.; Acquaviva, C.; Mamessier, E.; Malliaras, G.G.;
Owens, R.M. Lactate detection in tumor cell cultures using organic transistor circuits. Adv. Mater. 2017, 29,
1605744. [CrossRef] [PubMed]

8. Hernández-Ibáñez, N.; García-Cruz, L.; Montiel, V.; Foster, C.W.; Banks, C.E.; Iniesta, J. Electrochemical
lactate biosensor based upon chitosan/carbon nanotubes modified screen-printed graphite electrodes for
the determination of lactate in embryonic cell cultures. Biosens. Bioelectron. 2016, 77, 1168–1174. [CrossRef]
[PubMed]

http://dx.doi.org/10.1126/science.1329199
http://www.ncbi.nlm.nih.gov/pubmed/1329199
http://dx.doi.org/10.1021/acs.analchem.6b02246
http://www.ncbi.nlm.nih.gov/pubmed/28298088
http://dx.doi.org/10.1109/TBCAS.2016.2593639
http://www.ncbi.nlm.nih.gov/pubmed/28113953
http://dx.doi.org/10.3390/s17091997
http://www.ncbi.nlm.nih.gov/pubmed/28858233
http://dx.doi.org/10.1039/C5TB00922G
http://dx.doi.org/10.1002/adma.201605744
http://www.ncbi.nlm.nih.gov/pubmed/28134450
http://dx.doi.org/10.1016/j.bios.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26579934


Biosensors 2018, 8, 65 20 of 24

9. Gualandi, I.; Tonelli, D.; Mariani, F.; Scavetta, E.; Marzocchi, M.; Fraboni, B. Selective detection of dopamine
with an all PEDOT: PSS Organic Electrochemical Transistor. Sci. Rep. 2016, 6, 35419. [CrossRef] [PubMed]

10. Amatore, C.; Arbault, S.; Guille, M.; Lemaître, F. The nature and efficiency of neurotransmitter exocytosis
also depend on physicochemical parameters. ChemPhysChem 2007, 8, 1597–1605. [CrossRef] [PubMed]

11. Li, Y.; Meunier, A.; Fulcrand, R.; Sella, C.; Amatore, C.; Thouin, L.; Lemaitre, F.; Guille-Collignon, M.
Multi-Chambers Microsystem for Simultaneous and Direct Electrochemical Detection of Reactive Oxygen
and Nitrogen Species Released by Cell Populations. Electroanalysis 2016, 28, 1865–1872. [CrossRef]

12. Spanu, A.; Lai, S.; Cosseddu, P.; Tedesco, M.; Martinoia, S.; Bonfiglio, A. An organic transistor-based system
for reference-less electrophysiological monitoring of excitable cells. Sci. Rep. 2015, 5, 8807. [CrossRef]
[PubMed]

13. Stett, A.; Egert, U.; Guenther, E.; Hofmann, F.; Meyer, T.; Nisch, W.; Haemmerle, H. Biological application
of microelectrode arrays in drug discovery and basic research. Anal. Bioanal. Chem. 2003, 377, 486–495.
[CrossRef] [PubMed]

14. Huang, M.; Delacruz, J.B.; Ruelas, J.C.; Rathore, S.S.; Lindau, M. Surface-modified CMOS IC electrochemical
sensor array targeting single chromaffin cells for highly parallel amperometry measurements. Pflugers Arch.
Eur. J. Physiol. 2018, 470, 113–123. [CrossRef] [PubMed]

15. Curto, V.F.; Marchiori, B.; Hama, A.; Pappa, A.M.; Ferro, M.P.; Braendlein, M.; Rivnay, J.; Fiocchi, M.;
Malliaras, G.G.; Ramuz, M.; et al. Organic transistor platform with integrated microfluidics for in-line
multi-parametric in vitro cell monitoring. Microsyst. Nanoeng. 2017, 3, 17028. [CrossRef]

16. Schwartz, M.P.; Derfus, A.M.; Alvarez, S.D.; Bhatia, S.N.; Sailor, M.J. The smart petri dish: A nanostructured
photonic crystal for real-time monitoring of living cells. Langmuir 2006, 22, 7084–7090. [CrossRef] [PubMed]

17. Veliev, F.; Han, Z.; Kalita, D.; Briançon-Marjollet, A.; Bouchiat, V.; Delacour, C. Recording Spikes Activity
in Cultured Hippocampal Neurons Using Flexible or Transparent Graphene Transistors. Front. Neurosci.
2017, 11, 466. [CrossRef] [PubMed]

18. Scarpa, G.; Idzko, A.L.; Yadav, A.; Martin, E.; Thalhammer, S. Toward Cheap Disposable Sensing Devices for
Biological Assays. IEEE Trans. Nanotechnol. 2010, 9, 527–532. [CrossRef]

19. Lin, P.; Yan, F.; Yu, J.; Chan, H.L.; Yang, M. The Application of Organic Electrochemical Transistors in
Cell-Based Biosensors. Adv. Mater. 2010, 22, 3655–3660. [CrossRef] [PubMed]

20. Lin, P.; Yan, F. Organic Thin-Film Transistors for Chemical and Biological Sensing. Adv. Mater. 2012, 24,
34–51. [CrossRef] [PubMed]

21. Strakosas, X.; Bongo, M.; Owens, R.M. The organic electrochemical transistor for biological applications.
J. Appl. Polym. Sci. 2015, 132, 41735. [CrossRef]

22. Jimison, L.H.; Tria, S.A.; Khodagholy, D.; Gurfinkel, M.; Lanzarini, E.; Hama, A.; Malliaras, G.G.; Owens, R.M.
Measurement of barrier tissue integrity with an organic electrochemical transistor. Adv. Mater. 2012, 24,
5919–5923. [CrossRef] [PubMed]

23. Clark, L.C., Jr.; Wolf, R.; Granger, D.; Taylor, Z. Continuous recording of blood oxygen tensions by
polarography. J. Appl. Physiol. 1953, 6, 189–193. [CrossRef] [PubMed]

24. Yao, T. A chemically-modified enzyme membrane electrode as an amperometric glucose sensor. Anal. Chim. Acta
1983, 148, 27–33. [CrossRef]

25. Cass, A.E.G.; Davis, G.; Francis, G.D.; Hill, H.A.O.; Aston, W.J.; Higgins, I.J.; Plotkin, E.V.; Scott, L.D.L.;
Turner, A.P.F. Ferrocene-mediated enzyme electrode for amperometric determination of glucose. Anal. Chem.
1984, 56, 667–671. [CrossRef] [PubMed]

26. Scarpa, G.; Idzko, A.L.; Yadav, A.; Thalhammer, S. Organic ISFET Based on Poly (3-hexylthiophene). Sensors
2010, 10, 2262. [CrossRef] [PubMed]

27. Sessolo, M.; Rivnay, J.; Bandiello, E.; Malliaras, G.G.; Bolink, H.J. Ion-Selective Organic Electrochemical
Transistors. Adv. Mater. 2014, 26, 4803–4807. [CrossRef] [PubMed]

28. Ji, T.; Rai, P.; Jung, S.; Varadan, V.K. In vitro evaluation of flexible pH and potassium ion-sensitive organic
field effect transistor sensors. Appl. Phys. Lett. 2008, 92, 233304. [CrossRef]

29. Johnson, I.S.; Boder, G.B. Metabolites from Animal and Plant Cell Culture. Adv. Appl. Microbiol. 1972, 15,
215–230. [CrossRef] [PubMed]

30. Mak, C.H.; Liao, C.; Fu, Y.; Zhang, M.; Tang, C.Y.; Tsang, Y.H.; Chan, H.L.W.; Yan, F. Highly-sensitive
epinephrine sensors based on organic electrochemical transistors with carbon nanomaterial modified gate
electrodes. J. Mater. Chem. C 2015, 3, 6532–6538. [CrossRef]

http://dx.doi.org/10.1038/srep35419
http://www.ncbi.nlm.nih.gov/pubmed/27739467
http://dx.doi.org/10.1002/cphc.200700225
http://www.ncbi.nlm.nih.gov/pubmed/17577903
http://dx.doi.org/10.1002/elan.201501157
http://dx.doi.org/10.1038/srep08807
http://www.ncbi.nlm.nih.gov/pubmed/25744085
http://dx.doi.org/10.1007/s00216-003-2149-x
http://www.ncbi.nlm.nih.gov/pubmed/12923608
http://dx.doi.org/10.1007/s00424-017-2067-y
http://www.ncbi.nlm.nih.gov/pubmed/28889250
http://dx.doi.org/10.1038/micronano.2017.28
http://dx.doi.org/10.1021/la060420n
http://www.ncbi.nlm.nih.gov/pubmed/16863264
http://dx.doi.org/10.3389/fnins.2017.00466
http://www.ncbi.nlm.nih.gov/pubmed/28894412
http://dx.doi.org/10.1109/TNANO.2010.2060493
http://dx.doi.org/10.1002/adma.201000971
http://www.ncbi.nlm.nih.gov/pubmed/20661950
http://dx.doi.org/10.1002/adma.201103334
http://www.ncbi.nlm.nih.gov/pubmed/22102447
http://dx.doi.org/10.1002/app.41735
http://dx.doi.org/10.1002/adma.201202612
http://www.ncbi.nlm.nih.gov/pubmed/22949380
http://dx.doi.org/10.1152/jappl.1953.6.3.189
http://www.ncbi.nlm.nih.gov/pubmed/13096460
http://dx.doi.org/10.1016/S0003-2670(00)85149-1
http://dx.doi.org/10.1021/ac00268a018
http://www.ncbi.nlm.nih.gov/pubmed/6721151
http://dx.doi.org/10.3390/s100302262
http://www.ncbi.nlm.nih.gov/pubmed/22294926
http://dx.doi.org/10.1002/adma.201400731
http://www.ncbi.nlm.nih.gov/pubmed/24862110
http://dx.doi.org/10.1063/1.2936296
http://dx.doi.org/10.1016/s0065-2164(08)70093-5
http://www.ncbi.nlm.nih.gov/pubmed/4593292
http://dx.doi.org/10.1039/C5TC01100K


Biosensors 2018, 8, 65 21 of 24

31. Tang, H.; Lin, P.; Chan, H.L.; Yan, F. Highly sensitive dopamine biosensors based on organic electrochemical
transistors. Biosens. Bioelectron. 2011, 26, 4559–4563. [CrossRef] [PubMed]

32. Drummond, T.G.; Hill, M.G.; Barton, J.K. Electrochemical DNA sensors. Nat. Biotechnol. 2003, 21, 1192.
[CrossRef] [PubMed]

33. Vestergaard, M.; Kerman, K.; Tamiya, E. An Overview of Label-Free Electrochemical Protein Sensors. Sensors
2007, 7, 3442–3458. [CrossRef] [PubMed]

34. Bahadır, E.B.; Sezgintürk, M.K. Electrochemical biosensors for hormone analyses. Biosens. Bioelectron.
2015, 68, 62–71. [CrossRef] [PubMed]

35. Jelinek, R.; Kolusheva, S. Carbohydrate biosensors. Chem. Rev. 2004, 104, 5987–6016. [CrossRef] [PubMed]
36. Yadav, S.K.; Chandra, P.; Goyal, R.N.; Shim, Y.B. A review on determination of steroids in biological samples

exploiting nanobio-electroanalytical methods. Anal. Chim. Acta 2013, 762, 14–24. [CrossRef] [PubMed]
37. Reder-Christ, K.; Bendas, G. Biosensor applications in the field of antibiotic research—A review of recent

developments. Sensors 2011, 11, 9450–9466. [CrossRef] [PubMed]
38. Folch, A.; Toner, M. Microengineering of Cellular Interactions. Ann. Rev. Biomed. Eng. 2000, 2, 227–256.

[CrossRef] [PubMed]
39. Rosenthal, A.; Voldman, J. Dielectrophoretic Traps for Single-Particle Patterning. Biophys. J. 2005, 88,

2193–2205. [CrossRef] [PubMed]
40. Walt, D.R. Imaging optical sensor arrays. Curr. Opin. Chem. Biol. 2002, 6, 689–695. [CrossRef]
41. Kim, S.H.; Lee, G.H.; Park, J.Y. Microwell Fabrication Methods and Applications for Cellular Studies.

Biomed. Eng. Lett. 2013, 3, 131–137. [CrossRef]
42. Revzin, A.; Tompkins, R.G.; Toner, M. Surface Engineering with Poly(ethylene glycol) Photolithography to

Create High-Density Cell Arrays on Glass. Langmuir 2003, 19, 9855–9862. [CrossRef]
43. Rettig, J.R.; Folch, A. Large-Scale Single-Cell Trapping and Imaging Using Microwell Arrays. Anal. Chem.

2005, 77, 5628–5634. [CrossRef] [PubMed]
44. Wang, Y.; Shah, P.; Phillips, C.; Sims, C.E.; Allbritton, N.L. Trapping cells on a stretchable microwell array for

single-cell analysis. Anal. Bioanal. Chem. 2012, 402, 1065–1072. [CrossRef] [PubMed]
45. Kane, R.S.; Takayama, S.; Ostuni, E.; Ingber, D.E.; Whitesides, G.M. Patterning proteins and cells using soft

lithography. Biomaterials 1999, 20, 2363–2376. [CrossRef]
46. Nilsson, J.; Evander, M.; Hammarström, B.; Laurell, T. Review of cell and particle trapping in microfluidic

systems. Anal. Chim. Acta 2009, 649, 141–157. [CrossRef] [PubMed]
47. Lindström, S.; Andersson-Svahn, H. Overview of single-cell analyses: Microdevices and applications.

Lab Chip 2010, 10, 3363–3372. [CrossRef] [PubMed]
48. Koh, W.G.; Revzin, A.; Simonian, A.; Reeves, T.; Pishko, M. Control of Mammalian Cell and Bacteria

Adhesion on Substrates Micropatterned with Poly(ethylene glycol) Hydrogels. Biomed. Microdevices 2003, 5,
11–19. [CrossRef]

49. Bolin, M.H.; Svennersten, K.; Nilsson, D.; Sawatdee, A.; Jager, E.W.; Richter-Dahlfors, A.; Berggren, M.
Active Control of Epithelial Cell-Density Gradients Grown Along the Channel of an Organic Electrochemical
Transistor. Adv. Mater. 2009, 21, 4379–4382. [CrossRef] [PubMed]

50. Shaik, F.A.; Cathcart, G.; Ihida, S.; Lereau-Bernier, M.; Leclerc, E.; Sakai, Y.; Toshiyoshi, H.; Tixier-Mita, A.
Thin-film-transistor array: An exploratory attempt for high throughput cell manipulation using
electrowetting principle. J. Micromech. Microeng. 2017, 27, 054001. [CrossRef]

51. Yousaf, M.N.; Houseman, B.T.; Mrksich, M. Using electroactive substrates to pattern the attachment of two
different cell populations. Proc. Natl. Acad. Sci. USA 2001, 98, 5992–5996. [CrossRef] [PubMed]

52. Li, Y.; Yuan, B.; Ji, H.; Han, D.; Chen, S.; Tian, F.; Jiang, X. A Method for Patterning Multiple Types of
Cells by Using Electrochemical Desorption of Self-Assembled Monolayers within Microfluidic Channels.
Angew. Chem. Int. Ed. 2007, 46, 1094–1096. [CrossRef] [PubMed]

53. Lee, H.; Liu, Y.; Ham, D.; Westervelt, R.M. Integrated cell manipulation system—CMOS/microfluidic hybrid.
Lab Chip 2007, 7, 331–337. [CrossRef] [PubMed]

54. Seddon, B.J.; Shao, Y.; Girault, H.H. Printed microelectrode array and amperometric sensor for environmental
monitoring. Electrochim. Acta 1994, 39, 2377–2386. [CrossRef]

55. Roth, E.A.; Xu, T.; Das, M.; Gregory, C.; Hickman, J.J.; Boland, T. Inkjet printing for high-throughput cell
patterning. Biomaterials 2004, 25, 3707–3715. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bios.2011.05.025
http://www.ncbi.nlm.nih.gov/pubmed/21652201
http://dx.doi.org/10.1038/nbt873
http://www.ncbi.nlm.nih.gov/pubmed/14520405
http://dx.doi.org/10.3390/s7123442
http://www.ncbi.nlm.nih.gov/pubmed/28903304
http://dx.doi.org/10.1016/j.bios.2014.12.054
http://www.ncbi.nlm.nih.gov/pubmed/25558874
http://dx.doi.org/10.1021/cr0300284
http://www.ncbi.nlm.nih.gov/pubmed/15584694
http://dx.doi.org/10.1016/j.aca.2012.11.037
http://www.ncbi.nlm.nih.gov/pubmed/23327941
http://dx.doi.org/10.3390/s111009450
http://www.ncbi.nlm.nih.gov/pubmed/22163705
http://dx.doi.org/10.1146/annurev.bioeng.2.1.227
http://www.ncbi.nlm.nih.gov/pubmed/11701512
http://dx.doi.org/10.1529/biophysj.104.049684
http://www.ncbi.nlm.nih.gov/pubmed/15613624
http://dx.doi.org/10.1016/S1367-5931(02)00372-1
http://dx.doi.org/10.1007/s13534-013-0105-z
http://dx.doi.org/10.1021/la035129b
http://dx.doi.org/10.1021/ac0505977
http://www.ncbi.nlm.nih.gov/pubmed/16131075
http://dx.doi.org/10.1007/s00216-011-5535-9
http://www.ncbi.nlm.nih.gov/pubmed/22086401
http://dx.doi.org/10.1016/S0142-9612(99)00165-9
http://dx.doi.org/10.1016/j.aca.2009.07.017
http://www.ncbi.nlm.nih.gov/pubmed/19699390
http://dx.doi.org/10.1039/c0lc00150c
http://www.ncbi.nlm.nih.gov/pubmed/20967379
http://dx.doi.org/10.1023/A:1024455114745
http://dx.doi.org/10.1002/adma.200901191
http://www.ncbi.nlm.nih.gov/pubmed/26042948
http://dx.doi.org/10.1088/1361-6439/aa66e8
http://dx.doi.org/10.1073/pnas.101112898
http://www.ncbi.nlm.nih.gov/pubmed/11353818
http://dx.doi.org/10.1002/anie.200603844
http://www.ncbi.nlm.nih.gov/pubmed/17183592
http://dx.doi.org/10.1039/B700373K
http://www.ncbi.nlm.nih.gov/pubmed/17330164
http://dx.doi.org/10.1016/0013-4686(94)E0184-P
http://dx.doi.org/10.1016/j.biomaterials.2003.10.052
http://www.ncbi.nlm.nih.gov/pubmed/15020146


Biosensors 2018, 8, 65 22 of 24

56. Kim, J.D.; Choi, J.S.; Kim, B.S.; Choi, Y.C.; Cho, Y.W. Piezoelectric inkjet printing of polymers: Stem cell
patterning on polymer substrates. Polymer 2010, 51, 2147–2154. [CrossRef]

57. Liberski, A.R.; Delaney, J.T., Jr.; Schubert, U.S. One Cell−One Well: A New Approach to Inkjet Printing
Single Cell Microarrays. ACS Comb. Sci. 2010, 13, 190–195. [CrossRef] [PubMed]

58. Zhu, H.; Stybayeva, G.; Silangcruz, J.; Yan, J.; Ramanculov, E.; Dandekar, S.; George, M.D.; Revzin, A.
Detecting cytokine release from single T-cells. Anal. Chem. 2009, 81, 8150–8156. [CrossRef] [PubMed]

59. Feng, W.; Ueda, E.; Levkin, P.A. Droplet Microarrays: From Surface Patterning to High-Throughput
Applications. Adv. Mater. 2018, 1706111. [CrossRef] [PubMed]

60. Barbulovic-Nad, I.; Lucente, M.; Sun, Y.; Zhang, M.; Wheeler, A.R.; Bussmann, M. Bio-Microarray Fabrication
Techniques—A Review. Crit. Rev. Biotechnol. 2008, 26, 237–259. [CrossRef] [PubMed]

61. Fujita, S.; Onuki-Nagasaki, R.; Fukuda, J.; Enomoto, J.; Yamaguchi, S.; Miyake, M. Development of
super-dense transfected cell microarrays generated by piezoelectric inkjet printing. Lab Chip 2013, 13,
77–80. [CrossRef] [PubMed]

62. Yamazoe, H.; Tanabe, T. Cell micropatterning on an albumin-based substrate using an inkjet printing
technique. J. Biomed. Mater. Res. 2009, 91A, 1202–1209. [CrossRef] [PubMed]

63. Yamaguchi, S.; Ueno, A.; Akiyama, Y.; Morishima, K. Cell patterning through inkjet printing of one cell per
droplet. Biofabrication 2012, 4, 045005. [CrossRef] [PubMed]

64. Tse, C.W.; Smith, P. Inkjet Printing for Biomedical Applications. In Cell-Based Microarrays. Methods in Molecular
Biology; Ertl, P., Rothbauer, M., Eds.; Humana Press: New York, NY, USA, 2018; Volume 1771.

65. Thomas, C.A., Jr.; Springer, P.A.; Loeb, G.E.; Berwald-Netter, Y.; Okun, L.M. A miniature microelectrode
array to monitor the bioelectric activity of cultured cells. Exp. Cell Res. 1972, 74, 61–66. [CrossRef]

66. Siu, W.; Cobbold, R.S.C. Characteristics of a multicathode polarographic oxygen electrode. Med. Biol. Eng.
1976, 14, 109–120. [CrossRef] [PubMed]

67. Ino, K.; Shiku, H.; Matsue, T. Bioelectrochemical applications of microelectrode arrays in cell analysis and
engineering. Curr. Opin. Electrochem. 2017, 5, 146–151. [CrossRef]

68. Lilienfeld, J.E. Method and Apparatus for Controlling Electric Currents. U.S. Patent 1,745,175, 18 January 1930.
69. Horowitz, G. Organic Field-Effect Transistors. Adv. Mater. 1998, 10, 365–377. [CrossRef]
70. Lee, C.S.; Kim, S.K.; Kim, M. Ion-Sensitive Field-Effect Transistor for Biological Sensing. Sensors 2009, 9,

7111–7131. [CrossRef] [PubMed]
71. Zhu, Y.; Koley, G.; Walsh, K.; Galloway, A.; Ortinski, P. Application of ion-senstitive field effect transistors

for measuring glial cell K+ transport. Sensors 2016, 1–3. [CrossRef]
72. Imaizumi, Y.; Goda, T.; Schaffhauser, D.F.; Okada, J.I.; Matsumoto, A.; Miyahara, Y. Proton-sensing transistor

systems for detecting ion leakage from plasma membranes under chemical stimuli. Acta Biomater. 2017, 50,
502–509. [CrossRef] [PubMed]

73. Steinhoff, G.; Baur, B.; Wrobel, G.; Ingebrandt, S.; Offenhäusser, A.; Dadgar, A.; Krost, A.; Stutzmann, M.;
Eickhoff, M. Recording of cell action potentials with AlGaN/GaN field-effect transistors. Appl. Phys. Lett.
2005, 86, 033901. [CrossRef]

74. Ižák, T.; Procházka, V.; Sakata, T.; Rezek, B.; Kromka, A. Real-time monitoring of cell activities by diamond
solution-gated field effect transistors. Proc. Eng. 2016, 168, 469–472. [CrossRef]

75. Procházka, V.; Cifra, M.; Kulha, P.; Ižák, T.; Rezek, B.; Kromka, A. Influence of non-adherent yeast cells
on electrical characteristics of diamond-based field-effect transistors. Appl. Surf. Sci. 2016, 395, 214–219.
[CrossRef]

76. Pulikkathodi, A.K.; Sarangadharan, I.; Chen, Y.; Lee, G.; Chyi, J.; Lee, G.; Wang, Y. Dynamic Monitoring
of Transmembrane Potential Changes: Study of Ion Channels using Electrical Double Layer gated FET
Biosensor. Lab Chip 2018, 18, 1047–1056. [CrossRef] [PubMed]

77. Coropceanu, V.; Cornil, J.; Da Silva Filho, D.A.; Olivier, Y.; Silbey, R.; Brédas, J.L. Charge transport in organic
semiconductors. Chem. Rev. 2007, 107, 926–952. [CrossRef] [PubMed]

78. Rivnay, J.; Inal, S.; Salleo, A.; Owens, R.M.; Berggren, M.; Malliaras, G.G. Organic electrochemical transistors.
Nat. Rev. Mater. 2018, 3, 17086. [CrossRef]

79. Nielsen, C.B.; Giovannitti, A.; Sbircea, D.T.; Bandiello, E.; Niazi, M.R.; Hanifi, D.A.; Sessolo, M.; Amassian, A.;
Malliaras, G.G.; Rivnay, J.; et al. Molecular Design of Semiconducting Polymers for High-Performance
Organic Electrochemical Transistors. J. Am. Chem. Soc. 2016, 138, 10252–10259. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.polymer.2010.03.038
http://dx.doi.org/10.1021/co100061c
http://www.ncbi.nlm.nih.gov/pubmed/21395345
http://dx.doi.org/10.1021/ac901390j
http://www.ncbi.nlm.nih.gov/pubmed/19739655
http://dx.doi.org/10.1002/adma.201706111
http://www.ncbi.nlm.nih.gov/pubmed/29572971
http://dx.doi.org/10.1080/07388550600978358
http://www.ncbi.nlm.nih.gov/pubmed/17095434
http://dx.doi.org/10.1039/C2LC40709D
http://www.ncbi.nlm.nih.gov/pubmed/23165644
http://dx.doi.org/10.1002/jbm.a.32312
http://www.ncbi.nlm.nih.gov/pubmed/19148930
http://dx.doi.org/10.1088/1758-5082/4/4/045005
http://www.ncbi.nlm.nih.gov/pubmed/23075800
http://dx.doi.org/10.1016/0014-4827(72)90481-8
http://dx.doi.org/10.1007/BF02478736
http://www.ncbi.nlm.nih.gov/pubmed/940365
http://dx.doi.org/10.1016/j.coelec.2017.08.004
http://dx.doi.org/10.1002/(SICI)1521-4095(199803)10:5&lt;365::AID-ADMA365&gt;3.0.CO;2-U
http://dx.doi.org/10.3390/s90907111
http://www.ncbi.nlm.nih.gov/pubmed/22423205
http://dx.doi.org/10.1109/icsens.2016.7808540
http://dx.doi.org/10.1016/j.actbio.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/27956364
http://dx.doi.org/10.1063/1.1853531
http://dx.doi.org/10.1016/j.proeng.2016.11.130
http://dx.doi.org/10.1016/j.apsusc.2016.05.003
http://dx.doi.org/10.1039/C7LC01305A
http://www.ncbi.nlm.nih.gov/pubmed/29488525
http://dx.doi.org/10.1021/cr050140x
http://www.ncbi.nlm.nih.gov/pubmed/17378615
http://dx.doi.org/10.1038/natrevmats.2017.86
http://dx.doi.org/10.1021/jacs.6b05280
http://www.ncbi.nlm.nih.gov/pubmed/27444189


Biosensors 2018, 8, 65 23 of 24

80. Lin, P.; Yan, F.; Chan, H.L. Ion-Sensitive Properties of Organic Electrochemical Transistors. ACS Appl. Mater. Interfaces
2010, 2, 1637–1641. [CrossRef] [PubMed]

81. Scheiblin, G.; Coppard, R.; Owens, R.M.; Mailley, P.; Malliaras, G.G. Referenceless pH Sensor using Organic
Electrochemical Transistors. Adv. Mater. Technol. 2017, 2, 1600141. [CrossRef]

82. Strakosas, X.; Huerta, M.; Donahue, M.J.; Hama, A.; Pappa, A.M.; Ferro, M.; Ramuz, M.; Rivnay, J.;
Owens, R.M. Catalytically enhanced organic transistors for in vitro toxicology monitoring through hydrogel
entrapment of enzymes. J. Appl. Polym. Sci. 2016, 134, 44483. [CrossRef]

83. Yao, C.; Xie, C.; Lin, P.; Yan, F.; Huang, P.; Hsing, I. Organic Electrochemical Transistor Array for Recording
Transepithelial Ion Transport of Human Airway Epithelial Cells. Adv. Mater. 2013, 25, 6575–6580. [CrossRef]
[PubMed]
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