
mdpi.com/journal/chemosensors/topical_collections

Topical Collection Reprint

pH Sensors, Biosensors  
and Systems

Edited by 
Pietro Salvo and Lorena Tedeschi 



pH Sensors, Biosensors and Systems





pH Sensors, Biosensors and Systems

Collection Editors

Pietro Salvo

Lorena Tedeschi

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Collection Editors

Pietro Salvo

Institute of Clinical

Physiology

Italian National Research

Council

Pisa

Italy

Lorena Tedeschi

Institute of Clinical

Physiology

Italian National Research

Council

Pisa

Italy

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Topical Collection, published open access by the journal Chemosensors

(ISSN 2227-9040), freely accessible at: https://www.mdpi.com/journal/chemosensors/topical

collections/ph sens bio sys.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-3767-0 (Hbk)

ISBN 978-3-7258-3768-7 (PDF)

https://doi.org/10.3390/books978-3-7258-3768-7

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Pietro Salvo and Lorena Tedeschi

pH Sensors, Biosensors and Systems
Reprinted from: Chemosensors 2025, 13, 90, https://doi.org/10.3390/chemosensors13030090 . . . 1

Federico Vivaldi, Pietro Salvo, Noemi Poma, Andrea Bonini, Denise Biagini,

Lorenzo Del Noce, et al.

Recent Advances in Optical, Electrochemical, and Field Effect pH Sensors
Reprinted from: Chemosensors 2021, 9, 33, https://doi.org/10.3390/chemosensors9020033 . . . . 4

Hyunjun Kye, Dongyoung Jo, Sanghwa Jeong, Chulhong Kim and Jeesu Kim

Photoacoustic Imaging of pH-Sensitive Optical Sensors in Biological Tissues
Reprinted from: Chemosensors 2024, 12, 257, https://doi.org/10.3390/chemosensors12120257 . . 22

Olga Voskoboynikova, Aleksey Sukhanov and Axel Duerkop

Optical pH Sensing in Milk: A Small Puzzle of Indicator Concentrations and the Best Detection
Method
Reprinted from: Chemosensors 2021, 9, 177, https://doi.org/10.3390/chemosensors9070177 . . . 44
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Editorial

pH Sensors, Biosensors and Systems

Pietro Salvo * and Lorena Tedeschi

Institute of Clinical Physiology, Italian National Research Council, Via Moruzzi 1, 56124 Pisa, Italy;
lorena.tedeschi@cnr.it
* Correspondence: pietro.salvo@cnr.it

The study of biological systems for the protection of the environment, food, and health
is among the most important research fields in the scientific literature. Many biological
systems are sensitive even to small changes in chemo-physical parameters such as pH,
temperature and humidity [1,2].

The concept of using the pH value to express the activity of hydrogen ions on a
logarithmic scale dates back to 1909, and since then, many measurement methods have
been developed [3]. Paper test strips and glass electrodes are the most used types of pH
sensors, but the demand for less fragile, highly accurate, miniaturized devices that can be
flexible and wearable has prompted research on alternatives [4]. Most of these pH sensors
can be grouped into one of three macro areas, i.e., optical, electrochemical and field effect
sensors, depending on the measurement method. Vivaldi et al. reviewed these areas in
detail [5]. Optical pH sensors have good photo- and chemostability and are often used
for non-invasive measurements, especially for biological tissues or cell cultures, e.g., for
detecting tumor regions using pH-triggered contrast agents or the metabolic profiles of
cancer lines [6,7]. Optical pH sensors are also popular for colorimetric or photometric
analyses for food safety and control, e.g., using chromophores, which are suitable for
continuous monitoring [8].

Electrochemical pH sensors measure the electrical potential in two- or three-electrode
cells. These pH sensors can be micrometric, flexible, biocompatible, or even knitted into
garments [9–11]. Many materials have been exploited to fabricate electrochemical pH
sensors with different properties. Reduced graphene oxide has been investigated because it
contains carboxylic and hydroxyl groups that can react with hydrogen ions [12–14]. Metal
oxides have high sensitivity and fast responses but can also exhibit considerable drift
and hysteresis [15,16]. Among metal oxides, iridium oxide-based microwires stand out,
since they are fabricated with a near-Nernstian response and low drift. These microwires
can be knitted, integrated into bandages or used for cell analysis [17,18]. Some polymers
have ionizable acidic or basic groups and have thus been used as pH sensors [19,20].
Examples of acidic pH-responsive acidic polymers are polycarboxylic, polysulphonic and
polyphosphoric acids, whereas for basic pH vinyl, (meth)acrylamide and (meth)acrylate
polymers can be used. Polymers can suffer from reduced stability and degradation over
time; however, the most recent formulations might have overcome these limitations. For
example, Korostynska et al. reported a polypyrrole-based pH sensor with sensitivity of
about 60 mV/pH and a 0.25 mV drift per day [21].

Although they belong to the category of electrochemical pH sensors, field effect
transistors (FETs) have been so widely investigated that they can form another group.
FETs can be mass-produced, have fast responses and can be miniaturized by means of
micro-photolithography. The concentration of hydrogen ions is transduced during a change
in the electrical current and depends on their interaction with the transistor gate [22,23].

Chemosensors 2025, 13, 90 https://doi.org/10.3390/chemosensors13030090
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However, this direct interaction can degrade the gate, since in the liquid solution, there are
usually other species, such as ions or biological molecules. To overcome this drawback, new
technical approaches have been employed. In particular, the dual gate approach consists of
fabricating an additional gate that is the only surface exposed to the solution. Cho et al. and
Hyun et al. proposed a coplanar-gate AlGaN/GaN FET and a dual-gate a-IGZO FET with
an SnO2 sensing membrane, respectively [24,25]. Both of these FETs achieved remarkable
superNernstian sensitivities. Further improvements were achieved by Kim et al., who
adopted a strategy for integrating p- and n-type FETs [26]. The p-type FET has lower noise
than the n-type, whereas the n-type FET has higher mobility and lower drift than the p-type.
An ambipolar FET showed a superNernstian sensitivity of about 170 mV/pH and a drift of
14 mV/h in the n region.

Although the glass electrode is the gold standard for pH measurement, the devices
described in this Collection and in the scientific literature show that there is a constant
interest in developing new approaches. This interest depends on the ubiquitous presence of
pH as one of the main parameters that can control chemophysical reactions for the sensing
and fabrication of sensitive surfaces [27–30]. Therefore, we would like to thank all of the
authors who contributed to this Collection for submitting papers demonstrating the broad
spectrum of pH sensors and providing new approaches that will pave the way towards
further advances in this field.

Acknowledgments: We thank all of the authors who contributed with their work to this Collection.
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Abstract: Although its first definition dates back to more than a century ago, pH and its measurement
are still studied for improving the performance of current sensors in everyday analysis. The gold
standard is the glass electrode, but its intrinsic fragility and need of frequent calibration are pushing
the research field towards alternative sensitive devices and materials. In this review, we describe
the most recent optical, electrochemical, and transistor-based sensors to provide an overview on the
status of the scientific efforts towards pH sensing.

Keywords: pH; pH sensors; optical pH sensors; voltammetric pH sensors; potentiometric pH sensors

1. Introduction

The activity of the hydrogen cation plays an important role in a variety of large- and
small-scale processes, ranging from industry to microbial life [1,2]. The measurement of the
hydrogen cation concentration is a routine procedure in several fields, such as production
control to guarantee the quality and durability of many industrial products, and clinical
analysis during sample management and testing. For example, in the pharmaceutical in-
dustry, pH control makes the synthesis processes and pharmacokinetics analyses accurate
and safe [3], whereas in the clinical field, it can be applied for the monitoring of chronic
wounds [4,5], discrimination between healthy and tumor cells [6], and monitoring of expo-
sure to pollution of street traffic-controllers and office-workers [7]. This wide application
of pH measurement motivates the scientific research to find new methods and devices that
can adapt to different scenarios.

The glass electrode, one of the very first systems to measure pH, is nowadays the
gold standard. The first model was proposed in 1909 by F. Haber and Z. Klemensiewicz
following the results obtained by M. Cremer, who, in 1906, noticed a potential difference
across a thin glass membrane that separated two solutions with different pH values [8].
The most common model of the glass electrode consists of an inner Ag/AgCl reference
electrode separated from another Ag/AgCl electrode by a glass membrane. One electrode
is in contact with a known pH solution while the other with an unknown pH sample.
An overall electric potential difference (Em) across the membrane appears because the
silicate network has an affinity for specific cations, which are adsorbed within the structure.
Em is the sum of contributions from the junctions between the various zones of the glass
electrode, including terms, such as the interfacial potentials arising from adsorbed cations,
diffusion potentials within the glass membrane, and the asymmetry potential (generated

Chemosensors 2021, 9, 33. https://doi.org/10.3390/chemosensors9020033 https://www.mdpi.com/journal/chemosensors4
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by the natural inhomogeneity of the membrane due to its construction or wear during use).
Glass membranes are mostly selective for H3O+, but they also respond to other ions, such
as Na+, Li+, K+, Ag+, and NH+

4 .
Figure 1A shows a typical glass electrode. Despite its proven reliability, a glass

electrode suffers from several drawbacks, such as frequent calibrations to compensate
for the drifts caused by the asymmetry potential, and the intrinsic fragility of the glass
membrane, which can degrade because of continuous measurements or harsh environments
(e.g., reactors, biosystems, or in vivo applications).

Figure 1. (A) Schematic representation of a cell with a glass electrode. Two Ag/AgCl electrodes are immersed in two
solutions (with known and unknown pH values, respectively) and separated by a glass membrane. The electrical potential
difference between the two electrodes is correlated to the pH of the unknown solution. (B) Schematic representation
of the principle of optical transduction in an optical pH sensor based on absorption and fluorescence. (C) Schemati-
zation of a 2-electrode system inside a solution of a given analyte. (D) Schematization of a 3-electrode system for a
voltammetric measurement.

In this review, we discuss the most promising pH sensors reported in the literature:
optical and electrochemical sensors, and field effect transistors (FETs). Optical pH sensors
typically use chemical species that modify their optical properties as a function of pH (e.g.,
index of refraction, polarization, absorbance, etc.) [9–12]. For example, Figure 1B shows
a pH-sensitive species that changes its UV-VIS absorbance or its fluorescence emission
depending on the protonation equilibrium. Electrochemical pH sensors are mainly po-
tentiometric and voltammetric. Potentiometric sensors measure the potential generated
across two electrodes, i.e., the working electrode (WE) and the reference electrode (RE)
(Figure 1C). Voltammetric sensors measure the current generated when a potential is
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imposed in an electrochemical cell through a three-electrode system with WE, RE, and a
counter electrode (CE) that supplies current to the cell (Figure 1D). ISFETs (ion-sensitive
field effect transistors) detect the change of the electrical field caused by hydrogen ions
that modulate the current flowing in the transistor conduction channel. ISFETs’ popularity
depends on their microscopic size and potential high sensitivity towards pH [12,13].

2. Optical pH Sensors

Optical pH sensors are mostly based on sensitive acidic/basic materials with a specific
pKa, a high molar extinction coefficient, absorbance and emission spectra in the visible
range, and good stability against light and a chemical environment (e.g., photostability and
chemostability) [14]. A common approach is to immobilize a molecular probe with a chro-
mophore on two types of supports, i.e., optical fibers and planar sensors. Optical fibers are
flexible, can achieve a microscopic spatial discrimination, and can be quite easily modified.
However, they are limited by ionic strength interferences and the photodegradation and
leakage of the chromophore [15–18]. Planar sensors are easily fabricated and usually have
a simple structure with a large pH-sensitive area [19–22].

In 2000, Jin et al. reported a sensor based on a polyaniline (PANI) film prepared
by chemical oxidation at room temperature [23]. The different protonation of the imine
nitrogen ion of PANI led to a pH-dependent behavior in the UV-VIS-NIR spectrum. The
PANI film was deposited onto a planar plexiglass surface and showed an absorbance
shift at 575 and 750 nm, which allowed pH to be measured in the range 2–12. Although
this study reported promising data on the temporal stability of PANI, it did not show its
application in real matrices. In addition, the presence of a hysteresis effect made this sensor
incompatible for a continuous monitoring in wide ranges of pH.

In another study, Kermis et al. proposed a rapid method for the preparation of a sensor
based on a fluorescent dye in a matrix obtained by copolymerization of 6-methacryloyl-
8-acid hydroxy-1,3-pyren sulfonic with polyethylene-glycol acrylate [24]. The choice of
these two polymers stems from to their excellent mechanical properties and the possi-
bility to directly immobilize a dye inside the matrix during the polymerization phase.
Although the planar sensor showed a small operating range between pH 6 and 9, the
reproducibility was high (<0.10 pH units) and the dependence on ionic strength had
a negligible effect (residual standard deviation, RSD < 3.6%). Stahl et al. followed a
similar approach [21] and embedded a fluorescent pH-sensitive molecule, 2′,7′-dihexyl-
5(6)-N-octadecyl-carboxamidofluorescein ethyl ester, in a hydrogel matrix (polyurethane
hydrogel “Hydromed D4”) with a fluorescent standard (ruthenium(II)-Tris-4,7-diphenyl-
1,10-phenanthroline). This setup was used to measure pH in 2-D marine sediments in the
pH range 7.3–9.3 (Figure 2A). The concept of spatial measurements for marine samples has
also been studied in the pH range 6–8 by Jiang et al., who used a fluorescent pH indicator
(5-Hexadecanoylamino-fluorescein) and Hydromed D4 [22]. Recently, Gotor et al. designed
several fluorescent dyes (boron−dipyrromethene derivatives) embedded in Hydromed D4
to build an optical array capable of extending the pH measurements to a wide pH range
(0–14) [25].

In 2012, Raoufi et al. reported a polyallylamine hydrochloride as a linker for a dye,
“Brilliant Yellow”, covering the tip of an optical fiber [26]. The polymer was deposited
using the layer-by-layer technique, which allows for fine control of the polymer deposition
on a solid surface by applying layers with opposite charge. The best sensitivity of the
prototype was obtained in a range between pH 6.8 and 9 with an accuracy of 0.2 pH units.

In 2016, Abu-Thabit et al. described a similar system, which measured the pH response
of polysulfone membranes coated with PANI nanofibers [27]. The nanoscale PANI structure
improved the diffusion of molecules into the nanofiber and provided a response time of
4 s over a pH range from 4 to 12 with a standard deviation ranging from 0.002 to 0.05 pH
units. The sensor was also tested in a detergent (Dettol brand), obtaining a relative error of
about 1%. Although this sensor was tested for repeatability and was described to work
flawlessly from week to week, no numerical data was reported.

6



Chemosensors 2021, 9, 33

Safavi et al. immobilized two dyes, “Victoria Blue” and dipicryamine (pKa 1.82
and 11.2, respectively), onto optically transparent triacetyl-cellulose membranes [28]. The
authors used a neural network to extend the measurement range and obtained a sensor that
performed better than a glass electrode in extreme pH conditions (RSD < 2% at pH 0–1 and
13–14). In 2006, Hashemi et al. immobilized a “Congo Red” dye on agarose membranes [29].
Although it had high precision (RSD < 0.30%), the sensor had a response time of about
3 min and could only be used in the acidic range (pH 0.5–5). Taweetanavanich et al.
described a rhodamine-based colorimetric and fluorimetric sensor that worked between
pH 1 and 8 [30]. The interference of several metal cations (Na+, K+, Ag+, Mg2+, Ca2+,
Pb2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Al3+, Cr3+, Fe3+, Au3+, Pt2+, Ru2+) was negligible,
thus confirming the selectivity of the sensor towards the hydronium ion. However, the
article did not mention any data regarding repeatability, reproducibility, and sensitivity.

In 2013, Li et al. removed the core from a section of an optical fiber and dip-coated the
corresponding cladding with a pH-sensitive layer made of tetraethylorthosilicate (TEOS)
and a mixture of pH-sensitive dies (cresol red, dichlorophenol red, bromophenol blue)
(Figure 2B) [31]. The core removal increased the power of the evanescent wave [32]. This
sensor showed a linear response in the pH range 1–13 with a sensitivity of 0.6 dBm/pH, a
response time of 40 s, and high repeatability (RSD < 1%). In a study from 2014 by Schyrr
et al., the core of an optical fiber was coated with organic modified silicates (ORMOSILs)
doped with bromophenol blue [33]. This sensor showed a sigmoidal response between
pH 3 and 9 with a linear range between 5 and 7. The response time was 20 min for a pH
variation of 1 unit. This sensor was tested in human serum samples and had an accuracy
of 0.2 pH when compared with a glass pH meter. Another example of sol-gel technology
was presented by Sørensen et al., who entrapped two dyes within a sol-gel matrix, which
allows the rapid diffusion of protons [34]. Such a sensor worked in a range between 4.7
and 7.7 pH units with an accuracy <0.1 pH units. Similarly, Jeon et al. used neutral red
as a pH-sensitive dye, obtaining a device with a working pH range between 6 and 9 [35].
Vafi et al. proposed an optical absorption sensor based on a sol-gel silica matrix doped
with thionines [36]. The sensor had a response time of about 1 min between 11 and 13 pH
units with a lifetime of 6 months. Wencel et al. used a sol-gel-based optical pH sensor for
real-time monitoring in human tissues [37]. The fluorescent dye 8-hydroxypyrene-1,3,6-
trisulfonic acid was used to monitor pH between 6 and 8.5 and had a response time of less
than 2 min.

Recently, Gong et al. proposed a fluorescent hydrogel-based optical fiber for
lung tumors [38]. A fluorescent dye (5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-
porphine) was embedded in a polymeric matrix (4-hydroxybutylmethacrylate and
dimethylaminoethylacrylate) and used to measure the pH (5.5–8) of ovine lung tissue
within 30 s. Figure 2C shows another optical fiber sensor with a pH-sensitive hydrogel
(acrylamide, N,N′-methylene diacrylamide, N,N,N,N-tetramethylethylenediamine, and
methacrylic acid) [39]. A change in the volume and refractive index of the hydrogel caused
by pH led to a shift in the surface plasmon resonance (SPR) wavelength. The highest
sensitivity (13 nm/pH) was obtained in the range pH 8–10.

Moradi et al. injected a fluorescent pH-sensitive indicator (8-hydroxypyrene and 1,3,6-
trisulfonic acid sodium salt) in a microfluidic serpentine (Figure 2D) [40]. The fluorescent
signal was recorded in the pH range 2.5–9; however, the sensitivity was not constant but
increased from 6 mV/pH at basic pH up to 42 mV/pH at acidic pH. The sensor had a
response time of about 10 s with an optimal indicator concentration of 500 mg/L.

A different approach includes pH-sensitive inorganic materials, such as carbon nanos-
tructures [41], metals (Ms), and metal oxides (MOs) [42–46]. Metallic materials can absorb
hydronium ions or can form compounds with the general chemical formula MxOyH+ [47].
Because of the hydroxyl and carboxylic groups, reduced graphene oxide (rGO) is an ex-
cellent candidate for pH measurement [5,13]. An example was the deposition onto the
unclad core of an optical fiber of a silver thin film coated with rGO and PANI [48]. The
change in the refractive index increased with OH− concentration; thus, the sensor had

7



Chemosensors 2021, 9, 33

a higher sensitivity at basic pH values (75.09 nm/pH at pH 11.35). In 2017, a metallic
nanostructured complex (ZnLi2) was used in combination with sodium tetraphenylborate,
dibutylphthalate, and polyvinyl chloride [49]. This absorbance sensor showed two linear
ranges between pH 4 and 8 and between 5 and 8 depending on the wavelength (393 and
570 nm, respectively). The average response time was 4 min, with 1.14% measurement
repeatability and 4.06% reproducibility. The sensor lifetime was more than 2 months when
stored in water.

Figure 2. (A) Setup for spatial pH measurement of marine sediment (reprinted from [21] with the
permission of Wiley). (B) Optical fiber without a core used for pH sensing (reprinted from [31]
with the permission of Elsevier). (C) Hydrogel base fiber optic structure (reprinted from [39] with
the permission of Elsevier). (D) Microfluidic device for pH measurements reported by Vahid et al.
(reprinted from [40] with the permission of Elsevier).

Although there are some examples with inorganic materials, the most common optical
pH sensors mainly consist of a dye embedded in a polymer. These sensors achieved a wide
measurement range and, apart from some specific applications, such as the monitoring
of human tissue, optical fibers are quite popular because they are relatively inexpensive
and do not usually need a complex electronic readout system. However, there is the need
for materials capable of reducing the leakage of the pH-sensitive optical species into the
medium. Such research would allow for long-lasting sensors for pH monitoring.

3. Potentiometric pH Sensors

Potentiometric sensors measure the electrical potential between the WE and RE in
a solution. The distribution of electric charge is a time-dependent phenomenon that is a
function of several properties of the investigated system, e.g., the bulk composition, the
composition of the sensitive layer, and the thermodynamic and kinetic properties [50].

Polymers are often used because they can be functionalized or embedded with pH-
sensitive molecules. Lakard et al. studied the responses to pH of five different polymers
(monomers: 1,3-diaminopropane, diethylene triamine, pyrrole, p-phenylene diamine, and
aniline) electroplated on a platinum wire [51]. All sensors a showed linear response in
the range pH 2–10, with the highest sensitivity of 52 mV/pH obtained for PANI films,
close to that of the glass pH meter. The same authors used [52] photolithography to fab-
ricate micro-supports for the electrodeposition of a polypyrrole film. This sensor proved
that pH sensitivity depended on the polypyrrole thickness. A larger range was obtained
from the fabrication of a pH-sensitive membrane by electropolymerization of poly-bis
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phenol on an indium tin oxide electrode [53]. This method allowed robust systems to
be fabricated with a sensitivity of around 57 mV/pH, a working range of 1–14 pH units,
and a low interference from other common cations and anions (Na+, K+, Cl−, SO4

2−).
These membranes were also tested in real matrices, such as milk and fruit juice. Guino-
vart et al. modified a commercial adhesive bandage for monitoring wound status. The
sensor consisted of screen-printed Ag/AgCl tracks and an electropolymerized PANI WE.
A polyvinyl butyral (PVB) membrane coated the RE to protect it against wound exudate
(Figure 3A) [54]. The sensor worked in a physiological pH range (5.5–8 pH), and proved
to have extremely efficient mechanical resistance, repeatability, and reproducibility of the
measurements. The authors analyzed the sensitivity of the device after sterilization with
an autoclave and observed a slight variation that depended on the glass transition of the
membrane used as RE. A PANI nanofiber tested in buffer solution led to a superNerns-
tian response (63 mV/pH) [55], whereas a slightly smaller sensitivity was obtained after
coating gold interdigitated electrodes with PANI (58.57 mV/pH in the range pH 5.45–8.62,
Figure 3B) [56].

One of the first examples of metallic-based potentiometric pH sensors used two forms
of lead oxide to fabricate a pH-sensitive membrane on an aluminum substrate [57]. In the
pH range 1–12, this sensor had a sensitivity of about 58 mV/pH with good repeatability
(RSD < 2.7%) and was not affected from interferents, such as Li+, Na+, Mg2+, Ca2+, NH4+ ,

and HCO−
3 . Manjakkal et al. proposed a potentiometric pH sensor based on ruthenium ox-

ides and tantalum oxide as a pH-sensitive layer screen-printed on alumina substrates [58].
The sensors showed short response times (<15 s), long lifetime, sensitivities close to the
Nernstian limit, and low interference towards metal cations, such as Li+, Na+, and K+.
The sensor was tested in real matrices like lemon juice and river water, obtaining values
close to commercial devices. Another superNernstian response in a potentiometric sensor
was obtained by Khalil et al., who electroplated iridium oxide nanoparticles on a gold
substrate [59]. This method led to a sensitivity of 73 mV/pH in a wide pH range (pH
1.68–12.36). Tanumihardja et al. used ruthenium oxide nanorods to fabricate an inte-
grated sensor in an organ on chip system [60]. A near Nernstian sensitivity was achieved
(58 mV/pH), with a short response time (2 s) and a drift of 0.013 pH/h. Choi et al. coupled
tungsten oxide nanofibers with a dual-channel differential amplifier, which improved the
signal-to-noise ratio and allowed the sensitivity to be increased to 377.5 mV/pH in the
pH range 6.9–8.94 [61]. Crespo et al. used multi-walled carbon nanotubes (MWCNTs) in
combination with an ion-selective membrane (tridodecylamine and potassium tetrakis
[3,5-bis(trifluoromethyl)phenyl] borate in a methyl methacrylate and an n-butyl acrylate
matrix) and achieved a good sensitivity of about 58 mV/pH, although the presence of Li+,
Na+, K+, NH+

4 , Mg2+, and Ca2+ was noted [41]. Smith et al. proposed a combination of
poly(3,4-ethylene-dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), MWCNTs, and
PANI on a flexible cotton yarn [62]. The yarn worked in a wide pH range (2–12) and in
artificial sweat with an almost ideal sensitivity (61 ± 2 mV/pH).

Graphene and its derivatives have also been studied for potentiometric pH
sensing [13,63,64]. Graphene oxide (GO) has several carboxylic, epoxy, and alcoholic
functional groups that make it sensitive to pH changes. Melai et al. used GO for chronic
wounds monitoring using a flexible support with screen-printed silver tracks and carbon
WE. The sensor had a sensitivity of 31.8 mV/pH [65]. For clinical wound monitoring,
Rahimi et al. proposed a pH sensor consisting of PANI deposited onto a combination of a
laser-scribed polyimide sheet and a highly deformable ecoflex support [66].

Poma and coworkers decorated rGO with different organic molecules (4-amino-
benzoic acid and 4-amino-fenilacetic acid) and improved the sensitivity up to 45 mv/pH
in sea water, blood serum, and exudate [67–70]. A similar rGO-based sensor functional-
ized with 3-(4-aminophenil)propionic acid was efficiently transferred on paper and tested
against the same matrices (Figure 3C) [71]. Manjakkal et al. proposed a wearable pH sensor
on a cellulose-polyester cloth coated with a polyurethane-graphite WE and an Ag/AgCl
RE [72]. This sensor worked in the pH range 6–9 but had low sensitivity (4 mV/pH).
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In 2009, Marxer et al. presented a sensor based on an Ag/AgCl electrode coated with
a hybrid xerogel (aminosilanes/alkylsilane) of aminosilanes [73]. The working range was
in the physiological pH range, whereas its sensitivity was amino silane dependent and
ranged from 44 to 55 mV/pH.

The coupling of carbon-nanostructured material with a polymeric film was performed
by Zuaznabar-Gardona et al., who electropolymerized a polydopamine film on a multi-
layer carbon nano-onion substrate deposited on an glassy carbon electrode [74]. This
composite demonstrated low interference from monovalent cations and a sensitivity close
to that of the glass electrode. The device was capable of measuring pH in different matrices
(milk, sea water, pineapple juice, and vinegar).

Sulka et al. proposed hydroquinone monosulfonate-doped polypyrrole nanowires
and obtained a sensitivity of 46–49 mV/pH, which was not far from that of the glass
electrode [75].

Figure 3. (A) PANI-based pH sensor for wound monitoring (reprinted from [54] with the permission
of Wiley). (B) PANI-based interdigitate gold electrodes onto a polyimide (PI) substrate for pH sensing
(reprinted from [56], published by The Royal Society of Chemistry). (C) Paper-based pH sensor using
rGO functionalized with 3-(4-aminophenil)propionic acid (reprinted from [71] with the permission
of IEEE). (D) Self-healing PANI-based (SHP) pH sensor (reprinted from [76] with the permission
of Elsevier).

Yoon et al. developed a remarkable pH sensor that consisted of two carbon fiber
threads coated with a self-healing polymer (poly(1,4-cyclohexanedimethanol succinate-co-
citrate)) (Figure 3D) [76]. One thread was coated with a PANI layer, whereas the other with
Ag/AgCl as RE. The device showed an almost ideal sensitivity (58.1 mV/pH) with a 5-s
response time in the range of pH 4–10. Furthermore, measurements were performed in real
matrices (urine, saliva, sweat, and human tears) and results were comparable with those of
a commercial pH meter.
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4. Voltammetric pH Sensors

Voltammetric pH systems are less common than potentiometric and optical chemical
pH sensors because of the few suitable compounds for this type of transduction. These
measurements usually depend on sensitive materials capable of involving hydrogen ions
in the electrochemical reaction. Therefore, by measuring the current generated during the
redox process, it is possible to establish a correlation with pH. In voltammetry, the sensitiv-
ity can be expressed as mV/pH since the current/potential profile, called a voltammogram,
is often chosen to monitor pH.

Stred’Ansky et al. studied the redox quinone-hydroquinone pair, which was known
to be pH dependent [77]. In 2002, Wildgoose et al. described a more accurate work,
where carbon particles were covalently modified with anthraquinone and immobilized
onto pyrolytic graphite electrodes [78]. This sensor had a sensitivity of about 58 mV/pH
over a range of about 1 to 9 pH units. The article analyzed the effect of temperature on
the sensor sensitivity in the range 20–70 ◦C, recording a variation consistent with the
Nernst law. Makos et al. developed a carbon fiber microelectrode using the chemistry of
para-quinone [79]. Although having the advantage of a miniaturized system, the sensor
showed a low sensitivity, about 38 mV/pH, and a small working range (6.5 at 8 pH).
Later, Amiri et al. electrodeposited polydopamine in aqueous solution onto glassy carbon
electrodes [80]. As for quinone, polydopamine is involved in a two electron–two proton
exchange process, which allows for the transduction of the H+ concentration into current.
The sensor showed a sensitivity of approximately 58 mv/pH in a range from 1 to 12 pH
units with a reproducibility of 0.83%. Chaisiwamongkhol et al. reported a sensor based on
porous graphitic carbon fibers functionalized with quinone groups [81]. This sensor had a
superNernstian sensitivity of 65 mV/pH in the pH range 2 to 8 by performing scans on a
potential range from −0.2 to 0.8 V. When tested in a real saliva sample, the performances
were comparable with those of a glass electrode.

Recently, Vivaldi et al. fabricated a voltammetric pH sensor using an indoaniline
derivative as a sensitive layer (Figure 4A) [82]. Exploiting the two electron–two proton
reaction mechanism typical of quinones, this molecule allowed for pH measurement in low
potential windows (−0.4–0.2 V) with a sensitivity of 56 mV/pH. This sensor experienced
no leakage of the sensitive molecule in the medium thanks to the binding properties of
the indoaniline derivative. Furthermore, the device was successfully used in biological
samples (urine, saliva, and blood) and in beverages (orange juice, milk, and tea) with an
accuracy better than 0.1 pH unit. Genotoxicity tests were carried out on the synthetized
indoaniline derivative, proving the absence of genotoxic effects on living cells.

Chaisiwamongkhol et al. used a metal oxide (iridium oxide) for pH monitoring in
blood samples [83]. This sensor had a sensitivity of about 63 mV/pH and high repro-
ducibility (RSD < 2%) in the working potential range −0.2–0.8 V. In 2019, Tham et al. used
riboflavin as a pH-dependent molecule and a vitamin E derivative as a pH-independent
reference to fabricate a biocompatible pH sensor that proposed an alternative to the typical
Ag/AgCl RE. Thanks to the reversible 2e−/2H+ process in riboflavin, this sensor had a
sensitivity of about 50 mV/pH in buffered media, whereas the response in unbuffered
media was negligible because of the low concentration of localized H+ (Figure 4B) [84].

pH-sensitive carbon materials were reported by Zhu et al., who fabricated a voltammet-
ric pH sensor using an electrochemically modified nanocrystalline graphite-like amorphous
carbon [85]. The application of positive voltage (2 V vs. an Ag/AgCl RE) in sulfuric acid
allowed for the formation of pH-dependent quinonic groups on the carbon surface. This
sensor had a superNernstian response of 63.3 mV and negligible effect from K+ and Na+.
However, the surface required electrochemical regeneration after 20 measurements. Hu
et al. described a quinone-functionalized tryptophane for the development of a pH sensor
on a graphite electrode [86]. Interestingly, this sensor could be used both in voltammetric
and potentiometric modes, obtaining a sensitivity of 52 mV/pH in a wide pH range (1–12).
A comparison with a glass electrode led to accurate measurements in complex matrices
like milk and cola.
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Figure 4. (A) Response of an indoaniline-based voltammetric pH sensor (reprinted from [82] with the permission of Elsevier).
(B) Square wave voltammetry of the vitamin-based pH sensor (reprinted from [84] with the permission of Elsevier).

Instead of the potential, Gao et al. measured the current flowing in a PANI film
electropolymerized onto a graphite electrode [87]. This sensor worked between 2 and
10 pH units; however, sensitivity was low. In another study, Sha et al. assessed by cyclic
voltammetry the pH dependence of an electrodeposited PANI layer onto a graphene
substrate [88]. The device showed two linear response ranges, one from pH 1 to 5, and a
second from 7 to 11 with a sensitivity of about −50 and 139 μA/(pH·cm2), respectively,
with potential scans ranging from −0.25 to 1 V. Further work is needed to assess whether
this sensor can be used as a linear pH sensor in the full range.

5. pH Sensors Based on Field Effect Transistors

An ISFET is capable of transducing the H+ concentration into a current via the field
effect [13], which depends on the interaction between an H+-sensitive layer deposited onto
the gate. The gate is often removed and the solution under measurement becomes the gate.
These devices are easily miniaturized and mass-produced, and have proven to be effective
in the quantitative measurement of analytes as early as 1970 [89].

At the beginning of the 2000s, a mix of tin oxide and metallic aluminum was used as
the gate [90]. This ISFET showed a sensitivity of about 58 mV/pH working in a pH range
from 2 to 10. However, the article did not analyze any other analytical parameter since it
focused on the study of the sensor’s electro-technical apparatus.

In 2002, Shitashima et al. fabricated an FET using SiO2/Si3N4 as a pH-sensitive gate
insulator, which was coupled with an ion-sensitive electrode for the chloride ion to monitor
marine pH [91]. The article only reported the calibration method and the results in real
matrices. In another paper, a microfluidic system was used to supply standard pH solution
for the calibration of an ISFET that measured marine pH [92]. Rani et al. developed an
ISFET by changing the type of gate from single to “multi finger” to improve the transistor
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performances [93]. However, the sensitivity was rather low (about 45 mV/pH) and the
response time was long (600 s).

Parizi et al. obtained a superNernstian response using an ISFET based on an alu-
minum oxide layer deposited on an aluminum extended gate [94]. A remarkable sensitivity
of 130 mV/pH was achieved in the range pH 4–10. In 2014, Das et al. proposed a superN-
ernstian pH (62 mV/pH) sensor using an EGFET (extended gate field effect transistor)
with palladium oxide (Figure 5A) [95]. The EGFET worked in the pH range 2–12, with a
hysteresis of about 7.4 mV. The drift was 2.4 mV/h.

Cho et al. fabricated an extended gate of indium tin oxide further covered with a layer
of tin oxide on paper [96]. The device showed a sensitivity of 57 mV/pH in the range pH
4–10. This study demonstrated the feasibility of the integration into systems that aim to be
more environmentally friendly than classic silicon-based systems.

An article by Kang et al. reduced the RE noise coupling an ISFET with an REFET
(reference field effect transistor), which has low pH sensitivity [97]. Integrating a platinum
RE, the fluctuation of the solution potential was removed by a differential measurement
between the ISFET and the REFET.

Figure 5. (A) Palladium oxide extended gate FET (reprinted from [95] with the permission of Elsevier). (B). Na3BiO4 and
Bi2O3 ISFET schematics (reprinted from [98] with the permission of Elsevier) (C) Nanocrystalline graphene-based pH sensor
(polydimethylsiloxane, PDMS) (reprinted from [99] with the permission of ACS).

Sharma et al. reported a mixed layer of Na3BiO4 and Bi2O3 nanostructures on an
indium tin oxide electrode (Figure 5B) [98]. This oxide layer allowed for a sensitivity of
49.63 mV/pH in the pH range 7–12. Jung et al. coated an SiO2 layer with nanocrystalline
graphene that, when exposed to H+, changed its conductivity and allowed for a sensitivity
of 140 mV/pH in the pH range 6–7.6 (Figure 5C) [99].

Table 1 summarizes the analytical parameters of the sensors reported in this review.
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6. Conclusions and Outlook

The optical pH sensors reported in the literature have achieved high precision, but
the working range is often rather narrow, or the linear response is poor. To prevent these
drawbacks, the combination of several chromophores can improve performances but at the
cost of a more complex fabrication. A major objective emerging from the analysis of the
literature is the need for matrices capable of reducing the leakage of the pH-sensitive optical
species into the medium. Such research is presently focused on new embedding matrices,
such as hydrogels, which would allow for long-lasting sensors for pH monitoring. The
choice between optical fibers and planar structures is application oriented. Optical fibers
seem more suitable for dynamic sensors with reduced dimensions for in situ measurements.
Optical planar structures are being successfully employed mainly for static analysis, where
the use of specific equipment (e.g., Charge-Coupled Device cameras) allows for spatial
pH measurement.

Potentiometric sensors share the same transduction mechanism with the glass elec-
trode, and they can hardly overcome the limits dictated by Nernst’s law. Furthermore,
several examples have been reported where the impact of interferents (e.g., cations of
alkaline and earth alkaline metals) is hardly removed or not studied at all. So far, PANI is
the most used pH-sensitive material because the fabrication of a pH sensor is simplified by
the electropolymerization of the monomer onto an electrode. The structure of graphene,
on the other hand, allows for easy surface functionalization, improving the sensitivity
towards pH.

Voltammetric sensors are an evolution of potentiometric sensors. The literature on this
topic is limited and the available studies have shown the importance of designing better
electroactive molecules to obtain competitive devices. ISFETs are valid alternative systems
to the classical pH measurement methods, capable of overcoming the Nernstian limitation
and achieving small dimensional scales thanks to microfabrication procedures. How-
ever, the available analytical data are not detailed enough to evaluate their performance,
especially in real matrices.

Although glass electrodes are still far from being outdated by new pH sensors, the
research for new materials could boost the development of the devices. In particular, a full
integration of a reference electrode into an ISFET could pave the way towards a wider use
of this technology for pH measurement.
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Abstract: Photoacoustic imaging is an emerging biomedical imaging technique that enables non-
invasive visualization of the optical absorption properties of biological tissues in vivo. Although
numerous studies have used contrast agents to achieve high-contrast imaging in deep tissues, tar-
geting specific areas remains a challenge when using agents that are continuously activated. Recent
research has focused on developing triggered contrast agents that are selectively activated in target ar-
eas. This review delves into the use of pH-triggered contrast agents in photoacoustic imaging, which
take advantage of the lower pH of the tumor microenvironment compared to normal tissues. The
paper discusses the mechanisms of pH-triggered contrast agents that contribute to improving depth
and contrast in photoacoustic tumor imaging. In addition, the integration of functionalities, such
as photothermal therapy and drug delivery monitoring, into these agents demonstrates significant
potential for biomedical applications.

Keywords: photoacoustic imaging; pH-sensitive sensor; nanomaterials; tumor detection

1. Introduction

Photoacoustic imaging (PAI) is an advanced, non-invasive, and non-ionizing technique
that uses the photoacoustic (PA) effect, wherein ultrasound (US) waves are generated
through light absorption and subsequent heat release [1]. One of the most significant
advantages of PAI is its molecular functional imaging capability, which is achieved by
analyzing multispectral responses of biological tissues in vivo [2]. Recently, PAI has been
used extensively in biomedical imaging, particularly focusing on cancer diagnosis [3–6],
theragnosis [7–10], and drug delivery tracking [11].

PAI is increasingly being applied in biomedical studies owing to its compact and
cost-effective implementation compared to conventional biomedical imaging modalities
such as X-ray computed tomography and magnetic resonance imaging. Its non-ionizing
characteristics ensure a safer and more straightforward experimental setup. Compared
with other non-ionizing imaging techniques, PAI has several distinct advantages. While US
imaging is limited to visualizing structural anatomy using acoustic impedance differences,
PAI provides functional information by detecting variations in optical absorption within
tissues. Similarly, although optical imaging techniques such as fluorescence imaging and
two-photon microscopy offer molecular functional analysis, they are often constrained by
shallow imaging depths owing to significant optical scattering in tissues. In contrast, PAI
achieves signals through acoustic wave propagation, which has much less scattering, thus
providing a much deeper imaging depth than pure optical imaging methods.
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PAI can also obtain label-free images from endogenous chromophores by selecting
the appropriate laser wavelengths. For example, oxyhemoglobin and deoxyhemoglobin
serve as primary contrast agents in vascular imaging because of their strong absorption in
the visible to near-infrared (NIR) range. Multi-wavelength analysis of these hemoglobins
enables the assessment of oxygen saturation (sO2) levels in biological tissues, which is
important for numerous applications [12–15]. Melanin, another intrinsic contrast agent, is
commonly used to image melanomas because of its broad absorption spectrum, ranging
from ultraviolet to NIR [16–19]. Lipids can also be used as endogenous markers because of
their remarkable absorption capacity in the NIR region [20–22].

Despite the ability of PAI to perform label-free imaging, the use of exogenous contrast
agents is widespread, primarily to enhance signal-to-noise ratios in biological tissues [23,24].
Contrast-enhanced PAI enables the visualization of biological structures with low optical
absorption, such as lymphatic networks [25–29], the liver [30], and the bladder [31], which
are difficult to image with label-free PAI. In addition, various contrast agents have been
used for deep-tissue imaging, particularly for longer wavelengths in the NIR region [32–34].

Contrast-enhanced PAI is critical for the diagnosis and monitoring of diseases with tar-
geted agents [35–37]. For this purpose, contrast agents activated under specific conditions
have been developed to improve target detection efficiency [38,39]. For instance, Chen
et al. demonstrated that heat-sensitive capsules released internal agents upon laser-induced
heating, thereby generating PA signals [40]. Lin et al. synthesized a highly volatile agent
that produced amplified PA signals when vaporized under laser irradiation [41].

In the context of tumor detection, contrast agents that selectively alter their optical ab-
sorption characteristics in response to the unique properties of the tumor microenvironment
have attracted significant interest. The tumor microenvironment, which is characterized by
increased cellular proliferation and metabolic activity, has a significant impact on tumor
initiation and progression. This review focuses on pH levels within the tumor microenviron-
ment, which are typically lower (pH 6.5–6.8) than those in normal tissues (approximately
pH 7.4) [42,43]. By using this acidic tumor environment to induce changes in their ab-
sorption spectra, pH-sensitive contrast agents offer a non-invasive and highly selective
approach to tumor detection without additional external stimulation.

Herein, we provide an overview of contrast agents designed to achieve high contrast
in PAI, particularly for tumor identification. We focus on the nanoparticles that remain
“inactivated” in normal tissue but become “activated” in the acidic environment by altering
their optical absorption characteristics in response to pH variations. Mechanisms such
as nanoparticle aggregation or morphological changes in acidic conditions are discussed,
as well as the release of light-absorbing chromophores caused by the destruction of pH-
sensitive capsules. This review highlights the potential of PAI for detecting tumor regions
and monitoring treatment progress using pH-triggered contrast agents, thereby expanding
its application in biomedical research.

2. Principles of Photoacoustic Imaging

PAI operates based on the fundamental principle of energy transduction from light to
acoustic waves through the PA effect (Figure 1) [1]. When short pulses of light illuminate a
target tissue, chromophores within it absorb energy. This absorption excites the electrons in
the chromophores from their ground state; as they return to their original state, a portion of
the absorbed energy is released as heat. This rapid heating induces thermoelastic expansion
in the tissue, owing to the extremely short duration of the light pulses (typically less than
10 ns). After a brief period of illumination, the expanded tissue rapidly contracts back to its
original volume, generating wideband acoustic waves that propagate through the tissue.
The initial pressure (P) of the generated acoustic wave, known as the PA wave, is directly
proportional to the following four parameters:

P ∝ Γ(T)× σ × μa × F, (1)
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where Γ denotes the Grüneisen parameter that is related to the local temperature (T), σ
denotes the thermal conversion efficiency, μa denotes the optical absorption coefficient, and
F denotes the fluence of light reaching the local region. The pH-sensitive agents discussed
in this paper modify the thermal conversion efficiency or optical absorption in tumor areas,
where the pH levels are lower than those in normal tissues. Because these parameters are
directly proportional to the initial pressure of the PA waves, contrast-enhanced PA images
can be obtained when these agents interact with the tumor microenvironment.

In addition, pH-sensitive agents alter their optical absorption peaks, and their dis-
tribution can be effectively detected using multi-wavelength PA responses. An efficient
technique for this purpose is ratiometric PA analysis, which calculates the ratio of PA
signals at different wavelengths [44]. This method provides a robust and calibration-free
measurement, delivering quantitative information about the agents. Although ratiometric
PA analysis does not quantify the molecular concentration of agents, as can be achieved
through spectral unmixing techniques [45], it provides the straightforward and effective
detection of target agents with minimal computational complexity.

For deep tissue imaging, PA agents are often designed to absorb light in the second
NIR (NIR-II: 1000–1700 nm) region, where photon scattering is significantly reduced. In
addition, the increased fluence of optical illumination, which can generate stronger PA
signals, is available due to a higher maximum permissible exposure of light compared to
the other wavelength regions [46]. Consequently, optical probes absorbing in the NIR-II
region have been demonstrated to enhance imaging depth [47].

Figure 1. Schematic illustration for the principles of photoacoustic imaging. PA, photoacoustic; TR,
ultrasound transducer; OR-PAM, optical resolution photoacoustic microscopy; AR-PAM, acoustic
resolution photoacoustic microscopy; PACT, photoacoustic computed tomography. The images are
reproduced with permission from [48–50].
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One unique characteristic of PAI compared with other biomedical imaging techniques
is its ability to provide multiscale resolution and imaging depth. The generated PA waves
have a wide frequency range of several to tens of MHz, allowing for an adjustable resolution
and imaging depth based on the selected frequency range of the transducer [51]. In general,
high-frequency transducers are used for high-resolution imaging, while low-frequency
transducers are used for deeper imaging.

Beyond the transducer selection, the resolution of the PAI system can be further tuned
through the configuration of the optical and acoustic foci. PAI systems are classified into
three types: optical-resolution photoacoustic microscopy (OR-PAM), acoustic-resolution
photoacoustic microscopy (AR-PAM), and photoacoustic computed tomography (PACT).
OR-PAM achieves high resolution by focusing light on a spot smaller than the acoustic
focus of the transducer [52]. This method enables a very high lateral resolution, particularly
when using an objective lens with a large numerical aperture, although it is limited by a
shallow imaging depth of approximately 1 mm from the surface. AR-PAM operates by
illuminating a broad area with light and detecting PA signals within the focal zone of the
transducer. Although AR-PAM offers a lower lateral resolution than OR-PAM, it allows
greater imaging depth owing to its extended depth of focus. In contrast to AR-PAM and OR-
PAM, PACT uses multi-element array transducers, enabling the acquisition of multiple data
points using a single laser pulse [53]. Although this method requires complex mathematical
calculations for image reconstruction, it provides a significantly greater imaging depth
and can be performed in real time. These configurations of PAI systems have been used
effectively in various biomedical applications to visualize pH-sensitive agents.

3. Mechanisms of pH-Sensitive Sensors for Photoacoustic Imaging

We categorized and summarized the pH-sensitive sensors based on their mechanisms
and responsiveness to pH changes, particularly in mildly acidic tumor microenvironments
(Figure 2). These sensors typically undergo dynamic protonation, which is driven by
their chemical structures. Consequently, they may experience structural changes such as
aggregation, hydrolysis, or the formation of zwitterionic surfaces [54,55]. These changes
often cause shifts in the absorption spectrum or the release of active agents, altering the
PA amplitude at specific excitation wavelengths. This enables selective imaging of tumors
with enhanced contrast. This section focuses on the mechanisms that trigger PA signal
generation in response to pH changes, which can be categorized into three phenomena:
(1) aggregation driven by interparticle attraction, (2) separation involving the release of
encapsulated agents, and (3) protonation-induced changes within the agents.

Aggregation occurs when attractive interparticle forces are activated, resulting in the
formation of larger clusters [56]. Under acidic conditions, pH-sensitive sensors often exhibit
either positive or negative surface charges owing to the hydrolysis of pH-sensitive side
chains or interactions between mixed side chains. This creates an electrostatic attraction
between oppositely charged sensors, causing them to aggregate and increase in size. Such
aggregation shifts the absorption spectrum to longer wavelengths, thereby enhancing the
PA signals at specific excitation wavelengths. Nanoparticle-based pH-sensitive sensors
are particularly effective at accumulating in tumor tissues, facilitating both imaging and
phototherapy [57].

The separation mechanism involves the release of substances that generate or enhance
PA signals [58]. Under acidic conditions, structural changes in pH-sensitive materials
result in the release of ions and molecules. These substances can trigger reactions such
as gas formation that amplify the PA signal. In some cases, an altered pH environment
lowers the stability or melting point of micelle-like structures, releasing encapsulated
agents with strong optical absorption and further enhancing the PA signals. This release
process can also be induced by external stimulation, enabling the controlled delivery of
signal-enhancing compounds [59].
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Figure 2. Schematic illustration for the PA signal-enhancing mechanisms of the pH-sensitive sensors
in the tumor microenvironment. PA, photoacoustic.

Protonation refers to the intrinsic changes in absorption that occur because of struc-
tural transformations [60]. In acidic environments, some pH-sensitive sensors undergo
protonation and electron transfer within their heterocyclic structures, resulting in a spectral
shift in the absorption peak. For example, in polymers with functional groups such as
carboxyl and imine, protonation can convert the base form to the salt form [61]. This
conversion contributes to a redshift in the absorption spectrum, further enhancing the
PA response.

4. Contrast-Enhanced Photoacoustic Imaging of pH-Sensitive Sensors

4.1. Aggregation

Gold nanoparticles (AuNPs) have been extensively studied for biological and medical
applications because of their well-established synthesis protocols. The size- and shape-
dependent optical properties of AuNPs allow for the alteration of PA signals upon aggre-
gation. Song et al. synthesized pH-sensitive AuNPs by conjugating ligands composed
of dithiol and citraconic amide [62]. In mildly acidic environments, citraconic amide is
hydrolyzed, converting the carboxylic acid into a primary amine, which promotes AuNP
aggregation owing to electrostatic attraction (Figure 3a). While the AuNPs exhibited an ab-
sorption peak at 520 nm at pH 7.4, a red-shifted optical absorption was observed at pH 5.5
(Figure 3b). The potential for tumor-specific detection using these conjugated AuNPs was
validated using the PAI of the phantoms (Figure 3c). HeLa breast cancer cells and NIH
3T3 fibroblasts were co-incubated with AuNP conjugates and fixed in agar solutions for
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PAI. The results showed that the PA signal of cancerous HeLa cells was 1.7 times stronger
than that of normal NIH 3T3 cells, indicating the aggregation of AuNPs in the acidic tumor
microenvironment.

Figure 3. Representative pH-sensitive sensors that aggregate in an acidic tumor microenvironment.
(a) Schematic illustration of a pH-sensitive AuNP that aggregates in acidic pH by electrostatic attrac-
tion. (b) Optical absorption spectra of AuNP conjugates along exposure time at pH 5.5. (c) PA images
of AuNP conjugates, which were co-incubated with HeLa breast cancer cells and NIH 3T3 fibroblast
cells. (d) Optical absorption of AuNP-based MUA-TMA conjugates at pH 6.5 (black) and 7.4 (red).
Insets are TEM images of AuNP conjugates. (e) PA images of AuNP conjugates after injection into tu-
mors. (f) PA signal enhancement in tumors with AuNP conjugates and control AuNPs. (g) Schematic
illustration of AuNPs that synergistically aggregate by the furin enzyme and the acidic conditions.
(h) TEM images of AuNP conjugates with and without the furin enzyme. (i) Optical absorption
spectra of AuNP conjugates after triggering furin and acidic conditions. (j) PA ratio at tumor after
injection of AuNP conjugates. PA, photoacoustic; TEM, transmission electron microscopy; AuNP,
gold nanoparticle; MUA, mercaptoundecanoic acid; TMA, (10-mercaptodecyl)trimethylammonium
bromide; Au-MUA5-TMA5, Au conjugates with 5:5 ratio of MUA to TMA; RVRR, Arg-Val-Arg-Arg
peptide. The images are reproduced with permission from [62–64].
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Zhang et al. [63] developed pH-sensitive agents by conjugating AuNPs with mercap-
toundecanoic acid (MUA) and (10-mercaptodecyl)trimethylammonium bromide (TMA).
The conjugates showed pH-dependent aggregation, with sensitivities varying based on
the ratio of MUA to TMA. At a 5:5 ratio, sharp changes in the absorption spectrum were
observed as the pH decreased from 6.7 to 5.0, with a noticeable shift in the absorption
peak from 524 nm to the NIR region (approximately 650 to 700 nm) (Figure 3d). At pH 7.4,
the conjugates remained approximately 15 nm in size but aggregated to approximately
180 nm at pH 6.5. At an excitation wavelength of 808 nm, contrast-enhanced PA images
were obtained from subcutaneously transplanted U87MG glioblastoma tumors in mice
following tail vein injection of conjugates (Figure 3e). The results showed an approxi-
mately 4-fold greater signal enhancement in tumors treated with the conjugates than in
the control group (Figure 3f). In addition, after 10 min of 808 nm laser illumination at a
fluence of 1.0 W/cm2, the tumor was successfully ablated, demonstrating the potential of
the developed conjugates for potential photothermal therapy (PTT).

Cheng et al. developed Arg-Val-Arg-Arg (RVRR) peptide-conjugated AuNPs that
are selectively aggregated under the synergistic influence of the furin enzyme and acidic
conditions of the tumor microenvironment [64]. The furin enzyme efficiently cleaved the
RVRR peptides from the conjugates, promoting AuNP aggregation in the mildly acidic
tumor environment (Figure 3g). In the presence of furin, the conjugates maintained their
original size of approximately 63 nm at pH 7.2; however, they aggregated to approximately
327 nm after 24 h at pH 5.5 (Figure 3h). This aggregation caused a shift in the absorption
peak from 520 nm to approximately 800 nm, enabling detection by multispectral PAI
(Figure 3i). The potential of these conjugates was further validated by measuring the
temperature increase in HCT-116 colon tumor-bearing mice in vivo. HCT-116 tumors were
subcutaneously xenografted onto the dorsal region of mice, and pH-sensitive conjugates
were administered via tail vein injection. After 8 h, the PA signal showed a 1.6-fold increase
compared to that of the control group (Figure 3j), demonstrating the signal-switching
ability of the conjugates through aggregation triggered by the combined effects of the furin
enzyme and the acidic tumor microenvironment. In addition, the local tumor temperature
increased by approximately 26.9 ◦C after 6 min of 808 nm laser illumination with a fluence
of 0.75 W/cm2, confirming the potential for PTT.

Li et al. designed surface-modified AuNPs to improve tumor detection accuracy [65].
In the tumor microenvironment, the carboxylate anions of the AuNPs are protonated into
amines and subsequently hydrolyzed, leading to nanoparticle aggregation (Figure 4a).
This aggregation intensified at lower pH levels, resulting in a redshift in the absorption
wavelengths (Figure 4b). At pH 7.4, the AuNPs maintained a size of approximately 16 nm
with an absorption peak between 550 and 600 nm. However, at pH 5.8, the particle size
increased to over 500 nm, and the absorption shifted above 600 nm, resulting in a 3.6-
fold increase in PA amplitude at a wavelength of 680 nm (Figure 4c). In a subsequent
study, they demonstrated a pH-sensitive nanoparticle that showed a clear absorption
shift in a mildly acidic tumor microenvironment [66]. They synthesized poly(ethylene
glycol)-poly(lactic acid/glycolic acid) copolymeric nanoparticles encapsulating croconazole
dyes. As the pH decreased, the absorption of nanoparticles at 815 nm increased. The PA
signals also increased, showing a 4-fold increase in the signal at pH 5.8 compared to that
at pH 7.4. After tail vein injection of the nanoparticles into MDA-MB-231 breast cancer
xenografted mice, in vivo PA images showed a 2.8-fold signal increase compared with
the control group. Moreover, when the accumulated nanoparticles in the tumor were
irradiated with an 808 nm laser at a fluence of 1.5 W/cm2, the local tumor temperature
rose to approximately 49 ◦C, leading to significant tumor volume reduction, indicating the
potential of this nanoparticle for PTT.
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Figure 4. PA signal-enhancing nanoparticles that aggregate in response to low pH levels. (a) TEM
images of the surface-modified gold nanoparticles at different pH levels of phosphate buffer solutions.
(b) Normalized optical absorption spectra of the nanoparticles after 1 h incubation. (c) PA images
of the nanoparticles contained in polyethylene tubes. (d) Schematic illustration for acid-induced
aggregation mechanism of copolymer nanoparticle that absorbs light in the NIR-II region. (e) PA
amplitudes of the doped copolymer nanoparticle at different pH levels. (f) Contrast-enhanced PA
images of mice after local injection of the doped copolymer nanoparticle into muscle and tumor
area. Dashed circles indicate enhanced PA signals from the doped copolymer nanoparticle. PA,
photoacoustic; US, ultrasound; TEM, transmission electron microscopy; NIR-II, second near-infrared.
The images are reproduced with permission from [65,67].

Wu et al. demonstrated another copolymer nanoparticle that absorbs light in the
second NIR (NIR-II: 1000–1700 nm) region, which is particularly promising for deep-tissue
PAI owing to reduced photon scattering in this range [67]. The nanoparticles aggregated
upon oxygen doping, causing a redshift in the absorption peak from the visible (~600 nm)
to the NIR-II (~1000 nm) region (Figure 4d). At an excitation wavelength of 1064 nm, PA
signals were significantly enhanced, showing 3.1-fold and 5.0-fold increases at pH 6.5 and
5.5, respectively, compared to pH 7.4 (Figure 4e). To confirm nanoparticle aggregation in
the tumor microenvironment in vivo, the nanoparticles were intratumorally injected into
subcutaneously implanted PC-3 prostate tumors in mice. The PA signals from the tumor
were compared with those from muscles in which the nanoparticles were intramuscularly
injected (Figure 4f). The results showed a 3.4-fold higher PA signal in the tumor, indicating
successful nanoparticle aggregation in an acidic tumor environment.

In this section, the aggregation mechanism of the pH-sensitive nanoparticles is ex-
plored (Table 1). These nanoparticles exhibited red shifts in their absorption spectra when
aggregated in mildly acidic tumor microenvironments, resulting in enhanced PA signals
in the NIR region. Various strategies, such as ligand conjugation, surface modification,
and copolymer encapsulation, have been employed to design nanoparticles that aggregate
under acidic conditions, leading to improved tumor detection and potential for PTT. Fur-
ther advancements in nanoparticle design could focus on enhancing both the sensitivity
and specificity of aggregation mechanisms, enabling more precise and effective tumor
imaging and therapy while ensuring biocompatibility and minimizing off-target effects in
clinical applications.
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Table 1. Summary of pH-sensitive PA agents that exhibit absorption shift by aggregation in tu-
mor acidic microenvironment. PA, photoacoustic; λa, peak absorption wavelength; λex, excitation
wavelength for PA imaging; AR-PAM, acoustic resolution PA microscopy; PACT, PA computed
tomography; MUA, mercaptoundecanoic acid; TMA, trimethylammonium bromide; RVRR, Arg-Val-
Arg-Arg; PPE, polyphenylene Ether.

Base
pH-Sensitive

Material

Size [nm] (pH) λa [nm] (pH) PA Imaging
Ref.

Normal Tumor Normal Tumor Configuration λex [nm] Application

Au Citraconic
amide

10
(7.4) - 520

(7.4) - AR-PAM 680 HeLa
breast tumor [62]

Au MUA-TMA 15
(7.4)

180
(6.5)

524
(7.4)

650–700
(6.5) PACT 808 U87MG

glioblastoma [63]

Au RVRR 63
(7.2)

327
(5.5)

520
(7.2)

700–900
(5.5) PACT 750 HCT-116

colon tumor [64]

Au Citraconic
amide

16.4
(7.4)

≥500
(5.8)

550–600
(7.4)

650
(5.8) PACT 680, 800 U87MG

glioblastoma [65]

Croconaine Croconaine 185
(7.4)

190
(6.5)

630
(7.4)

815
(6.5) PACT 770 MDA-MB-231

breast tumor [66]

PPE Doped PPE - 4000
(6)

1150
(7.4)

1100
(6) PACT 1064 PC-3

prostate tumor [67]

4.2. Separation

In acidic tumor environments, the protonation of pH-sensitive sensors causes the
disassembly of micelle structures or surface-bound functional groups, resulting in the
release of encapsulated agents. This process induces or enhances PA signaling in the tumor
region. In addition, this mechanism facilitates drug delivery to the tumor site. Zhong et al.
demonstrated pH-responsive nanoparticles designed to release encapsulated inhibitors
of heat shock proteins at acidic pH levels, thereby reducing tumor thermoresistance and
enhancing PTT efficiency [68]. They synthesized self-assembled silver sulfide (Ag2S)
nanoparticles loaded with the inhibitor quercetin (QE) and a pH-responsive polymer
(Poly(ethylene glycol)5k-poly(β-aminoesters)10k), denoted as QE-PEG-Ag2S (Figure 5a).
The release of QE exhibited significantly higher efficiency at lower pH levels, with release
rates of 50% and 72% at pH 6.5 and 5.5, respectively (Figure 5b). To validate the PA
signal enhancement in tumors, QE-PEG-Ag2S nanoparticles were intravenously injected
into HepG2 liver tumor-bearing mice through the tail vein. The tumor accumulation of
nanoparticles was monitored by acquiring cross-sectional PA and US images at various time
points after injection (Figure 5c). The PA amplitude in the tumor region reached a maximum
value 24 h after injection, showing a 3.8-fold increase compared to the pre-injection values.
Furthermore, the enhanced PTT efficiency was evaluated by monitoring the tumor size
after the injection of different nanoparticles. These results confirm that the inhibitor-loaded
nanoparticles efficiently ablated tumors without recurrence, demonstrating their potential
for cancer treatment (Figure 5d).
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Figure 5. Drug-release nanoparticles triggered by an acidic tumor microenvironment. (a) Schematic
illustration for the synthesis of pH-responsive nanoparticles designed to release encapsulated in-
hibitors of heat shock proteins. (b) Quercetin release ratio of QE-PEG-Ag2S nanoparticles at different
pH levels. (c) Overlaid PA and US images of the tumor region before and after injection of QE-PEG-
Ag2S nanoparticles. White dashed circles indicate the tumor region. (d) Photographs of HepG2 liver
tumor-bearing mice after different treatment conditions. An 808 nm laser with a fluence of 1.5 W/cm2

was irradiated for 10 min. (e) Schematic illustration for the synthesis of the pH-responsive micellar
system that responds to both pH levels and external heat generated by NIR laser irradiation. (f) PA
images of tumor 24 h after injection of different drug formulations. (g) Photographs of excised 4T1
breast tumors at the end point of treatment. Phototherapy was performed with an 808 nm laser at
1.0 W/cm2 for 5 min. PA, photoacoustic; US, ultrasound; AG2S, silver sulfide; NaCl, sodium chloride;
PEG-PAE, poly(ethylene glycol)5k-poly(β-aminoesters)10k; mPEG-PAAV, amphiphilic poly(ethylene
glycol)-b-poly(acrylamide-co-acrylonitrile-co-vinylimidazole); DOX, doxorubicin; T, temperature; L,
laser illumination; NIR, near-infrared; UCST, upper critical solution temperature. The images are
reproduced with permission from [68,69].
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To improve the controllability of drug release, researchers have explored nanoparticles
that can be activated by both external triggers and the internal pH environment. Yang
et al. reported a micellar system that responded to both pH levels and external heat
generated by NIR laser irradiation [69]. They synthesized an amphiphilic poly(ethylene
glycol)-b-poly(acrylamide-co-acrylonitrile-co-vinylimidazole) copolymer (mPEG-PAAV)
with an upper critical solution temperature (UCST) that decreased under acidic conditions.
The mPEG-PAAV copolymer was used to form a micellar system, encapsulating both
doxorubicin (DOX) and IR780 dye (Figure 5e). Upon tail vein injection into mice bearing
4T1 breast tumors, the micellar system demonstrated a 1.5-fold enhancement in the PA
signal compared to free IR780 dye, indicating efficient accumulation at the tumor site
(Figure 5f). In addition to enhancing the PA contrast, the IR780 dye converts the absorbed
light energy into heat. Once the temperature exceeds the UCST, the micelles disassemble,
resulting in the rapid release of DOX. After 5 min illumination of an 808 nm laser at
1.0 W/cm2, the tumors were successfully eradicated within 9 days (Figure 5g). The results
presented an effective combined treatment for tumors.

Recently, Xu et al. demonstrated an innovative tumor treatment strategy that com-
bined synergistic PTT and US therapy [70]. They synthesized two types of nanoparticles
(Figure 6a): gold nanorods modified with polyethylene glycol (PEG) and polyethyleneimine
(PEI), denoted as mPEG-PEI-AuNRs, and carbonate nanoparticles conjugated with PEG
and PEI via electrostatic interactions (mPEG-PEI/CaNPs). The latter released carbon diox-
ide (CO2) bubbles in acidic environments. The phantom experiment showed that CO2
bubbles significantly enhanced the PA signal of the mPEG-PEI-AuNRs (Figure 6b). For
in vivo validation, both types of nanoparticles were intravenously injected into MCF-7
breast tumor-xenografted mice, and cross-sectional PA images were acquired at various
time intervals (Figure 6c). The results showed 3-fold enhanced PA signals in the tumor
24 h after injection. Under the irradiation of an 808 nm laser with a fluence of 1.0 W/cm2,
the local temperature of the tumor rapidly increased to 51 ◦C within 2 min, confirming
the potential of the nanoparticles for effective PTT. Moreover, the CO2 bubbles released
from mPEF-PEI/CaNPs were used for US therapy, causing tumor cell necrosis through a
bubble explosion triggered by US irradiation. When therapeutic US waves with a frequency
of 1 Hz and fluence of 1.5 W/cm2 were applied to the PTT-treated tumor, the combined
approach achieved successful tumor eradication, highlighting the potential for synergistic
PTT and US treatment strategies.

In addition, to enhance therapeutic efficacy, efforts have been directed toward achiev-
ing deeper drug penetration through extracellular release mechanisms. Lee et al. synthe-
sized a charge-convertible nanomedicine for penetrating solid tumors through transcyto-
sis [71]. This albumin-based calcium phosphate nanomedicine, denoted as mAlb-820@CaP,
was loaded with IR820 dye and used as both a contrast agent for PAI and an optical absorber
for PTT (Figure 6d). Following extravasation through the enhanced permeability and reten-
tion effect of the tumor vasculature, the nanoparticles decomposed into cationic albumins
and released calcium ions (Ca2+). This decomposition was triggered by low pH levels that
transformed the modified albumins into cationic albumins. The released Ca2+ ions in the
lysosomes induced lysosomal exocytosis, further enabling the delivery of cationic albumins
to the surrounding cells. To verify the deep penetration of the nanoparticles, PA images of
4T1 breast tumor-xenografted mice were acquired after tail vein injection of the nanoparti-
cles (Figure 6e). The PA signal in the tumor region gradually increased, reaching a 2.3-fold
enhancement 24 h after the mAlb-820@CaP nanoparticle injection (Figure 6f). In contrast,
the PA signals from the free IR820 dye increased 1.6-fold at 4 h post-injection; however,
they declined after 24 h, indicating less efficient accumulation. These results confirmed the
enhanced accumulation of nanoparticles in the tumor tissue. Subsequent PTT with 5 min
of 808 nm laser illumination at 1.0 W/cm2 demonstrated tumor regression, highlighting
the potential of mAlb-820@CaP nanoparticles for PA imaging-guided tumor therapy.
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Figure 6. Drug-release nanoparticles for effective phototherapy. (a) Schematic illustration for tumor
treatment strategy combining synergistic PTT and UST using two nanoparticles: AuNRs for PA
contrast and CaNPs for releasing CO2 bubbles. (b) PA amplitude of the mixture of the nanoparticles
at different pH conditions. (c) Contrast-enhanced PA images of tumor region after injection of the
two nanoparticles. (d) Schematic illustration for the mechanism of the deep penetrating nanoparticles
for effective tumor treatment. (e) PA images of the whole body of mice after injection of the mAlb-
820@CaP nanoparticles and free IR820 dyes. White dashed areas indicate tumor regions delineated
by corresponding ultrasound images. (f) Normalized PA amplitudes of tumor region, measured
before, 4 h after, and 24 h after injection. PA, photoacoustic; PTT, photothermal therapy; UST,
ultrasound therapy; AuNR, gold nanorod; CaNP, carbonate nanoparticle; CO2, carbon dioxide; PEI,
polyethyleneimine; mPEG-CHO, aldehyde-modified polyethylene glycol; mPEG-PEI, polyethylene
glycol- and polyethyleneimine modification; SDS, sodium dodecyl sulfate; CaCl2·2H2O, calcium
chloride dihydrate; NH4HCO3, ammonium bicarbonate; mAlb-820, modified albumin-IR820 complex;
cAlb-820, cationic albumin-IR820 complex; CaP, calcium phosphate; Ca2+, calcium ion. The images
are reproduced with permission from [70,71].
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This section explores pH-sensitive nanoparticles that release drugs and PA contrast
agents through separation mechanisms, particularly in acidic tumor environments (Table 2).
These nanoparticles disassemble their micelle structures or surface-bound functional
groups, releasing encapsulated agents and enhancing PA signals in the tumor region.
The strategies described in this section collectively highlight the potential of pH-sensitive
nanoparticles for tumor-specific drug release, contrast-enhanced PAI, and effective PTT.
Optimizing the balance among nanoparticle stability, drug release control, and therapeu-
tic efficiency is crucial for advancing the application of these systems for precise cancer
treatment.

Table 2. Summary of pH-sensitive nanoparticles that release PA contrast and drugs in tumor
acidic microenvironment. PA, photoacoustic; λth, wavelength of therapeutic laser illumination;
λex, excitation wavelength for PA imaging; AR-PAM, acoustic-resolution PA microscopy; PACT, PA
computed tomography; Ag2S, silver sulfide; DOX, doxorubicin; Au, gold; mAlb, modified albumin;
PEG, polyethylene glycol; mPEG-PAVV, amphiphilic poly(ethylene glycol)-b-poly(acrylamide-co-
acrylonitirle-co-vinylimidazole); DMMA, dimethyl maleic amide.

pH-Sensitive Nanoparticles Therapy PA Imaging

Ref.
Base

pH-
Sensitive
Material

λth
[nm]

Power
[W/cm2]

Time
[min]

Configuration
λex

[nm]
Application

Ag2S PEG 808 1.5 10 PACT 680 HepG2
liver tumor [68]

DOX + IR780 mPEG-PAAV 808 1.0 5 PACT 720 4T1
breast tumor [69]

Au PEG 808 1.0 6 PACT 830 MCF-7
breast tumor [70]

mAlb DMMA 808 1.0 5 AR-PAM 830 4T1
breast tumor [71]

4.3. Protonation

Protonation and deprotonation are chemical reactions in which hydrogen ions are
exchanged in response to changes in pH. In the previous sections, the aggregation and
separation mechanisms involved protonation and deprotonation. The previous sections
focused on how these processes lead to the generation of PA signals. In this section,
we discuss the protonation mechanisms that change the energy absorption spectrum by
altering the electron density within a molecule.

Tian et al. demonstrated pH-responsive polyaniline assemblies for efficient PTT
and tumor accumulation monitoring using contrast-enhanced PAI (Figure 7a) [72]. They
conjugated bovine serum albumin with polyaniline (BSA-PANI), which exhibited a shift in
absorption spectrum over a range of pH 3.0–8.0. Under acidic conditions, the emeraldine
base in polyaniline was converted to an emeraldine salt state. Although this conversion
typically occurred under strongly acidic conditions (i.e., pH < 4.0), the developed BSA-
PANI assemblies achieved this transformation at pH < 7.0, which represents a mildly acidic
tumor microenvironment. This conversion resulted in a red shift in the absorption and an
enhanced PA signal in the NIR region (Figure 7b). To evaluate contrast enhancement, PA
images of xenografted 4T1 breast tumors in mice were acquired after intravenous injection
of BSA-PANI nanoparticles (Figure 7c). The PA amplitude reached a maximum of 12 h after
injection, with approximately a 3.6-fold increase compared to the pre-injection level. In
subsequent PTT experiments, the local temperature of the tumor increased to approximately
56 ◦C under a 5 min irradiation of an 808 nm laser at 1.0 W/cm2. The treatment resulted
in complete tumor eradication within 16 days (Figure 7d), demonstrating the promising
potential of BSA-PANI assemblies for PA-guided PTT.
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Figure 7. pH-responsive nanoparticles that exhibit redshift of absorption spectrum under acidic
conditions. (a) Schematic illustration of pH-responsive BSA-PANI assemblies, which show enhanced
PA contrast and PTT efficiency. (b) Absorption spectra of BSA-PANI assemblies dispersed in buffer
solutions with different pH values. (c) PA images achieved before and after injection of BSA-PANI
assemblies into tumor-bearing mice. (d) Relative tumor volume of different treatment groups.
(e) Schematic illustration of the preparation of OctaNPs, which generate strong PA signals at 1200 nm.
(f) Quantified PA amplitudes at varying pH values in tetrahydrofuran. (g) PA images of stomach
and tumor region before and after injection of OctaNPs. PA, photoacoustic; US, ultrasound; PTT,
photothermal therapy; BSA, bovine serum albumin; PANI, polyaniline; PBS, phosphate-buffered
saline; L, laser illumination; OctaNP, nanoparticles synthesized from octaphyrin 4; DSPE-PEG, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol); H+, hydrogen ion. The images
are reproduced with permission from [72,73].
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To enhance the imaging depth, ongoing studies have focused on developing PA agents
that absorb light in the NIR-II region, which is advantageous for deep tissue imaging
because of its reduced optical scattering compared to the visible or NIR-I regions. Chen
et al. developed NIR-II-absorbing nanoparticles that exhibited enhanced PA signals under
acidic conditions (Figure 7e) [73]. They synthesized nanoparticles, denoted as OctaNPs,
that encapsulated octaphyrin (4) within 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
poly(ethylene glycol) (DSPE-PEG). DSPE-PEG exhibits pH-responsive properties with
proton-coupled electron transfer, converting octaphyrin (4) into its form (6) in acidic
environments, thereby generating strong PA signals at an excitation wavelength of 1200 nm
(Figure 7f). PA images acquired after the intragastric injection of OctaNPs confirmed
enhanced contrast in the low-pH environment of the stomach (Figure 7g). To target the
mildly acidic tumor microenvironment, OctaNPs were modified with high concentrations of
glutathione to enhance optical absorption and then delivered to subcutaneously implanted
HepG2 liver tumors. The resulting PA images demonstrated contrast enhancement in the
tumor region, indicating the potential of OctaNPs for tumor imaging in vivo.

While single-wavelength PAI has shown promising feasibility for monitoring drug
delivery in tumors, ratiometric PA analysis using multi-wavelength PA responses can more
efficiently delineate drug distribution. When the absorption peak of nanoparticles shifts un-
der the acidic conditions of the tumor, the ratio of PA signals varies significantly compared
to that in normal tissue. Chen et al. demonstrated this approach by synthesizing self-
assembled albumin-based nanoparticles that responded to two wavelengths of light [74].
They conjugated human serum albumin (HSA) with two NIR-absorbing dyes: pH-active
benzo[a]phenoxazine (BPOx), which exhibits a red shift in its absorption spectrum owing
to protonation under acidic conditions, and pH-inert IR825, which absorbs 825 nm light
and remains unaffected by pH changes (Figure 8a). Glutaraldehyde was used to induce
covalent cross-linking of HSA, thereby enhancing the stability of the nanoparticles. In acidic
environments, the self-assembled C-HSA-BPOx-IR825 nanoparticles showed increased
absorption in the 600–700 nm range, whereas no significant change was observed at 825 nm
(Figure 8b). For ratiometric PA analysis, PA signals were measured from subcutaneously
implanted 4T1 breast tumors in mice after the intravenous injection of C-HSA-BPOx-IR825
nanoparticles (Figure 8c). The PA signal at 680 nm increased significantly, whereas only
marginal changes were observed at 825 nm (Figure 8d), resulting in a significant increase in
the PA ratio (Figure 8e). These results highlight the potential of ratiometric PA analysis for
high-sensitivity tumor detection in vivo.

Yang et al. also performed ratiometric PA analysis using a perylene diimide (PDI)-
based theranostic platform (Figure 8f) [75]. They synthesized THPDINs by encapsulating
IR825 dye and doxorubicin (DOX) using pH-sensitive PDIs. In this system, the pH-inert
IR825 served as a reference, producing stable PA amplitudes in the NIR region regardless
of pH changes, whereas the pH-sensitive PDI exhibited a blue shift to below 600 nm.
Consequently, the absorption of the THPDIN nanoparticles decreased significantly at
680 nm while showing minimal changes at 825 nm (Figure 8g). After the intravenous
injection of THPDINs into U87MG glioblastoma tumor-bearing mice, PA images were
acquired at wavelengths of 680 and 825 nm (Figure 8h). The PA amplitudes in the tumor
region confirmed the pH-responsive characteristics of the THPDINs, with the PA signal
ratio peaking at 24 h post-injection and reaching approximately 1.74-fold higher than that
of the control group (Figure 8i). At 24 h post-injection, the ratio of PA signals reached
a maximum, which was approximately 1.74-fold higher than that in the control group
(Figure 8j). In addition, THPDINs suppressed tumor growth, with 100% survival observed
45 days after treatment, highlighting the therapeutic potential of this platform.
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Figure 8. Representative ratiometric PA analysis of pH-sensitive nanoparticles in tumor acidic
condition. (a) Schematic illustration for the synthesis of C-HSA-BPOx-IR825 nanoparticles and
its response in a tumor acidic environment. (b) Optical absorption spectra of C-HSA-BPOx-IR825
nanoparticles measured in buffers with different pH values. (c) PA images, (d) PA amplitudes,
and (e) PA ratio of 4T1 breast tumors in mice after intravenous injection of C-HSA-BPOx-IR825
nanoparticles. (f) Schematic illustration for PA response of THPDINs in a tumor acidic environment.
(g) Optical absorption spectra of the THPDINs with different pH values. Red dashed lines indicate
representative wavelengths: (1) 500, (2) 680, and (3) 825 nm. (h) PA images, (i) PA amplitude
increase, and (j) PA ratio of U87MG glioblastoma in a tumor acidic environment after injection
of THPDINs. PA, photoacoustic; PA680, PA signal at 680 nm; PA825 PA signal at 825 nm; HSA,
human serum albumin; BPOx, benzo[a]phenoxazine; C-HSA-BPOx-IR825, covalent cross-link induced
albumin-based nanoparticles; THPDIN, perylene diimide-based theranostic platform. The images
are reproduced with permission from [74,75].
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Recently, Liu et al. synthesized nanoparticles based on a heptamethine cyanine dye
and indoline for ratiometric PA analysis [76]. Nanoparticles use the pH sensitivity of
nitrogen atoms within the dye, which undergo protonation and deprotonation. These
nanoparticles displayed stable PA signals at 680 nm across varying pH levels, but a notable
increase was observed in the PA signal at 760 nm as the pH decreased, enabling ratiometric
PA analysis. Following intravenous injection, the PA signals of the nanoparticles were
monitored in xenografted MCF-7 breast tumors in mice. The highest PA signal at 760 nm
was observed at 18 h post-injection, demonstrating a clear distinction from the control
group. In addition to PA imaging, the fluorescence signals of nanoparticles exhibited
similar trends, confirming the feasibility of multimodal imaging. Furthermore, 10 min of
808 nm laser illumination at a fluence of 0.8 W/cm2 elevated the local temperature to 62 ◦C,
effectively eradicating the tumor. These results highlight the potential of the nanoparticles
for image-guided PTT.

This section explores pH-sensitive agents that use protonation mechanisms to alter
their energy absorption spectra, enhancing both PA contrast and therapeutic efficacy
(Table 3). This section also highlights ratiometric PAI, in which multi-wavelength responses
in acidic conditions enable precise tumor detection by analyzing PA signal ratios. These
approaches show great potential for improving tumor imaging and treatment. Future
efforts should focus on optimizing the biocompatibility and stability of these agents and
refining ratiometric PAI for highly sensitive diagnostics and effective cancer therapies.

Table 3. Summary of pH-sensitive PA agents that exhibit absorption shift by protonation in tu-
mor acidic microenvironment. PA, photoacoustic; λa, peak absorption wavelength; λex, excia-
tion wavelength for PA imaging; PANI, polyaniline; PACT, PA computed tomography; BPOx,
benzo[a]phenoxazine; PDI, perylene diimide.

Base
λa [nm] (pH) PA Imaging

Ref.
Normal Tumor Configuration λex Application

PANI 570
(8)

800
(3) PACT - 4T1

breast tumor [72]

Octaphyrin 1200
(7.4)

1200
(5) PACT 1200 HepG2

liver tumor [73]

BPOx, IR825 580
(7)

620
(5.5) PACT 680, 825 4T1

breast tumor [74]

PDI 450
(7.4)

500
(5) PACT 680, 825 U87MG

glioblastoma [75]

Heptamethine
cyanine dye

680
(10)

760
(4) PACT 680, 760 MCF-7

breast tumor [76]

5. Conclusions

This review explores the recent advancements in the design and application of pH-
sensitive PA sensors, highlighting their potential to improve the sensitivity, specificity, and
depth of tumor imaging and therapy. Various pH-responsive agents have been synthesized
to enhance the precision of PAI-guided diagnoses and therapies. Using protonation and
deprotonation mechanisms, these agents provide measurable changes in optical absorption
and, consequently, stronger PA signals. This enables targeted imaging, particularly in acidic
tumor microenvironments. The integration of multi-wavelength lasers further enhances
their versatility, allowing for more precise ratiometric analyses and multimodal detection.

Several key strategies for designing pH-sensitive agents have emerged and are high-
lighted in this review. For instance, polyaniline-based assemblies and BSA-conjugated
nanoparticles efficiently shift absorption spectra in response to the pH levels of the tumor
microenvironment, enhancing PA signals in the NIR region for deeper imaging. Similarly,
the use of NIR-II-absorbing agents such as OctaNPs demonstrated the potential for deeper
tissue penetration and improved imaging contrast. Notably, ratiometric PAI analysis using
multi-wavelength responses offered a more straightforward understanding of drug distri-
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bution and tumor targeting. These multi-wavelength approaches, particularly in the NIR
region, provided a more accurate delineation of tumor boundaries, allowing for enhanced
specificity in both diagnosis and therapy monitoring.

Compared to other activation methods, pH-triggering offers exceptional selectivity for
tumor detection. While lasers can precisely activate agents at specific locations and time
points, their effectiveness is limited by penetration depth, restricting their applicability
for deeply posed tumors. Similarly, enzyme-triggered agents respond to specific enzymes
present in tumors, but their contrast enhancement may be limited in tumors with low
expression levels of these enzymes, reducing their diagnostic efficacy.

Despite the promising results obtained with pH-sensitive agents, several challenges
remain to be addressed for their successful translation from preclinical models to clinical
practice. Key concerns include ensuring biocompatibility, minimizing toxicity, and achiev-
ing reproducibility in nanoparticle synthesis. In addition, the optimization of the excitation
wavelengths to maximize both the imaging depth and signal-to-noise ratio should be
further refined for clinical applications.

Currently, the clinical trials of PAI are mainly based on label-free approaches, such as
sO2 level analysis in cancerous regions [77–79]. While these studies have shown potential
for enhancing diagnostic accuracy, the use of tumor-responsive contrast agents could
significantly improve the specificity and sensitivity in identifying cancerous tissues, once
approved for human use. Therefore, with continued research on nanoparticle engineering,
pH-sensitive photoacoustic agents can be used in cancer diagnostics and image-guided
therapies in clinical applications.

From a systems perspective, although multi-element array transducers in PAI have
enabled the capture of depth images in real-time, 3D volumetric imaging still relies heavily
on mechanical scanning operations, which presents challenges for clinical applications. Hu-
man trials, in particular, face limitations owing to the high costs and operational complexity
associated with mechanical scanning. Recent efforts have been aimed at overcoming these
obstacles through the development of more efficient and portable handheld PAI systems,
which could significantly enhance accessibility and reduce scanning time [80,81]. The use
of volumetric array transducers also enables real-time, high-quality PAI to monitor the
distribution of agents in vivo [82].

To generate strong PA signals capable of achieving deep imaging depth, delivering
maximum laser power is crucial. However, the laser power must remain within the
maximum permissible exposure limits guided by the safety standard [46] to prevent tissue
damage. Notably, the current laser power used in most systems is much below the safety
thresholds, indicating a margin for potential optimization to enhance imaging performance
while ensuring safety.

From the perspective of image generation, tissue motion during acquisition can de-
grade PA image quality. This challenge can be addressed by incorporating US imaging.
Structural information from US images can be used to correct motion-induced distortions
in corresponding PA images [49]. Additionally, US images can be also used for laser power
compensation, enabling more accurate spectral analysis and enhancing the reliability of
quantitative imaging [83].

The accuracy of PAI reconstruction is based on the speed of sound across different
biological tissues, and current systems often use predefined constants. However, this can
result in image distortion, particularly in heterogeneous soft tissues. To address this issue,
advanced computational techniques, such as GPU-accelerated processing and artificial
intelligence-driven algorithms, are being explored to correct these distortions [84]. These
innovations have the potential to enhance image accuracy and reliability, thereby enabling
more precise diagnostic capabilities for PAI.

39



Chemosensors 2024, 12, 257

Author Contributions: Conceptualization, J.K., C.K. and S.J.; investigation, H.K. and D.J.; resources,
H.K., D.J. and S.J.; writing—original draft preparation, H.K. and D.J.; writing—review and editing,
J.K., C.K. and S.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation (NRF) grants (2021R1A5A
1032937; 2023R1A2C3004880; 2021M3C1C3097624; 2020R1A6A1A03047902) and the Korea Health
Technology R&D Project (HR20C0026) funded by the Korean government (Ministry of Science and
ICT; Ministry of Education; Ministry of Health & Welfare). This work was also supported by BK21
FOUR program and Glocal 30 University Projects (Pohang University of Science and Technology).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: C.K. has financial interests in OPTICHO, which did not support this work.

References

1. Bell, A.G. The Photophone. Science 1880, 1, 130–134. [CrossRef] [PubMed]
2. Liu, C.; Wang, L. Functional Photoacoustic Microscopy of Hemodynamics: A Review. Biomed. Eng. Lett. 2022, 12, 97–124.

[CrossRef] [PubMed]
3. Mallidi, S.; Luke, G.P.; Emelianov, S. Photoacoustic Imaging in Cancer Detection, Diagnosis, and Treatment Guidance. Trends

Biotechnol. 2011, 29, 213–221. [CrossRef]
4. Zhao, Z.; Swartchick, C.B.; Chan, J. Targeted Contrast Agents and Activatable Probes for Photoacoustic Imaging of Cancer. Chem.

Soc. Rev. 2022, 51, 829–868. [CrossRef]
5. Jokerst, J.V.; Cole, A.J.; Van de Sompel, D.; Gambhir, S.S. Gold Nanorods for Ovarian Cancer Detection with Photoacoustic

Imaging and Resection Guidance via Raman Imaging in Living Mice. ACS Nano 2012, 6, 10366–10377. [CrossRef]
6. Agarwal, A.; Huang, S.; O’Donnell, M.; Day, K.; Day, M.; Kotov, N.; Ashkenazi, S. Targeted gold nanorod contrast agent for

prostate cancer detection by photoacoustic imaging. J. Appl. Phys. 2007, 102, 064701. [CrossRef]
7. Liu, S.; Pan, X.; Liu, H. Two-Dimensional Nanomaterials for Photothermal Therapy. Angew. Chem. 2020, 132, 5943–5953.

[CrossRef]
8. Guo, T.; Tang, Q.; Guo, Y.; Qiu, H.; Dai, J.; Xing, C.; Zhuang, S.; Huang, G. Boron Quantum Dots for Photoacoustic Imaging-Guided

Photothermal Therapy. ACS Appl. Mater. Interfaces 2020, 13, 306–311. [CrossRef]
9. Xu, M.; Wang, L.V. Photoacoustic Imaging in Biomedicine. Rev. Sci. Instrum. 2006, 77, 041101. [CrossRef]
10. Apriyanto, D.K.; Setiawan, A.; Widyaningrum, R. Therapeutic and Contrast Agents for Photoacoustic Imaging-Guided Photother-

mal Therapy: A Narrative Review. Nanotheranostics 2024, 8, 506. [CrossRef]
11. Das, S.S.; Bharadwaj, P.; Bilal, M.; Barani, M.; Rahdar, A.; Taboada, P.; Bungau, S.; Kyzas, G.Z. Stimuli-Responsive Polymeric

Nanocarriers for Drug Delivery, Imaging, and Theragnosis. Polymers 2020, 12, 1397. [CrossRef] [PubMed]
12. Xavierselvan, M.; Cook, J.; Duong, J.; Diaz, N.; Homan, K.; Mallidi, S. Photoacoustic Nanodroplets for Oxygen Enhanced

Photodynamic Therapy of Cancer. Photoacoustics 2022, 25, 100306. [CrossRef] [PubMed]
13. Li, M.; Tang, Y.; Yao, J. Photoacoustic Tomography of Blood Oxygenation: A Mini Review. Photoacoustics 2018, 10, 65–73.

[CrossRef] [PubMed]
14. Ning, B.; Kennedy, M.J.; Dixon, A.J.; Sun, N.; Cao, R.; Soetikno, B.T.; Chen, R.; Zhou, Q.; Shung, K.K.; Hossack, J.A. Simultaneous

Photoacoustic Microscopy of Microvascular Anatomy, Oxygen Saturation, and Blood Flow. Opt. Lett. 2015, 40, 910–913. [CrossRef]
[PubMed]

15. Zhang, H.F.; Maslov, K.; Sivaramakrishnan, M.; Stoica, G.; Wang, L.V. Imaging of Hemoglobin Oxygen Saturation Variations in
Single Vessels In Vivo using Photoacoustic Microscopy. Appl. Phys. Lett. 2007, 90, 053901. [CrossRef]

16. Kim, J.; Kim, Y.H.; Park, B.; Seo, H.M.; Bang, C.H.; Park, G.S.; Park, Y.M.; Rhie, J.W.; Lee, J.H.; Kim, C. Multispectral Ex Vivo
Photoacoustic Imaging of Cutaneous Melanoma for Better Selection of the Excision Margin. Br. J. Dermatol. 2018, 179, 780–782.
[CrossRef]

17. Attia, A.B.E.; Chuah, S.Y.; Razansky, D.; Ho, C.J.H.; Malempati, P.; Dinish, U.; Bi, R.; Fu, C.Y.; Ford, S.J.; Lee, J.S.-S. Noninvasive
Real-Time Characterization of Non-Melanoma Skin Cancers with Handheld Optoacoustic Probes. Photoacoustics 2017, 7, 20–26.
[CrossRef]

18. Wang, Y.; Xu, D.; Yang, S.; Xing, D. Toward In Vivo Biopsy of Melanoma Based on Photoacoustic and Ultrasound Dual Imaging
with an Integrated Detector. Biomed. Opt. Express 2016, 7, 279–286. [CrossRef]

19. Langhout, G.C.; Grootendorst, D.J.; Nieweg, O.E.; Wouters, M.W.J.M.; van der Hage, J.A.; Jose, J.; van Boven, H.; Steenbergen, W.;
Manohar, S.; Ruers, T.J.M. Detection of Melanoma Metastases in Resected Human Lymph Nodes by Noninvasive Multispectral
Photoacoustic Imaging. Int. J. Biomed. Imaging 2014, 2014, 163652. [CrossRef]

40



Chemosensors 2024, 12, 257

20. Karlas, A.; Kallmayer, M.; Bariotakis, M.; Fasoula, N.-A.; Liapis, E.; Hyafil, F.; Pelisek, J.; Wildgruber, M.; Eckstein, H.-H.;
Ntziachristos, V. Multispectral Optoacoustic Tomography of Lipid and Hemoglobin Contrast in Human Carotid Atherosclerosis.
Photoacoustics 2021, 23, 100283. [CrossRef]

21. Cao, Y.; Kole, A.; Hui, J.; Zhang, Y.; Mai, J.; Alloosh, M.; Sturek, M.; Cheng, J.-X. Fast Assessment of Lipid Content in Arteries In
Vivo by Intravascular Photoacoustic Tomography. Sci. Rep. 2018, 8, 2400. [CrossRef] [PubMed]

22. Buma, T.; Conley, N.C.; Choi, S.W. Multispectral Photoacoustic Microscopy of Lipids using a Pulsed Supercontinuum Laser.
Biomed. Opt. Express 2018, 9, 276–288. [CrossRef]

23. Weber, J.; Beard, P.C.; Bohndiek, S.E. Contrast Agents for Molecular Photoacoustic Imaging. Nat. Methods 2016, 13, 639–650.
[CrossRef]

24. Kilian, H.I.; Ma, C.; Zhang, H.; Chen, M.; Nilam, A.; Quinn, B.; Tang, Y.; Xia, J.; Yao, J.; Lovell, J.F. Intraperitoneal Administration
for Sustained Photoacoustic Contrast Agent Imaging. Photoacoustics 2022, 28, 100406. [CrossRef] [PubMed]

25. Lee, C.; Kim, J.; Zhang, Y.; Jeon, M.; Liu, C.; Song, L.; Lovell, J.F.; Kim, C. Dual-Color Photoacoustic Lymph Node Imaging using
Nanoformulated Naphthalocyanines. Biomaterials 2015, 73, 142–148. [CrossRef] [PubMed]
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Abstract: Optical chemical sensors can yield distinctively different responses that are dependent on
the method applied for readout and evaluation. We therefore present a comprehensive study on the
pH determined non-continuously with optical sensors in real milk samples by either photometry
or colorimetry (via the RGB-readout of digital images) compared to the pH values obtained electro-
chemically by potentiometry. Additionally, the photometric determination of pH was conducted
with single-wavelength and a dual wavelength ratiometric evaluation of the absorbance. It was
found that both the precision and accuracy of the pH determined by photometry benefit from lower
concentrations of bromocresol purple, which served as the pH indicator inside the sensor membrane.
A further improvement is obtained by the ratiometric evaluation of the photometric sensor response.
The pH values obtained from the colorimetric evaluation, however, gain in precision and accuracy if
a higher concentration of the indicator is immobilized inside the sensor membrane. This has a major
impact on the future fabrication of optical pH sensor membranes because they can be better tuned to
match to the most precise and accurate range of the planned detection method.

Keywords: pH sensor; optical; photometry; colorimetry; potentiometry; digital image

1. Introduction

Optical pH sensors have gained a key role in pH measurements. The basic principles
of the creation of optical pH sensors and recent trends of readouts have been presented
in comprehensive reviews [1,2]. Colorimetric pH sensors have become especially popular
among optical pH sensors due to their low equipment demands. The signal of colorimetric
sensors relies on the variation of color that is dependent on the pH of the analyzed sample.
This enables simple readout schemes with printed tables for color comparison that can
easily be operated also by non-laboratory users.

One of the trend directions for applying colorimetric pH sensors is in the freshness
control of perishable foods. In food packaging, a freshness control of perishable foods is
frequently not performed in a lab, instead an expiration date is usually stamped onto the
packaging with additional recommendations for storage. This does not consider the effect of
various conditions upon later transport and storage, which can significantly alter the shelf-
life of perishable foods. The spoilage of perishable foods is accompanied by the formation
of various chemical or biological species (e.g., biogenic amines or bacteria) or the change
of certain characteristics of the foods (e.g., the color, odor and/or homogeneity), which
can serve as freshness indicators that can be determined using the headspace above, in
contact with, or inside perishable foods. Moreover, the intrinsic acid-base properties of the
new compounds formed upon ageing will change the overall pH of the food sample, and
their presence can hence be determined by means of a colorimetric pH sensor. Examples
of applying colorimetric pH sensors for freshness control include seafood [3–8], meat
products [9–11], dairy [12–17], and other perishable foods [18].

Chemosensors 2021, 9, 177. https://doi.org/10.3390/chemosensors9070177 https://www.mdpi.com/journal/chemosensors
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Milk acidity can serve as marker of its age, as can be seen from a sensor comprising
a polypyrrole/silver nanocomposite chemically deposited on a polyester fiber [17]. The
sensor had a reasonable response and reproducibility towards milk pH. Unfortunately,
such fiber-optic sensors are not applicable for the evaluation of milk spoilage by untrained
consumers outside the lab. Extracts from grape skin incorporated into a tara gum/cellulose
nanocrystal matrix was recently used for visible pH-sensing and to monitor the milk spoil-
ing process [13]. The proposed sensor films showed easily detectable color changes from
red to green to monitor the freshness of packed food at acidic or alkaline pH, respectively.
A new colorimetric method for the detection of milk spoilage using cysteine biofunctional-
ized silver nanoparticles was developed [15] where the aggregation of biofunctionalized
nanoparticles increased with the increase of the lactic acid content of the sample, which
leads to a color change from yellow to orange to red to purple. Further, colorimetric sensors
based on an anthocyanin-agarose film were proposed as freshness indicators of full cream
milk by means of monitoring the pH [16]. A new colorimetric method called red chromatic
shift was applied to evaluate the color response of the proposed sensors towards pH. The
activity of lactic acid bacteria leads to an increasing production of lactic acid and thus a
decrease in the pH level. At normal levels of pH, the main protein in milk, casein, remains
evenly dispersed. At lower pH levels below 4.6, the protein coagulates due to the acid
generated from fermentation [19]. Thus, milk acidity can be used to monitor milk ageing.

We have previously demonstrated the maintenance of the acid-base properties of
bromocresol purple (BCP) in a polymethacrylate matrix(PMM) and calculated the pKa
value of the BCP in the PMM [20]. The response time of the PMM with immobilized BCP
towards the changing pH of an aqueous solution was also determined. A polymethacrylate
matrix was taken to tightly immobilize BCP and allow easy permeation of the analyte.
There are good examples of applying PMM for the solid-phase quantification of various
species [21–25]. The initial 6.5 pH value of spoiled milk [26] coincides with BCP’s pKa value
6.5 ± 0.3 in the PMM. Therefore, PMM with immobilized BCP is suitable to monitor even
small changes in the pH of milk. It is known that the visibility of a color transition depends
on the concentration of an indicator [27]. Obviously, a specific amount of a sensitive reagent
in a sensor membrane can also have an effect on its analytical performance.

In this article, various pH-sensitive sensor membranes based on bromocresol purple
immobilized into a polymethacrylate matrix were prepared. Spectrophotometric one-
wavelength and ratiometric dual-wavelength evaluations of the sensor response in milk
were performed, and the resulting pH values were validated against those obtained elec-
troanalytically using a pH electrode. Additionally, the colorimetric evaluation of digital
images was compared to the potentiometric pHs. This yields new insights for choosing
an appropriate amount of the pH indicator to achieve optimum accuracy and precision
depending on the chosen detection method.

2. Materials and Methods

2.1. Apparatus and Chemicals

The absorption spectra and absorbances of sensor membranes and indicator stock
solutions were acquired with a Shimadzu UV1800 spectrophotometer. Blanks of the related
solvent or the untreated polymer membrane were subtracted. We used a I-160 ionometer
(Izmeritelnaya Tekhnika NPO, Moscow, Russia) with a glass pH electrode to determine the
reference pH values.

Lactic acid 85% (CAS No. 50-21-5) and bromocresol purple (CAS No. 115-40-2) were
purchased from Chimmed, Russia. Those and all other chemicals were used as received
and without further purification. The BCP stock solutions were created by dissolving
accurately weighed portions of BCP (as to Table 1) in distilled water.

The polymethacrylate membrane was kindly provided by the group of Prof. Gavrilenko
from Tomsk Polytechnic University and was synthesized according to a recent protocol [28].
Transparent 10 cm × 10 cm sheets with a thickness of 0.60 ± 0.04 mm were cut into working
membrane pieces of 6.0 mm × 8.0 mm size and a mass of about 0.05 g.
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Table 1. Parameters of sensors membranes dependent on immobilization conditions.

Designation
(a 1 ± SD),

mg/g

Immobilization Conditions Sensor Membrane

C0
2, g/L t, min V, mL

m, g (Number of
PMM Sheets)

A415
3 RSD 4, % A600

3 RSD 4, %

SM1 1.21 ± 0.07 1.0 1.5 25 1.1316 (25 pcs) 1.31 10 1.29 20
SM2 0.82 ± 0.05 1.0 0.75 25 1.1287 (25 pcs) 0.95 7 0.94 10
SM3 0.268 ± 0.006 0.1 2.5 25 1.1356 (25 pcs) 0.30 9 0.26 16
1 amount of BCP immobilized under the appropriate conditions; 2 initial concentration of BCP in a solution for immobilization; 3 average
absorption of sensor membranes at the 415 nm and 600 nm, respectively; 4 relative standard deviation in 25 membranes.

2.2. Preparation of the Sensor Membrane

The preparation of the sensor membrane followed a recent protocol [20]. First, pre-
weighed PMM work sheets (25 pcs) were immersed into 25 mL of a stock solution of
BCP with a definite concentration and shaken for a set time. Immobilization conditions
are presented in Table 1. The amount of BCP immobilized into PMM was calculated
according to

a =
(C0 − C)× V

m
(1)

where C0 and C are concentrations of BCP in the solution before and after contact with
PMM, respectively; V is the volume of the solution used for immobilization, m is the mass
of the sheets (made of PMM) for immobilization. Prepared membranes were stored in a
desiccator under dark conditions after the removal of excess BCP solution by dabbing the
sensor membrane with filter paper.

2.3. Preparation of Milk Samples

Packed pasteurized cow milk (Derevenskoye molochko, Tomsk, Russia) was bought
from a local supermarket. The method of the milk pasteurization was heating it to 90 ◦C
for 20 s, which is termed as very high temperature (VHT) pasteurization according to the
literature [29]. Milk samples with different pH were prepared with the addition of lactic
acid dropwise to imitate a spoilage process [16]. All experiments using milk were done on
the date of its manufacture as indicted on the package, at room temperature (24 ± 2 ◦C).

2.4. Procedure for Determination of pH in Milk Samples

Sensor membranes were immersed in 15 mL of milk samples with adjusted pH value
and shaken for 5 min (according to preliminary investigations [20], the response time of
similar membranes does not exceed 4 min). The related sensor membranes were then
photographed, and the absorption spectra were recorded. Images were captured using a
smartphone (Xiaomi Redmi 9) using the standard camera mode. The images were captured
at a distance of 10 cm under constant vertical illumination by the built-in flash lamp. The
pH of the milk samples was then immediately measured by means of a pH meter.

The algorithm for processing the images of the sensor membranes to extract the colori-
metric parameters was created using the software “Vision builder for Automated Inspection
(version 3.6.1, 2015)” by National Instruments. The total color difference (TCD) of the
sensor membranes was calculated in the RGB color space according to the typical equation

TCD = ((R0 − Ri)2 +(G0 − Gi)2 + (B0 − Bi)2)1/2 (2)

where the index “0” denotes the color parameter set of the sensor membrane after contact
with the milk sample when the milk is fresh; index “i” denotes the color parameter set for
the sensor membrane after contact with the milk sample with the adjusted pH. As shown
in earlier work [20], such a sensor membrane is stable against repetitive cycling of pH
between 1.5 and 11.3 in a flow-through cell for over 30 min. The sensors are not intended
for prolonged and continuous contact with food.
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3. Results

3.1. Preparation of Sensor Membranes

The amount of BCP in the PMM membrane depends on the immobilization conditions.
A higher concentration of BCP in the solution for membrane doping leads to a higher
concentration of BCP inside the sensor membrane (see Table 1). More BCP is also adsorbed
by the sensor membrane when the immobilization time is increased. Compared with the
stirring times usually required for the preparation of sensor cocktails for knife coating or
electrospinning (several hours [30]), the current immobilization time is very short, being
only a few minutes. This is very suitable for a potential mass production of sensors.
According to their BCP content, the obtained sensor membranes were divided into three
types. The characterization of the sensor membranes (as to photometric measurements)
prepared under different immobilization conditions are presented in Table 1.

3.2. Spectrophotometric Response of Sensor Membranes towards Milk of Various pH

The response of a sensor membrane towards milk samples with various pH values was
investigated by photometry. For this purpose, a sensor membrane was immersed into milk
samples of adjusted pH and gently shaken. After 5 min, the sensor membrane was dabbed
with filter paper, and the absorption spectrum was acquired in transmission mode. The
related pH-dependent absorption spectra of the sensor membranes of the SM2 type after
contact with the milk samples are presented in Figure 1. It is obvious that a decrease of pH
(as it occurs upon the spoiling of the milk) is accompanied by an increase in the absorbance
at 415 nm whereas a decrease in the absorbance is found at 600 nm. This is accompanied by
a visual color transition from green to yellow. An isosbestic point is found at 485 nm. While
the absorption spectra of BCP in a solution show maxima at 430 nm and 590 nm, those shift
to 415 nm and 600 nm, respectively, after BCP immobilization in PMM. Please note that the
additional reflected light (observed color) is determined by the molar absorbances at both
maxima, which also experience ongoing change from the solution into the polymer [20].
This translates into the formation of a green mixing color on the sensor membranes at
around pH 7. The absorption spectra of the other type of sensor membranes (SM1 and SM3)
are similar with respect to the positions of the absorption maxima and the pH-dependent
response. This suggests that the absorbance at these wavelengths or their ratio (A415/A600)
may serve as analytical parameters for the solid-phase spectrophotometric determination
for the pH of pasteurized milk. The color transition can also be used to visually follow the
spoiling of milk.

Figure 1. Absorption spectra of SM2-type sensors membranes after contact with milk samples at
different pH.
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3.3. Effect of the Content of BCP on Photometric Sensor Response

The changes of the photometric response of the sensor membranes with the changing
pH of the milk samples should obey the Lambert–Beer law, both at 415 nm and at 600 nm.
Therefore, the responses of the three different membrane types towards the milk pH were
plotted at both wavelengths, and linear calibration plots were constructed (see Figure S1).
A dependence of the analytical signal can be characterized by the linear equation

A = k × pH + C (3)

where A is the analytical signal (i.e., the absorbance at the respective wavelength), pH is
the pH value of the milk sample, and C is a constant. The related values of k and C for each
analytical signal and the corresponding correlation coefficient (r) for each type of sensor
membrane are presented in Table 2.

Table 2. Linear response of the analytical signal of the sensor membranes towards milk pH at various
detection wavelengths and related correlation coefficients of the linear fit.

Type of Sensor Membrane k C r

Analytical signal: absorbance at 415 nm

SM1 −0.1225 2.3498 0.914
SM2 −0.039 1.3751 0.927
SM3 −0.0109 0.4889 0.858

Analytical signal: absorbance at 600 nm

SM1 0.2099 −0.7004 0.983
SM2 0.0982 −0.3503 0.976
SM3 0.0303 −0.0757 0.992

Analytical signal: A415/A600

SM1 −1.7544 13.671 0.959
SM2 −2.9821 23.48 0.994
SM3 −1.3798 12.546 0.998

As the shortwave absorbance of BCP decreases with pH, a negative slope is found.
The use of the absorbance at 415 nm as the analytical signal for the determination of milk
pH is undesirable, as low correlation coefficients are found (see Table 2). Moreover, the
overall change in the signal is less pronounced at this wavelength (see Figure 1). The
absorbance at 600 nm and the ratio of the absorbance at 415 nm to the absorbance at
600 nm (A415/A600), however, can be used as an analytical signal for the solid phase
spectrophotometric determination of milk pH. As for the correlation coefficients, A600
shows much better results for all three compositions of the sensor membrane. The best
correlation is found for the ratiometric response of A415/A600 that is dependent on milk
pH. Here, SM2 and SM3 are the preferred membrane compositions.

3.4. Validation of Photometric Sensor Response

The pH values obtained from the photometric response of the sensor membranes
was then validated against the pH acquired with a commercial pH-meter. As both the
absorbance at 600 nm and A415/A600 had proved to be suitable for the determination of
milk pH, both were used to judge the accuracy of the pH values determined with the
sensor membranes. The obtained results are presented in Table 3. The maximum value
of the relative error for every type of sensor membrane is indicated in bold. It is clearly
obvious that membrane SM1 performs less well than membranes SM2 and SM3, if the
related relative errors and the deviations between the average pH-vales as to potentiometry
and photometry, respectively, are compared. Here, deviations up to 0.34 pH units are
found. These deviations are much smaller for membrane SM2, where the deviation does
not exceed 0.23 pH units (if potentiometry and A600 are compared) or 0.17 pH units,
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respectively (A415/A600 vs. potentiometry). Membrane SM3 offers the best accuracy, where
deviations of less than 0.15 and 0.07 pH units (A415/A600 vs. potentiometry) are found. The
latter deviation is already within the error range of the electrochemical pH determination,
which is why the pH values determined with both methods can be regarded as equal. The
average standard deviation of the photometric determination of pH over the whole range
of pH 4.5–7.0 can be as little as 0.2 pH units (for membrane SM2), which is remarkably
low for a colorimetric sensor. As a result, both accuracy and reproducibility of the sensor
membrane SM2 and SM3 can be regarded very good.

Table 3. Validation of the pH obtained in milk by spectrophotometry with the pH from potentiometry
(n = 3).

Type of SM
pH Determined by

Potentiometry

pH Determined by Spectrophotometry

A600 δ600 A415/A600 δ415/600

SM1

6.75 ± 0.03 6.73 ± 0.73 0.3 6.57 ± 0.14 2.6
6.28 ± 0.01 6.17 ± 0.07 1.7 6.24 ± 0.12 0.6
5.83 ± 0.05 6.07 ± 0.31 4.1 6.18 ± 0.29 6
5.35 ± 0.06 5.27 ± 0.37 1.5 5.31 ± 0.30 0.8
4.89 ± 0.03 4.86 ± 0.31 0.6 4.65 ± 0.54 4.9

SM2

6.91 ± 0.12 7.16 ± 0.34 3.5 6.82 ± 0.11 1.3
6.43 ± 0.20 6.26 ± 0.39 2.7 6.44 ± 0.22 0.1
5.71 ± 0.07 5.59 ± 0.15 2.2 5.88 ± 0.17 2.9
5.16 ± 0.17 5.00 ± 0.06 3.1 5.08 ± 0.22 1.6
4.55 ± 0.16 4.78 ± 0.10 4.9 4.52 ± 0.08 0.7

SM3

7.01 ± 0.08 7.04 ± 0.23 0.4 6.96 ± 0.14 0.8
6.69 ± 0.03 6.74 ± 0.14 0.8 6.72 ± 0.41 0.5
6.07 ± 0.07 5.99 ± 0.59 1.4 6.14 ± 0.24 1.1
5.37 ± 0.03 5.22 ± 0.16 2.8 5.31 ± 0.33 1
4.78 ± 0.06 4.91 ± 0.23 2.7 4.79 ± 0.16 0.2

3.5. Colorimetric Analysis of RGB Readout

The absorbance changes at both 415 nm and 600 nm of the sensor membranes after
contact with the milk samples visually translate into an observable color transition from
green to yellow (see Figure 2b). This color transition can be analyzed by taking images
with a digital camera and the subsequent evaluation of the data contained in the three
color channels. There are several recent examples using the RGB readout of digital camera
images for the quantification of color transitions [30,31]. In our evaluation scheme, the total
color difference (TCD) derived from the individual color differences in all three channels
was used as the analytical signal (see Section 2.4) in the colorimetric analysis of pH (see
Figure 2a). This was done for the three membrane types, which is why the effect of the
BCP content on the quality of the RGB readout of sensor membranes could be derived.
Equations describing the TCD response from the colorimetric analysis that is dependent on
the pH of milk and the corresponding correlation coefficients are presented in Table 4. For
the SM3 sensor membrane, a meaningful determination of pH using a linear equation is not
possible although a difference between pH 7.0 and pH values less than 6.5 can visually be
observed (Figure 2b). The fact that SM3 delivers a reliable result using spectrophotometry
(as to Table 3) in contrast to the photographic readout is due to the differences in the light
detection of both methods. Spectrophotometry detects the negative logarithm of the ratio of
the intensity of the transmitted light emanating from the sample with respect to the intensity
of the light irradiated into the sample. Both intensities are detected at a wavelength where
the maximum change of light intensity is expected. This makes photometry amenable to
detect even small changes of the absorbance of a sample i.e., of the pH. The photographic
evaluation, however, uses the differences of the intensities of the reflected light of three
wavelength ranges (i.e., the RGB colors), each of them integrated over a broad wavelength
range. Further, the photometric signal is acquired by the absorption of light within the
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entire volume of the sensor membrane. The colorimetric analysis of the image only uses the
light reflected from the surface of the sensor, i.e., from a much lower volume of the sensor
membrane. Finally, the sensitivity of the photomultiplier in the photometer is higher than
the one of a CCD chip in a commercial digital camera. All of this contributes to a lower
overall working range of SM3 with photographic readout.

(a) 

SM1 
 

pH 6.75 6.28 5.83 5.35 4.88 
 
SM2 

 
pH 6.91 6.43 5.71 5.16 4.55 
 
SM3 

  

pH 7.01 6.69 6.07 5.37 4.78 
(b) 

Figure 2. Colorimetric response of sensor membranes: (a) relationship of the total color difference (TCD) versus pH of milk
samples; (b) corresponding images of the sensor membranes.

Table 4. Equations describing the dependence of the TCD on pH.

Type of SM Range of pH Equation r

SM1 6.75–4.88
TCD = − 42.059 pH + 291.6 0.981

TCD = − 13.275 pH2 + 112.38 pH − 151.85 0.996

SM2
6.91–5.16 TCD = − 34.077 pH + 242.62 0.967
6.91–5.16 TCD = − 15.667 pH2 + 155.03 pH − 321.02 0.990

SM3 Not available Linear equation not applicable N/A

Higher contents of BCP in a sensor membrane are accompanied by a wider pH range
that correlates linearly to the TCD data. This is also obvious from the best correlation
coefficient found for the linear evaluation of the TCD for membrane SM1. Hence the widest
measurement range for the colorimetric evaluation via TCD is found for membrane SM1.
The pH-range of SM2 is smaller. Using a 2nd order polynomial fit further improves the
results of the colorimetric pH evaluation via TCD for SM1 and SM2 to yield very good
correlation coefficients that are better than 0.990.

3.6. Validation of Colorimetricmetric Sensor Response

We then compared the pH values determined by colorimetric analysis via the TCD
with the potentiometric data (see Table 5). A very good correlation was found specifically
for membrane SM1 at all pH values except for the highest one (pH 6.75 vs. pH 6.94). Upon
comparing the average deviation of the pH of membrane SM1 determined with either
potentiometry or one of the two optical evaluation methods, it becomes clear that the
determined colorimetrically determined pHs match the potentiometry data better than the
photometry determined pH values (compare data of SM1 in Tables 3 and 5). The standard
deviations of the pH determined via colorimetry and photometry, however, are very similar
and are typically in a range of 0.1–0.3 pH units. The colorimetrically determined pH for
membrane SM2 matches less well with the potentiometry data than that of membrane SM1.
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Moreover, the pH-range for the colorimetric evaluation of SM2 is smaller (pH 5.2–7.0) than
that of the same membrane evaluated with photometry (pH 4.5–7.0, see Table 3).

Table 5. Validation of the pH obtained in milk by colorimetry with the pH from potentiometry
(n = 3).

Type of SM Potentiometric Colorimetric δ,%

SM1

6.75 ± 0.03 6.94 ± 0.13 2.9
6.28 ± 0.01 6.12 ± 0.25 2.6
5.83 ± 0.05 5.70 ± 0.44 2.3
5.35 ± 0.06 5.35 ± 0.21 0.06
4.89 ± 0.03 4.99 ± 0.13 2.2

SM2

6.91 ± 0.12 7.13 ± 0.30 3.1
6.43 ± 0.20 6.16 ± 0.22 4.2
5.71 ± 0.07 5.68 ± 0.10 0.7
5.16 ± 0.17 5.25 ± 0.11 1.8

4. Conclusions

We demonstrated that the precision and accuracy of the pH determined with an optical
sensor based on PMM with immobilized BCP in real milk samples is dependent on the
readout method and the concentration of the pH indicator. Two quantification methods of
pH were used: (i) spectrophotometry (single wavelength and double wavelength ratiomet-
ric) with a standard device and (ii) colorimetric readout based on the evaluation of the total
color difference of the sensor images obtained by means of a smartphone camera. It was
found that sensor membranes with high BCP content are more preferable for colorimetric
pH determination, while for spectrophotometry, pH values gain in precision and accuracy
when using lower concentrations of BCP inside the sensor membrane. The validation of the
pH obtained by the optical readout of the sensor membrane against the electrochemically
determined pH values with a glass electrode showed very similar values. In the case of
the ratiometric evaluation of the photometric sensor response, the differences between
electrochemical and optical readout were as low as 0.07 pH units, which is equal to the
average standard deviation of both methods. Additionally, these sensor membranes can be
used for the visual distinction between unspoiled and spoiled milk (pH of less than 6.0).
This shows that the pH readings from optical pH sensors in real samples can reach the
accuracy and precision of potentiometry as a reference method provided that the concen-
tration of the indicator is tuned and adapted with respect to the optical readout method. A
future application of these sensors could be monitoring water deacidification during the
preparation of drinking water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors9070177/s1. Figure S1. Dependence of an analytical signal on the pH of the milk
samples: (a) absorbance at 415 nm; (b) absorbance at 600 nm; (c) ratio A415/A600, n = 3, error bars
represent standard deviation.
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Abstract: Electrochemical pH sensors have a wide range of industrial applications such as in medicine
due to their fast response and high sensitivity to pH changes. This work focuses on the preparation
of samples based on the nanostructure of TiO2 with potentiostatically deposited particles of iridium
and its oxides (IrO2), using a Ti-6Al-4V alloy as the base material, and subsequent surface characteri-
zation. Transmission electron microscopy and secondary ion mass spectroscopy showed Ir particles
distributed in the nanotubes. Using a potentiostatic method, a stable pH sensor was prepared. By
monitoring the open circuit potential, it was shown that this sensor is usable even without being kept
in a storage medium and does not react to changes in the redox potential of the solution.

Keywords: pH sensor; Ir oxide; implant; electrochemistry; titanium

1. Introduction

Infection is one of the possible causes of implant failure in the human body. As with
all invasive surgical procedures, arthroplasty is not completely risk-free. Medical device-
associated infection is a worldwide health problem because it is very difficult to diagnose,
very difficult to treat and very expensive to treat. The complexity of diagnosing these
infections adds to the challenge, often relying on clinical symptoms reported by patients,
such as pain, swelling, or compromised joint mobility. However, these symptoms can
be non-specific and may overlap with other post-operative complications, necessitating
a comprehensive evaluation for accurate diagnosis. Moreover, infection detection often
relies on non-specific markers such as elevated leukocyte count and heightened C-reactive
protein (CRP) levels, further complicating the diagnostic landscape [1–3]. The efficacy of
antibiotic therapy is also a growing concern, given the emergence of antibiotic-resistant
strains, posing significant challenges in infection management. Despite the administration
of comprehensive treatment, infections often result in surgical removal of the implant. It is
also associated with a high mortality of patients [4–6].

The spread of infection occurs due to the preference of bacteria to exist on the implant
surface in established communities known as biofilms. Biofilm formation occurs by the
attachment and aggregation of free-floating bacteria on the implant surface. The bacteria
that exist in the biofilm are part of a complex multicellular community enclosed in extracel-
lular polymeric substances (EPSs). The EPSs produced by the bacteria form a ‘slime layer’
around the cells, consisting mainly of water and a range of polysaccharides, nucleic acids,
proteins and lipids. Bacterial biofilms can resist antibiotics, disinfectants, phagocytosis and
other components of the host’s innate and adaptive immune system. The main microor-
ganisms that cause infection and subsequent inflammation include Staphylococcus aureus,
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S. epidermidis and S. hominis, among others. Infecting organisms can be implanted with
biomaterials into the body [1,7,8]. These bacteria are known to produce acid metabolites,
including lactic acid, which exert a significant impact on the pH levels of the surrounding
tissue [9,10].

The pH value stands as a pivotal parameter across numerous domains including
industry, agriculture, biology, environment and medicine. Traditionally, pH determination
has relied on the utilization of glass electrodes. However, despite its widespread use, the
glass electrode method presents several drawbacks. High impedance, significant cost, bulky
dimensions, restricted shape versatility and susceptibility to mechanical damage are among
the primary limitations associated with this conventional approach. These constraints not
only impede the widespread deployment of pH measurement systems but also hinder
their adaptability to diverse environmental and operational conditions. Consequently,
the exploration of alternative pH sensing technologies has emerged as a critical endeavor,
aiming to overcome these limitations and deliver more robust, cost-effective and versatile
solutions for pH monitoring across various applications [9,11–14].

Over the past two decades, a primary objective has been the exploration of materials
with the potential to serve as effective pH sensors. Notably, metal oxide (MOx) electrodes
have emerged as promising candidates due to their ability to respond to changes in pH [15].
Unlike traditional glass electrodes, MOx electrodes offer the advantage of adjustability
in dimensions, addressing concerns related to size and shape limitations. Consequently,
researchers have extensively investigated various MOx electrodes, including titanium
dioxide (TiO2), aluminium oxide (Al2O3), platinum dioxide (PtO2), iridium dioxide (IrO2)
and tungsten trioxide (WO3), among others, for their suitability as pH sensors. These
investigations have revealed promising properties of MOx electrodes, including enhanced
sensitivity, improved stability and greater versatility, positioning them as viable alternatives
to conventional pH measurement technologies [16–22].

TiO2 thin film is an n-type semiconductor renowned for its exceptional chemical
stability, rendering it a promising candidate for pH sensing applications, particularly in
highly acidic or alkaline solutions. Its inherent qualities include excellent chemical stability,
making it a sought-after material in various industrial and biomedical contexts. TiO2
boasts a reputation for being non-toxic, environmentally friendly and corrosion-resistant,
further enhancing its appeal for diverse applications. Of particular note is its remarkable
biocompatibility, making it invaluable for medical applications, where materials must
interact safely with biological systems [23,24]. Moreover, TiO2 exhibits unique ionic and
electrical properties, distinguishing it from other oxides and amplifying its utility in sensor
technologies. Multiple fabrication techniques exist for producing TiO2 nanostructures,
among which sol–gel and electrochemical methods are prominent [22,23,25].

IrO2, among the array of metal oxides considered for pH sensing, has emerged as a
standout candidate due to its remarkable stability across a broad pH spectrum, even under
high-pressure conditions and in aggressive environments. Notably, IrO2 exhibits rapid
response characteristics, even in non-aqueous solutions, making it exceptionally versatile
for various pH measurement applications. Crystallizing in a rutile structure akin to that
of ruthenium dioxide (RuO2), IrO2 demonstrates a lower catalytic activity compared to
RuO2. Despite this distinction, IrO2-based electrodes have garnered considerable attention,
particularly in biomedical contexts, owing to their impressive stability and performance
metrics [11,19–21].

In numerous biomedical applications, iridium oxide-based electrodes have proven in-
valuable. Compared to other materials such as antimony, titanium, ruthenium or palladium-
based electrodes, iridium oxide layers offer distinct advantages. These include faster re-
sponse times across a wide pH range and superior biocompatibility, underscoring their
suitability for interfacing with biological systems. The utilization of IrO2 electrodes not
only enhances the precision and reliability of pH measurements but also aligns with the
stringent requirements of biomedical applications, where accuracy and compatibility are
paramount considerations [6,14,16,22,25].
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In this work, the main objective was to reproducibly create a pH sensor based on
TiO2 nanotubes with deposited iridium. This prepared sensor could one day be part of
an implant for the rapid detection of inflammation, and subsequently, its surface could be
characterized and its electrochemical response to pH change could be investigated. The use
of this sensor without the need for a storage medium was also tested. The use of a metal
sensor without a storage medium would reduce two disadvantages of conventional glass
pH electrodes.

2. Materials and Methods

As a base material, the Ti-6Al-4V ELI alloy (extra-low interstitials, Ti grade 23) was
selected. The diameter of the samples was 16 mm and the height was 3 mm. The surface
was ground with a series of abrasive papers up to FEPA 2500 grit. The samples were
then rinsed with distilled water, ethanol and acetone. By anodic oxidation, the surface of
the prepared samples was nanostructured in a solution of 1 mol/L (NH4)2SO4 (Lach:ner,
Neratovice, Czech Republic) and 0.2 wt.% NH4F (Lach:ner) in a PTFE cell. A standard three-
electrode setup consists of a silver/silver chloride electrode (3 mol/L KCl, further labeled
as SSCE), a glassy carbon counter electrode, and the sample as the working electrode. The
nanostructure preparation process consisted of two parts: in the first part, the potential was
increased to 20 V/SSCE at a rate of 100 mV/s, and the second part was potentiostatic for
2200 s. The nanostructured alloy was subsequently cleaned in distilled water and ethanol
in an ultrasonic cleaner and dried with hot air.

For the deposition of iridium oxide on the nanostructured Ti-6Al-4V surface, a solution
of 0.2 mmol/L IrCl3·xH2O (Sigma-Aldrich, St. Louis, MO, USA), 1 mmol/L C2H2O4·2H2O
(oxalic acid, Lach:ner) and 5 mmol/L K2CO3 (Lach:ner) was used. The solution was aged
for 4 days at 37 ◦C and stored at 5 ◦C prior to use. The deposition was carried out using
potentiostatic mode (−0.4 V/SSCE, 7200 s; further labeled as Ir PS) with an exposure area
of 1 cm2, and the three-electrode setup was used. After deposition, the samples were
ultrasonically cleaned in distilled water.

Nanostructured Ti-6Al-4V and Ir PS underwent an oxidation by cyclic polarization
(EOCP = 3400 s, −0.05 V/EOCP to 0.1 V/EOCP and back to 0.01 V/EOCP, 20 cycles) in a
physiological solution (9 g/L NaCl, Lach:ner). These samples will be further labeled as
TiAlV and Ir PS+CP.

Scanning electron microscopy (SEM, TESCAN MIRA 3 LMU with OXFORD INCA
350 EDS analyzer, Brno, Czech Republic) was used for the morphological analysis of
the prepared samples. Further analysis was performed using a transmission electron
microscope (TEM, EFTEM Jeol 2200 FS, Tokyo, Japan). Samples for TEM (lamellas) were
created using SEM (TESCAN LYRA 3, Brno, Czech Republic) and a focused ion beam (FIB)
using gallium ions. Secondary ion mass spectroscopy (SIMS) was measured on the same
SEM. Image analysis was performed manually using Image J 2.15.0 software.

Electrochemical measurements were realized with potentiostat Gamry Instrument
Reference 600 (Warminster, USA) at 37 ◦C, with the same setup as mentioned earlier, with
an exposed area of 1 cm2. For pH changes, a physiological solution (9 g/L NaCl) with
biological buffer TES (N tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, 5.9 g/L,
Sigma-Aldrich, St. Louis, MO, USA) was used. For pH changes, a scale of 7.6, 7.4, 7.0
and 6.5 was chosen and the pH was adjusted with diluted NaOH. The electrochemical
response of the prepared samples to the pH change was detected using the monitoring of
open circuit potential (EOCP). In order to investigate the effect of the redox potential of the
system on the detection of pH change, measurements were performed with a platinum
electrode as the working electrode and a silver chloride electrode as the reference electrode.
At the same time, a sample was connected in the same cell as the working electrode and
a silver/silver chloride electrode as a reference. During the measurement, the solution at
pH 7.6 and 6.5 was bubbled first with N2 and then with air. The potential recording was
carried out simultaneously on two potentiostats.
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3. Results and Discussion

3.1. Base Material

A nanotubular TiO2 structure was formed on the Ti-6Al-4V surface by anodic oxidation
in a fluoride solution. This procedure was consistent with published procedures [26,27].
The surface morphology is shown in Figure 1. It can be seen that the nanostructure is not
homogenous as dissolved regions of the β-phase are present, which is due to the fact that
this phase is richer in vanadium than the α-phase, which is richer in aluminum [28]. In
a fluoride environment, vanadium dissolves faster than aluminum, this leads to a faster
dissolution of the β-phase and the formation of nanotubes is not uniform.

 

Figure 1. Native 20V TiO2 nanotubes on the Ti-6Al-4V alloy.

After surface preparation, the sample was further oxidized by cyclic polarization, the
course of cyclic polarization is shown in Figure 2a. The TiAlV sample was immersed in
the physiological solution at pH 7.6 and the potential course was monitored (Figure 2b).
During this time, the nanotubes were flooded and hydrated compounds formed on their
surface. This process took 6 days, after which the sample was put into solutions of different
pH and the electrochemical response was monitored. The result is shown in Figure 3. TiAlV
exhibited a sub-Nernstian response of 31 ± 1 mV/pH.

(a) (b) 

 
 

Figure 2. (a) The current and potential dependencies of oxidation of TiAlV, arrows indicating
polarization direction; (b) the process of the potential stabilization of the TiAlV in physiological
solution at pH 7.6 at 37 ◦C.
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Figure 3. Results of potential change in pH change for TiAlV in physiological solution at 37 ◦C.

3.2. Sample Preparation and Characterization

The fresh solution of Ir was yellow, but after 4 days of aging at 37 ◦C, the color changed
to blue, still having pH 10. This corresponded to the formation of iridium complexes in
the solution, which are in line with the outcomes of Cruz et al. [21]. In their work, they
reported that deposited iridium most likely consists of mixed oxides and hydroxides, such
as IrO1.1(OH)2.7·0.4H2O and IrO2. Taking into account the possibility of the presence of
IrO2, there are two possible mechanisms of redox reaction when the pH changes.

IrO2 + 4 H+ + 4 e− ↔ Ir + 2 H2O

2 IrO2 + 2 H+ + 2 e− ↔ Ir2O3 + H2O

Ir2O3 + 6 H+ + 6 e− ↔ 2 Ir + 3 H2O

This leads to the redox potential according to Equation (1) and subsequently results in
a Nernstian response of 59 mV/pH:

E = E0 − 2.303
(

RT
nF

)
pH = E0 − 0.059 pH (1)

where E is the redox potential (in mV), E0 is the standard electrode potential (in mV), R
is the universal gas constant (8.314 JK−1mol−1), T is the absolute temperature (in K), F is
the Faraday constant (96,485 Cmol−1) and n is the number of electrons transferred in the
reaction [16,29].

In the presence of oxohydroxides, the following reactions are possible:

Ir(OH)3 → Ir(OH)2O− + H+

Ir2O(OH)6 → Ir2O(OH)3O3−
3 + 3 H+

2 Ir(OH)3 + H2O ↔ Ir2O(OH)6 + 2 H+ + 2 e−

2 Ir(OH)2O− + H2O ↔ Ir2O(OH)3O3−
3 + 3 H+ + 2 e−
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In this case, the response is equal to 88.5 mV/pH [30].
The current and potential dependency of the potentiostatic deposition is shown in

Figure 4a. A blank measurement was carried out using a solution with the same pH as the
Ir solution, and equal amounts of C2H2O4·2H2O, K2CO3 and Cl− ions using NaCl. From
the blank measurements, the total charge of the blank experiment was calculated. That
charge is equivalent to the charge of the electrolyte reaction. The total amount of deposited
Ir particles was calculated by Faraday’s law from the total charge minus the charge from
the blank measurement. It was found that the total amount of Ir present on the surface
of the samples averaged 0.015 ± 0.007 mg. Figure 2b shows the oxidation process in the
physiological solution, which was carried out to oxidize Ir particles on the TiAlV surface.

(a) (b) 

  
Figure 4. The current and potential dependencies of (a) potentiostatic deposition and (b) oxidation.

Figure 5a shows Ir PS and Figure 5b displays Ir PS+CP samples. IrO2 particles were
deposited on the samples at the edges of the β-phase cavities and nanotube edges. The
diameter of the nanotubes and the width of their walls are summarized in Table 1. The
length of the nanotubes was then determined from the TEM image (Figure 5c). These
results correspond with those of previously published works [27,31].

Table 1. Diameter, length and wall thickness of nanotube samples Ir PS and Ir PS+CP.

Nanotube Diameter (nm) Wall Thickness (nm) Length (nm)

Ir PS 97.1 ± 7.1 20.9 ± 2.4 429 ± 19

Ir PS+CP 91.0 ± 5.7 19.5 ± 2.5 363.3 ± 8.8

Figure 6 shows the TEM-EDS map of the iridium distribution in the lamella obtained
from the (a) Ir PS and (b) Ir PS+CP samples. According to this map, deposited iridium
was mainly concentrated on top of the nanotubes in both cases. Only small amounts were
detected on the bottom. The main difference between these samples was the amount
of Ir detected. Further analyses were subsequently performed to better determine the
distribution and the amount of Ir particles.

Figures 7 and 8 show TEM-EDS images with the analyzed areas marked. To confirm
the assumption that the deposited Ir occurred predominantly at the tops of the nanotubes,
analyses were performed here and at the base of the nanotubes. The results of the analyses
are summarized in Tables 2 and 3. The EDS results confirmed that the highest concentration
of Ir particles is at the surface of the nanotubes on both samples, while at the same time,
the distribution occurs at the bottom of the nanotubes. Platinum was found on the samples
from the TEM lamella preparation process, where the surface of the sample is covered with
a thin layer of Pt before the lamella is formed and removed, thus protecting the lamella and
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surrounding area from Ga ions. After the cyclic polarization step, the iridium concentration
was reduced as some of it dissolved back into the solution.

 

Figure 5. Iridium particles deposited on nanotubes: (a) Ir PS (SEM), (b) Ir PS+CP (SEM) and (c) Ir
PS+CP side views of nanotubes (TEM).
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(a) 

  

(b) 

 

Figure 6. TEM-EDS map of Ir distribution in the lamella from (a) Ir PS and (b) Ir PS+CP samples.

 

Figure 7. Areas of TEM-EDS analysis of Ir PS for the results shown in Table 2.
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Figure 8. Areas of TEM-EDS analysis of Ir PS+CP for the results shown in Table 3.

Table 2. Results (wt.%) of TEM-EDS analysis of Ir PS.

Base of Nanotubes
(Spectrum 1)

Top of Nanotubes
(Spectrum 2)

Ti 84.6 ± 1.2 39.9 ± 0.8

Al 7.0 ± 0.4 3.2 ± 0.2

V 3.4 ± 0.5 1.7 ± 0.3

Ir 4.8 ± 0.9 8.7 ± 0.9

Pt 0.9 ± 0.8 46.6 ± 1.0

Table 3. Results (wt.%) of TEM-EDS analysis of Ir PS+CP.

Base of Nanotubes
(Spectrum 1)

Top of Nanotubes
(Spectrum 2)

Ti 85.6 ± 1.3 47.3 ± 1.6

Al 7.9 ± 0.5 4.6 ± 0.5

V 4.4 ± 0.6 2.1 ± 0.5

Ir 2.1 ± 1.3 3.6 ± 1.9

Pt - 42.3 ± 1.7

Figure 9 displays the iridium distribution profiles obtained by SIMS for both Ir PS
and Ir PS+CP samples. The data unequivocally verify that the highest concentration of
iridium is localized on the surface of the nanotubes. Remarkably, the iridium content
within the remainder of the nanotube structure is nearly identical for both samples. This
intentional distribution of iridium throughout the nanotube architecture is crucial for
achieving a pH-sensitive surface, as it ensures a uniform exposure of the sensing material
to the surrounding environment. This strategic design not only enhances the sensitivity of
the sensor but also promotes consistent and reliable pH measurements across the sensor’s
surface. Compared to previously published works [11,17–19,25,29,30], our presented IrO2
deposition procedure achieves a reproducible and uniform distribution of particles on
the surface of the titanium substrate. By not sealing the nanotubes with Ir particles, the
purpose of nanotube formation is preserved, namely to increase the real area compared to
the geometric one and maintain the ability to direct biofilm formation detection [27].
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Figure 9. Depth distribution of Ir in Ir PS and Ir PS+CP samples obtained by the SIMS method.

3.3. Electrochemical Response to pH Change

To study the electrochemical response of the sample to the pH change, Ir PS+CP was
chosen. The pH range from 6.5 to 7.6 was chosen to reflect the physiological environment
with and without inflammation [7]. The first measurements were carried out with the
sample, which, after preparation and cleaning, was only kept in a sterile container. The
results presented in Figure 10 show that the Ir PS+CP surface responded to the change in
pH with a sensitivity of 37 ± 3 mV/pH when the first recorded potential data were taken
immediately as the pH decreased. When the data were taken after 5 min, the sensitivity was
already 43 ± 3 mV/pH. In order to verify the reliability and stability of the measurements,
the experiment was continued with a backward pH increase with the same sample. During
the experiment, the hydration of the surface was achieved and the resulting sensitivity was
55 ± 2 mV/pH when the pH was increased.

 

Figure 10. The electrochemical response of Ir PS+CP without initial stabilization.

As the storage medium, the physiological solution with pH 7.6 was chosen. The
sample Ir PS+CP was placed in this solution and the potential course was monitored for 40 h
(Figure 11). After this time, the surface response to pH change was observed again. Leaving
the sample in the storage medium resulted in the hydration of the surface and a more stable
response, which was around 45 ± 2 mV/pH for both decreasing and increasing pH values.
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The change in pH was recorded by the change in potential immediately after immersion in
the solution. However, a better and more stable recording of the electrochemical response
was made after 90 s. These data are summarized in Figure 12.

 

Figure 11. Stabilization of Ir PS+CP sample in a physiological solution at pH 7.6 and 37 ◦C.

 
Figure 12. The electrochemical response of Ir PS+CP after 40 h of stabilization.

Another sample was left in the storage medium for 5 days. During that time, the
potential course was monitored as an indicator of surface stability (Figure 13). After this
time, the electrochemical response was again measured over the selected pH range, as
shown in Figure 14. From the first recorded potential value, it was already possible to
recognize a change in the pH of the solution. In this case, the surface showed a response
of 50 ± 2 mV/pH. If the potential value after 5 min was taken into account, the recording
was already stable and the response was 55 ± 1 mV/pH. The electrochemical response
analysis of both TiAlV and Ir PS+CP samples reveals intriguing insights into the Nernstian
behavior observed in the prepared system. Beyond the contribution of iridium oxides,
it becomes apparent that titanium oxides also play a significant role in facilitating the
Nernstian response exhibited by the Ir PS+CP sample.
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Figure 13. Stabilization of another Ir PS+CP sample in a physiological solution at pH 7.6 and 37 ◦C.

 

Figure 14. The electrochemical response of Ir PS+CP after 5 days of stabilization.

All previous tests were performed in a 200 mL solution. In the work of Prats-Alfonso
et al. [20], the influence of the size of the pH electrode with IrO2 and their sensitivity was
tested. Their work concluded that its size has no effect. On the other hand, the effect of the
volume of the tested solution on the sensor response was not tested. In the case of synovial
fluid collection in patients with suspected infectious inflammation, specific treatment
should be administered. However, in this case, a culture is also needed to determine which
bacteria are causing the inflammation around the implant. In this regard, an attempt was
made to determine the electrochemical response of the TiO2-IrO2 system to a change in pH
in a volume of 100 μL. The sample had been in storage solution for a week prior to this
experiment. For the detection of pH change, pH values of 7.6 and 6.5 were chosen. Between
each measurement, the sample surface was meticulously rinsed with distilled water to
mitigate potential contamination and ensure the integrity of subsequent readings, and an
SSCE microreference electrode was used as a reference electrode. Remarkably, even within
this microvolume setting, the TiO2-IrO2 system exhibited remarkable sensitivity to pH
changes, with a recorded sensitivity of 55 ± 1 mV/pH. The resulting potential response is
shown in Table 4. These results are very positive in view of the intended use in medicine. As
discussed in the work of Taheri et al. [16], for pH sensors used in biological environments,
rapid response and high sensitivity are very important. An acceptable response to pH
change was achieved even in a small volume and short time. Compared to published
procedures, potentiostatic deposition appears to be more controllable and economically
less demanding [32,33].
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Table 4. Results of the pH change monitoring in the microvolume on the surface of Ir PS+CP.

pH E (mV/SSCE)

7.6 144

6.5 205

7.6 145

6.5 208

Prior to conducting the experiment on the effect of redox potential on the response, the
Ir PS+CP sample underwent a preconditioning phase where it was immersed in a storage
solution for a week to ensure its stability and consistency. The actual measurement started
in a solution of pH 7.6. At the moment when the bubbling of nitrogen started, a potential
change was immediately detected at the platinum electrode. In contrast, the prepared Ir
PS+CP surface showed no noticeable response to this environmental change. Subsequently,
after an hour, when air was reintroduced into the solution, the electrochemical response
of Ir PS+CP remained unaffected, contrasting with the detectable changes observed at the
platinum electrode. Following this phase, the solution’s pH was adjusted to 6.5, prompt-
ing an immediate response from the Ir PS+CP sample in accordance with its previously
determined sensitivity of 55 ± 1 mV/pH. Approximately 400 s after the pH adjustment,
nitrogen bubbling was reintroduced into the solution. Notably, while the platinum elec-
trode exhibited a corresponding change in potential, indicative of its responsiveness to
redox fluctuations, no such change was observed for the Ir PS+CP sample. Once the air was
reintroduced into the solution, a potential shift was once again recorded for the platinum
electrode, while the Ir PS+CP surface maintained its steady electrochemical response. This
whole process is summarized in Figure 15.

 

Figure 15. Effect of redox potential on the monitoring of pH change.

From the result of the EDS before and after the exposition (Table 5) of the Ir PS+CP
sample, it was proven that there was no dissolution of IrO2 into the solution during the pH
changes. The fluoride listed in the table was a residue from the nanotube preparation that
did not affect the sample response. This finding emphasizes the robustness and stability of
the IrO2-based pH sensor and confirms its suitability for prolonged exposure to varying
pH conditions without compromising its structural integrity or performance. The absence
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of IrO2 dissolution further supports confidence in the sensor’s reliability and longevity,
offering valuable insights for its potential applications in diverse environments and sce-
narios requiring precise pH monitoring capabilities. At the same time, when compared to
the work of Liu et al. [17] where both iridium and ruthenium oxides were deposited on
a polished titanium substrate, simpler fabrication was achieved with comparable results.
At the same time, the preparation of the nanostructure resulted in a much larger real
surface area compared to the geometric one, and hence the gain of a larger pH-sensitive
surface. The same conclusion was reached in the work by Mingels et al. [19], but here, the
iridium oxides were deposited on a platinum electrode with a gold interlayer. The novel
potentiostatic process used here for depositing IrO2 on a titanium substrate without a gold
interlayer reduces the fabrication cost without losing the positive properties.

Table 5. Results of EDS analysis (wt.%) of Ir PS+CP before and after exposition in the whole pH range.

Ti Al V Ir F

Ir PS+CP before 87.4 ± 1.3 6.1 ± 0.4 4.1 ± 1.4 1.3 ± 0.3 1.1 ± 0.1

Ir PS+CP after 87.3 ± 0.3 6.1 ± 0.3 3.9 ± 0.1 1.3 ± 0.1 1.4 ± 0.2

4. Conclusions

In this work, nanostructured TiAlV alloy samples were successfully prepared. Accord-
ing to the results of the analyses, reproducible potentiostatic deposition of Ir particles was
achieved. During oxidation by cyclic polarization in the physiological solution, more stable
iridium oxides were obtained on the surface of the Ir PS+CP sample. Based on the SIM and
TEM-EDS data, it was found that IrO2 particles were concentrated on the surface of the
nanotubes but also distributed to the bottom of the nanotubes.

Due to the possibility of using the surface immediately after production, our prepared
surface is suitable as a pH electrode. During our experiments, the sensitivity of the surface
was shown to be 37 ± 3 mV/pH when the surface was used without the storage solution.
If the measurement lasted 5 min, the sensitivity was already 43 ± 3 mV/pH. By keeping
the sample in the storage solution for 40 h or five days, the surface sensitivity was already
55 ± 1 mV/pH. The electrochemical response in microvolume was measured on another
prepared surface which was kept in the physiological solution at pH 7.6 before the ex-
periment. Again, the pH change was successfully detected with the Nernstian sensitivity
of 55 ± 1 mV/pH. It was further shown that the mixed surface of TiO2 and IrO2 did not
respond to the change in the redox potential of the environment. Our experiments showed
that the most accurate measurements were obtained when the sensor was kept in a storage
solution and readings were taken at least 90 s after immersion. However, it was also
possible to use the sensor without a storage medium. This surface with its properties would
be suitable for use in medicine, especially for the rapid detection of inflammation in the
surrounding area of the implant, when the punctate would be tested.
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Abstract: pH regulation in human biofluids is a crucial step for disease diagnosis and health moni-
toring. Traditional pH sensors are limited by their bulky size in wearable systems, and fragile glass
tips require frequent calibration, thus limiting their use in continuous monitoring. Flexible sensors,
particularly those utilizing microwires and thread-based substrates, present advantages for small
sample analysis, including natural breathability and suitability for bandage or textile integration.
This study examines iridium oxide and silver–silver chloride coated on thin gold wires, fabricated
using sol–gel and dip-coating processes known for their simplicity. The flexible microwires demon-
strated promising pH performance from a study of their pH characteristics, sensitivity, hysteresis,
and potential drift. Electrodes tested in microwells allowed for small sample volumes and localized
pH measurement in a controlled environment. Additional integration into fabrics for sweat sensing
in wearables highlighted their potential for continuous, real-time health monitoring applications.

Keywords: microwire; pH sensor; flexible; iridium oxide; biofluid

1. Introduction

Human biofluid exhibits numerous biomarkers for disease diagnosis and for tracking
health status. Biofluids maintain strict pH regulation, and minor changes can indicate the
early onset of diseases. Real-time data collection and analysis can significantly improve
patient outcomes through early detection and intervention strategies. An instance is
the early detection of sepsis infection, which can be alerted by monitoring pH changes
in the blood or bodily fluids [1,2]. Sweat, tears, saliva, and urine are options for the
detection of biomarkers for specific diseases [3–6]. Continuous sweat production can
be achieved through iontophoresis and chemical methods [7,8], allowing for real-time
skin monitoring within a tiny amount of sweat. Skin pH assessment can indicate the
deterioration or healing of the tissues. Typically, healthy skin displays a mildly acidic pH
of 5 [9], while wounded skin tends to be more alkaline, nearing a pH of 8 [10]. In clinical
environments, portable handheld or table-top pH sensors featuring flat-tip designs are
employed for monitoring skin health. However, the fragile glass tip necessitates skilled
users to operate and regular calibration, and prevents the continuous monitoring of skin
chemistry. The amount of fluid needed by the sensing electrodes is not achievable with the
use of iontophoresis. This prohibits tracking the continuous time-variant pH changes that
provide critical physiological information.

Flexible sensors offer an excellent solution for real-time health monitoring. Flexible
polymeric substrates with electrodes, being created through laser engraving, lithography,
and printing techniques, have been demonstrated [11–13]. Although planar polymeric
substrates have laid the groundwork for flexible pH sensing, they face limitations when
it comes to analyzing tiny samples, such as those in cell analysis, and in terms of sub-
strate breathability. Microwire and thread-based pH sensors may offer a great alternative.
Multiplexed pH measurements using microwire electrodes were demonstrated for cell
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growth study in cell culture [14]. Thread electrodes integrated into textile substrates
provide natural breathability during skin sensing. The use of thread-based pH sensors
allows for sensing on various diagnostic platforms, such as bandages [15], and knitted into
textiles [16]. Thread-based pH sensors require an initial step of metallization to create a
conductive surface, and then the pH-sensitive material is coated. Metal microwires do not
require the metallization step during the fabrication process. The pH-sensitive material
can be deposited by sputtering, electrodeposition, or sol–gel processes [17–19]. Among
these, the sol–gel process stands out for its relative simplicity. Researchers can reproduce
high-quality thin films without sophisticated deposition hardware. Additionally, the sur-
face homogeneity and thickness can be controlled during the coating step [20]. This work
utilizes the sol–gel process to deposit iridium oxide (IrOx) on a gold bonding wire. The
biocompatibility and high sensitivity features of IrOx are crucial for biosensing, thus it has
been a preferred coating material for implantable bioelectrodes [21]. Silver–silver chloride
(Ag/AgCl) is widely used as a reference electrode material for stability, miniaturization,
and fabrication ease [22].

Our group previously reported on IrOx thin films coated on planar polyimide sub-
strates [23]. This work explored IrOx films conformally coated on 25 μm gold microwires.
To complete the fabrication of the miniaturized sensing platform, Ag/AgCl films were
deposited onto the microwires. The surface geometry of a microwire provided a three-
dimensional sensing area beneficial for studying tiny samples. This was demonstrated by
testing the electrodes immersed in microwells. Additionally, the microwires were weaved
into fabric to illustrate wearable textile applications where sensing was effectively con-
ducted using small sample volumes of solution. pH characteristics such as sensitivities,
hysteresis, and drift were analyzed.

2. Materials and Methods

Figure 1 illustrates the device configuration. The preparation of the sol–gel solution,
the dip-coating process, and the heat treatment were adapted from previous work [24].
After coating IrCl3 on a gold (Au) microwire, heat treatment at 325 ◦C facilitated oxide
growth. The IrOx layer formed on the wire surface as illustrated in Figure 1a. The scanning
electron microscope (SEM) image in Figure 1b shows an electrode diameter of 25 μm with
a layer of IrOx. A SEM image in Figure 2a shows the surface detail and successful IrOx
growth. Figure 2b shows the elemental peaks for Ir, O, and Au by energy dispersive
spectroscopy (EDS) (JEOL IT500HR Field Emission).

Figure 1. (a) Iridium oxide (IrOx) film coated on gold microwire. (b) A SEM image showing the
25 μm coated microwire.
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Figure 2. (a) A SEM image shows successful IrOx growth. (b) EDS peaks indicate the elemental composition.

A potentiostat (CH Instruments, Bee Cave, TX, USA) was used for open-circuit potential
(OCP) and cyclic voltammetry (CV) measurements. Phosphate-buffered saline (PBS) 1X
(Fisher, Waltham, MA, USA), with a pH of 7.4 and a salt concentration (0.137 M) close to that
of human body fluids, was chosen for its biological relevance [25]. Artificial sweat (Reagents,
Charlotte, NC, USA) with an initial pH of 4.7 was adjusted from pH 4 to 9 using hydrochloric
acid (HCl) and sodium hydroxide (NaOH). A commercial pH meter (Apera, Columbus, OH,
USA) was used to verify the pH levels of the adjusted sweat solutions. A commercial glass rod
(Basi, West Lafayette, IN, USA) Ag/AgCl reference electrode was used for tests in buffer pH 4,
7, and 10 solutions (Fisher, Manchester, NH, USA). Due to the large size of the commercial
electrode, 50 mL solutions were prepared for verifying their pH values. The Ag/AgCl
microwire was prepared by coating gold (Au) bonding wires with commercial ink (CHI., CA,
USA). The 25 μm diameter microwires with IrOx and Ag/AgCl enabled sensing in volumes
as small as 0.2 mL. To test the microwire in these small volumes, 3-D printed microwells with
a diameter of 10 mm and a 0.2 mL capacity were created. To further demonstrate wearable
applications, the microwires were assembled in fabrics and tested with small solution volumes
of 0.2 mL. Three IrOx-Ag/AgCl microwire pairs were weaved into a fabric pad with a size of
5× 5 cm2. Each microwire pair was connected to a single input channel of a data acquisition
card (NI, Austin, TX, USA). Each channel consists of two ports for the IrOx working electrode
and the Ag/AgCl reference electrode. This electrical interface connecting the electrode pairs
embedded in the pad allows for three different pH-level solutions of 4, 6, and 9 to be dripped
onto the pad and for their local potentials to be simultaneously recorded.

3. Results and Discussion

3.1. pH-Sensing Performance by Open-Circuit Potential Measurement

Figure 3a shows the OCP responses and hysteresis study across two test cycles using
the IrOx microwire vs. a commercial Ag/AgCl electrode. This was to verify solely the
IrOx performance using the commercial Ag/AgCl electrode as a standard reference. Each
cycle involved testing in the sequence of pH 4-7-10-7-4. A 50 mL beaker filled with
solutions was used for all of the tests. The electrodes underwent cleaning in deionized (DI)
water between tests. Previously, hysteresis (dV) was defined and reported for IrOx films
on planar substrates [24]. The dV was characterized as the standard deviation between
stabilized potentials at identical pH values in the test solutions, as indicated in Figure 3a.
The correlation between pH and dV at pH 4, 7, and 10 was utilized to compute the pH
fluctuation (dpH). The dV values of ±1.9, ±11, and ±0.3 mV corresponded to pH variations
(dpH) of ±0.03, ±0.2, and ±0.06 pH, respectively, as depicted in Figure 3b. The highest
dpH of ±0.2 pH occurred at pH 7, in contrast to both acidic and alkaline environments.
The “±” sign here indicates the error range from its average output value. The difference
in ionic concentrations of pH 10 and pH 7 likely caused high dV while returning from
pH 10 to pH 7 during the cyclic testing. Alkaline pH 10 predominantly contains OH− ions
compared to neutral pH 7, with equal amounts of OH− and H+ ions. OH− ions attached
to the oxide states and tended to be more adherent on the surface even with deionized
water cleaning to the electrode. Another study also reported that higher hysteresis in a
neutral pH 7 solution in cyclic tests, compared to acidic or alkaline levels, existed in field
effect transistor sensors [26]. The correlation between pH and potential was utilized for
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determining sensitivity. A sensitivity of −54 mV/pH for the IrOx microwire electrode was
comparable to the previously demonstrated IrOx planar films at −51 mV/pH [24].

Ag/AgCl microwire was then used to replace the commercial Ag/AgCl electrode.
Figure 4a shows the OCP responses from the IrOx vs. Ag/AgCl microwire pair and (b) illustrates
a sensitivity of −55 mV/pH. Figure 4b indicates the highest hysteresis (dV) of ±4.3 mV at pH 7,
resulting in a pH variation (dpH) of ±0.07. The higher hysteresis for pH 7 was again a similar
phenomenon, as mentioned before. From the OCP measurements, the IrOx vs. Ag/AgCl mi-
crowires produced a lower pH variation of ±0.07 compared to ±0.2 by the commercial Ag/AgCl
electrode. This is probably due to more residues on a larger surface area of the commercial
Ag/AgCl electrode than the limited surface of the microwire.

Figure 3. (a) Open-circuit potential (OCP) response of IrOx microwire vs. a commercial Ag/AgCl
electrode. The dotted lines indicate hysteresis (dV) at the identical pH level. (b) The sensitivity plot
with hysteresis (dV) and corresponding pH variation (dpH) at three pH levels.

Figure 4. (a) The OCP and hysteresis (dV) of an IrOx microwire vs. a Ag/AgCl microwire. (b) The
sensitivity plot with hysteresis (dV) and corresponding pH variation (dpH) at three pH levels.

3.2. pH-Sensing Performance by Cyclic Voltammetry

Cyclic voltammetry is a versatile technique widely used to study the oxidative/reductive
processes indicated by the peak potentials. To validate the functionality of the small mi-
crowires, a sensitivity study from CV was performed. The sensitivities were obtained
from the CV profiles using the peak potential and pH relationship. CV was performed
in a three-electrode system (CHI., USA) with an IrOx microwire as the working electrode,
commercial Ag/AgCl or microwire Ag/AgCl as the reference electrode, and platinum as
the counter electrode. The tests were performed in the same buffer solutions in the potential
range of −0.4 to +0.8 V at a scan rate of 30 mV/s.
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The pH performance was compared between the IrOx microwire vs. the commercial
Ag/AgCl and IrOx vs. Ag/AgCl microwires electrode pairs. For the IrOx microwire vs.
the commercial Ag/AgCl electrode, Figure 5a shows a sensitivity of −66.7 mV/pH, calcu-
lated from the peak potentials in the CV curves and pH values. A similar sensitivity of
−63.7 mV/pH for the IrOx vs. Ag/AgCl microwire pair is shown in Figure 5b. The increased
sensitivity observed in the CV tests in contrast to the OCP measurements is ascribed to the
differences in the oxide states. In CV scans, the oxide composition undergoes alterations
owing to redox reactions. Conversely, in OCP measurements, the high input impedance of the
instrument prevents substantial changes in the oxide states [27]. Nonetheless, the OCP and
CV measurements demonstrated that IrOx microwire performance was comparable between
against a commercial reference electrode and the Ag/AgCl microwire made in our lab.

Figure 5. Sensitivities determined from cyclic voltammetry (CV) peak potentials and pH relationship
for two different electrode-pair configurations: (a) an IrOx microwire vs. a commercial Ag/AgCl
electrode. (b) IrOx vs. Ag/AgCl microwires.

3.3. Potential Drift Study

To study the potential drift behavior, Figure 6a shows an IrOx microwire vs. a commercial
Ag/AgCl electrode in 50 mL solution. Figure 6b shows the IrOx vs. Ag/AgCl microwires
dipped in microwells filled with 0.2 mL solution in each well. The larger volume of 50 mL was
used to accommodate the size of the commercial Ag/AgCl electrode. PBS 1× solution of pH 7.4
and a salt concentration of 0.137 M, close to human body fluid, was used in all stages of the
drift studies.

Potential drift (V’) was previously defined as the slow non-random change in the
output potential and was measured as the change between the initial and settled poten-
tials [24]. Our group previously demonstrated a reset technique on planar IrOx films that
could improve the drifting issue [28]. Figure 6c,d show how the reset method applied
to the IrOx microwire vs. a commercial Ag/AgCl electrode, and the IrOx vs. Ag/AgCl
microwires, respectively, can improve the drift phenomena. The experimental protocol for
both scenarios was the same: after the recording, they continued for 1.5 h with the pairs in
solution. The blue-shaded areas show the potential drift ranges. Then, an electrical reset
was applied to the electrode pairs, indicated by the yellow lines. The reset was performed
by applying an external voltage of 0.2 V across the working and reference electrodes. The
0.2 V reset voltage was chosen because it has been shown to produce a stable OCP with
low drifts compared to other reset values, demonstrated in previous work for IrOx [28].
After 2 min, the voltage was turned off and the recording wires were reconnected to the
electrode pairs to record the potentials for another 1.5 h. The red-shaded areas show the
improved performance of output potentials with less drifting. The drift (V’) improvements
after the reset for an IrOx microwire vs. a commercial Ag/AgCl electrode in Figure 6c

74



Chemosensors 2024, 12, 168

and the IrOx vs. Ag/AgCl microwire pair in Figure 6d were changed from 11.8 mV to
4.2 mV and from 16.5 mV to 2.2 mV, reducing drifting by 64% and 87%, respectively. The
potential drift improvement was accompanied by a faster settling time towards their stable
potential values. The change in the output potential after reset can be attributed to the
charge exchange processes at the OH−-rich (IrOx) surface previously observed for the
planar electrode [28]. This study confirmed that the voltage-reset technique applied to
planar electrodes can also improve the performance of the microwire electrodes [28].

Figure 6. The test setup for the drift study among the two different electrode configurations includes
the following: (a) an IrOx microwire vs. a commercial Ag/AgCl electrode in a beaker with 50 mL of
solution; (b) IrOx vs. Ag/AgCl microwires in a microwell filled with 0.2 mL of solution. The potential
drift (V’) analysis using the voltage reset technique for (a,b) electrode configurations is shown in (c,d),
respectively. The yellow bar indicates the reset period of 2 min. The shaded areas of blue and red
indicate the maximum drifting ranges.

3.4. Microwires in Small-Volume Sensing

Artificial sweat with an initial pH of 4.7 was used to create new solutions, with their
pH levels adjusted to range from 4 to 9 using HCl and NaOH. A pH meter verified the
adjusted pH levels. A pipette was used to drop in or draw out solutions or water from
the microwells. Deionized water was used to clean the microwells and electrodes between
tests to remove residues. A single IrOx vs. Ag/AgCl microwire pair was immersed in the
microwell and continuously tested from pH 4 to 9. Figure 7a shows the OCP step responses
using the same microwire pair. The sensitivity of −57.4 mV/pH, shown in Figure 7b for
the microwire, was comparable with the previous planar film design, which produced
a sensitivity of −59 mV/pH, tested in artificial sweat [29].

To demonstrate potential wearable applications, three pairs of IrOx vs. Ag/AgCl
microwire pairs were weaved into a 5× 5 cm2 meshed fabric pad, as illustrated in Figure 8a.
The meshed fabric was a stretchable cloth material for breathability that was important for
long-term wound dressing. Each pair was connected to the data acquisition (DaQ) card.
Each pair utilized a single channel. Solutions with pH 4, 6, and 9 were dripped on the

75



Chemosensors 2024, 12, 168

fabric pad simultaneously with pipettes. The zoomed-in drawing in Figure 8a illustrates
the pipette dripping a small volume, 0.2 mL, of artificial sweat solution onto the fabric pad
containing the microwires. Figure 8b shows that the electrodes produce a sensitivity of
−56 mV/pH across the three pH levels tested. These experiments demonstrated small-
volume in situ sensing in two different scenarios.

Figure 7. (a) OCP step response and (b) sensitivity of an IrOx vs. Ag/AgCl microwire pair tested in
microwells filled with 0.2 mL artificial sweat adjusted to pH 4–9.

Figure 8. (a) Three IrOx vs. Ag/AgCl microwire pairs weaved into the meshed fabric pad for
wearable pH-sensing applications. The detailed drawing shows the application of the artificial sweat
solution on the fabric area containing the microwires. (b) The sensitivity from the three pairs tested
at pH 4, 6, and 9.

4. Conclusions

This study investigated the development and pH-sensing characteristics of microwire-
based pH sensors. Our group previously demonstrated IrOx based pH sensors built on
planar surfaces. This manuscript makes a significant advancement by creating a much
smaller, wire-shaped 25 μm IrOx pH sensor. To complete the sensor system, a Ag/AgCl
reference electrode was built utilizing the microwire. Sol–gel and dip coating processes
were utilized to produce IrOx and Ag/AgCl films on gold microwires.

Electroanalytical tests, such as open-circuit potential and cyclic voltammetry, indicated
that IrOx and Ag/AgCl microwire pairs exhibited performance comparable to their planar
and commercial counterparts. When tested in control solutions, such as commercial buffers
and adjusted pH solutions in PBS and artificial sweat, the microwire pairs showed near-
Nernstian sensitivity and low hysteresis. Improved drifting was achieved after the voltage
reset was applied and was also similar to the planar films. The reset technique enables long-
term stability without frequently removing the sensor from the solution for calibration. The
small-volume sensing ability was demonstrated using wells and embedding the microwires
into 5 × 5 cm2 fabrics.
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The flexible microwire with a diameter of 25 μm enables localized pH measurements.
The miniaturized configuration offers distinct advantages for both wearable and micro-
volume sensing applications. Integrating these sensors into fabrics embedded in a bandage
presents an approach for wearable monitoring systems. Their compact size also supports
minimally invasive applications for real-time sensing in wound dressing. Moreover, the
capacity to operate in low sample volumes is also beneficial for microfluidic systems where
sample availability is limited. These attributes collectively position the microwire pH sensor
as a promising tool for advancing biomedical research and clinical diagnostics. Future
applications involve inserting these microwires into biological cells to interface directly
with cellular environments without disrupting normal cellular functions.
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Abstract: The equivalency of pH measurements between aqueous and non-aqueous or viscous solu-
tions is of great interest in biomedical applications as well for processing food and pharmaceuticals.
Commercial glass-type electrodes have practical limitations, such as bulky sizes and membrane
clogging in viscous environments. In this study, planar and flexible electrochemical pH sensors
with iridium oxide as the sensing film have been developed by sol-gel and oxidation processes. A
reference electrode was prepared by screen printing Ag/AgCl ink on the same polyimide substrate.
The small form factors of the planar flexible electrodes provide an advantage in small volume or
conformal surface measurements. Cyclic voltammetry was performed in different pH solutions. The
electrode originally produced a response of −70.1 mV/pH at room temperature in aqueous solutions.
The sensitivities were reduced when salt was added into the buffer solutions, although output po-
tentials were increased. Sensing performances in a wide range of viscous conditions with various
concentrations of added salt have been analyzed to study their effects on pH-sensing responses.
Suitable calibration techniques using aqueous buffer solutions were studied for output potentials
and their respective pH readings in viscous salt-added solutions. The mechanisms affecting output
potentials are explained and results matched well for two different thickening agents. Specificity to
pH changes measured by the planar IrOx-Ag/AgCl pH electrodes showed how the potential-pH
calibration should consider the interference effect of salt. The viscosity effects on pH reading errors
became more pronounced as solution viscosity increased. Comparisons of pH readings to those from
a commercial glass-bodied pH meter indicated that the planar electrodes provided predictable pH
deviations that were confined to a limited range. The planar IrOx-Ag/AgCl electrodes on flexible
polyimide substrates have mostly been demonstrated with aqueous solutions in various diagnostic
and environmental monitoring applications. This work provides more insights into pH sensing
performance when the fluid is viscous and contains salt, which often is the case in biomedical and
food-processing applications.

Keywords: pH sensor; salt interference; viscosity; flexible; calibration

1. Introduction

Measuring the pH of viscous and non-aqueous solutions is of great importance in
applied chemistry applications [1–3] such as in processing food [4,5], cosmetics [6,7], and
pharmaceuticals [8,9]. The pH sensing mechanism involved in the aqueous solution is well
established; however, studies in non-aqueous or viscous solutions have been limited. Some
common issues faced using conventional glass-rod pH sensors are slow responses, frequent
calibration, and glass membrane clogging and corrosion in the inner electrolyte, which
limits their use in non-aqueous solutions. K. Izutsu et al. demonstrated slow responses of
glass pH electrodes in a non-aqueous solvent tested in an acid-based titration method [2].
For reliable pH measurements, J. F. Artiola reported the need for frequent two-/three-point
calibrations with periodic glass membrane soaking in a standard solution to remove organic
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salts [10]. The literature also suggests that the dissociation of functional groups on glass
body surfaces may decrease Nernstian responses [11]. The traditional bulky glass-rod
shaped pH sensors cannot be used for sensing a small volume of liquid or on planar
surfaces. Owing to their features of miniaturization, integration with electronics, and the
elimination of membranes, planar solid-state films have been proposed for pH sensing
electrode materials [12–14].

Among metal oxides, iridium oxide (IrOx) based films have been studied to exhibit
higher Nernstian responses [15], reproducible super-Nernstian responses within wide pH
ranges in aqueous solutions [16], and faster responses in non-aqueous solutions compared
to commercial pH meters [2]. Stable pH-sensing performance after exposure to high
temperatures and their biocompatibility feature was reported in the literature [17,18]. IrOx
films have been studied for use in implantable devices and cochlear prostheses [19–21].
Fabrication methods for iridium oxide films by radio-frequency (RF) sputtering [22,23],
electroplating [24–26], chemical bath [27,28], and sol-gel deposition with oxidation have
been conducted [29–31]. These methods are chosen according to the device and production
requirements. The sol-gel method provides advantages for mass production, fabrication
simplicity, and lower costs. Deposition through dipping in sol-gel solutions has been used
in industrial manufacturing processes. It can be applied to a wide variety of substrates.
Iridium oxide (IrOx) based pH sensors on flexible substrates made by the sol-gel method
have been demonstrated in the following ways: with Nernstian responses [32], in an
array configuration [33], integrated with other chemical sensors [34], and for food-quality
and medical implant applications [35–37]. In these demonstrations, planar IrOx working
electrodes integrated with Ag/AgCl reference electrodes were calibrated and tested in
aqueous conditions with and without interfering salt effects.

Salt addition in an aqueous pH solution was demonstrated to have interfering effects
on the potential and pH outputs previously demonstrated using planar electrodes in our
group [34]. In this study, we explored the effects of ionic interferences from salt (NaCl),
and viscosity on planar IrOx and Ag/AgCl electrode potential outputs. Aqueous pH
solutions were used as the calibration standard to estimate the pH values of viscous salt-
added solutions. Solutions with different pH values, NaCl concentrations, and viscosities,
which varied by adding thickening agents, were prepared. In each configuration of the
solution, three pairs of planar IrOx and Ag/AgCl electrodes were used to investigate
performance variations.

We proposed planar pH electrodes under the consideration of the practical constraints
faced when using glass-rod membrane-based sensors in viscous solutions. Preliminary
results of using the planar electrodes were submitted and accepted to present at the 2022
IEEE Sensors Conference [38]. In this study, details of the investigation and experimental
results for the effects of salt and viscosity on potential and pH outputs are reported.

Planar pH sensors were prepared, each consisting of an IrOx working electrode (WE)
and an Ag/AgCl reference electrode (RE) on a biocompatible, inert, and flexible polyimide
substrate [38]. IrOx was deposited as the H+ ion sensing film by the sol-gel and oxidation
processes. Ag/AgCl film was deposited by screen printing on the flexible substrate. The
monolithic processes allowed miniaturization without the need for a vacuum environment.
A commercial Ag/AgCl glass-rod electrode was used for calibration in aqueous pH buffer
solutions, but could not be reliably used in viscosity experiments because of its dependency
on ion migration to remain stable [10]. In a non-aqueous interface, the liquid junction
potential may become large and unreliable. The planar electrodes, on the contrary, allow
direct surface contact with the viscous solution samples.

2. Materials and Tools

Technical grade Iridium (IV) Chloride (IrCl4) hydrate powder (Sigma Aldrich, Saint Louis,
MO, USA) was used to prepare the sol-gel solution for WE. Ethyl Alcohol 200 Proof (Supelco,
Bellefonte, PA, USA) was used during the preparation of the sol-gel solution. Glacial acetic
acid (Fisher Scientific, Waltham, MA, USA) with 99.7% concentration was used as the
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reagent. To prepare the reference electrode, Ag/AgCl paste (011464, ALS, Kanagawa,
Japan) was used. Electrical connections between electrodes and the interface were made of
copper wires and adhesive silver epoxy (8331D, MG Chemicals, USA).

Different viscosities of the solution were achieved by adding thickening agents into
pH solutions. Lab graded starch powder (C6H10O5)n (Carolina Biological Supply Com-
pany, Burlington, NC, USA), and agar powder C14H24O9 (Seaweed Solution, Trondheim,
Norway), which is a and natural gelatin were used as the thickening agents. DI water with a
conductivity of 0.055 μS/cm at room temperature was used for experiments. Hydrochloric
acid (HCl) (LabChem, Zelienople, PA, USA) with a concentration of 50% was mixed with
DI water to adjust the pH level to 4. The reason for the preparation of the custom-made
pH 4 solution with HCl was to investigate interference from other ionic elements because
commercial buffer solutions contained various chemicals. Similarly, custom-made pH 6 and
pH 8 solutions were prepared with HCl and sodium hydroxide (NaOH) (Sigma Aldrich,
MO, USA) in DI water. A commercial pH meter (A1311, Apera Instruments, Columbus,
OH, USA) and pH/conductivity benchtop multiparameter (Orion Star A215, Thermo Fisher
Scientific, Waltham, MA, USA) were used to adjust and verify the pH levels in aqueous
solutions. The same benchtop multiparameter was used to measure the conductivity of
aqueous solutions. Commercial buffer pH 4, 6, and 8 solutions (Fisher Scientific, MA,
USA) were also used for experiments. Lab-grade sodium chloride (NaCl) (Macron, PA,
USA) was added to the pH solutions after the thickening agents, which allowed for the
study of ionic interferences to the sensing electrodes in viscous environments. Different
viscous samples were prepared at the same time and stored in 50-mL plastic storage vials.
Multiple viscometers were used including a modified Ostwald viscometer (CANNON
Instrument Company, PA, USA), a rheometer (HR-3, TA Instruments, MN, USA), and
a digital viscometer (KUNHEWUHUA, China). These meters together covered a wider
range of viscosity. A data acquisition card (National Instruments 6201, USA) was used for
signal recording.

3. Experiments

3.1. Electrode Preparation

Both the working electrode (WE) and reference electrode (RE) were prepared on a
flexible polyimide substrate with a 125-μm thickness (500HN, Dupont, Newark, DE, USA).
The WE consisted of two metal layers: gold (Au) and chromium (Cr), both deposited by
electron-beam evaporation. Cr was used as an adhesion layer with a thickness of 50 nm.
Au as the base metal layer had a thickness of 200 nm. IrOx serving as the sensing film
was deposited on Au by the sol-gel dipping process. The sol-gel solution was prepared
by mixing 1 g of anhydrous IrCl4 with 42 mL of 200 Proof alcohol, and 10 mL of 80%
concentrated acetic acid was later added. Using a magnetic stirrer set at 500 rpm, the
solution was mixed for 2 h at 25 ◦C before use.

The substrate with base metal was coated by dipping and was dried at 50 ◦C. The
dipping and drying processes were repeated three times. Then, samples were heated for
4 h at 325 ◦C [39–41]. To prepare RE, a layer of Ag/AgCl paste was applied to the substrate
and dried at 120 ◦C. Both WE and RE films were cut into strips of 2 mm × 15 mm and fixed
with a spacing distance of 3 mm between the two electrodes.

3.2. Viscous Sample Preparation

Starch solutions with different concentrations (wt%) were prepared in beakers. Three types
of solutions were used for tests at pH 4, 6, and 8. The solution for pH 4 was prepared by
mixing DI water and HCl, and the solutions for pH 6 and 8 were commercial buffer solu-
tions. The solution was heated in a beaker and starch was added at a boiling temperature
(95 ◦C). Magnetic stirring was performed at 500 rpm for 20 min until aggregation of starch
powders disappeared in the solutions.

After the starch powder was completely dissolved in the solution, salt was added, and
stirring continued for 5 min in the hot solution. Similarly, agar-based viscous solutions were
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also prepared. A total of 183 different variations of viscous samples, including 165 starch-
based and 18 agar-based solutions, were prepared. Each test vial contained a 50 mL solution
with a specific viscosity, pH value, and salt concentration. Output potential recordings
were performed at room temperature.

4. Results and Discussion

4.1. Cyclic Voltammetry Analysis

Electrochemical studies on the polyimide-based WE and RE were investigated using
cyclic voltammetry (CV) analysis performed in aqueous pH solutions. Figure 1a shows
the CV comparison in pH 4 solution without salt and with 1-M NaCl salt. The broader
curves during cathodic and anodic scans were due to higher currents generated with
conducting salt ions. Figure 1b compares CV curves of pH 4, 6, and 8 with 1-M NaCl salt
added. The pH 4 solution only contained HCl, while the buffer pH 6 solution had sodium
hydroxide (NaOH) and dihydrogen potassium phosphate (KH2PO4) groups; thiomersal
(C9H9HgNaO2S), NaOH, and KH2PO4 groups were in the pH 8 buffer solution. The
additional conducting ions in the buffer pH 6 and pH 8 solutions generated higher currents
and produced broader voltammograms. The CV analysis provided certainty that such
planar electrodes could be used to generate sufficient potentials and currents in various
pH solutions.

(a) (b) 

Figure 1. Cyclic voltammetry (CV) comparison of (a) pH 4 aqueous solution without salt (0 M) and
1-M NaCl salt added; and (b) pH 4, pH 6, and pH 8 aqueous solutions with 1-M NaCl salt added.

4.2. Nernstian Response in Aqueous Solutions

The ion exchanges on the working electrode (WE) surfaces created a potential differ-
ence against the reference electrode (RE) across the solution volume. Under ideal conditions
without ionic or hydrodynamic interferences at room temperature, the Nernstian response
in an aqueous solution should be around −59 mV/pH, as demonstrated in previous
works [31–33].

Figure 2 compares the pH potential responses with no salt, 0.1-M, and 1-M NaCl salt
added in aqueous pH 4, 6, and 8 solutions. A super-Nernstian response of −70.1 mV/pH
was measured without salt added in the buffer solutions. Redox mechanisms for IrOx
producing Nernstian or super-Nernstian responses were explained in the literature [41–45].
Compared to our previous results, a possible explanation for the super-Nernstian response
was that a controlled fabrication process was implemented. The WEs were prepared by
multiple repeated steps of dip-coating and drying processes to achieve uniform thickness.
The REs were prepared by screen printing commercial Ag/AgCl ink on the substrate
instead of electroplating [38]. The sensitivity in the no-salt case decreased to near-Nernstian
responses of −53.3 mV/pH when 0.1-M salt was added, and −47.3 mV/pH when 1-M
NaCl was added. Increased output potentials were due to increased solution conductivities
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by salt ions. However, the output potential increased more in the alkaline solution as
soon as salt was added. The decreased sensitivity validated that interference from salt
ions existed.

Figure 2. Sensitivities for aqueous no-salt (0 M), 0.1-M, and 1-M NaCl salt concentrations, calibrated
at pH 4, 6, and 8 solutions.

To validate the effect of salt interference, the same solutions were measured by a
glass-bodied pH meter. Figure 3a–c show pH and conductivity changes as salt was added
to the pH 4, 6, and 8 solutions. The pH and conductivity were measured by a commercial
pH/conductivity meter (Orion, A215). The addition of salt increased solution conductivity
and made the solution seem more acidic. This effect decreased the output pH values
calculated by the calibration curve obtained with standard calibration buffers. At 0.1-M
salt concentrations, the pH values shifted to 4.01, 5.81, and 7.8 from their respective values
of 4, 6, and 8. At 1-M salt concentrations, the values became 3.88, 5.2, and 7.4.

(a) (b) (c) 

Figure 3. Measured pH and conductivity changes after 0.1–1 M NaCl salt addition in (a) pH 4, (b) pH
6, and (c) pH 8 aqueous solutions.

4.3. Viscosity Readings

Different percentages by weight, listed in Table 1, of starch and agar as thickening
agents were prepared with no salt or salt added to achieve certain viscosities. Although the
concentrations of the starch by weight varied from 1% to 4%, and 0.05% to 0.2% for agar,
the viscosities varied quite significantly. Three different types of viscometers were used to
validate the fluid viscosity because of their respective detection limitations.

An Ostwald viscometer was used to measure the viscosity of the starch sample with
the lowest concentration of 1%. A rheometer for the concentration ranging from 1.0% to
2.0%, and a digital viscometer for 1.8% to 4.0% were used. For starch concentrations of
1.8% and 2.0%, both meters were used to cross-validate their viscosity values. The digital
viscometer was used to measure agar samples since the viscosities were high. Agar solution
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with a concentration beyond 0.2% could not be measured by viscometers because it became
a gel-like solid.

Table 1. Viscosity readings.

Thickening Agent wt% Viscosity (cP)

Starch

1 1.17
1.4 2.39
1.8 24
2 47
3 135
4 820

Agar
0.05 54
0.1 360
0.2 2553

4.4. Experiments with Starch as the Thickening Agent

All experiments were performed by immersing the electrode area into the viscous
solution samples. Electrodes were tested at pH 4, 6, and 8 solutions mixed with different
NaCl concentrations (0–1 M with/without starch or agar). Output potential was recorded
for 17 s and the electrodes were cleaned in deionized (DI) water for 30 s to remove residue
from surfaces.

The custom-made pH 4 solution had a conductivity of 120 μS/cm. For weak acid and
alkaline, the conductivities of custom-made pH 6 and 8 solutions mixing DI water with HCl
or NaOH were 47 and 27 μS/cm, respectively. Unstable readings were observed for pH 6
and pH 8 cases. To overcome the issue, likely due to low conductivity, commercial buffer
solutions at pH 6 and 8 with conductivities of 4726 and 8460 μS/cm were used instead. As
mentioned previously during the CV analysis, various conducting ions were present in
buffer pH 6 and 8 solutions, and it was expected that the additional ions in the solutions
might create interfering effects.

Figure 4 shows the measured potentials in the starch-based measurements with (a)
no salt and (b) 1-M NaCl salt added. The outputs in time stayed stable without significant
drifts. Some fluctuation in signals might be due to liquid motions in beakers. Although
other salt concentrations were also tested, only no-salt and 1-M salt cases are shown for
illustration purposes. The five colors indicate 0%, 1%, 2%, 3%, and 4% starch added, with
viscosities of 0.89, 1.17, 47, 135, and 820 cP, respectively.
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Figure 4. Output potentials in viscous starch-based solutions at pH 4, 6, and 8 for (a) no salt added 
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When salt was added, free flows of conductive ions significantly increased, and po-
tentials at pH 4, 6, and 8 increased with significant steps. The matrices of amylopectin 
could constrain the ionic movements of salt. Compared to amylose, the salt provided more 
impact on conductivity increases, thus the amylose effect became less obvious. In return, 

Figure 4. Output potentials in viscous starch-based solutions at pH 4, 6, and 8 for (a) no salt
added and (b) 1 M salt concentration. The symbols ∗ and † indicate a monotonic decrease and
increase as viscosity increases. The symbol Δ indicates no drastic change in output potentials as
viscosity increases.
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The arrows in Figure 4a,b indicate the decreasing (red) or increasing (purple) trends in
potentials as starch concentration increases. When starch is heated above 90 ◦C, granules
swell and release ionic species known as branched amylopectin and linear amylose into
the solution [46,47]. Branched amylopectin is responsible for aggregation and creates vis-
cous matrices, while linear amylose increases solution conductivity [48]. Electrochemical
impedance spectroscopy (EIS) showed that, after starch gelatinization, electrical resistance
in the viscous matrix was created by amylopectin which was an insoluble material [46].
In the no salt added case in Figure 4a, pH 4 has a higher H+ concentration with the free
flow of electrons from the redox equilibrium. The viscous matrices in high ionic concen-
tration played a significant role and increased the electrical resistance that constrained
the movements of free ions. The potential drop in the solution increased, which caused
the measured voltage across the electrodes to decrease. Amylose in starch counteracted
to decrease the solution resistance with additional electrons. The effects of amylose and
matrices negated each other, so the potential decreased with smaller steps as the starch
concentration increased. At lesser H+ concentrations in pH 6 and 8, the effect from matrices
to constrain flows of ions was less significant. Thus, the role of amylose became more
pronounced in decreasing resistance in the solution, and potential increased with bigger
steps as the starch concentration increased (purple arrow).

When salt was added, free flows of conductive ions significantly increased, and
potentials at pH 4, 6, and 8 increased with significant steps. The matrices of amylopectin
could constrain the ionic movements of salt. Compared to amylose, the salt provided
more impact on conductivity increases, thus the amylose effect became less obvious. In
return, the potential decreases at pH 4 (red arrow, Figure 4b) became more prominent as
the viscosity increased. Compared to Figure 4a, the electrical resistance in the solution
increased more when its viscosity increased. For the same reason, the constraining effect of
matrices became more on free salt ions that overpowered the increased conductivity by
amylose. As a result, Figure 4b shows that there was almost no change of potential at pH 8
for different viscosities. The negating effect was more obvious for pH 6 solutions comparing
the opposite directions of the purple and red arrows in Figure 4a,b. When there was no salt
added, the effect from amylose made the potential increase with increasing viscosities as
conductivities increased. However, the abundant ions from adding salt were constrained by
amylopectin matrices, which allows for the potential decrease when increasing viscosities.
The potential decreases are shown in two steps in Figure 4b, instead of the multiple steps for
pH 6 and 8 solutions in Figure 4a, because the negating effects were not linear or equal. It
should also be noted that the viscosities for 1% and 2% starch concentrations were 1.17 and
47 cP, respectively, with a 40x increase, while the increase was 2.9 and 6 times from 47 to
135 cP and from 135 to 820 cP for the starch concentration increasing from 2% to 3% and 3%
to 4%, respectively.

Figure 5a–c shows the comprehensive data of output potentials with different salt
concentrations and starch percentages (at different viscosities) in solutions. Three electrode
pairs were tested under the same protocol from no salt (0 M) to 1-M salt concentration
with a step change of 0.1 M before they were switched to another viscosity. The decreasing
trends of potentials when the viscosity increased at pH 4 and the increasing trends at pH 8
validated the results in Figure 4. For pH 6 without salt added, the potential increased
when the viscosity increased. With salt added, the potential decreased when viscosity
increased. The upward arrow at pH 4, 6, and 8 shows output potential monotonically
increases as more salt is added to the aqueous or viscous solutions. The data matched
well with those in Figure 4. From the aqueous solutions to cases with starch added, the
potential differences were much larger at pH 6 and 8 because amylose provides more
electrical currents in the solutions. Generally speaking, when NaCl was added, even as low
as the 0.1 M concentration, the effects from the starch molecule matrices, which reduced
conductivity, were not as effective as the increasing conductivity effect by adding salt ions.
Potential changes had smaller steps for the salt-added cases when viscosities changed,
compared to the potential jumps from the no-salt cases.
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matched well with those in Figure 4. From the aqueous solutions to cases with starch 
added, the potential differences were much larger at pH 6 and 8 because amylose provides 
more electrical currents in the solutions. Generally speaking, when NaCl was added, even 
as low as the 0.1 M concentration, the effects from the starch molecule matrices, which 
reduced conductivity, were not as effective as the increasing conductivity effect by adding 
salt ions. Potential changes had smaller steps for the salt-added cases when viscosities 
changed, compared to the potential jumps from the no-salt cases. 

(a) (b) (c) 

Figure 5. Measured output potential using starch as a thickening agent from 0–4% and salt 0–1 M 
added to (a) pH 4, (b) pH 6, and (c) pH 8 solutions. Error bars at every pH are the standard deviation 
of three sensors (n = 3). The † symbol indicates potential increases monotonically when 0.1–1 M 
NaCl salt is added. 

The error bars in the plots of Figure 5 indicate the standard deviations measured by 
three sensors separately. The standard deviations in general were higher in solutions with 
higher viscosities when no salt was added to the solutions, particularly for the pH 8 cases.
This might be due to the ions from amylose in viscous solutions, which were not uniform
in the beakers, and the electrodes not experiencing more pronounced electrical current
variations. 

4.5. Experiments with Agar as the Thickening Agent 
The experimental setup and procedure using agar powder as the thickening agent 

were similar to the starch-based experiments. Solutions were prepared with the custom-
made pH 4 solution, and commercial pH 6 and 8 buffer solutions were also similar to the 
starch-based solutions. Each pH level had salt concentrations of 0 and 1 M, and three dif-
ferent viscosity levels. 

Figure 6a,b show the results for agar-based measurements in which the three colors 
indicate 0%, 0.2%, and 0.6% agar added. The viscosity for 0.2% agar was measured as 2553 
cP. When more than 0.2% agar was added to the solution, the viscometer could not receive 
a reading because the solution became gel-like. The electrodes could still be inserted into 
the gel, but it was obvious that they experienced mechanical resistance. Measurement re-
sults in the (a) no-salt condition are compared to those of (b) 1-M salt concentrations in 
Figure 6. Without added salt, a decreasing trend (red arrow) of potentials at pH 4 and 
increasing trends (purple arrow) at pH 6 and 8 were observed, as in Figure 6a. With 1-M 
salt added, the potentials stayed roughly in the similar levels at pH 4 and 8. The overall 
trend also showed decreased potentials when the viscosity increased. The trends for both 
no-salt and salt-added cases agreed with the starch-based cases in Figure 4. Although 
there is no report of ionic species contributed by agar, literature reported the conductivity 
of agar prepared with DI water was 73 S/cm at 0.89% concentration [49]. The matrices 
and conductivity effects thus play similar roles to those in the starch-based solutions. 

Figure 5. Measured output potential using starch as a thickening agent from 0–4% and salt 0–1 M
added to (a) pH 4, (b) pH 6, and (c) pH 8 solutions. Error bars at every pH are the standard deviation
of three sensors (n = 3). The † symbol indicates potential increases monotonically when 0.1–1 M NaCl
salt is added.

The error bars in the plots of Figure 5 indicate the standard deviations measured
by three sensors separately. The standard deviations in general were higher in solutions
with higher viscosities when no salt was added to the solutions, particularly for the pH 8
cases. This might be due to the ions from amylose in viscous solutions, which were not
uniform in the beakers, and the electrodes not experiencing more pronounced electrical
current variations.

4.5. Experiments with Agar as the Thickening Agent

The experimental setup and procedure using agar powder as the thickening agent
were similar to the starch-based experiments. Solutions were prepared with the custom-
made pH 4 solution, and commercial pH 6 and 8 buffer solutions were also similar to
the starch-based solutions. Each pH level had salt concentrations of 0 and 1 M, and three
different viscosity levels.

Figure 6a,b show the results for agar-based measurements in which the three colors
indicate 0%, 0.2%, and 0.6% agar added. The viscosity for 0.2% agar was measured as
2553 cP. When more than 0.2% agar was added to the solution, the viscometer could not
receive a reading because the solution became gel-like. The electrodes could still be inserted
into the gel, but it was obvious that they experienced mechanical resistance. Measurement
results in the (a) no-salt condition are compared to those of (b) 1-M salt concentrations
in Figure 6. Without added salt, a decreasing trend (red arrow) of potentials at pH 4 and
increasing trends (purple arrow) at pH 6 and 8 were observed, as in Figure 6a. With 1-M
salt added, the potentials stayed roughly in the similar levels at pH 4 and 8. The overall
trend also showed decreased potentials when the viscosity increased. The trends for both
no-salt and salt-added cases agreed with the starch-based cases in Figure 4. Although there
is no report of ionic species contributed by agar, literature reported the conductivity of
agar prepared with DI water was 73 μS/cm at 0.89% concentration [49]. The matrices and
conductivity effects thus play similar roles to those in the starch-based solutions.

At pH 4 (red arrow, Figure 6a), the viscous matrices restricted flows of ions and
increased the electrical resistance in the solution, which led to decreased output potentials.
The potentials remained similar for 0.2% and 0.6% agar concentrations because these
solutions have become very viscous. Most of the free-moving ions were constrained by
the matrices. In Figure 6b, at pH 6 with salt added, there was the same phenomenon of
a step drop of potential from 0% to 0.2% agar concentration, but no drop from 0.2% to
0.4% because most of the free ions from salt have been constrained at 0.2%. Increased
potentials were observed (purple arrows in Figure 6a) at pH 6 and 8. Without added
salt, low currents in low H+ concentrations increased the conductivities with Agar, which
reduced the potential drop in the solution and increased the potential between electrodes.
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lutions have become very viscous. Most of the free moving ions were constrained by the 
matrices. In Figure 6b, at pH 6 with salt added, there was the same phenomenon of a step 
drop of potential from 0% to 0.2% agar concentration, but no drop from 0.2% to 0.4% be-
cause most of the free ions from salt have been constrained at 0.2%. Increased potentials 
were observed (purple arrows in Figure 6a) at pH 6 and 8. Without added salt, low cur-
rents in low H+ concentrations increased the conductivities with Agar, which reduced the 
potential drop in the solution and increased the potential between electrodes. 

(a) (b) 

Figure 6. Output potentials in viscous agar solutions at pH 4, 6, and 8 for (a) no salt and (b) 1-M 
NaCl salt concentration. The symbols ∗ and † indicate a monotonic decrease and increase as viscos-
ity increases. The symbol Δ indicates no drastic change in output potential as viscosity increases. 

When 1-M salt was added, the conductivities were dominated by the salt ions. Thus 
the additional conductivity from Agar of 73 S/cm [49] did not play a significant role, 
which was much lower compared to 86.7 mS/cm from salt. The trend of pH 6 in Figure 6b 
with increasing viscosities was similar to the one in Figure 4b. The increasing trends at 
pH 4 and 8 were observed, but with smaller changes. Due to the high viscosity already at 
0.2% agar concentration, conductivities in the solutions did not vary much. 

In all tests, conductivity in the solution has been observed to play a role. The viscous 
matrix created by starch or agar change the potential output depending on initial ionic 
concentrations. The multifaceted mechanisms of conductivity and viscosity seem to coun-
teract their effects in high ionic concentrations. 

4.6. pH Calibration 
The aforementioned measurements showed changes in output potentials under the 

influences of viscosity and salt concentrations. To illustrate the viscosity effect on pH read-
ing, 2% and 4% viscous starch-based solutions, corresponding to viscosities 47 and 820 cP, 
were considered. With salt added, it was clear from previous results that the potentials 
could be significantly increased due to higher conductivities. Thus, pH reading errors may 
rise differently with respect to salt contents in solutions. We considered two scenarios for 
using three-point calibration curves at (1) unknown or (2) known salt concentrations in 
aqueous solutions. The pH values in solutions with different salt concentrations and vis-
cosities were then calculated from the calibration curves. 

Figure 7 demonstrates erroneous pH values when the calibration was conducted 
without knowing salt concentrations. The potential-pH relationship was first found in 
aqueous pH 4, 6, and 8 solutions without added salt. A sensitivity slope of 68.4 mV/pH 
was found and was used to convert the potentials generated in the viscous solutions (2% 

Figure 6. Output potentials in viscous agar solutions at pH 4, 6, and 8 for (a) no salt and (b) 1-M
NaCl salt concentration. The symbols ∗ and † indicate a monotonic decrease and increase as viscosity
increases. The symbol Δ indicates no drastic change in output potential as viscosity increases.

When 1-M salt was added, the conductivities were dominated by the salt ions. Thus
the additional conductivity from Agar of 73 μS/cm [49] did not play a significant role,
which was much lower compared to 86.7 mS/cm from salt. The trend of pH 6 in Figure 6b
with increasing viscosities was similar to the one in Figure 4b. The increasing trends at pH
4 and 8 were observed, but with smaller changes. Due to the high viscosity already at 0.2%
agar concentration, conductivities in the solutions did not vary much.

In all tests, conductivity in the solution has been observed to play a role. The viscous
matrix created by starch or agar change the potential output depending on initial ionic con-
centrations. The multifaceted mechanisms of conductivity and viscosity seem to counteract
their effects in high ionic concentrations.

4.6. pH Calibration

The aforementioned measurements showed changes in output potentials under the in-
fluences of viscosity and salt concentrations. To illustrate the viscosity effect on pH reading,
2% and 4% viscous starch-based solutions, corresponding to viscosities 47 and 820 cP, were
considered. With salt added, it was clear from previous results that the potentials could
be significantly increased due to higher conductivities. Thus, pH reading errors may rise
differently with respect to salt contents in solutions. We considered two scenarios for using
three-point calibration curves at (1) unknown or (2) known salt concentrations in aqueous
solutions. The pH values in solutions with different salt concentrations and viscosities were
then calculated from the calibration curves.

Figure 7 demonstrates erroneous pH values when the calibration was conducted
without knowing salt concentrations. The potential-pH relationship was first found in
aqueous pH 4, 6, and 8 solutions without added salt. A sensitivity slope of −68.4 mV/pH
was found and was used to convert the potentials generated in the viscous solutions (2%
and 4% starch) to pH values. The initial pH values of 4, 6, and 8 were calculated as 2.2, 3.3,
and 4.96 at 0.1-M salt cases, and 1.48, 2.03, and 3.76 at 1-M salt cases. The error bar in each
salt concentration indicates the pH deviations at 2% and 4% starch concentrations from
the aqueous conditions. The calibration clearly generated significant pH errors with the
existence of salt and viscosity when the sensor calibration curve was produced without
knowing salt concentrations.

The second calibration method was conducted at a known salt concentration. The
three-point calibration was conducted at aqueous pH 4, 6, and 8 with known salt concentra-
tions. For each salt concentration between 0.1 and 1 M, an individual sensitivity slope was
generated. Then potentials in viscous starch solutions with different salt concentrations
were converted to pH values. Figure 8 shows the results. The pH values calculated for the
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viscous and salt-added pH 6 and 8 cases significantly improved with more accurate pH
values. For example, the pH values for the pH 6 cases were 5.8 and 6.05 at 2% and 4% starch,
respectively, at the 0.1-M salt concentration. Similarly, the pH values for the pH 8 cases
were 7.9 and 8.01 at 2% and 4% starch, respectively, at the 0.1-M salt concentration. For
comparison, the pH values measured by a commercial pH meter (A1311, Apera) for the pH
6 cases were 5.76 and 5.66 at 2% and 4% starch, respectively, at the 0.1-M salt concentration.
For the pH 8 cases, the commercial pH meter readings were 7.32 and 7.79 at 2% and 4%
starch at the 0.1-M salt concentration, respectively. Improvements in pH errors were also
observed at other salt concentrations in Figure 8.

Figure 7. The pH values were calculated by the three-point calibration slope at aqueous pH 4, 6, and
8 with no salt or starch added (0 M). The error bar indicates the pH range for the viscous solutions
with 2% or 4% starch added.

Figure 8. The pH values were calculated by the three-point calibrations conducted with aqueous pH
4, 6, and 8 solutions at individual NaCl concentrations. The viscosities of the 2% and 4% starch-added
solutions correspond to 47 and 820 cP, respectively.

The effect of viscosity on the pH calibration error was particularly higher at pH 4, as
indicated in Figure 8. The significant role of amylopectin matrices by starch in the high H+

concentration created a higher potential difference. Since more ions could be constrained,
the solution conductivity was lower compared to its aqueous case. As a result, higher pH
errors occurred as viscosity increased. For example, the initial pH values of pH 4 changed
to 4.46 and 5.04 at 2% and 4% starch, respectively, at the 0.1-M salt concentration. The
larger pH errors at the more viscous solutions across all salt concentrations manifested the
amylopectin matrix effect. Using a commercial pH meter, the results showed pH of 3.35
and 4.34 at 2% and 4% starch, respectively, for the 0.1-M salt case.
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4.7. Specificity to pH

Based on the output potentials and calibrated pH levels in the different solutions,
specificity to pH was performed to estimate the changes generated under ionic interfer-
ences. Potential deviation (ΔV) and pH deviation (ΔpH) were analyzed; ΔV in Figure 9 is
the potential output difference between the aqueous and viscous solutions for a specific
viscosity. There are five groups of viscosity data: four groups for starch from 1.17–820 cP
and one group for agar at 2553 cP because the viscosity of 0.6% agar could not be measured
because the solution became a gel-like solid (indicated by the † symbol).

(a) (b) 

Figure 9. Potential change (ΔV) for viscous solutions with starch or agar added, at (a) no salt and
(b) 1-M salt concentrations. Symbol †: only one group of ΔV data for agar at pH 4, 6, and 8.

Figure 9a shows the ΔV of starch and agar-added solutions at pH 4 (blue), pH 6 (red),
and pH 8 (black) without salt added. Data above the zero point at the y-axis mean potential
increases with increased viscosity, and data below the zero point mean potential decreases.
The trends in output potential changes were previously indicated by red and purple arrows
in Figures 4 and 6. Lower H+ concentrations at pH 6 and 8 showed higher ΔV, whereas
pH 4 remained relatively similar with increased viscosities. For the 1-M salt added cases,
the pH 4 solutions experienced higher resistance from the amylopectin, which created
higher ΔV, as shown in Figure 9b. Reduced ΔVs for pH 6 and 8 were due to the dominating
conductivities of the added salt ions in low H+ concentrations. Thus, potential deviations
from viscous matrices were reduced. Overall, Figure 9 shows that ΔV tends to become
higher with an increased viscosity if the conductivity is low in the solution.

Table 2 lists the worst ΔV for the starch cases (with concentrations of 1%, 2%, 3%, and
4% by weight) at no-salt, 0.1-M, and 1-M salt concentrations. The worst ΔV is defined as the
highest potential deviation from the aqueous case due to viscosity. The values for no-salt
and 1-M salt can be seen in Figure 9. Additional values for the 0.1-M salt cases were added
in Table 2 to compare the ΔV with the 1-M case. The positive or negative signs indicate
potential increase or decrease with an increasing viscosity, respectively. It was evident that
ΔV became higher as viscosity increased, and ΔV became smaller once the salt was added.
Similar ΔV values for adding salt of 0.1 M and 1 M showed smaller changes in potential
outputs because the conductivities in the solutions were dominated by salt.

The pH deviation (ΔpH) is defined as the pH difference between the aqueous and
viscous solutions. Aqueous solutions at pH 4, 6, and 8 at a specific salt concentration were
used as the calibration standard. The pH values for the viscous solutions were calculated
from their respective calibration slopes. Figure 10a shows the pH deviations measured
by the IrOx-Ag/AgCl electrode pairs for the 2% starch solutions that have a viscosity of
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47 cP at different salt concentrations. The pH deviations with salt concentrations between
0.1 and 1 M were within the ranges of (0.3–0.6), (0.06–0.5), and (0.03–0.2) from their correct
values of pH 4, 6, and 8, respectively. Figure 10b shows ΔpH measured by a commercial pH
meter in the same conditions. The deviations were more predictable and confined to certain
ranges for the IrOx-Ag/AgCl electrode pair sensor with different salt concentrations. The
commercial meter produced wider variations of errors, particularly for the alkaline cases.

Table 2. Worst ΔV (mV) for starch cases.

1.17 cP 47 cP 135 cP 820 cP

No salt 62.1 74.7 77.5 92.9
0.1 M −17.9 −21 −47.6 −52
1 M −16 −26.5 −30.8 −53.6

(a) (b) 

Figure 10. The pH deviation (ΔpH) at the 2% starch solutions was measured by (a) the IrOx-Ag/AgCl
pH sensor electrodes and (b) a commercial pH meter when 0.1–1 M NaCl was added.

Figure 11a shows the 4% starch cases with a viscosity of 820 cP. The pH deviations with
the salt concentrations between 0.1 and 1 M were within the ranges of (0.9–1.1), (0.1–0.6),
and (0.04–0.3) from their correct values of pH 4, 6, and 8, respectively. Figure 11b shows
the results measured by a commercial meter. The planar electrodes once again provided
better predictability for the pH values while the commercial meter obtained more diverse
deviations. It is obvious that the pH deviation ranges became larger for more viscous
solutions because the calibration slopes were conducted in respective aqueous solutions.

Although the deviation values in Figure 11a were higher, they were more confined
within a range compared to Figure 11b. The diverse ΔpH detected by the commercial
meter shown in Figures 10b and 11b for pH 8 were due to low H+ concentrations and likely
membrane clogging in the highly viscous environment.

In a typical human body, sodium concentration is around 0.1 M [50,51], and biofluids
such as saliva, serum, and whole blood viscosities are in the range of 1–5 cP [52,53]. It is clear
the pH deviations will not be as large as those shown in this paper when using our planar
pH sensors in biomedical applications. This study covered wide ranges of viscosity and salt
concentrations in order to study potential interference and calibration issues. Such issues
may occur in the cases of food processing and preparation in which viscosities depend
on processing methods. For example, the same ketchup can have different viscosities in
different yield stresses during extrapolation, initiated flow, squeezing flow, or vane methods.
The different viscosities may produce varied pH readings in different steps of processing
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for the same ketchup. The viscosities of common food such as honey and sauce range
between 23–578 cP [54,55]. Nectar-like and honey-like consistency food products added
with a variety of thickening agents range between 51–350 and 351–1750 cP, respectively [56].
It was noted in [56] that there is variability in viscosity measurements within the same
product line for thickening various liquids. Therefore, one would expect pH reading
errors along the same product line when the solutions change viscosities. In this study, the
viscosities covered the ranges of interest for the cases in [56].

(a) (b) 

Figure 11. pH deviation (ΔpH) at the 4% starch concentration, measured by (a) the IrOx-Ag/AgCl
pH sensor electrodes and (b) a commercial pH meter when 0.1–1 M NaCl was added.

5. Conclusions

This work investigated the effects of viscosity and salt interference on pH reading. A
pair of planar IrOx-Ag/AgCl electrodes deposited on a flexible polyimide substrate were
used. The deposition of IrOx was conducted with sol-gel dipping and oxidation processes,
while Ag/AgCl was screen printed. The cyclic voltammetry (CV) analysis was conducted at
different pH levels. Super Nernstian response was achieved in aqueous solutions. Changes
in Nernstian responses with salt additions showed that conductive ions created interference
effects and potential shifts. The outcome showed that sensitivity was reduced.

The effects of viscosity and salt conductivity on sensor output potentials were studied.
Viscous solutions were prepared with starch and agar as thickening agents. Different
concentrations of salt were added to the aqueous and viscous solutions. Both factors were
studied simultaneously and counteracting effects on potential outputs were found. The
trends of potential shifts were examined and matched well for two different thickening
agents. Two calibration methods for the potential-pH relationship were analyzed. It was
clear that the calibration should be conducted with known salt concentrations to avoid
large pH errors in solutions with high salt concentrations or high viscosity. Specificity to pH
performance was investigated at two different viscosities with different salt concentrations
and pH levels. The planar electrodes showed that the pH deviations were more predictable
and confined within limited ranges compared to those measured with a commercial pH
meter. It was also shown the pH deviations increased when viscosity increased. The results
demonstrated potential uses of the planar flexible IrOx-Ag/AgCl pH sensors in aqueous
and viscous solutions, as well as the related issues of viscosity and salt interference. This
investigation was conducted with wide ranges of viscosities and salt concentrations. It
covers potential applications in diagnostics of human bodily fluids as well as cosmetic, food,
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and pharmaceutical industries. The planar, flexible, and miniature features of the IrOx-
Ag/AgCl electrodes can operate without the concern for membrane clogging in viscous
solutions. Thus, it can enable new applications.
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Abstract: The sensitivity of conventional ion-sensitive field-effect transistors is limited to the Nernst
limit (59.14 mV/pH). In this study, we developed a pH sensor platform based on a coplanar gate
AlGaN/GaN metal-oxide-semiconductor (MOS) high electron mobility transistor (HEMT) using
the resistive coupling effect to overcome the Nernst limit. For resistive coupling, a coplanar gate
comprising a control gate (CG) and a sensing gate (SG) was designed. We investigated the ampli-
fication of the pH sensitivity with the change in the magnitude of a resistance connected in series
to each CG and SG via Silvaco TCAD simulations. In addition, a disposable extended gate was
applied as a cost-effective sensor platform that helped prevent damages due to direct exposure of
the AlGaN/GaN MOS HEMT to chemical solutions. The pH sensor based on the coplanar gate
AlGaN/GaN MOS HEMT exhibited a pH sensitivity considerably higher than the Nernst limit,
dependent on the ratio of the series resistance connected to the CG and SG, as well as excellent
reliability and stability with non-ideal behavior. The pH sensor developed in this study is expected
to be readily integrated with wide transmission bandwidth, high temperature, and high-power
electronics as a highly sensitive biosensor platform.

Keywords: AlGaN/GaN MOS HEMT; coplanar gate; resistive coupling; pH sensor

1. Introduction

Developments in big data, artificial intelligence, deep learning, and internet of things
in the fourth industrial revolution have led to increased human-machine interactions and,
consequently, the requirement of the miniaturization and functionalization of electronic
devices. In particular, biosensors are being actively studied as a core technology for
human-machine interactions. Field-effect transistor (FET)-based biosensors offer various
advantageous properties, including a short response time and accurate detection, and they
can be mass produced and miniaturized [1,2]. However, conventional ion-sensitive FETs
(ISFETs) have a sensitivity limit of 59.14 mV/pH, called the Nernst limit, which hinders their
commercialization [3,4]. Double gate structure ISFETs based on silicon-on-insulator are
drawing attention because they can overcome the Nernst limit via asymmetric capacitive
coupling of the upper and lower gate oxides [5–8]. In addition, in our previous work, we
studied a silicon-based device that amplifies the sensitivity through capacitive coupling
between the coplanar gate and the floating gate, and here we investigated the capacitive
coupling effect according to the coplanar gate area and the corresponding sensitivity
amplification [9]. However, owing to the limitations of the physical characteristics of silicon,
these transistors cannot easily be integrated with wide transmission bandwidths and at high
temperatures. Meanwhile, compound semiconductor-based AlGaN/GaN high electron
mobility transistors (HEMTs) exhibit low on-resistance and rapid switching speeds owing
to the high-mobility two-dimensional electron gas induced by the discontinuity of the
conduction band in the AlGaN/GaN heterostructure and its piezoelectric polarization [10].
In addition, AlGaN/GaN HEMT-based sensors have shown potential for application for
the detection of DNA, antigens, glucose, cellular responses, and gas; further, these sensors
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can be monolithically integrated with signal processing and amplification circuits or radio
frequency (RF) signal transmission circuits, which are convenient for reading data and
receiving remote signals [11–18]. Nevertheless, the leakage current of AlGaN/GaN HEMTs
due to the trap-assisted tunneling and surface state is crucial. In order to attain low power
consumption and high conversion efficiency, high breakdown voltage, leakage suppression,
and high on/off current ratio are crucial. Meanwhile, the metal-oxide-semiconductor (MOS)
structure can achieve a high breakdown voltage and on/off current ratio because the gate
insulator effectively prevents the gate leakage and suppresses the surface leakage [19,20].

In this study, we developed a pH sensor based on an AlGaN/GaN MOS HEMT using
the resistive coupling of a coplanar gate structure comprising a control gate (CG) and a
sensing gate (SG). Previous AlGaN/GaN MOS HEMT-based ISFETs can easily be damaged,
because the HEMT device in these is directly exposed to a chemical solution. To prevent
this damage, we designed an AlGaN/GaN MOS HEMT transducer unit that converts
biochemical signals into electrical signals and an extended gate (EG) sensing unit that is
directly exposed to the pH solution. This separate structure of the transducer and sensing
units fundamentally prevents damage to the expensive HEMT and provides a cost-effective
sensor platform by easily replacing the damaged low-cost sensing unit. The variation in
the sensitivity of the pH sensor was evaluated according to the ratio of the series resistance
connected to the CG (RCG) and SG (RSG) of the AlGaN/GaN MOS HEMT transducer, and
an amplified sensitivity that exceeded the Nernst limit was obtained. In addition, non-ideal
behaviors, such as hysteresis and drift effects, were investigated to verify the stability and
reliability of the sensor.

2. Materials and Methods

The coplanar gate AlGaN/GaN MOS HEMT transducer unit was fabricated as follows.
AlGaN/GaN heterostructures were grown in metal organic chemical vapor deposition
reactors on (0001) sapphire substrates. A 25 nm low-temperature GaN nucleation layer
was grown on the sapphire substrate, followed by the successive growth of a 1 μm high-
resistance GaN layer and 1.8 μm unintentionally doped GaN epitaxial layer. Subsequently,
a 12 nm Al0.25GaN layer was grown. Mesa separation was realized by etching a 500 nm
AlGaN/GaN layer, where the active region was defined by BCl3- and Cl2- based inductively
coupled plasma etching using a photoresist (PR) mask. A 500 nm SiO2 field oxide layer
was deposited via RF magnetron sputtering for a flat surface to avoid breaking of the gate
metals at the steep steps in the mesa region. After removing the PR mask and SiO2 layer
from the active region, the AlGaN/GaN heterostructure was cleaned using an ammonium
sulfide solution with excess sulfur [(NH4)2Sx, 40% sulfur] to remove the native oxide and
prevent the formation of oxide. Subsequently, a 5 nm SiO2 layer and 10 nm Ta2O5 layer
were deposited as gate insulators via RF magnetron sputtering. The source and drain
electrodes of Ti/Al/Ni/Au (=20/100/25/50 nm) were formed via e-beam evaporator and
lift-off, followed by rapid thermal treatment at 800 ◦C for 30 s in N2 ambient. To form
series resistors between the HEMT gate (on channel) and the coplanar gates (CG and
SG), a 50 nm indium-tin-oxide (ITO) film with a sheet resistance of 1.7 × 103 Ω/sq was
deposited. We designed resistors with a width of 2 μm and lengths of 10, 20, and 30 μm and
obtained resistances of 17, 34, and 51 kΩ, respectively. For the HEMT gate and coplanar
gate electrodes, Ni/Au (=25/100 nm) was deposited via e-beam evaporation and lift-off.
Meanwhile, to fabricate the EG sensing unit, a 150 nm ITO conductive layer and a 50 nm
SnO2 sensing membrane were subsequently deposited on glass substrates via RF magnetron
sputtering. Subsequently, a polydimethylsiloxane reservoir was placed on top. Figure 1a,b
shows schematics of the coplanar gate AlGaN/GaN MOS HEMT and EG, respectively.

We finally constructed the pH sensor by connecting the EG to the SG of the Al-
GaN/GaN MOS HEMT with an electrical cable (Model 5342, Pomana electronics, Everett,
WA, USA) to transfer the potential of the pH solution to the SG. We performed all electrical
measurements of device characteristics using an Agilent 4156B precision semiconductor
parameter analyzer (Agilent Technologies, Santa Clara, CA, USA). Also, these measure-
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ments were performed in a shielded dark box to prevent external elements such as noise
and light. In particular, a commercial Ag/AgCl reference electrode (Horiba 2086A-06T,
Kyoto, Japan) composed of ceramic-plug junction and internal solution saturated with KCl
and AgCl was used for pH sensing.

 
(a) (b) 

Figure 1. Schematic of (a) coplanar gate AlGaN/GaN metal-oxide-semiconductor high electron mobility transistor (MOS
HEMT) transducer unit, and (b) extended gate (EG) sensing unit.

3. Results

3.1. Silvaco TCAD Simulations

The voltages applied to the CG and SG are denoted as VCG and VSG, respectively. The
total resistance (RT) of a coplanar gate can be expressed as RT = RCG + RSG, where RCG and
RSG are the resistances of the CG and SG, respectively. Then, the gate voltage (VFG) of the
MOS HEMT is expressed as in Equation (1), and the voltage between CG and SG can be
calculated using Equation (2). Eventually, the potential change in SG (ΔVSG) is amplified
by a factor of RCG/RSG, resulting in a voltage change in the CG (ΔVCG), which implies that
a significantly small change in potential in the SG is amplified by the resistive coupling
effect and can be detected in the CG.

VFG =
RSG

RT
VCG +

RCG

RT
VSG, (1)

VCG =
RT

RSG
VFG − RCG

RSG
VSG, (2)

∴ ΔVCG ∝
RCG

RSG
ΔVSG, (3)

Figure 2b shows Silvaco TCAD simulations for the transfer characteristic curves of the
AlGaN/GaN MOS HEMT with RCG:RSG = 2:1. The Silvaco TCAD simulation proposed in
this study was to evaluate the signal amplification capability by resistive coupling, and was
performed as follows: (1) Atals simulation for MOS HEMT device with conmob (specify
concentration dependent mobility model), fldmob (specify lateral electric field-dependent
model), SRH (specifies Shockley-Read-Hall recombination). (2) Mixedmode module in
Atlas for circuit simulation for resistive coupling between CG and SG. (3) Tunneling
conduction such as band-to-band tunneling, Fowler-Nordheim tunneling, direct quantum
tunneling, trap assist tunneling, phonon assist electron tunneling, Schottky tunneling, etc.
were ignored. As a result, using Equation (3), when ΔVSG is 2 V, ΔVCG is calculated to be
4 V, and the resistance ratio RCG/RSG is increased to 2. Figure 2c shows the dependence
of the amplification factor (ΔVCG/ΔVSG) considering ratios RCG:RSG = 1:2, 1:1, 2:1, and
3:1, where ΔVCG is determined at a drain current of 1 nA. The amplification coefficients at
ratios RCG:RSG = 1:2, 1:1, 2:1, and 3:1 were found to be 0.5, 1, 2, and 3, respectively.
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(a) 

 .

(b) (c) 

Figure 2. (a) Simplified equivalent circuit of the pH sensor based on the coplanar gate AlGaN/GaN MOS HEMT proposed
herein. Silvaco TCAD simulation results of (b) transfer characteristic curves shift as a function of ΔVSG, and (c) dependence
of the amplification factor (ΔVCG/ΔVSG) on RCG:RSG of the pH sensor.

3.2. Electrical Characteristics of Coplanar Gate AlGaN/GaN MOS HEMT

Figure 3a shows the transfer characteristic curves of the fabricated coplanar gate
AlGaN/GaN MOS HEMT. Here, the threshold voltage is −0.99 V, electron concentration
is 7.47 × 1012 cm−2, electron mobility is 2835.9 cm2/V s, on/off current ratio is 5.55 × 108,
and subthreshold swing is 79.08 mV/dec. A low gate leakage current was observed because
the SiO2/Ta2O5 stacked gate insulator effectively blocked the gate leakage and suppressed
the surface leakage. In addition, the output characteristic curves in Figure 3b indicate a high
drain drive current due to the high electron concentration and mobility of the AlGaN/GaN
MOS HEMT.

 
(a) (b) 

Figure 3. (a) Transfer characteristics and (b) output characteristic curves of the fabricated AlGaN/GaN MOS HEMT.

3.3. pH Sensing Characteristics of Coplanar Gate AlGaN/GaN MOS HEMT

There is a Nernst limit for pH sensing properties that cannot exceed 59.14 mV/pH
according to site-binding theory. In the site-binding theory, the ability to detect ions depends
entirely on the surface potential (ψ), which is summarized in the Equation (4): [21,22]
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ψ = 2.303
kT
q

β

β + 1
(

pHpzc − pH
)
, (4)

where k is Boltzmann constant, T is the absolute temperature, q is the elementary charge, pHpzc
is the pH at the point of zero charge, and β is a parameter that denotes the chemical sensitivity
of the sensing membrane. The ψ depends on the properties of the sensing membrane and the
pH level of the electrolyte. Thus, the shift of the threshold voltage (ΔVTH) for the transistor
is determined by Δψ. Based on the simulation result, when resistive coupling is introduced,
ΔVTH becomes RCG/RSG times Δψ, which can amplify the sensitivity.

Figure 4a–c shows the transfer characteristic curves of the pH sensor for the ratios
RCG:RSG = 1:1, 2:1, and 3:1, respectively. We measured the sensing properties using buffer
solutions with the following pH concentrations: 3.07, 4.08, 5.99, 6.95, 8.97, and 9.87. From
Figure 4, it can be seen that as the pH value increases, the transfer characteristic curve
shifts in the positive voltage direction. Figure 4d shows a plot of ΔVCG as a function of the
pH value. Here, ΔVCG is defined as the shift of the VCG extracted from the drain current of
1 nA, corresponding to the pH sensitivity as a function of the concentration of the buffer
solution. For RCG:RSG = 1:1, the pH sensitivity is 56.63 mV/pH, which is lower than the
Nernst limit of 59.14 mV/pH. However, for RCG:RSG = 2:1 and 3:1, the pH sensitivities are
112.17 and 167.71 mV/pH, respectively, which are amplified by a factor of RCG/RSG and
exceed the Nernst limit. In addition, the linear fitting line for extracting the sensitivity in
Figure 4d showed more than 99.8% linearity in RCG:RSG = 1:1, 2:1, and 3:1. Figure 4d also
shows the deviation for 20 measurements at each pH value, indicating reliable sensing
performance. This means that there is no Debye screening length limit for the various pH
buffer solutions used in this study.

 
(a) (b) 

 
(c) (d) 

Figure 4. Transfer characteristic curves of the pH sensor based on a coplanar gate AlGaN/GaN MOS HEMT for RCG:RSG = (a) 1:1,
(b) 2:1, and (c) 3:1. (d) ΔVCG as a function of the pH value.

Reliability-related hysteresis effects are due to the presence of slowly reacting OH-sites
on the surface of the sensing membrane and the transport of certain species in the bulk of the
sensing membrane [23–25]. Meanwhile, stability-related drift effects are due to the hopping
and/or trap-limited transport of OH-related species from the electrolyte and defects present
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in the sensing membrane [26,27]. These non-ideal behaviors limit the accuracy of the sensor.
Figure 5a shows the hysteresis characteristics when the pH is changed as follows: 7 → 10 → 7
→ 4 → 7. It can be seen that, for RCG:RSG = 1:1, 2:1, and 3:1, the hysteresis voltages are 1.8,
3.5, and 7.1 mV, respectively. Figure 5b shows the drift rates upon exposure to a pH 7 buffer
solution for 10 h. It can be seen that, for RCG:RSG = 1:1, 2:1, and 3:1, the drift rates are 0.4, 0.6,
and 0.7 mV/h, respectively.

 
(a) (b) 

Figure 5. (a) Hysteresis effect and (b) drift effect of the pH sensor based on a coplanar gate AlGaN/GaN MOS HEMT for
RCG:RSG = 1:1, 2:1, and 3:1.

4. Conclusions

We developed a pH sensor based on a coplanar gate AlGaN/GaN MOS HEMT with
increased sensitivity using the resistive coupling effect. Through Silvaco TCAD simulations,
the pH sensitivity amplification corresponding to the ratio of the series resistance connected
to the CG and SG (RCG/RSG) is predicted. The pH sensitivity of the fabricated sensors
increases proportionally with RCG/RSG. In particular, for RCG:RSG = 2:1 and 3:1, the
sensitivity was 112.17 and 167.71 mV/pH, respectively, which are greater than the Nernst
limit. We also verified the stability and reliability of the sensor by evaluating its non-
ideal behaviors, such as the hysteresis and drift effects. In addition, by applying the
disposable EG sensing unit, damage to the AlGaN/GaN MOS HEMT transducer unit due
to chemical solutions was prevented. The results of this study indicate that the pH sensor
developed has high performance, stability, and reliability and is also disposable. Thus,
since the sensor proposed in this study is based on a HEMT device, it is expected to be
suitable for integration with wide transmission bandwidth, high temperature, speed and
frequency power electronics. In addition, the pH sensor proposed in this study detects the
potential change of the sensing membrane using EG. Therefore, when the coplanar gate
AlGaN/GaN MOS HEMT proposed in this study is introduced into the subsequent study
on EG, various biological events such as enzyme-substrate reactions, antigen-antibody
binding, and nucleic acid hybridization can be detected with high sensitivity.
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Abstract: In this paper, we propose a fully transparent and flexible high-performance pH sensor
based on an amorphous indium gallium zinc oxide (a-IGZO) thin-film transistor (TFT) transducer
with a coplanar dual-gate structure on polyimide substrates. The proposed pH sensor system features
a transducer unit consisting of a floating gate (FG), sensing gate (SG), and control gate (CG) on a
polyimide (PI), and an extended gate (EG) sensing unit on a separate glass substrate. We designed
a capacitive coupling between (SG) and (CG) through the FG of an a-IGZO TFT transducer to
contribute to sensitivity amplification. The capacitance ratio (CSG/CCG) increases linearly with the
area ratio; therefore, the amplification ratio of the pH sensitivity was easily controlled using the area
ratio of SG/CG. The proposed sensor system improved the pH sensitivity by up to 359.28 mV/pH
(CSG/CCG = 6.16) at room temperature (300 K), which is significantly larger than the Nernstian limit
of 59.14 mV/pH. In addition, the non-ideal behavior, including hysteresis and drift effects, was
evaluated to ensure stability and reliability. The amplification of sensitivity based on capacitive
coupling was much higher than the increase in the hysteresis voltage and drift rate. Furthermore, we
verified the flexibility of the a-IGZO coplanar dual-gate TFT transducer through a bending test, and
the electrical properties were maintained without mechanical damage, even after repeated bending.
Therefore, the proposed fully transparent and highly sensitive a-IGZO coplanar dual-gate TFT-based
pH sensor could be a promising wearable and portable high-performance chemical sensor platform.

Keywords: transparent; flexible; PI substrate; a-IGZO; coplanar dual-gate; capacitive coupling; pH
sensor; FET

1. Introduction

Recently, research interest in chemical sensors has increased owing to the increased
interest in medical care worldwide, and these sensors can detect signals of small amounts
of chemicals or biomolecules. Chemical sensors can be applied to various fields such as
food manufacturing, environmental conditioning, and biological monitoring (blood, sweat,
urine). Accordingly, many types of chemical sensors for detecting pH, viruses, proteins,
and chemicals have been reported [1–3]. Among them, the field-effect transistor (FET)-type
sensor platform has attracted considerable interest owing to its excellent features, such as
fast response, label-free detection, compatibility with CMOS technology, and easy signal
processing [4–6]. In a study by Bergveld, the author considered FET-based sensors as
ion-sensitive FETs (ISFETs) [7]. However, because ISFETs detect signals from chemicals
through direct contact with the gate dielectric sensing membrane, there is a possibility
of its degradation by chemicals. To avoid these reliability-related issues, extended-gate
FET (EGFET)-type sensor platforms were introduced [8]. The EGFET consists of two
separate parts: a transducer unit and sensing unit. Various high-performance sensing
membrane materials have been developed by applying an extended gate that is electrically
connected to the gate electrode of the FET to prevent degradation caused by chemical
damage [9–11]. However, the most significant limitation hindering the commercialization of
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FET-based sensors is the physical sensitivity limit of 59.14 mV/pH at 300 K, which is known
as the Nernstian limit [12,13]. Among the many approaches reported in the literature,
FET-based sensors with dual-gate structures can overcome the Nernstian limit through
the self-amplification of the capacitive coupling between the two gate electrodes [14–18].
Furthermore, interest in portable and wearable sensors as promising next-generation
sensor platforms have continued to increase [19–24]. Transparent and flexible sensors
can be applied to wearable or portable sensor systems, which results in the point-of care
(POC) or real-time monitoring of wound, skin, sweat, and blood that is difficult to achieve
with conventional rigid sensor systems. Amorphous oxide semiconductors (AOSs) are
widely applied transparent material for transparent TFTs due to their transparency, ease
of processing, and high electron mobility [25]. Many studies have been conducted on
FET-based sensors fabricated on flexible substrates, including polyimide (PI), polyethylene
naphthalate (PEN), and polyethylene terephthalate (PET) [26–30]. In particular, PI is a
desirable material for transparent and flexible substrates because it is suitable for CMOS
technology owing to its excellent thermal, chemical, and mechanical properties [31,32].

In this study, we propose a fully transparent high-performance coplanar dual-gate
thin-film transistor (TFT)-based pH sensor on a flexible PI substrate. We used amorphous
indium gallium zinc oxide (a-IGZO) channel layers, indium tin oxide (ITO) source/drain
(S/D), and ITO gate electrodes to obtain fully transparent optical properties. An amorphous
oxide semiconductor material with high transmittance in the visible light range was used
to obtain transparent optical properties [25,33]. We also fabricated an extended gate
with an SnO2 sensing membrane, which ensured excellent sensing properties close to
the theoretical Nernstian limit with an acid and base affinity constant of 2.5 × 106 and
1.1 × 10−5, respectively [18]. Our pH sensor system consists of an a-IGZO coplanar dual-
gate TFT transducer and SnO2 extended-gate (EG) sensing units. In the proposed pH sensor
system, we designed a capacitive coupling between the sensing gate (SG) and the control
gate (CG) via the floating gate (FG) of the a-IGZO transducer to improve its sensitivity
amplification. In particular, the SG and CG were located on the same plane on the gate
insulating film, but the FG was located below the a-IGZO FET channel and was electrically
separated from the CG and SG by a gate insulating film. The capacitance ratio (CSG/CCG)
changes according to the combination of the areas of CG and SG, indicating that the
proposed sensor is a self-amplifiable chemical sensor platform with tunable sensitivity.
This tunable sensitivity is a beneficial feature of the capacitive coupling-based coplanar
dual-gate structure pH sensor that cannot be achieved with a dual-gate structure consisting
of a top- and bottom-gate. The CSG and CCG values of top- and bottom-gate structure
pH sensors are fixed because they are determined by the pattern size of the channel layer.
However, the CSG and CCG values of the proposed coplanar dual-gate structure pH sensors
are controlled by the gate electrode pattern sizes because the biases in each gate’s electrodes
are applied to the channel layer via the FG. Therefore, the proposed coplanar dual-gate
pH sensor based on capacitive coupling has the advantage of tunable sensitivity over various
conventional chemical sensors. In addition, in comparison to conventional SOI substrate-based
dual-gate structure pH sensors, the proposed pH sensor provides various advantages in its
material, process, and device design. We also evaluated the non-ideal behavior, such as the
hysteresis and drift effects, to ensure its stability and reliability. To ensure its flexibility, the
mechanical and electrical stabilities of the a-IGZO coplanar dual-gate TFT transducer on a
flexible PI substrate were determined through repeated bending tests.

2. Materials and Methods

Figure 1 shows a schematic illustration of the fabricated a-IGZO coplanar dual-gate
TFT transducer and SnO2 EG sensing units. To construct the pH sensor system, we
connected the two units using an electric cable, as indicated by the dotted line. Specifically,
the gate electrode of the transducer unit was electrically connected to the conductive layer
of the sensing unit to apply the chemical potential of the sensing membrane to the gate
electrode. The fully transparent and flexible coplanar dual-gate TFTs were fabricated
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to prepare the transducer unit. The transducer unit was fabricated using the following
procedure. We prepared 6-μm-thick PI films on 1.5 cm × 1.5 cm size glass plates covered
with a 100/100 nm thick SiNx/SiO2 adhesive layer. The PI substrates were wet cleaned,
for 10 min each, using a standard solvent cleaning process with deionized water (DI)
and 2-propyl-alcohol (IPA) in an ultrasonic bath. The substrates were then dried in an
oven at 100 ◦C for 1 h to evaporate the residual solvent and moisture. Subsequently,
a 300-nm-thick ITO layer, 100-nm-thick SiO2 layer, and 50-nm-thick a-IGZO layer were
sequentially deposited on the FG, gate insulating film, and channel layer, respectively. The
active regions of the TFTs were formed by photolithography and a lift-off process of the
a-IGZO layer. The channel width/length ratio of the patterned IGZO channel layer was
80/120 μm. Subsequently, an ITO film with a thickness of 150 nm was deposited, and
coplanar dual-gate electrodes (SG, CG) and S/D electrodes were simultaneously formed by
a lift-off process. In particular, the CG electrodes patterned with various sizes contributed
to achieving various amplification ratios. Finally, the a-IGZO coplanar dual-gate TFT
fabricated on the PI substrate was annealed at 250 ◦C in O2 ambient for 30 min (PMA).
We also prepared the EG sensing unit using the following procedure. A 300-nm-thick
ITO conductive layer was deposited as an electrode on a cleaned 1.5 cm × 2.5 cm glass
substrate, followed by a 50 nm thick SnO2 layer as a sensing membrane. Finally, a 0.6 cm
inner diameter polydimethylsiloxane (PDMS) reservoir was attached to the SnO2 sensing
membrane to accommodate the electrolyte solution. The ITO, SiO2, a-IGZO, and SnO2
layers used for the a-IGZO TFT and SnO2 EG fabrication were deposited using an RF
magnetron sputtering system.

Figure 1. Schematic illustration of an a-IGZO coplanar dual-gate TFT transducer and SnO2 EG
sensing units. The dotted line represents the electrical connection between the two units. Reference
electrode is connected to the ground unit of measurement instrument.

Figure 2a,b show photographs of the prepared transparent and flexible a-IGZO copla-
nar dual-gate TFT transducer and SnO2 EG sensing units, respectively. Figure 2c shows the
optical transmittance spectra of the PI substrate and fabricated a-IGZO coplanar dual-gate
TFT transducer unit. The inset shows a photograph of the transparent transducer. The
average transmittance of the transducer unit was 76.96% under visible light (wavelength
550–800 nm), whereas that of the PI film was 88.59%.
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Figure 2. Photographs of the fabricated (a) transducer unit and (b) sensing unit. (c) Optical transmit-
tance spectra of the PI film and a-IGZO coplanar dual-gate TFT transducer unit. The inset shows a
photograph of the fabricated transparent transducer unit. The average transmittance at visible light
(wavelength 550–800 nm) of the device is 76.96 %.

The capacitance–voltage (C–V) characteristics were measured using an Agilent 4284A
Precision LCR meter (Agilent Technologies, Santa Clara, CA, USA). All the electrical characteris-
tics of the a-IGZO TFTs and pH sensor platforms were characterized using an Agilent 4156 B
Precision Semiconductor Parameter Analyzer (Agilent Technologies) in a dark box to eliminate
noise or light. A pH buffer solution (pH 3.0, 4.0, 6.0, 7.0, 9.0, 10.0) and a commercial Ag/AgCl
reference electrode (Horiba 2086A-06T, Kyoto, Japan) were prepared for pH sensing.

3. Results

3.1. C–V Characteristics of the Coplanar Dual-Gate

Figure 3a shows an optical microscope image of a coplanar dual-gate TFT. The SG
was designed to have a fixed size of 90 × 420 μm2, whereas the CG had various sizes of
90 × 420 μm2, 80 × 200 μm2, 80 × 110 μm2, and 60 × 70 μm2. The measured C–V curves
for the various CG sizes are shown in Figure 3b. The capacitances of the CGs with the
four dimensions specified above were 2.1 pF, 4.54 pF, 6.67 pF, and 12.65 pF, respectively.
Meanwhile, the capacitance of the SG was 12.94 pF, which is almost identical to that of
the CG of the same size. The relationship between the gate area and capacitance is shown
in Figure 3c; the figure shows that the capacitance increased linearly with an increase in
the area. The inset shows the relationship between the CSG/CCG and the gate area ratio
(ASG/ACG), which indicates that the CSG/CCG is linearly proportional to the ASG/ACG.
Therefore, by adjusting the area of the SG and CG, we can easily control the CSG/CCG,
which is similar to the amplification ratio in capacitive coupling.

 

Figure 3. (a) Optical microscope image, (b) capacitance–voltage curve, and (c) capacitance–gate
area relationship of the a-IGZO coplanar dual-gate TFT. The inset shows the relationship between
CSG/CCG and ASG/ACG.
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3.2. DC Bias Coupling Test of the a-IGZO Coplanar Dual-Gate TFT

Figure 4a shows the schematic illustration of the electrical equivalent circuit of an
a-IGZO coplanar dual-gate TFT, depicting a simplified model in which the parasitic capaci-
tance components are ignored. The CG where the gate voltage sweeps and the SG where
the electrochemical potential of the pH buffer solution is biased are capacitively connected
via an electrically isolated FG. In this case, the voltages of the coplanar gates (VCG and
VSG) are capacitively coupled to FG (VFG), as expressed in Equation (1). The relationship
between VCG and VSG can then be expressed as given in Equation (2). Consequently, the
change in the potential of the SG (ΔVSG) can be amplified as the capacitance ratio of the
CSG/CCG by capacitive coupling, as expressed in Equation (3). In addition, the ratio of
the sensing gate capacitance to the control gate capacitance can modify the relationship
between ΔVSG and ΔVCG.

VFG =
CCG

CSG + CCG
VCG +

CSG

CSG + CCG
VSG (1)

VCG =
CSG + CCG

CCG
VFG − CSG

CCG
VSG (2)

∴ ΔVCG ∝
CSG

CCG
ΔVSG (3)

 

Figure 4. (a) Simplified schematic illustration of the electrical equivalent circuit of an a-IGZO coplanar
dual-gate TFT. Shifts in the transfer characteristic curve for amplification factor of (b) 0.98 and (c) 6.16
when SG bias (VSG) is varied from +300 mV to −300 mV at intervals of 150 mV. (d) ΔVCG/ΔVSG for
various values of CSG/CCG obtained at IRead = 1 nA.

Prior to the pH sensing measurements, a DC bias-coupling test was conducted to
verify the amplification factor because of capacitive coupling. When a DC bias voltage is
applied to the SG, the threshold voltage of the CG shifts according to the magnitude of
the SG bias. The shifts in the transfer characteristic curve for CSG/CCG of 0.98 and 6.16 are
shown in Figure 4b,c, respectively. When the SG bias was varied between +300 mV and

106



Chemosensors 2023, 11, 46

−300 mV, at intervals of 150 mV, a decrease in the drain current and a rightward shift in the
transfer characteristic curve were observed in response to a decrease in the VSG. Figure 4d
shows the amplification factor (ΔVCG/ΔVSG) for various CSG/CCG values extracted at a
read drain current (IRead) of 1 nA. It can be observed that there is a linear proportional
relationship between ΔVCG/ΔVSG and CSG/CCG. For the CSG/CCG values of 0.98, 1.94, 2.85,
and 6.16, the values of ΔVCG/ΔVSG were 0.99, 1.99, 2.86 and 6.13, respectively. Therefore,
we demonstrated that ΔVSG can be amplified by the amplification factor.

Table 1 lists the values of ΔVCG/ΔVSG obtained from the DC bias test for various
amplification factors.

Table 1. Amplification factors (ΔVCG/ΔVSG) obtained from the DC bias test of the a-IGZO coplanar
dual-gate TFT.

CSG/CCG ΔVCG/ΔVSG R2 (%)

0.98 0.99 99.93
1.94 1.99 99.95
2.85 2.86 99.99
6.16 6.13 99.98

3.3. pH Sensing Characteristics of the a-IGZO Coplanar Dual-Gate TFT pH sensor

The pH response of the FET-type chemical sensor can be explained by combining the
Gouy–Chapman–Stern (GCS) theory and the site-binding model (SBM) [34–36]. According
to the GCS theory, an electric double layer is created at the interface between the sensing
membrane and the electrolyte solution. In addition, the surface potential (ψ) of the corre-
sponding interface in the SBM is a critical parameter for the ion-sensing capability, which is
summarized in Equation (4) [37,38]:

2.303
(

pHpzc− pH
)
= βψ+ sin h−1

[
σ0

2q(Kb/Ka)
1/2Ns

]
− ln

(
1− σ0

qNs

)
(4)

where k is the Boltzmann constant, T is the temperature of the Kelvin system, q is the
elementary charge, β is the dimensionless chemical sensitivity of the sensing membrane,
pHpzc is the pH at which the net charge of the surface is zero, σ0 is the charge density, and
the Ns is the total number of the sites per unit area; ψ varies depending on the chemical
properties of the sensing membrane and the pH of the electrolyte. The values of the pHpzc
and β of SnO2 that we adopt as sensing membrane are 5.6 and 58.6, respectively. According
to this model, the sensing characteristics of the FET-type chemical sensors are determined
using Δψ. However, in this model, the sensitivity of the conventional single-gate FET-type
pH sensor cannot exceed the physical limit of ~59.14 mV/pH at 300 K, which is known as
the Nernstian limit. To overcome this fatal drawback, we introduced a coplanar dual-gate
structure based on capacitive coupling, which amplifies the small potential change in the
SG and makes it detectable in the CG.

Figure 5a,b show the transfer characteristic curves of the a-IGZO coplanar dual-gate
TFT pH sensor for CSG/CCG values of 0.98 and 6.16, respectively, indicating that they shift
with the pH. The sensing properties were measured with a pH buffer solution of pH 3 to 10
at 300 K. The practical pH sensitivities of various CSG/CCG values obtained at IRead = 1 nA
are shown in Figure 5c. The pH sensitivities for CSG/CCG values of 0.98, 1.94, 2.85, and 6.16
were 57.77 mV/pH, 116.4 mV/pH, 174.38 mV/pH, and 359.28 mV/pH, respectively. The
pH sensitivity without capacitive coupling (CSG/CCG = 1) was 58.29 mV/pH. It is note-
worthy that the proposed sensor exhibited high-performance pH sensing properties that
far exceeded the Nernstian limit without additional amplification circuits. This is because
the capacitive coupling of the coplanar dual-gate structure enables self-amplification in
practical pH sensing operations.
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Δ

Figure 5. Transfer characteristics curves of the a-IGZO coplanar dual-gate TFT pH sensor in various
pH buffer solutions for CSG/CCG of (a) 0.98 and (b) 6.16. (c) pH sensitivity for various CSG/CCG

values (IRead = 1 nA).

3.4. Non-Ideal Behavior of the a-IGZO Coplanar Gate TFT pH Sensor

In addition to sensitivity, stability and reliability are important performance indicators
of chemical sensors. To verify whether the proposed sensor system ensures repetitive
sensing operation over a relatively short period and long period, we measured the hysteresis
and drift effects. The hysteresis and drift effects are typical non-ideal behaviors that prevent
accurate detection by sensors. The hysteresis effect often arises from the reaction between
electrolyte ions (H+ or OH−) and the surface, or from the slow transport of ionic species in
the sensing membrane bulk [39]. The drift effect is caused by the permeation of ionic species
in the electrolyte or by defects in the sensing membrane through hopping or trap-limited
transport [40,41]. The hysteresis effect was measured for a total of 50 min by changing the
pH of the buffer solution at 300 K in the order of 7→10→7→4→7. Then, the hysteresis
voltage (VH) was extracted from the ΔVCG difference between the start and end points of
the pH loop. Figure 6a shows the VH for various CSG/CCG values; the VH values were
5.29 mV, 9.13 mV, 13.83 mV, and 20.54 mV for CSG/CCG values of 0.98, 1.94, 2.85, and
6.16, respectively. The drift rate (Rdrift) was determined by immersion in a pH 7 buffer
solution at 300 K for 10 h. Figure 6b shows the drift rates; the Rdrift values were 7.84 mV/h,
16.71 mV/h, 32.21 mV/h, and 65.08 mV/h for CSG/CCG values of 0.98, 1.94, 2.85 and
6.16, respectively. As capacitive coupling amplifies the surface potential of the sensing
membrane connected to the SG, both the VH and Rdrift increase with an increase in the
CSG/CCG. However, it can be observed that the increments in VH and Rdrift are smaller
than that of sensitivity.

 

ΔΔ

Figure 6. Non-ideal behavior of the a-IGZO coplanar dual-gate TFT pH sensor. (a) Hysteresis and (b)
drift effects for various CSG/CCG values.

Table 2 summarizes the pH sensing properties of the proposed a-IGZO coplanar
dual-gate TFT pH sensor. It can be observed that the increments in the VH and Rdrift with
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an increase in the CSG/CCG are less than 9.1% and 18.5% that of sensitivity, respectively.
Therefore, the proposed a-IGZO coplanar gate TFT pH sensor is a stable and reliable
chemical sensor platform with a sensitivity high above the Nernstian limit.

Table 2. pH sensing characteristics of the a-IGZO coplanar dual-gate TFT pH sensor.

CSG/CCG
Sensitivity
(mV/pH)

ΔVCG/ΔVSG VH (mV) Rdrift (mV/h) VH to Sensitivity (%) Rdrift to Sensitivity (%)

0.98 57.77 0.99 5.29 7.84 9.1 13.3
1.94 116.4 1.99 9.13 16.71 7.8 14.4
2.85 174.38 2.99 13.83 32.21 7.9 18.5
6.16 359.28 6.16 20.54 65.08 5.7 18.1

3.5. Bending Test of the a-IGZO Coplanar Dual Gate TFT

In the sensor system, the flexibility of the sensor must be evaluated by the sensing
characteristics after repeated bending operation. For flexible chemical sensor platform
applications, it is necessary to maintain the sensing characteristics, including sensitivity
and the amplification factor, without a significant degradation of the electrical properties,
even after repeated bending operations. As a result of the mechanical stress accompanying
the deformation of the flexible PI substrate, various parts of the TFT device, such as the
gate insulating film, channels, electrodes, or their interfaces, may undergo irreversible
mechanical damage [42].

Figure 7a shows a TFT transducer unit bent to a diameter of 3 mm using a vernier
caliper. The inset shows an optical microscope image after the bending test, that is, 500 bend-
ing cycles to a diameter of 3 mm. Compared with the sample before the bending test, there
were no recognizable defects in the a-IGZO channel, S/D electrode, or coplanar gates, indi-
cating that there was no mechanical damage caused by the bending. Therefore, the bending
tests verified the flexibility and mechanical strength of the a-IGZO coplanar dual-gate TFT
on the PI substrate. Bending not only affects the optical and mechanical properties, but
also the electrical characteristics [42,43]. In FET-type sensor systems in which the electrical
characteristics directly affect the sensing characteristics, poor electrical characteristics lead
to the deterioration of the sensing characteristics. Therefore, to verify the flexible character-
istics of the -IGZO coplanar dual-gate TFT on the PI substrate, we measured the pH sensing
characteristics after repeated bending tests. Figure 7b,c show the transfer curves after
500 bending cycles to a diameter of 3 mm for CSG/CCG values of 0.94 and 6.16, respectively.
Figure 7d shows the pH sensitivity for various CSG/CCG values after the repeated bending
tests. The pH sensitivity obtained from the bending test, using the same samples, slightly
decreased from 57.77 mV/pH, 116.4 mV/pH, 174.38 mV/pH, and 359.28 mV/pH before
bending to 56.45 mV/pH, 113.6 mV/pH, 165.45 mV/pH, and 345.09 mV/pH after bending,
respectively. In addition, slight changes in the ΔVCG/ΔVSG, from 0.99, 1.99, 2.99, and 6.16
to 0.97, 1.95, 2.84, and 5.92, were observed before and after bending, respectively. It is
considered that the slight decrease in the sensitivity and ΔVCG/ΔVSG after the bending test
is caused by repeated mechanical stresses on the device. However, the decrease in sensitivity
is almost negligible, up to 5.1%, and the bent device still gives a high pH sensing performance,
above the Nernstian limit, as summarized in Table 3. Accordingly, we conclude that the a-IGZO
coplanar dual-gate TFT on a PI substrate is a suitable flexible chemical sensor system that gives
a high sensing performance, even after repeated bending tests.
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VCG/ VSG after the bending test is caused by repeated mechanical stresses on the device. 

However, the decrease in sensitivity is almost negligible, up to 5.1%, and the bent device 
still gives a high pH sensing performance, above the Nernstian limit, as summarized in 
Table 3. Accordingly, we conclude that the a-IGZO coplanar dual-gate TFT on a PI sub-
strate is a suitable flexible chemical sensor system that gives a high sensing performance, 
even after repeated bending tests. 

Figure 7. (a) Image of an a-IGZO coplanar dual-gate TFT converter unit on a PI substrate bent to a 
diameter of 3 mm using vernier calipers. The inset shows an optical microscope image obtained 
after the bending test. Transfer characteristic curves after 500 bending cycles to a diameter of 3 mm 
for CSG/CCG values of (b) 0.98 and (c) 6.16. (d) pH sensitivity for various CSG/CCG values after repeated 
bending tests (IRead = 1 nA). 

Table 3. PH-sensing characteristics obtained from the bending test of the a-IGZO coplanar dual-
gate TFT. 

CSG/CCG Sensitivity before Bending 
(mV/pH) 

Bending Cycles 
(Times) 

Sensitivity after Bending 
(mV/pH) 

Decrease Rate of Sensitivity 
after Bending (%) 

0.98 58.77

100 57.42 2.3
200 57.28 2.5
300 56.98 3.0
400 56.52 3.8
500 56.45 3.9

1.94 116.40

100 116.08 0.3
200 115.89 0.4
300 114.77 1.4
400 113.73 2.3
500 113.60 2.4

2.85 174.38

100 173.37 0.6
200 172.90 0.8
300 169.46 2.8
400 168.99 3.1
500 165.45 5.1

6.16 359.28
100 358.02 0.3
200 356.69 0.7
300 351.19 2.3

Figure 7. (a) Image of an a-IGZO coplanar dual-gate TFT converter unit on a PI substrate bent to a
diameter of 3 mm using vernier calipers. The inset shows an optical microscope image obtained after
the bending test. Transfer characteristic curves after 500 bending cycles to a diameter of 3 mm for
CSG/CCG values of (b) 0.98 and (c) 6.16. (d) pH sensitivity for various CSG/CCG values after repeated
bending tests (IRead = 1 nA).

Table 3. PH-sensing characteristics obtained from the bending test of the a-IGZO coplanar dual-gate TFT.

CSG/CCG
Sensitivity before Bending

(mV/pH)
Bending Cycles

(Times)
Sensitivity after Bending

(mV/pH)
Decrease Rate of Sensitivity

after Bending (%)

0.98 58.77

100 57.42 2.3
200 57.28 2.5
300 56.98 3.0
400 56.52 3.8
500 56.45 3.9

1.94 116.40

100 116.08 0.3
200 115.89 0.4
300 114.77 1.4
400 113.73 2.3
500 113.60 2.4

2.85 174.38

100 173.37 0.6
200 172.90 0.8
300 169.46 2.8
400 168.99 3.1
500 165.45 5.1

6.16 359.28

100 358.02 0.3
200 356.69 0.7
300 351.19 2.3
400 349.58 2.7
500 345.09 3.8

4. Conclusions

We investigated a fully transparent and flexible high-performance pH sensor based
on an a-IGZO TFT transducer with a coplanar dual-gate structure on a PI substrate. The
proposed pH sensor system was constructed by electrically connecting a sensing unit and
an a-IGZO TFT transducer unit prepared on different substrates to protect the transducer
from chemical damage. The transducer unit consists of an ITO FG, SG electrodes, CG,
a-IGZO TFT channel, and ITO S/D electrodes on a flexible PI substrate, which are all
transparent materials. The EG sensing unit was prepared on a separate glass substrate. In
the proposed pH sensor system, we designed a capacitive coupling between the SG and
CG through the FG of the a-IGZO TFT transducer to contribute to sensitivity amplification.
We conducted a DC bias-coupling test and found that the CSG/CCG ratio increased linearly
with the area ratio of the SG to CG (ASG/ACG) and determined the sensitivity amplification.
We measured the potentials of various buffer solutions using a pH sensor composed of
an a-IGZO TFT transducer unit and a SnO2 EG sensing unit and found that the practical
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pH sensitivity was amplified in a linear ratio to CSG/CCG. The amplification ratio could
be determined by the area ratio of the SG to CG, which increased the pH sensitivity to
359.28 mV/pH at a CSG/CCG value of 6.16; this value is significantly larger than the
Nernstian limit of 59.14 mV/pH at room temperature (300 K). In addition, we evaluated
the stability and reliability by measuring the non-ideal behaviors, including the hysteresis
and drift effects. The amplification of sensitivity with an increase in the CSG/CCG ratio was
much larger than the increase in the hysteresis voltage and drift rate, indicating that our
proposed a-IGZO coplanar dual-gate TFT pH sensor is a stable and reliable high-sensitivity
FET-based chemical sensor platform. Finally, the flexibility of the a-IGZO coplanar dual-
gate TFT converter was evaluated via a bending test, and the electrical properties were
maintained without mechanical damage, even after 500 bending cycles, to a diameter of
3 mm. Therefore, the fully transparent and highly sensitive IGZO coplanar dual-gate
TFT-based pH sensor proposed in this study can be applied to wearable and portable
high-performance chemical sensor platforms.
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Abstract: This study proposes a bidirectional chemical sensor platform using ambipolar double-gate
ion-sensitive field-effect transistors (ISFET) with microwave-assisted Ni-silicide Schottky-barrier (SB)
source and drain (S/D) on a fully depleted silicon-on-insulator (FDSOI) substrate. The microwave-
assisted Ni-silicide SB S/D offer bidirectional turn-on characteristics for both p- and n-type channel
operations. The p- and n-type operations are characterized by high noise resistance as well as
improved mobility and excellent drift performance, respectively. These features enable sensing
regardless of the gate voltage polarity, thus contributing to the use of detection channels based
on various target substances, such as cells, antigen-antibodies, DNA, and RNA. Additionally, the
capacitive coupling effect existing between the top and bottom gates help achieve self-amplified pH
sensitivity exceeding the Nernst limit of 59.14 mV/pH without any additional amplification circuitry.
The ambipolar FET sensor performance was evaluated for bidirectional electrical characteristics,
pH detection in the single-gate and double-gate modes, and reliability in continuous and repetitive
operations. Considering the excellent characteristics confirmed through evaluation, the proposed
ambipolar chemical sensor platform is expected to be applicable to various fields including biosensors.
And through linkage with subsequent studies, various medical applications and precision detector
operations for specific markers will be possible.

Keywords: Ni-silicide; Schottky-barrier source and drain; ambipolar conductance characteristics;
microwave irradiation (MWI); ion-sensitive field-effect transistor (ISFET); capacitive coupling

1. Introduction

Owing to the frequent incidence of global pandemics, medical care is garnering exten-
sive attention among researchers. Hence, sensors based on various detection technologies
are being introduced, such as antibody-coated virus sensors, label-free electrochemical
sensors, and field-effect transistor (FET)-based biosensors [1–3]. Biosensors have great
potential for detecting disease markers and microorganisms in clinical diagnoses and
point-of-care (PoC) detection, and have therefore been used for monitoring in biomedical,
environmental, industrial, and agricultural applications. Among the different types of
biosensing systems available, the FET-type biosensor is one of the most attractive electrical
biosensors. Several FET-based biosensors have been developed to study the biomolecular
interactions that drive biological responses of in vitro and in vivo systems [4,5]. Further-
more, ion-sensitive FETs (ISFETs) are the most common type of biosensors and are highly
advantageous owing to their fast measurement capabilities, easy operation with a small
amount of the sample, label-free sensing, low cost owing to CMOS process compatibil-
ity, and compact or portable instrumentation [6,7]. However, despite these advantages,
ISFETs cannot be commercialized owing to their relatively low sensitivity because of the
Nernst limitation (~59.14 mV/pH at room temperature) [6,8]. To overcome this issue,
many studies have attempted to increase the sensitivities of ISFETs [9,10]. In particular,
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the double-gate (DG) sensing mode of ISFETs can amplify sensitivity through capacitive
coupling considering the capacitances of the gate electrodes positioned above and below
the thin-film channel without additional amplifying circuitry [11]. Meanwhile, the increase
in series resistance and capacitance of the source/drain (S/D) junction of the ISFET due to
miniaturization and integration of biomedical sensors can limit rapid biosignal responses,
which are important for understanding S/D formation in early diagnosis and improved
therapy in the future [12,13]. Typically, S/D formation is achieved via high-dose ion im-
plantation and high-temperature activation annealing processes. However, this method
is complicated and can cause defects owing to lattice damages caused by the implanted
ions [14,15]. Conversely, the Schottky-barrier (SB) S/D using metal-based silicide has a
simpler process compared to conventional impurity doping and can hence reduce the
series resistance further [14]. Among the transition metal silicides, Ni-silicide exhibits a low
resistance, low process temperature, low Si consumption, and significantly lower resistance
degradation in a narrow line. Additionally, it can achieve ambipolar switching behaviors
because it is a midgap metal that is used as in standard metal contacts for both n- and
p-type MOSFETs [16,17]. The ambipolar switching characteristic has two operating regions
that are turned on depending on the polarity of the gate bias, which is advantageous in
many applications [18–20].

Therefore, in this study, we propose a bidirectional chemical sensor platform based on
an ambipolar DG ISFET and a separated extended-gate (EG) structure. Considering that
p-type MOSFETs have almost two orders of magnitude lower noise than n-type MOSFETs,
p-type ISFETs are preferable for reducing noise. Conversely, n-type ISFETs exhibit higher
mobility and improved drift performances [21,22]. The proposed ambipolar ISFET has
a unique advantage: it can operate as a p-type device when high noise immunity is
required and as an n-type device when improved mobility or drift performance is required.
Furthermore, to achieve excellent ambipolar switching properties, Ni-silicide was formed
using high-efficiency microwave irradiation (MWI) with a low thermal budget [23,24].
Thus, we successfully implemented a bidirectional chemical sensor platform capable of
pH sensing for both positive and negative gate voltage (VG) polarities. Additionally, we
used the EG structure to prevent direct contact between the gate dielectric of the ISFET
and analytes to improve immunity to nonideal effects and the lifetime of the transducer.
The transducer performance was further evaluated by measuring the transfer and output
characteristics of the fabricated DG ambipolar ISFET. We also evaluated the pH sensitivity
in the conventional single-gate (SG) and proposed DG sensing modes to amplify sensitivity
by itself without needing additional amplification circuitry. The nonideal effects, such as
hysteresis and drift, were evaluated to verify the sensor stability during repetitive and
continuous operations. With its simple process and bidirectional operation, the proposed
chemical sensor platform is expected to be a promising candidate for detecting specific
markers in various applications.

2. Materials and Methods

2.1. Fabrication of the Ambipolar DG ISFET and EG Unit

The proposed ambipolar DG ISFETs were fabricated on a silicon-on-insulator (SOI)
substrate comprising a 100-nm-thick p-type top Si layer doped with 1 × 1015 cm−3 and a
200-nm-thick buried oxide layer. After removing the surface contaminants of the SOI
substrate through RCA cleaning, the upper Si layer was etched with 2.38 wt.% tetram-
ethylammonium hydroxide (TMAH) solution to prepare a 60-nm-thick, fully depleted SOI
substrate. The active area of a FET transducer of length (L) and width (W) 20 μm and
10 μm, respectively, was defined by photolithography and plasma reactive ion etching (RIE)
using SF6 gas.

After depositing a 150-nm-thick Ni layer using an electron beam evaporator, Ni was
selectively left in the S/D region through a lift-off process. Then, using a 600 W MWI source
for 2 min in an N2 ambient, Ni-silicide, which is a key material for bipolar switching, was
formed [25]. Unreacted Ni was removed using a sulfur peroxide mixture (SPM) for 10 min.
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As the top-gate insulator, a 70-nm-thick SiO2 layer was deposited using an RF magnetron
sputtering system. A 150-nm-thick Al film was deposited with an e-beam evaporator,
followed by photolithography and wet etching by H3PO4 to form a top-gate electrode.
The buried oxide layer of the SOI substrate serves as the bottom-gate insulator of the FET.
Additionally, a 150-nm-thick Al film was deposited on the backside of the SOI substrate to
form the bottom-gate electrode. After the local opening of the S/D contact for the holes
in the top gate-oxide layer, a forming gas (H2:N2 = 5%:95%) annealing was performed for
30 min at 450 ◦C to improve the electrical characteristics of the ISFET.

Meanwhile, a separate EG unit was prepared to prevent deterioration owing to direct
contact between the buffer solution and gate insulator of the FET transducer, which was
fabricated on a 1.5 × 3 cm2 glass substrate. A 300-nm-thick indium tin oxide (ITO) conduc-
tive layer and a 50-nm-thick SnO2 sensing film were sequentially deposited on the glass
substrate using an RF magnetron sputtering system. This layer acts as a receptor for the
surface potential change and transfers the applied potential change. After the formation
of the sensing layer, polydimethylsiloxane (PDMS) reservoir was attached with silicone
glue for injecting the pH buffer solution. Figure 1 shows the schematic of the ambipolar
DG ISFET and EG unit.

Figure 1. (a) Schematic and (b) microscopic image of ambipolar DG ISFET with Ni-silicide SB S/Ds
on an SOI substrate. (c) Schematic and (d) photograph of the fabricated EG unit.

2.2. Characterization of the Fabricated Ambipolar DG ISFET

We evaluated the electrical properties of the fabricated bidirectional chemical sensor
platform using an Agilent 4156B precision semiconductor parameter analyzer. The device
was placed in a dark box to exclude optical and electrical interferences from the external
environment. For the pH response analysis, a commercial ceramic-plug junction-type
Ag/AgCl electrode (Horiba 2080-06T) with an internal solution AgCl-saturated KCl elec-
trolyte was used as the reference electrode. In this experiment, we defined a reference
voltage (VREF) at the ID of 100 pA (read current, IR) to quantify the amount of trans-
fer characteristics (VG–ID) curve shift depending on the pH value of the buffer solution.
Furthermore, the hysteresis and drift effects were measured, which indicated reliability
degradation from repetitive and continuous operations. The hysteresis width voltage (VH)
was determined from the VREF difference between the initial and final pH states in the loop
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path of pH 7 → 4 → 7 → 10 → 7. Additionally, the drift effect monitored the modulation of
VREF when the SnO2 sensing membrane was exposed to a pH 7 buffer solution for 10 h.

2.3. Signal Amplification of the Ambipolar DG ISFET

For an ISFET with a DG structure, the sensing operation can be performed in either
the SG mode, which measures the pH (or biosignal) of the target analyte using the top-gate
electrode (reference electrode), or the DG mode, which measures the signal of the target
analyte with the bottom-gate electrode. In the SG sensing mode, the bottom-gate electrode
is grounded, and VG is swept for the top-gate electrode. At this time, the EG unit and
reference electrode are located at the top-gate electrode, as shown in Figure 2a. Therefore,
the shift of the VG–ID curve is determined only by the surface potential of the sensing
membrane. The modulation of VREF in the top-gate operation (ΔVT

REF), which quantitatively
represents the degree of VG–ID curve shift, can be expressed as

ΔVT
REF = −Δϕ (1)

Figure 2. Simplified schematics of the DG ISFET sensor platform.

The pH sensitivity is limited to 59.14 mV/pH at room temperature owing to the site
binding theory [8,26]. Therefore, the detection accuracy will be poor if the difference in
concentrations is not significant. Similarly, in the DG sensing mode, the EG unit and
reference electrode are connected to the top-gate electrode, and VG is swept for the bottom-
gate electrode, as shown in Figure 2b. In this case, the pH sensitivity may exceed the
sensitivity limit owing to the capacitive coupling effect between the top- and bottom-gate
dielectric layers and is expressed as

ΔVB
REF = −Ctox

Cbox
Δϕ =

Ctox

Cbox
ΔVT

REF (2)

where the modulation of VREF in the bottom-gate operation (ΔVB
REF) is amplified by the

capacitance ratio of the top to bottom gate dielectric layers [9,10,27]. Ctox and Cbox are
the top- and bottom-gate dielectric capacitances, respectively. ΔVB

REF and ΔVT
REF are the

reference voltage modulations of the top and bottom gates, respectively. In this study,
considering that the top- and bottom-gate dielectrics are the same as SiO2, Equation (2) can
be expressed according to the thickness ratio of the top- to bottom-gate dielectrics as

ΔVB
REF = − tbox

ttox
ΔVT

REF (3)

where ttox and tbox are the thicknesses of the top- and bottom-gate dielectrics, respectively.
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3. Results and Discussion

3.1. Evaluation of the Ni-Silicide S/D Region for Ambipolar DG ISFET

Ni-silicide is a typical midgap metal used in both NMOS and PMOS FETs, which
enables ambipolar switching operations. In this study, a Ni-silicide SB S/D was formed
with a low thermal budget through high-efficiency energy transfer of microwaves to
implement an ambipolar DG ISFET with excellent electrical characteristics. Furthermore, to
determine the optimal Ni-silicide formation conditions by MWI, we evaluated the electrical
properties and crystallinity of the Ni-silicide layer based on microwave power. Figure 3a
shows the sheet resistance (Rs) of the Ni-silicide layer under various microwave power
conditions measured using a four-point probe. The MWI process for Ni silicidation was
performed in an N2 ambient for 2 min, and the Rs was measured before and after removing
the unreacted Ni using an SPM. Before SPM etching, because of the remaining Ni layer,
all samples exhibited low Rs. Conversely, in the absence of MWI, the unreacted Ni was
completely eliminated after SPM etching, which resulted in high Rs. However, above
250 W, the Rs decreases significantly after treatment with SPM and Ni-silicide formation is
realized, whereas at 500 W, the decrease in Rs is almost saturated. It is worth noting that
600 W of MWI exhibits the lowest Rs. Therefore, 600 W was determined as the optimal
condition in terms of resistance, thermal budget, and power consumption. Figure 3b
shows the crystallinity of the characterized Ni-silicide layer by X-ray diffraction (XRD)
analysis. The XRD pattern of the as-deposited Ni film showed peaks at (111) and (200)
corresponding to pure Ni crystals. Conversely, after the silicidation process, several other
peaks were observed. At a low microwave power of 250 W, a Ni-silicide peak corresponding
to (310) was observed, indicating silicide formation. Meanwhile, several strong peaks
corresponding to (211), (220), (310), (221), and (301) appeared above 500 W. Accordingly,
we verified that Si and Ni reacted to form high-quality Ni-silicide through MWI treatment
exceeding 500 W [28,29]. From the above results, an MWI of 600 W, which provides the
lowest Rs and good crystallinity, was used for the Ni-silicide SB S/D formation in the
fabrication of the ambipolar DG ISFET. Figure 3c shows the characterization of Schottky
contact of S/D. The characteristic evaluation was performed through Schottky diodes. In
the case of as-deposited Ni film, the rectification characteristics of the diodes are hardly
exhibited due to the low on-current and high leakage current due to interfacial defects
between the Si and unreacted Ni layers. On the other hand, in the Ni silicide junction
diodes in which the silicide reaction occurred by 600 W MWI process, clear rectification
characteristics of high on-current and low leakage current were observed.

Figure 3. (a) Sheet resistance (Rs) and (b) XRD patterns of the microwave-assisted Ni-silicides formed
under various MWI powers. (c) The characterization of Schottky contact of S/D.

3.2. Electrical Characteristics of the Ambipolar DG ISFET with Ni-Silicide SB S/D

The electrical characteristics of the FET transducer play an essential role in the pH
sensing operation; hence, we measured the transfer characteristic (VG–ID) curves during the
top- and bottom-gate operations to verify these characteristics. Figure 4 shows the electrical
characteristics of the proposed device. Figure 4a shows the VG–ID curves for the top-
and bottom-gate operations in the p- and n-regions, respectively. The drain voltages were
−50 mV and 50 mV for the p- and n-regions, respectively. It is seen that the fabricated device
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exhibits distinct ambipolar conduction behaviors for the top- and bottom-gate operations.
Furthermore, changing the polarity of the gate bias can cause the FET to behave as a p-type
or an n-type channel. Additionally, the top gate allows a larger drive current compared
to the bottom gate considering that the top-gate oxide is thinner than the bottom-gate
oxide. Figure 4b shows the output characteristics (VD–ID) curves for the top- and bottom-
gate operations in the p- and n-regions, respectively. For both the top- and bottom-gate
operations, the drain current (ID) exhibited a pinch-off characteristic that increased linearly
in the low drain voltage (VD) region before gradually saturating in the high VD region.
Based on these transfer and output characteristics, we can confirm that the ambipolar DG
FET transducer with Ni-silicide SB S/D was well-formed by the 600 W MWI process.

Figure 4. Transfer characteristic (VG–ID) curves of the bipolar DG ISFETs operated by the top- or
bottom-gate voltages in the (a) p and n regions. (b) Output characteristic (VD–ID) curves of the bipolar
DG ISFETs operated by the top- or bottom-gate voltages in the p and n regions, respectively.

3.3. pH Sensing Performance of the Ambipolar DG ISFET

Generally, pH sensitivity is determined by the changes in the surface potential (Δϕ)
per unit pH value, where ϕ is defined by the ion concentration in the pH buffer solution,
given as [8,26]:

ϕ = 2.303
kT
q
(

β

β + 1
)
(

pHpzc − pH
)

(4)

where k is the Boltzmann constant, T is the absolute temperature, q is the elementary charge,
pHpzc is the pH value at the point of zero charge, and β is the chemical sensitivity of the
gate dielectric. Figure 5 shows the VG–ID curves of the ambipolar DG ISFET for different
pH buffer solutions. The pH values of the buffer solutions used for the measurements
were 3.07, 4.08, 5.99, 6.95, 8.97, and 9.87. Figure 5a,b show the sensing properties of the p
and n regions in the SG sensing mode, respectively. In both cases, as the pH of the buffer
solution increased, the transfer characteristic curve shifted toward the positive VG direction.
Figure 5c,d show the shift of the VG–ID curve in the DG sensing mode. In this case, despite
the same sensing membrane, the shift of the transfer curve is larger than that in the SG
sensing mode. This indicates that the pH sensitivity is highly dependent on the transducer
performance and quality of the sensing membrane. Since the DG ISFET is capacitively
coupled between the top- and bottom-gate electrodes, it can self-amplify the sensitivity
according to Equation (3) without the need for any additional amplification circuitry.
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Figure 5. Transfer characteristic (VG–ID) curves of the ambipolar DG ISFET for different pH buffer
solutions. SG mode sensing in the (a) p region and (b) n region. DG mode sensing in the (c) p region
and (d) n region.

Figure 6 shows the shift in the reference voltage (ΔVREF) for the p and n regions as a
function of the pH value. Herein, VREF was determined at a constant read drain current (IR) of
100 pA. The SG-mode pH sensitivities of the ambipolar sensor were 58.8 and 58.7 mV/pH in
the p and n regions, respectively. According to the site coupling theory, the ISFET exhibits
a low sensitivity of 59.14 mV/pH, whereas the proposed ambipolar sensor exhibits a
sensitivity close to the Nernst limit in the SG sensing mode. Conversely, in the DG sensing
mode, the pH sensitivities increased by approximately 3 times compared to those in the SG
sensing mode. The extracted pH sensitivities were 177.5 and 175.0 m V/pH for the p and n
regions, respectively; this magnification is almost identical to the potential increase by the
amplification factor, ttox/tbox, in Equation (3).

Figure 6. Reference voltage shift (ΔVREF) in the (a) p- and (b) n-region operations as a function of the
pH value. The symbols and lines represent the experimental data and linear fits, respectively.
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3.4. Reliability and Stability of the Ambipolar DG ISFET

As both the pH sensitivity and reliability of the fabricated ambipolar ISFETs must
be ensured for repeated and continuous operations, we evaluated the hysteresis and drift
effects to derive the reliability in the SG and DG sensing modes. Figure 7 shows the
hysteresis width voltage (VH) measurements when the sensing membrane undergoes a
gradual change in the pH buffer solution. The sensing membrane of the EG unit comprises
hydroxy groups, which are capable of capturing or releasing hydrogen ions. Although
the surface of the sensing membrane is capable of fast bonding to hydrogen ions, the bulk
exhibits slower bonding. This results in the degradation of reliability during the repetitive
operation, called the hysteresis effect [30–32]. Measurements were conducted for a total
of 50 min at intervals of 2 min and 10 min per buffer solution. The VH values obtained
in the pH loop of 7 → 4 → 7 → 10 → 7 were 5.8 mV and 4.2 mV for the p and n regions,
respectively, for the SG sensing mode and 8.6 mV and 5.1 mV, respectively, for the DG
sensing mode.

Figure 7. Hysteresis effect of the ambipolar DG ISFET in the (a) p region and (b) n region for three
different buffer solutions with pH values of 4, 7, and 10. The open and closed circles represent ΔVREF

in the SG and DG sensing modes, respectively.

During continuous operation for a long period, a hydration layer is formed on the surface
of the sensing film, which diffuses ions of the electrolyte into the sensing membrane to alter its
properties [30,33]. This results in a drift phenomenon accompanied by significant noise, which
is considered a critical obstacle. Figure 8 shows the drift effect measurement when the EG is
immersed in a pH 7 buffer solution for 10 h. The drift rates were 23.0 and 14.1 mV/h in the p
and n regions, respectively, for the SG sensing mode and 30.2 and 18.3 mV/h, respectively,
for the DG sensing mode. Although the differences in the drift rates were insignificant,
the n-type operation was better compared to the p-type operation. As in the case of the
hysteresis voltage, the drift rates of the SG and DG modes were much smaller than the
sensitivities. The ratios of drift rate to sensitivity were 39.12% and 24.02% in the SG mode
and 17.01% and 10.46% in the DG mode, respectively. These results mean that changing
from the SG to DG mode increases the sensitivity by 201.87% and 198.13% and drift rates
by only 31.3% and 29.79%, respectively. This indicates that in both the p and n channels,
the stability and reliability are higher in the DG mode than in the SG mode owing to
high sensitivity.
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Figure 8. Drift effects of the ambipolar DG ISFET in the (a) p region and (b) n region when the
sensing membrane is immersed in a pH 7 buffer for 10 h. ΔVREF was monitored in the SG and DG
sensing modes.

Table 1 summarizes the pH sensing performances of the proposed ambipolar DG
ISFETs. The fabricated device exhibits amplified sensitivity depending on the capacitance
ratio of the top- to bottom-gate electrodes. Specifically, it is worth noting that the increase in
nonideal behavior is significantly lower than the amplification of sensitivity, which indicates
that the proposed bidirectional chemical sensor platform is capable of amplification with
guaranteed reliability and stability, along with operating as a p-type device with good noise
resistance or an n-type device with good mobility and drift performance.

Table 1. pH sensing performance of the fabricated bipolar DG ISFETs.

Sensitivity (mV/pH)
VH

(mV)
Drift Rate (mV/h)

p-region SG mode 58.8 5.8 23.0
DG mode 177.5 8.6 30.2

n-region SG mode 58.7 4.2 14.1
DG mode 175.0 5.1 18.3

Finally, the ISFET inverter is considered as a potential application of the proposed
bipolar ISFET. However, there are some applications where analog details are not required,
and simply determining whether the chemical concentration or pH is above or below
a certain threshold is sufficient. In particular, for DNA sequencing where a “yes”/”no”
answer to the pH change is sufficient, an ISFET inverter can determine whether a chain
extension reaction has occurred [34,35]. Fabricating a typical ISFET inverter requires a
CMOS process where n-type and p-type dopants are implanted and activated. This process
is complex and time-consuming, resulting in high fabrication costs. However, the proposed
ambipolar ISFET does not require doping of the n-type and p-type impurities and is easy to
implement in a CMOS-like inverter with simple silicide formation. Therefore, the CMOS-
like inverter based on the proposed ambipolar ISFET may be a promising candidate for
DNA logic gates.

4. Conclusions

This study proposes a high-performance bidirectional chemical sensor platform based
on ambipolar DG ISFETs with microwave-assisted Ni-silicide SB S/D and a separative
EG unit. The proposed device exhibits ambipolar switching and excellent electrical char-
acteristics as a transducer. Furthermore, the fabricated bipolar chemical sensor platform
exhibits pH sensitivities of 58.8 and 58.7 mV/pH in the p- and n-regions, respectively, in
the SG sensing mode compared to the theoretical limit of sensitivity at room temperature.
Conversely, we achieved excellent pH sensitivities of 177.5 and 175.0 mV/pH in the p-
and n-regions, respectively, in the DG sensing mode, which is approximately three times
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that achieved in the SG sensing mode, owing to the capacitive coupling effect between
the top and bottom gates. The VH values were 5.8 mV and 4.2 mV in the p- and n-regions,
respectively, in the SG sensing mode and 8.6 mV and 5.1 mV, respectively, in the DG sensing
mode. Additionally, the drift rates were 23.0 mV/h and 14.1 mV/h in the p- and n-regions,
respectively, in the SG sensing mode and 30.2 mV/h and 18.3 mV/h, respectively, in the
DG sensing mode. Although the DG mode has larger VH and drift rates compared to
the SG mode, the increase in nonideal effects was found to be relatively small compared
to the sensitivity amplification ratio. Thus, the application of Ni-silicide S/D and DG
structures enables bidirectional sensing operation of the p- and n-channels depending on
the purpose of use while ensuring high sensitivity and stability. In addition to these advan-
tages, the proposed bidirectional chemical sensor platform, which has a simple process and
bidirectional operation capability, is expected to be applicable in various fields including
biosensors. Furthermore, when subsequent study containing bio-selective elements is
introduced, it will be possible to implement a biological event monitoring system that can
detect regardless of the polarity of the target substance and secure high sensitivity.
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Abstract: To facilitate the utility of field effect transistor (FET)-type sensors, achieving sensitivity
enhancement beyond the Nernst limit is crucial. Thus, this study proposed a novel approach for
the development of ferroelectric FETs (FeFETs) using lead zirconate titanate (PZT) ferroelectric
films integrated with indium–tungsten oxide (IWO) channels synthesized via a cost-effective sol-gel
process. The electrical properties of PZT-IWO FeFET devices were significantly enhanced through
the strategic implementation of PZT film treatment by employing intentional annealing procedures.
Consequently, key performance metrics, including the transfer curve on/off ratio and subthreshold
swings, were improved. Moreover, unprecedented electrical stability was realized by eliminating
the hysteresis effect during double sweeps. By leveraging a single-gate configuration as an FeFET
transformation element, extended-gate (EG) detection methodologies for pH sensing were explored,
thereby introducing a pioneering dimension to sensor architecture. A measurement paradigm
inspired by plane gate work was adopted, and the proposed device exhibited significant resistive
coupling, consequently surpassing the sensitivity thresholds of conventional ion-sensitive field-effect
transistors. This achievement represents a substantial paradigm shift in the landscape of ion-sensing
methodologies, surpassing the established Nernst limit (59.14 mV/pH). Furthermore, this study
advances FeFET technology and paves the way for the realization of highly sensitive and reliable ion
sensing modalities.

Keywords: ferroelectric field-effect transistors (FeFETs); ion-sensitive field-effect transistors (ISFETs);
lead zirconate titanate (PZT) ferroelectric films; extended fate ion-sensitive field-effect transistors
(EG-ISFETs); methodologies for pH sensing; sensitivity enhancement; resistive coupling

1. Introduction

The continuous development of industries emphasizes the importance of ion sen-
sitivity measurement, particularly pH measurement, in various fields, such as biology,
medicine, and environmental monitoring [1–3]. Consequently, several studies have fo-
cused on ion-sensitive field-effect transistor (ISFET) technology, which holds potential
for label-free detection, high sensitivity, fast response time, and compatibility with com-
plementary metal-oxide-semiconductor (CMOS) processes [4–6]. In typical ISFETs, the
transducer unit and the sensing membrane are integrated into a single platform. However,
frequent sensitivity measurements degrade the reliability of the transducer unit, leading to
the proposal of the extended gate ion-sensitive field-effect transistor (EG-ISFET), which
separates the transducer and the sensing membrane [7–9]. Recently, extensive research
has been conducted on the transducer, sensing membrane, and overall sensor platform
structure to improve the sensing characteristics and process costs of EG-ISFETs [10–13].
However, studies that comprehensively address the performance enhancement of both the
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transducer and the sensor platform structure are not widely reported. Therefore, in this
study, we fabricated a cost-effective transducer and evaluated its electrical performance
and reliability. Additionally, we introduced a resistive coupling method to replace the
previously studied vertical dual-gate and coplanar gate structures to achieve sensitivity
exceeding the Nernst limit [14–17].

Initially, we focused on the enhancement of the characteristics of the transducer unit
to drive innovative advancements in EG-ISFET technology. As part of this approach, we
fabricated ferroelectric field-effect transistors (FeFETs) incorporating lead zirconate titanate
(PZT) ferroelectric films and indium–tungsten oxide (IWO) channels. The PZT films
were synthesized through a cost-effective sol-gel method [18–21]. PZT films exhibit high
residual polarization, low coercive voltage, and compatibility with silicon processes within
integrated circuits. Further, integration with amorphous oxide semiconductor channels
facilitates the implementation of low-power consumption and excellent on/off performance
characteristics [22,23]. However, PZT films exhibit counterclockwise hysteresis in the
transfer curve owing to typical polarization characteristics, which can result in reliability
and reproducibility issues when applied to ISFET platforms [24,25]. Consequently, PZT
films are subjected to thermal treatment to form a thin trapping layer approximately
2 nm thick [26–28]. Traditional dual sweeps exhibit polarization and charge trapping
characteristics in counterclockwise and clockwise directions, respectively [29]. By balancing
these two characteristics, we optimized thin-film transistors (TFTs) for the transducer unit,
consequently achieving outstanding performance metrics: a hysteresis voltage of less than
10 mV, subthreshold swing (SS) of 88.75 mV/dec, and a current on/off (Ion/off) ratio of
approximately 109. The performance metrics achieved are noteworthy when compared to
bottom gate structure transistors based on PZT thin films, particularly in terms of μFE, SS,
and Ion/off ratio. To facilitate the use of the proposed device as a transducer in the sensor
platform, preliminary DC bias tests were conducted to observe threshold voltage changes
in the transfer curve [30]. Excellent consistency exceeding 99% across various read currents
(IREF) was confirmed.

Consequently, in this study’s EG-ISFET platform, a single-gate configuration PZT-
FeFET was employed as the transducer unit, with an SnO2 sensing membrane. A sensitivity
similar to the Nernst limit was realized in pH sensitivity measurements [31,32]. Further,
we adopted an innovative resistive coupling method inspired by the plane gate in the
sensor platform [33]. Through adjustments to the resistance ratio between the control
gate (CG) resistance (RCG) and the sensing gate (SG) resistance (RSG), we achieved a high
sensitivity of 287.2 mV/pH, which surpassed the traditional Nernst limit of 59.14 mV/pH.
Moreover, to ensure the reliability of the proposed platform, we verified the measurement
sensitivity, hysteresis, and drift effects according to pH value [34,35]. In addition, direct
comparisons and evaluations with results obtained using the existing single-gate-based
EG-ISFET method for the case of RCG/RSG = 1 were conducted.

Thus, our innovative approach, which ingeniously engineered the polarization and
trapping characteristics, achieved unprecedented electrical performance improvements in
FeFET technology and clearly overcame the limitations of the sensing mechanism imposed
by the polarization characteristics being studied [36–38]. Furthermore, the successful
implementation of sensitivity amplification via integration with the self-resistive coupling
sensing platform demonstrated the feasibility of creating an efficient single-gate structure
platform, surpassing the existing complex and high-cost transducer fabrication methods.

2. Materials and Methods

2.1. Material Specifications

The fabricated EG-ISFET comprised transducer and sensing units. For the fabrication
of the sensing unit, glass substrates (7059 glass; Corning Inc., New York, NY, USA), indium–
tin oxide (ITO) sputter target (purity ≥ 99.99%, THIFINE Co., Ltd., Incheon, Republic of
Korea), SnO2 sputter target (purity ≥ 99.99%, THIFINE Co., Ltd.), polydimethylsiloxane
(PDMS; Sylgard 184 silicon elastomer; Dow Corning, Midland, MI, USA), and Ag/AgCl
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electrode (Horiba 2080-06T; Kyoto, Japan) were utilized. Further, sensitivity to pH buffer
solution (Samchun Chemical, Pyeongtaek, Republic of Korea) was measured. To fabricate
the transducer unit, the following materials were employed: indium–tungsten oxide (IWO)
sputter target (purity ≥ 99.99%, THIFINE Co., Ltd.), ITO sputter target (purity ≥ 99.99%,
THIFINE Co., Ltd.), lead acetate trihydrate (Pb(CH3CO2)2·3H2O), Ti-isopropoxide and Zr-
propoxide (Zr:Ti = 52:48), Pt (purity ≥ 99.99%, THIFINE Co., Ltd.), and Ti (purity ≥ 99.99%,
THIFINE Co., Ltd.), SiO2 (purity ≥ 99.99%, THIFINE Co., Ltd.).

2.2. Formation of PZT Thin Film and Fabrication Process of FeFET

The fabrication process flow of the device, as illustrated in Figure 1, is as follows.
A PZT thin film was fabricated on a Pt/Ti/SiO2/Si substrate using the sol-gel method.
The PZT thin film was deposited via spin-coating at a rotation speed of 3000 rpm for 30 s.
Subsequently, to promote evaporation and combustion of volatile substances and minimize
film cracking, it was dried on a hot plate at 150 ◦C for 1 min, followed by annealing at
450 ◦C for 7 min and then at 650 ◦C for 3 min. To achieve the desired thickness, the
annealing processes were repeated six times, yielding a 300 nm thick PZT film. Further,
for film crystallization and intentional trap layer formation, furnace annealing of the
PZT film was conducted at 650 ◦C for 30 min. Thereafter, an IWO channel layer with
dimensions of 60 μm width × 120 μm length was deposited to a thickness of 20 nm using
RF sputtering. Given the high conductivity of IWO, it is essential to engineer the off-
current characteristics. Therefore, optimization was achieved through a comprehensive
parameter evaluation extracted from the transfer curves of PZT-IWO FeFETs with IWO
channel thicknesses of 20, 35, and 50 nm. Subsequently, ITO was deposited to a thickness
of 100 nm and consequently patterned using a lift-off process to form source and drain
electrodes measuring 120 μm × 150 μm. To enhance the electrical properties of the IWO
semiconductor, the deposited film was annealed in a 300 ◦C oxygen environment for 30 min.
Considering the predominant conductivity of indium in the IWO material, an engineered
optimal channel thickness was determined, and the annealing conditions were optimized
to enhance electrical characteristics such as the Ion/off and SS.

Figure 1. Formation of thin film and trap layer through thermal treatment of sol-gel PZT, and
fabrication process of FeFET.

127



Chemosensors 2024, 12, 134

2.3. Fabrication of pH Selective EG Sensing Unit

This study addressed the limitations of sensing platforms reliant solely on a single
device, such as traditional ISFETs, particularly the issue of reduced transistor lifespan
resulting from repeated measurements. To circumvent this challenge, a separate sensing
unit (EG) and transducer (FeFET) were fabricated [39]. The EG was designed to relay
applied potential changes, arising from variations in surface ion concentration, to the
transducer gate. This was achieved via the deposition of a 300 nm thick ITO layer onto
a glass substrate measuring 1.5 cm × 3 cm. Subsequently, a 50 nm thick SnO2 layer
(sensing layer) was deposited onto the ITO layer to serve as a receptor for detecting surface
potential changes corresponding to variations in the pH buffer solution. In addition, to
facilitate contact with the pH buffer solution, a polydimethylsiloxane (PDMS) reservoir
was affixed atop the sensing layer. Finally, a reference electrode (Ag/AgCl) was positioned
approximately 3 mm away from the sensing layer within the PDMS reservoir for immersion
in the buffer solution.

2.4. Design of a Self-Resistive Coupling Circuit for Sensitivity Amplification

Single-gate based EG-ISFETs are plagued by the limitations of the Nernst limit, which
has prompted significant research efforts aimed at enhancing the sensitivity performance.
Consequently, methods to improve device structure, such as the introduction of vertical
dual-gate and coplanar gate structures, have emerged, shifting focus beyond the trans-
ducer’s electrical operation excellence alone. However, the complexity and cost of platform
fabrication, coupled with inefficiencies in sensitivity adjustment, have resulted in new
challenges. These challenges were addressed by designing an innovative self-resistive
coupling circuit. The sensitivity amplification mechanism was similar to co-planar gate
type sensor platforms using the CG and SG concepts. However, we introduced a simple
and efficient approach by incorporating resistors into the EG-ISFET sensor platform. The
surface potential change resulting from the adsorption and desorption of hydrogen ions in
the sensing unit, connected to RSG, along with the operating voltage supplied by Agilent
4156B precision semiconductor parameter analyzer (Hewlett-Packard Co., Palo Alto, CA,
USA) connected to RCG, was capacitively coupled to FG (VFG), which was applied to the
gate voltage of FeFET. Specifically, artificial adjustment according to the ratio of the control
gate resistor (RCG) to the sensing gate resistor (RSG) was performed. Consequently, the
stability and superior sensitivity amplification of the innovative sensor platform were
successfully validated through pH sensitivity measurements at various resistance ratios.

2.5. Device Characterization

The deposition thickness of all materials during the fabrication processes of the trans-
ducer and sensing units was measured using the Dektak XT Bruker stylus profiler (Bruker,
Hamburg, Germany). The electrical characteristics of the transducer and its operational
performance as a sensor platform were evaluated using a precision semiconductor pa-
rameter analyzer (Agilent 4156B), in conjunction with a DC power supply. In addition,
measurements were conducted within a dark box to minimize external interference factors
such as light and noise. Finally, sensitivity measurements were performed for pH 3, 4, 6, 7,
9, and 10 buffer solutions.

3. Results and Discussion

3.1. Electrical Characteristics and Mechanism of PZT-FeFET

The inherent operational characteristics of the transducer unit within the proposed
EG-ISFET sensor-based self-resistive coupling platform are considered pivotal factors.
Therefore, the semiconductor characteristics of the FeFET, encompassing both transfer
and output characteristics, must be assessed. Specifically, enhancements in the Ion/off, SS,
and mobility facilitate swift responses to variations in pH and ion concentration, thereby
improving the real-time monitoring. Moreover, the absence of hysteresis in the dual-sweep
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transfer curve operation ensures the reliability of the semiconductor device for repetitive
sensing measurements.

As depicted earlier in Figure 1, intentional polarity and trap characteristics interac-
tion were induced via the formation of a trapping layer on the surface of the PZT thin
film through conventional thermal annealing (CTA) processes at elevated temperatures.
Figure 2a illustrates the double-sweep transfer curve of the PZT-FeFET, revealing exemplary
transistor behavior characterized by a threshold voltage (Vth) of 0.6 V, SS of 85.75 mV/dec,
Ion/off of 1.91 × 108, and mobility of 15.87 cm2V−1s−1. The bottom Pt serves as the gate,
with voltage applied via the Agilent 4156B, while the drain voltage was set to 1 V.

 

Figure 2. Transfer characteristics (VG–ID) curves of the PZT FeFET: (a) double sweep, and (b) direc-
tion of hysteresis with respect to polarization and trapping. The inset in (b) illustrates the output
characteristics of the PZT-FeFET. The mechanisms, depicting the relative magnitudes of polarization
and trapping, are as follows: (c) polarization dominance, (d) trapping dominance, and (e) interaction
between polarization and trapping.

In Figure 2b, the salient features of the double-sweep curve are depicted under condi-
tions of polarization and charge trap dominance. In general, anticlockwise hysteresis is
observed during the backward sweep owing to the dielectric properties of the PZT thin
film caused by polarization. In contrast, clockwise hysteresis occurs when electrons are
trapped at the interface between the channel and the insulating layer owing to the pres-
ence of a trapping layer. During the dynamic phase where the gate voltage sweeps from
its maximum (Max. Vg) to 0 V, the polarization characteristics (Figure 2c) and trapping
behaviors (Figure 2d) synergize. This yields a device with minimal hysteresis, as evidenced
by the 10 mV hysteresis value depicted in Figure 2e. Further, the inset in (b) presents the
output curve characteristics of the PZT-FeFET, measured in 11 steps by varying |VG–Vth|
as 0–6 V.

Table 1 presents the performance parameters of PZT-based FETs for the devices fabri-
cated in this study and those from earlier studies [29,40–43]. To enable a comprehensive
comparison, an analysis of the parameters extracted from the transfer curves was con-
ducted. First, the hysteresis window (VH) was derived from the transfer curve upon the
application of a gate voltage (Vg) through a double sweep. Without considering the anti-
clockwise and clockwise directions that appeared according to the dominant characteristics
of polarization and trapping, the absolute value of the VH was summarized. The Vth was
extracted using the constant-current method, employing a predetermined drain current
(Ids) value that considered the channel’s width and length. In addition, the SS was extracted
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within the range where the Ids value shifted from 10−10 to 10−9 A. The field-effect mobility
(μFE) was derived using the equation [Ids/Vg] × [L/(WCoxVd)], where W and L represent
the width and length of the channel, respectively, and Cox denotes the capacitance per area
extracted from the metal-PZT-metal capacitor. Finally, the Ion/off was calculated based on
the maximum Ion value at the highest Vg and the minimum Ioff value at approximately
Vg = 0.5 V.

Table 1. Comparison of transfer curve parameters for PZT film-based FeFETs.

Channel
VH

(V)
Vth

(V)
SS

(mV/dec)
μFE

(cm2V−1s−1)
Ion/off

(A/A)
Ref.

IGZO 4 1.2, 2.6 1250 1.5, 3 1.5 × 106 [40]

IGZO 0.5 - 330 10.23 9.5 × 106 [41]

MoS2 0.01 0.2~0.4 85.9 10.01 ~108 [29]

ITO 1.2 - 88 - 105 [42]

IGZO 3.5 - 520 14.2 5.6 × 107 [43]

IWO 0.01 0.8 85.75 15.87 1.91 × 108 This work

Figure 3a presents a comparison of the VH and μFE. VH was widely distributed across
0.01–4 V. This indicated that the proposed device exhibited relatively high stability at the
interface between the PZT thin film and the channel as well as in terms of the operating
characteristics of the channel. In terms of μFE, the excellent conductivity of IWO resulted
in the devices exhibiting a mobility that was 5.86 cm2V−1s−1 higher than similar devices
with comparable hysteresis window values. Figure 3b presents a comparison of the SS and
on/off ratio. Notably, among devices with excellent SS values ranging between 85 and
90 (mV/dec), the fabricated device demonstrated the best performance characteristics.

μ
−

−

Figure 3. Comparison of electrical characteristics parameters of PZT film-based FeFETs: (a) field-effect
mobility (μFE) and hysteresis window (VH) and (b) current on/off ratio (Ion/off) and subthreshold
swing (SS). PZT-IGZO (bronze) [43] (Teng, W.; Bao, S.Y.; Hu, Y.Q.; Deng, X.; Guan, Z.; Chen, B.B.;
Zhong, N.; Xiang, P.H. 2024). PZT-(Al2O3)-IGZO [41] (Jo, Y.; Lee, J.Y.; Park, E.; Kim, H.S.; Choi, H.J.;
Mun, S.; Kim, Y.; Hur, S.; Yoon, J.H.; Jang, J.S.; et al. 2023). PZT-MoS2 [29] (Zhou, C.; Wang, X.; Raju,
S.; Lin, Z.; Villaroman, D.; Huang, B.; Chan, H.L.W.; Chan, M.; Chai, Y. 2015). PZT-IGZO (red) [40]
(Besleaga, C.; Radu, R.; Balescu, L.M.; Stancu, V.; Costas, A.; Dumitru, V.; Stan, G.; Pintilie, L. 2019).
PZT-ITO [42] (Tue, P.T.; Miyasako, T.; Trinh, B.N.Q.; Li, J.; Tokumitsu, E.; Shimoda, T. 2010).
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3.2. DC Bias Test for the Application of PZT-FeFET as Transducer

Variation in the pH value and DC bias voltage can change the potential difference
applied to the gate of the transducer. This indicates the existence of a fundamental mecha-
nism that affects the Vth of the transfer curve [44–47]. Therefore, prior to integrating the
PZT-FeFET into the SG-based EG-ISFET sensor platform, measurements were conducted
to assess the performance of the transducer through a DC bias test. Figure 4a illustrates a
schematic of the DC bias test. An Agilent 4156B was used to apply the voltage, and the
effective voltage applied to the gate was adjusted by varying the magnitude of the DC
bias in the power supply. Specifically, to evaluate the comprehensive performance of the
device’s operating voltage range, we applied a wide range of gate voltages from −3 V
to 6 V, which exceeded the gate voltage sweeping range shown in Figure 2a. Figure 4b
presents the characteristics of 15 steps of the transfer curve measured by varying the DC
bias voltage from 0.7 V to −0.7 V in 0.1 V increments during the voltage sweep. Figure 4d–f
present enlarged data of transfer curves at various IREF levels (0.1, 1, and 10 nA). To verify
the accuracy and consistency of the IREF in three cases owing to changes in the DC bias
voltage, the change in the reference voltage was measured based on the voltage at a DC
bias voltage of 0.7 V. Considering the fitted data presented in Figure 4c, the slopes for IREF
of 0.1, 1, and 10 nA were 0.92, 0.89, and 0.91, respectively, with good linearity of 99.91%,
99.87%, and 99.75%, respectively. Considering the potential interference from the power
supply and external resistance elements between measurements, the results of the DC bias
test demonstrated sufficient reliability when compared to the ideal slope value of 1. Thus,
the DC bias test confirmed the capability of measuring subtle sensitivity changes owing to
potential differences in the manufactured device.

Δ

Figure 4. (a) Schematic illustrating the DC bias test using PZT-FeFET. (b) Transfer curve spanning
the gate voltage range from −3 V to 6 V (with DC bias varying from 0.7 V to −0.7 V in 0.1 V steps
across 15 increments). (c) Variation in reference voltage according to DC bias at IREF levels (0.1, 1, and
10 nA). Enlarged transfer curves corresponding to the IREF levels: (d) IREF = 0.1 nA, (e) IREF = 1 nA,
and (f) IREF = 10 nA.

3.3. SG-Based EG-ISFET for pH Sensing

The validation of the suitability of using PZT-FeFET as a transducer underwent several
stages, culminating in the sensitivity measurements based on ion concentration variations
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using an actual sensor platform. Figure 5a shows the proposed sensor platform, which
was implemented in an EG-ISFET type structure featuring separate transducer and sensing
units. Figure 5b shows the characteristics of the transfer curve of the transducer as the
pH value varied from 3 to 10. These characteristics, indicating off and currents below
10 pA and above 10 μA, respectively, within the gate voltage sweep range (−1 V to 3 V),
demonstrated sufficient reliability compared to both the operational characteristics of the
FeFET and those obtained from the DC bias test. Consequently, the reference voltage shift
(ΔVREF) value was fitted based on variations in the pH values, as shown in the enlarged
data presented in Figure 5b, as depicted in Figure 5c. The results yielded an R2 value of
99.79 and a sensitivity of 57.2 mV/pH at an IREF of 1 nA. Compared to the well-known
Nernst limit of 59.14 mV/pH, a slight sensitivity difference of 1.94 mV/pH was observed,
affirming the excellent sensitivity characteristics of the proposed sensor platform despite
its separation into a transducer and sensing unit.

Δ
Figure 5. (a) Schematic of a PZT single-gate FeFET transducer with SnO2 EG sensing units. (b) VG–ID

curves of the EG-ISFET for different pH buffer solutions. The inset in (b) highlights data pertaining
to the IREF region. (c) Reference voltage shift (ΔVREF) as a function of pH value.

3.4. Sensitivity Amplification by Self-Resistive Coupling

This study implemented an innovative sensor platform that mimicked the functionality
of a co-planar gate-TFT type transducer using a self-resistive coupling approach. Figure 6a
presents the equivalent circuit illustrating the resistive coupling phenomenon. Through
precise adjustments to the ratio of RCG to RSG using resistors, we evaluated the amplification
ratios for three scenarios: 1:1, 3:1, and 5:1. Initially, RCG and RSG were connected in series,
and the total resistance (RCG + RSG) is denoted as RT in Equation (1). The operational voltage
VCG of the transducer and the surface potential change VSG induced by the sensing unit
were capacitively coupled to the VFG of the transducer gate for operation. Consequently,
VFG can be expressed as shown in Equation (2), and VCG as shown in Equation (3). This
indicated that the potential change (ΔVSG) was amplified by the ratio of RCG/RSG, which
changed the CG voltage (ΔVCG), as indicated in Equation (4). Thus, minor potential
changes at the sensing gate (SG) can be enhanced through the resistive coupling effect
and detected at the control gate (CG). Figure 6b summarizes the ΔVREF across the transfer
curve depicted in Figure 6c–e concerning pH values. It was confirmed that ΔVREF was
amplified with sensitivities of 58.7, 130.9, and 287.2 mV/pH, corresponding to changes in
the RCG:RSG ratio, respectively. Consequently, the sensitivity increased by 2.23, 2.19 times,
and up to 4.89 times, respectively, depending on the resistive ratio, thereby demonstrating
maximum amplification. Moreover, the linearity of ΔVREF for each resistive coupling ratio
exhibited reliability values of 99.18%, 99.74%, and 99.72%. Compared to the sensitivity of
57.2 mV/pH for the single-gate EG-ISEFET shown in Figure 5c, the value of 58.7 mV/pH
for the 1:1 ratio confirmed the positive potential of the proposed resistive coupling platform.

RT = RCG + RSG (1)
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VFG =
RSG
RT

VCG +
RCG
RT

VSG (2)

VCG =
RT

RSG
VFG − RCG

RSG
VSG (3)

∴ ΔVCG ∝
RCG
RSG

ΔVSG (4)

Figure 6. (a) Schematic of the equivalent circuit demonstrating the resistive coupling effect. (b) Am-
plification of pH sensitivity corresponding to various RCG:RSG ratios. VG–ID curves illustrating the
resistive coupling effect for different pH buffer solutions: (c) 1:1, (d) 3:1, and (e) 5:1.

3.5. Non-Ideal Effects of the Proposed Sensor Platform

The integration of the extended-gate (EG) concept into the sensing platform highlights
the necessity of verifying the stability and reliability of chemical or physical reactions on the
sensing membrane. This verification was achieved through the evaluation of hysteresis and
drift effects [48–50]. Hysteresis measurements were conducted 35 times at 2-min intervals
along a designated pH loop: 7, 10, 7, 4, and 7, with the hysteresis voltage defined as the
difference between the reference voltages at the first and last pH 7 buffer solution. Further,
drift measurements were performed during a 10-h exposure to a pH 7 buffer solution. The
measured drift rate (RD) was the variation in the reference voltage per hour caused by
ions penetrating the sensing membrane over a sufficient period, based on mechanisms
such as hopping or trap-limited transport [51]. Initially, the hysteresis and drift effects
of the traditional SG-based EG-ISFET (SG mode) and the proposed resistive coupling
EG-ISFET (RC mode) were compared directly. As shown in Figure 7a, the VH for the two
types of platforms was recorded at 5.8 and 6.1 mV, respectively. The difference of 0.3 mV
was considered within an acceptable range for sensor platform application. Figure 7c
shows the values of drift voltage variation, with the RD in SG and RC modes exhibiting
similar characteristics of 4.24 and 4.48 mV/h, respectively. Subsequently, the hysteresis
and drift effects for the RC mode with RCG:RSG ratios of 1:1, 3:1, and 5:1 were compared.
As depicted in Figure 7b, the hysteresis voltages were 6.1, 10.1, and 15.8 mV for 1:1, 3:1,
and 5:1, respectively, indicating that the values increased according to the resistive ratio.
Consequently, as shown in Figure 7d, the drift rates were 4.48, 6.82, 9.19 mV for 1:1, 3:1,
and 5:1, respectively, similarly illustrating that the values varied as per the resistive ratio.
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ΔΔ

ΔΔ

Figure 7. Comparison of non-ideal effects between single-gate (SG) mode and resistivity coupling (RC)
mode. Hysteresis and drift behaviors depicted for: (a,c) SG mode and RCG:RSG = 1:1, (b,d) various
RCG:RSG ratios.

Table 2 summarizes the pH sensing performance of both the SG and RC modes. At an
amplification ratio of ×1, both modes exhibited similar values for hysteresis voltage, drift
rate, and sensitivity, thereby ensuring the reliability of the proposed sensor platform. In
addition, in the RC mode, as the amplification ratio increased from ×1 to ×5, the non-ideal
operation parameters (hysteresis voltage, drift rate) and sensitivity increased by 2.59, 2.05,
and 4.89 times, respectively. Consequently, the amplification of sensitivity was superior to
the increase in non-ideal operations.

Table 2. pH sensing characteristics of SG mode and resistivity coupling mode.

Amplification Ratio
(RCG/RSG)

Hysteresis Voltage
(mV)

Drift Rate
(mV/h)

Sensitivity
(mV/pH)

×1 (SG mode) 5.8 4.24 57.2

×1 (RC mode) 6.1 4.48 58.7

×3 (RC mode) 10.1 6.82 130.9

×5 (RC mode) 15.8 9.18 287.2

4. Conclusions

This study aimed to realize comprehensive advancements in two key aspects: the
fabrication of transducers with excellent electrical properties and the establishment of an
innovative sensor platform. Initially, we proposed a pioneering methodology to develop
FeFETs via the integration of PZT ferroelectric films with IWO channels. Leveraging cost-
effective sol-gel processing, we substantially augmented the electrical characteristics of
PZT-IWO FeFET devices. Key performance parameters such as the on/off ratio (85.75) and
subthreshold swing (1.91 × 108) of the transfer curve were notably enhanced. Moreover,
our successful annealing process effectively mitigated the hysteresis effects during double
sweeps, thereby ensuring incomparable electrical stability. To apply the proposed FeFET
to a sensor platform, we conducted DC bias tests to ascertain reliability, consequently
achieving an exemplary sensitivity of 57.2 mV/pH in the EG-ISFET structure. This indi-
cated an improvement over conventional ISFET methodologies. Moreover, by harnessing
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a single gate EG-ISFET, introducing an innovative sensor architecture based on resistive
coupling for pH detection, and fine-tuning the resistive ratio between the RCG and the RSG,
a remarkable sensitivity enhancement of 287.2 mV/pH was achieved. Consequently, this
study demonstrates significant advancements in FeFET technology and offers promising
applications across different domains. By integrating FeFET technology into a self-resistive
coupling sensing platform, precise pH measurements can be enabled. Overcoming selectiv-
ity potential issues, such as the cross-sensitivity of the SnO2 sensing membrane to other
ions, would provide solutions to various challenges in healthcare and environmental moni-
toring. Additionally, for the successful commercialization and practical implementation
of this integrated approach, future research focusing on structural improvements such as
miniaturization and packaging is necessary. In conclusion, the results of this study, based
on the FeFET technology in the enhanced platform, have the potential to establish it as a
crucial component in advanced ion detection systems.
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Abstract: Two-dimensional material (2DM)-based Field-Effect Transistors (FETs) have been postu-
lated as a solid alternative for biosensing applications thanks to: (i) the possibility to enable chemical
sensitivity by functionalization, (ii) an atomically thin active area which guarantees optimal electro-
static coupling between the sensing layer and the electronic active region, and (iii) their compatibility
with large scale fabrication techniques. Although 2DM-based BioFETs have demonstrated notable
sensing capabilities, other relevant aspects, such as the yield or device-to-device variability, will
demand further evaluation in order to move them from lab-to-fab applications. Here, we focus on
the latter aspect by analyzing the performance of MoS2-based BioFETs for the detection of DNA
molecules. In particular, we explore the impact of the randomized location and activation of the recep-
tor molecules at the sensing interface on the device response. Several sensing interface configurations
are implemented, so as to evaluate the sensitivity dependence on device-to-device variability.

Keywords: BioFET; MoS2; DNA; device-to-device variability; numerical modeling

1. Introduction

In the context of the Internet of Things (IoT), the possibility to continuously monitor
information from the environment and translate it into electrical signals, that can be easily
processed and stored, has become a present and ubiquitous reality. Among the myriad
of signals to be sensed, those connected with human healthcare, or in a more general
perspective with bio-activity, occupy a prime position [1]. There exists, indeed, a relentless
demand for the design and optimization of accurate and robust electronic bio-sensors able
to gather and process information of varied sources in real-time.

In this scenario, Biomolecular Field-Effect Transistors (BioFETs) are expected to play
a key role, prevailing over other sensing alternatives thanks to: (i) a quick and label-free
operation [2], (ii) high sensitivity and selectivity [3,4], and (iii) the capability to measure in
vivo [5] and even real-time [6] signals. Although the first demonstration of these devices
dates back to the 1970s [7], BioFETs implementation over the last decades has been hindered
by a complex and unsolved trade-off between increased sensitivity and compatibility with
large scale fabrication. The sensitivity was, indeed, boosted in the beginnings of the
century thanks to the use of nanowire structures [8–10], due to their optimized surface-
to-volume ratio. However, their widespread deployment was compromised by a difficult
mass-scale production and integration with planar technology [11]. The appearance of
two-dimensional materials (2DMs) around two decades ago opened new possibilities
to reach the best balance between the two facets [12,13]: 2DMs represent the optimal
surface-to-volume ratio structural arrangement, while their integration with current thin-
film fabrication processes is feasible [14,15]. Moreover, a large variety of 2DMs can be
synthesized [16], showing insulating, metallic or semiconducting behavior while the weak
inter-layer forces that hold them together can be harnessed to seamlessly stack them in
so-called van-der-Waals heterostructures, opening a wide variety of possibilities to be
explored [17].
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In this roadmap for the development of 2DM-based BioFETs, computational tools are
called to play a key role to: (i) better understand the physical mechanisms that govern their
behavior, and (ii) serve as a guide for faster device optimization enabling the lab-to-fab gap
closure. Several approaches have been exploited for the latter which are based either in
TCAD [18–20] or ad-hoc simulation tools [21–25], that are however not able to deal with
essential aspects of mass-scale production such as reproducibility and device-to-device
variability. This essential step, mandatory to increase the technology readiness level and
prepare the leap from research to manufacture, demands an early performance evaluation
with computational tools capable to reproduce heterogeneous device architectures, scenar-
ios and operations. To that end, we present an improved numerical tool for 2DM-based
BioFETs [26] that enables a comprehensive evaluation of the sensor variability through
the impact in the device response of an arbitrary receptor distribution along a sensing
interface. The capabilities of the proposed approach will be exemplified with the study
of MoS2-based BioFETs aiming for the detection of DNA molecules. Different receptor
distributions and activation configurations will be considered to assess the sensor electrical
read-out robustness against variability. Devices employed for this study are assumed to be
identical in their I–V characteristics, and the only source of variability is originated by the
receptor molecules.

The rest of this work is organized as follows: Section 2 describes the simulation model,
while the details of the simulated device and the results obtained for different receptor
configurations are collected in Section 3. Finally, Section 4 sums up the main conclusions.

2. Materials and Methods

The implemented numerical tool self-consistently solves the Poisson and continuity
equations in the sensor and its environment. The electrolyte corresponds to a Phosphate
Buffer Saline (PBS) solution, whose regulatory chain of reactions—dependent on ionic
strength and temperature—are described in [26], while the ion concentration is determined
by the modified Boltzmann equation, including steric effects due to the finite size of the ions.
This numerical tool has been previously validated with experimental results at the levels
of the semiconductor device [27,28], the sensing interface [29], and the complete BioFET
device [26]. DNA is selected as the analyte of interest due to their relevance in numerous
biological processes, although this study could be extended to other biomolecules [29]. The
DNA receptor and target sequences are modeled taking into consideration the individual
shape and charge distribution of the DNA chains (Figure 1), what is by itself a notable step-
forward in the modeling of DNA sensing, substantially upgrading conventional charge-box
models [18]. In more detail, the receptor molecules (attached to the device sensing surface)
are single-stranded DNA (ssDNA) molecules, whose complementary nucleotide sequence
(target molecule) is to be detected, as in conventional DNA sensors. These molecules
are assumed to be disposed along the device surface with a vertical orientation. Other
molecules orientations with respect to the sensing surface, i.e., with a certain tilting angle,
could be considered, although it has been demonstrated in earlier studies that they do
not result in significant changes in the sensing layer surface potential [30]. Once the
complementary ssDNA is captured, it forms a double-stranded (dsDNA) molecule with
the receptor attached to the sensing interface (Figure 1a). The actual charge and size of
the receptor and target molecules depend on the number of nucleotides in the sequences.
For ssDNA molecules, each nucleotide contributes to −1e charge (where e is the electron
elementary charge) and has a length of ∼0.34 nm. For dsDNA molecules, the charge
per nucleotide is −2e and the length is kept unaltered [31] (Figure 1c). It is worth it to
note that the ssDNA is flexible, while the dsDNA has a compact rigid structure, a feature
also included in the model, where the electrolyte ions are allowed to permeate and mix
with ssDNA molecules while they are kept out of the spatial region occupied by dsDNA
molecules (Figure 1b).
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Figure 1. (a) Models for the ssDNA (receptor) and dsDNA (receptor-target complex) molecules.
ssDNA model considers a sinusoid-shaped charged region where ions are allowed to enter, while the
dsDNA model considers a box-shaped region where ions cannot penetrate. (b) Examples of simulated
ion distributions regarding idle and activated DNA receptors. (c) Mathematical modeling of the
length, shape and charge of ssDNA and dsDNA receptors. In both cases, the length of the molecule
hQ and its charge Q is scaled with the number of nucleotides NU. (d) Location of receptors, controlled
with the distance between them (for the k-th receptor, dk = xk − xk−1). That distance is considered
constant (uniform distribution) or defined by a half-normal distribution with a position dependent
variance. This latter enables the definition of densely occupied regions at the sensing interface,
allowing one to choose between the three distributions indicated by the blue bars. (e) Example of 5
channel-centered (Ch) distributions with P = 50%, where filled and empty circles represent activated
and deactivated receptors, respectively. Randomized distribution variability: considering a fixed
activated receptor configuration (one occupied—one empty), several distributions are represented.
Randomized activation variability: assuming a fixed receptor distribution, five activated receptor
configurations are depicted.

The impact of the receptor allocation in the sensor variability is evaluated consid-
ering different spatial distributions and activations of the ssDNA chains according to
two scenarios (Figure 1d): (i) a uniform spacing between receptors (du) along the sens-
ing layer length (LChn), which is used as a reference; and (ii) a random distribution
where the distance between nearby receptors (dk) pivots around the uniform spacing
as dk = du + λ(x)|N (0, 1)|, where |N (0, 1)| is a half-normal distribution with unity vari-

ance and λ(x) = λd

(
1 − exp

[
− 1

2

(
x−μ

αLChn

)2
])

is a factor determining the amplitude of this

random position correction to the uniform spacing. Here, μ and α control the amplitude
and variance of the random correction, which eventually resembles a Gaussian distribution.

Once the position of the receptors is determined, their state (idle or activated) is set
according to an activation probability (0% ≤ P ≤ 100%). Thus, for a given number of
receptor molecules (N) in the sensing layer, the number of activated receptors is given
by Nact = PN. The assignment of activated receptors for a given P value can be set:
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(i) uniformly, following a certain spatial frequency, or (ii) randomly, being the activation of
each receptor equally probable. In this way, we can extend the study of different receptor
spatial distributions (which roots in distinct fabricated devices) also to varying receptor
activation configurations (which correspond to different operation conditions in a single
device). Examples of both degrees of freedom are shown in Figure 1e.

3. Results

In order to exemplify the capabilities of the proposed approach to evaluate the im-
pact of the variability of the sensing interface in the response of 2DM-based BioFETs,
we have focused on a MoS2-based DNA-sensor. More specifically, the structure is de-
fined by a MoS2 monolayer (0.65 nm-thick and 50 cm2/Vs carrier mobility) with length
Lsemic = 400 nm, sandwiched between a tbox = 20 nm-thick SiO2 layer, acting as a sub-
strate, and a tox = 10 nm-thick SiO2 top-oxide layer. Above this latter one, a sensing layer
of LChn = 300 nm length is placed. For this channel length, and assuming low contact resis-
tance, we can consider that the device performance is controlled by the channel properties
rather than any contact effects, as probed by [32,33]. A number of N = 12 ssDNA receptors
are allocated along the sensing interface, either uniformly or following the aforementioned
random spatial distribution, with λd = 0.5 nm, μ = 50, 200, 350 nm, and α = 1/8. The elec-
trolyte is defined by a PBS solution, with composition [NaCl] = 140 mM, [KCl] = 2.7 mM
and [NaH3PO4] = 10 mM, regulating a pH of 7.4. An schematic depiction of the structure
under study is shown in Figure 2.

Figure 2. MoS2-based DNA BioFET outline. The dashed line determines the simulated area.

The electrical operation of the device is studied for a drain-to-source voltage of
VDS = 0.1 V and a varying bias of the reference electrode immersed in the electrolyte
(VFG). From the drain-to-source current (IDS), it is possible to define the device sensitivity
(S) at a certain activation probability (P), as:

S(P) = IDS(0%) − IDS(P). (1)

where IDS(P) stands for the output current calculated with an activation probability P. The
IDS −VFG and S −VFG electrical read-outs as a function of P are depicted in Figure 3 for the
scenario where the receptors are uniformly distributed, for two different PBS concentrations.
The increase in P results in a shift of the transfer curves (Figure 3b) towards positive gate
biases, due to the electrostatic repulsion that the negatively charged dsDNA molecules
produce in the 2DM electron charge. When the ionic strength of the electrolyte is reduced,
i.e., when we move from a 1×PBS electrolyte to a 0.1×PBS electrolyte, the Debye length of
the electrolyte ions increases from λD = 0.74 nm to λD = 2.34 nm. Thus, the capability of
the electrolyte to screen the dsDNA charges is reduced. As a consequence, the impact of
the charged dsDNA molecules in the 2DM channel is enhanced. These effects can be also
appreciated in the sensitivity curves (Figure 3c), that notably saturate for high VFG values,
when the change in the carrier concentration in the channel (and therefore in IDS) is no more
significantly impacted by the dsDNA molecules. Note that sensitivity is usually referred
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in the literature as a value relative to the current in the absence of any binding event of
the target antigen, i.e., Sr(P) =

[
IDS(0%) − IDS(P)

]
/IDS(0%) [34,35] (see Figure 3d). When

defined in this way, S(P) maximum values correspond to the operation of the BioFET in the
sub-threshold regime, where the sensor current is very low (Ids ≈ pA/μm, see Figure 3a).
The BioFET variability response in this regime, in a realistic experimental scenario, would
be blurred by the noise background or limited by the lower limit sensitivity of the employed
measuring equipment. For this reason, in order to investigate the random activation and
distribution of single receptors and their impact in the variability, the absolute difference of
the sensor output currents was considered as the sensor sensitivity definition (see Figure 3c).
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Figure 3. (a) Current density IDS − VFG shown in logarithmic scale. (b) Current density IDS − VFG

shown in linear scale. (c) Absolute current sensitivity S − VFG. (d) Relative current sensitivity
Sr − VFG. All results are calculated for different values of P with a uniform spatial distribution
of receptors. Solid and dashed lines correspond to the 1×PBS electrolyte and 0.1×PBS electrolyte
scenarios, respectively. The dotted line in (c) indicates the value VFG = 0.3 V for which S(P = 100%)

is maximum.

In order to compare the sensitivity in different distribution and activation scenarios,
we set an operating bias point at VFG = 0.3 V, which corresponds to the value where
S(P = 100%) is maximum. At this operating point, we have analyzed two sources of
device-to-device variability: (i) the receptors spatial distribution, that accounts for different
receptor location configurations, and (ii) the receptors activation distribution, that considers
different configurations to activate the receptor molecules for a fixed P value. Figure 1e
illustrates both scenarios.

3.1. Randomized Distribution Variability

Three main scenarios were analysed for the randomized location of the receptors in
the sensing layer: channel-centered (Ch), source-shifted (Sc) and drain-shifted (Dr). Ten
different receptor distributions are generated for each of them. The three cases resulted in a
similar behavior in terms of variability (see Appendix A Figure A1). Thus, for the sake of
clarity, we have mostly focused on one of them: the channel centered. From the set of S
values obtained in the different random distributions, we calculated the standard deviation
σS and mean value 〈S〉 that characterize the set. Figure 4a shows 〈S〉 as a function of the
activation probability (solid lines), with the different S values marked with symbols and
σS plotted as a shadowed region around 〈S〉. The results are compared with those of a
uniform distribution of receptors for two PBS concentrations (dashed lines). The differences
between the uniform distribution and the mean behavior of the randomized distributions
is more acute as P increases, with the randomized distribution outperforming the uniform
distribution for all P values. Although the number of activated receptors is the same, when
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the receptors are randomly distributed with a higher concentration at the centre of the
channel, they are closer to each other and the ions diluted in the electrolyte have a reduced
screening impact. Moreover, σS increases with P due to the higher effective charge of the
activated receptors. In fact, their remarkable influence in the drain current enhance the
effect of the distribution randomness. As for the PBS, a lower value results in a higher
Debye length, λD, which translates into a lower electrolyte screening and a higher S for all
cases, but at the cost of a higher variability, σS.
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Figure 4. (a) Device sensitivity as a function of the activation percentage. Ten random distributions
following a channel centered case are considered, fixing the configuration of activated receptors for
each P value. Markers account for simulated data, while shaded areas depict σS and lines correspond
to 〈S〉. Both 1×PBS (blue) and 0.1×PBS (red) concentrations were simulated. Results obtained for
the uniform distribution are depicted by dashed lines. (b) ζ(P) ratio. Markers represent simulated
data, while colours refer to channel-centered, source-shifted and drain-shifted distributions. Both
PBS concentrations are separated in two graphics for the sake of clarity. The dotted lines indicate
ζ = 1. Fitting parameters are summarized in Appendix A Table A1.

One key criterion to characterize the role of the variability in the sensor response
is the minimum change in the activation of the receptors that can be detected without
being blurred by the variability of the response, i.e., by σS. If the difference between
〈S(Pa)〉 and 〈S(Pb)〉 (i.e., the sensitivity mean values for a set of distributions with two P
values) is smaller than the addition of their standard deviations, σS(Pa) and σS(Pb), the
activation probabilities Pa and Pb cannot be discerned in a reliable manner. The ratio of
these two magnitudes provides a clear idea of the resolution of the sensor with respect to
the variability:

ζ(Pa,b) =
|〈S(Pa)〉 − 〈S(Pb)〉|

σS(Pa) + σS(Pb)
. (2)

A value of ζ greater than 1 assures a bijective relation between sensitivity and acti-
vation percentage for these two values Pa and Pb. Of course, the closer Pa and Pb are, the
lower the value of ζ. Here, we have studied the case where Pb = Pa ± 1

12 . Figure 4b shows
ζ for the three random distribution cases and the two values of PBS. ζ decreases with P
as a consequence of the higher variability observed, but in all cases is substantially above
1 when P < 80%. Only at very high activation percentages the ζ value approximates the
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limit. When comparing the different molecule distributions, i.e., source-, channel- and
drain-centered, we observe that the channel-centered distribution yield a higher ζ value.
This is due to the effect of the source and drain contact biases, which electrically attract
the ions in the electrolyte closer to the sensing interface, rising the screening capability of
the electrolyte in these areas and reducing the sensor sensitivity. The molecule receptors
located in the middle of the channel, on the contrary, are surrounded by ions free of such
electrostatic attraction.

3.2. Randomized Activation Variability

For a single fabricated device with a given distribution of N receptors, among which
Nact of them are activated, there are ( N

Nact
) = N!

Nact!(N−Nact)!
possible activation combinations,

where ( N
Nact

) = 1 for both P = 0% and P = 100%, and it is maximized for Nact = N/2.
Among all possible combinations, twelve different activated receptors configurations for
each value of P were selected (when possible). This activation variability was studied for
the three distribution scenarios, namely, channel-centered, source-shifted and drain-shifted,
and the results compared with a uniform distribution (see Appendix A Figure A2). Again,
we considered 1×PBS and 0.1×PBS electrolytes for the sake of completeness.

Figure 5a compares 〈S〉 for the channel-centered scenario and the uniform receptor
distribution, with each activation combination represented by a symbol and σS plotted as a
shadowed region. The trend of 〈S〉 with P and the PBS concentration and its comparison
with the uniform distribution cast similar conclusions as in the previous subsection. The
behavior of σS, however, is conditioned by the actual possible combinations that N and
Nact allow, being 0 at P = 0% and P = 100% and broadening at Nact = N/2. Finally, ζ has
also been studied as a function of the activation probability (Figure 5b). While it keeps far
from 1 at low and high P values, it evidences low values in the intermediate P range, when
the amount of activation combinations is large. When comparing the behavior of ζ with
the previous random distribution study (Figure 4b), it can be observed that the resolution
of the sensor is compromised at different activation percentages in each case: only for very
large activation percentages in the former case, and for intermediate values in the latter
one, evidencing that the prevalence of the random receptor activation or their location in
the variability of the sensor sensitivity depends on P.
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Figure 5. (a) Device sensitivity as a function of the activation percentage calculated for twelve ran-
domized activated receptors configurations corresponding to the same channel-centered distribution.
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Markers account for simulated data, while shaded areas depict σS and lines correspond to 〈S〉.
Both 1×PBS (blue) and 0.1×PBS (red) concentrations were simulated. Results obtained for the
uniform distribution are depicted by dashed lines. (b) ζ(P) ratio. Markers represent simulated data,
while colours refer to channel-centered, source-shifted and drain-shifted distributions. Both PBS
concentrations are separated in two graphics for the sake of clarity. The dotted lines indicate ζ = 1.
Fitting parameters are summarized in Appendix A Table A2.

4. Discussion

A comprehensive simulator has been developed able to study the variability in the
response of 2DM-based BioFETs due to the randomization of both the location and the
activation of the receptors at the solid–liquid interface. Other relevant sources of vari-
ability, such as interface defects or traps, are not investigated here, for the sake of brevity,
although their role and the intertwined interaction with the distribution and the activation
of molecules can play an important role to fully understand device-to-device technological
variability. The presented solver is demonstrated to be a suitable theoretical tool to assess
the impact of device-to-device variability and an excellent help to close the gap from lab-to-
fab implementations. We have tested the capabilities of the proposed simulator studying
2D MoS2-based BioFETs aiming for the detection of DNA molecules. To this end, we have
implemented a purposely designed model for receptor molecules that handles the inherent
features of the receptor ssDNA and the target dsDNA molecules, and their interaction with
the surrounding electrolyte.

The device sensitivity S is impacted by these random changes in the sensing interface,
showing noticeable scatter in its value when different distribution and activation scenarios
are considered. In particular, S is observed to be higher when the receptors are randomly
placed in the sensing interface (as compared to uniform equispaced locations). This is
because the perfectly uniform distribution of the receptors is better screened by the elec-
trolyte ions, reducing the electrostatic coupling of the target molecules and the channel.
The increase in S with the randomization of the receptors positions, however, comes hand
in hand with a variability in the sensor response σS, which is also enhanced when the
PBS ionic strength is reduced. When random patterns of activation of the receptors are
investigated, we observe again a higher S and higher σS for lower ionic strengths and
for random receptor distributions. Finally, when the two sources of variability (receptor
location and receptor activation) are compared, we observe that the resolution of the sensor
is compromised at different activation probabilities P.

5. Conclusions

In summary, these results demonstrate the capability of the proposed model to consider
the device variability in the study of 2DM-based BioFETs. This constitutes a relevant step
forward in the state-of-the-art of numerical modeling, contributing to clarify device-to-
device variations that could be experimentally expected due to changes in the receptor
location as well as the single-device variations due to fluctuations in the receptor activation.
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Figure A1. Device sensitivity as a function of the activation percentage. Ten random distributions
following (a) channel-centered, (b) source-shifted and (c) drain-shifted cases are considered, fixing
the configuration of activated receptors for each P value. Markers account for simulated data, while
shaded areas depict σS and lines correspond to 〈S〉. Both 1×PBS (blue) and 0.1×PBS (red) concentra-
tions were simulated. Results obtained for the uniform distribution are depicted by dashed lines.

Table A1. Parameters of the fitting curves ζ = a + bP + cP2 + dP3 from Figure 4b.

PBS a(·10) b(·10−1) c(·10−2) d(·10−5)

Ch 1×PBS 4.87 −12.25 1.18 −4.25
Ch 0.1×PBS 3.09 −7.19 0.59 −1.69

Sc 1×PBS 3.27 −7.74 0.68 −2.11
Sc 0.1×PBS 1.02 2.26 −0.80 4.98
Dr 1×PBS 45.29 11.46 −2.69 1.53

Dr 0.1×PBS 91.48 4.56 −1.29 7.71
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Figure A2. Device sensitivity as a function of the activation percentage calculated for twelve random-
ized activated receptors configurations corresponding to the same (a) channel-centered, (b) source-
shifted or (c) drain-shifted distribution. Markers account for simulated data, while shaded areas
depict σS and lines correspond to 〈S〉. Both 1×PBS (blue) and 0.1×PBS (red) concentrations were
simulated. Results obtained for the uniform distribution are depicted by dashed lines.

Table A2. Parameters of the fitting curves ζ = a + bP + cP2 + dP3 + eP4 from Figure 5b.

PBS a(·10) b(·10−1) c(·10−2) d(·10−4) e(·10−6)

Ch 1 × PBS 0.97 −4.46 1.16 −1.48 0.72
Ch 0.1 × PBS 0.68 −2.56 58.60 −0.73 0.37

Sc 1 × PBS 1.58 −10.60 3.48 −4.82 2.36
Sc 0.1 × PBS 1.05 −5.30 1.62 −2.29 1.16
Dr 1 × PBS 1.34 −9.10 2.98 −4.09 1.99

Dr 0.1 × PBS 1.06 −6.55 2.09 −2.89 1.43
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Abstract: A two-dimensional (2D) Dy2O3-Pd-PDA/rGO heterojunction nanocomposite has been
synthesised and tested for hydrogen (H2) gas sensing under various functioning conditions, in-
cluding different H2 concentrations (50 ppm up to 6000 ppm), relative humidity (up to 25 %RH)
and working temperature (up to 200 ◦C). The material characterisation of Dy2O3-Pd-PDA/rGO
nanocomposite performed using various techniques confirms uniform distribution of Pd NPs and
2D Dy2O3 nanostructures on multi-layered porous structure of PDA/rGO nanosheets (NSs) while
forming a nanocomposite. Moreover, fundamental hydrogen sensing mechanisms, including the
effect of UV illumination and relative humidity (%RH), are investigated. It is observed that the
sensing performance is improved as the operating temperature increases from room temperature
(RT = 30 ◦C) to the optimum temperature of 150 ◦C. The humidity effect investigation revealed a
drastic enhancement in sensing parameters as the %RH increased up to 20%. The highest response
was found to be 145.2% towards 5000 ppm H2 at 150 ◦C and 20 %RH under UV illumination (365 nm).
This work offers a highly sensitive and selective hydrogen sensor based on a novel 2D nanocomposite
using an environmentally friendly and energy-saving synthesis approach, enabling us to detect
hydrogen molecules experimentally down to 50 ppm.

Keywords: two-dimensional Dy2O3-Pd-PDA/rGO heterojunction nanocomposite; conductometric
devices; hydrogen gas sensors; UV illumination; relative humidity; low operating temperature

1. Introduction

Hydrogen (H2) is a non-toxic, odourless, and colourless gas that can be used as
a renewable energy source [1]. H2 is abundant on earth in different molecular forms,
including water and organic chemical compounds that contain hydrogen-carbon bonds
such as hydrocarbons [2]. Since H2 is a highly flammable and explosive gas, reliable
and effective sensors must be used to strictly monitor any leakage during its production
procedure, storage, transport, and usage [2]. To date, different 2D semiconducting materials,
including metal oxides, transition metal dichalcogenides (TMDs), and graphene-based
materials, have been used as hydrogen sensors due to their electrochemical and physical
characteristics [3–6]. In general, 2D semiconductors have a high number of active sites,
high surface to volume ratios, and exceptional optical and electrical properties that are
frequently stimulated by a concentration of charge density near or on surfaces, resulting
in enhanced sensing performance (i.e., high response, gas selectivity, fast response and
recovery, and durability) [7–9]. Graphene-based materials are considered as promising
hydrogen sensing candidates with low operating temperatures due to their excellent
charge carrier mobility, high conductivity, and electrochemical stability [10]. However,
their recovery is slow and mostly show poor selectivity due to the absence of a direct
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bandgap and few dangling bonds on the surface [11]. To overcome these issues, surface
modification such as functionalisation with noble metal dopants (i.e., Pd, Au, and Pt)
and hybridisation with metal oxides to develop a suitable composite sensing layer have
been employed [12–15]. In addition, studies have shown that utilising UV radiation
can significantly improve the H2 sensing performance of graphene-based materials [16].
Functionalising the graphene-based materials, including the reduced graphene oxide (rGO)
with noble metals, facilitates the H2 molecules dissociation in the sensing layer and forms a
dipole layer on the metal surface [13,17,18].

Thus, in this work we decided to combine Pd nanoparticles (NPs) with rGO nanosheets
(NSs) to maximise the electro-catalytic activities [19]. Still, the spontaneous agglomeration
of rGO NSs prepared by the traditional oxidation of graphite technique limits the anchor
sites for Pd NPs growth. Another drawback of using the conventional methods to reduce
the GO is using toxic chemicals, which produces hazardous residues that are harmful
to the environment on an industrial scale [20]. Dopamine (DA) is an environmentally
friendly chemical that has been used for the reduction and functionalisation of GO since
2010 [21]. The reduction process occurs when the DA starts self-polymerisation to form
polydopamine (PDA) in the presence of GO oxygen functional groups in the weak alkaline
pH environment, with the catechol groups undergoing oxidation until producing the
quinon groups [21,22]. Therefore, to overcome all the disadvantages of traditional GO
reduction methods, in this work, the GO has been reduced and functionalised by Pd NPs
using a green approach with DA through a facile wet chemical process to achieve a high
quality Pd-PDA/rGO nanocomposite [21].

Recently, rare earth metal oxides have also attracted considerable attention based on
their thermal, physical, and chemical properties [23]. Among them, dysprosium oxide
(Dy2O3) is a stable C-type rare-earth sesquioxide structured metal oxide that generally
exists in two monoclinic and hexagonal structures [24]. It shows excellent physical and
chemical properties based on its high surface to volume ratios, thermal stability, and, more
importantly, by having a number of electrons in its 4f subshell [25]. Dy2O3 has been used
in many applications, including pH sensors [25], magneto-optical memory materials [26],
and gas storage [27]. He et al. [28] reported the catalytic behaviour of Dy2O3, which is
based on its high hydrogen adsorption capability and being able to create new active sites
through the hydrogen spill-over process. This proves that Dy2O3 might have remarkable
electrochemical properties to be used as a hydrogen gas sensing layer. However, to date,
there are no studies of the hydrogen sensing performance of any Dy2O3-based materials,
which is considered the primary motivation for the present work. In this work, GO NSs are
reduced by DA and functionalised with Pd NPs and 2D Dy2O3 nanostructures, making
heterojunction Dy2O3-Pd-PDA/rGO nanocomposite as the final product. The synthesis
process and results of surface characteristics and hydrogen gas sensing properties of the
heterojunction Dy2O3-Pd-PDA/rGO nanocomposite is reported here for the first time to the
best of the authors’ knowledge. The experimental results confirm that the fabricated sensor
is highly responsive to H2 at very low concentrations with quick response and recovery, as
well as long-term stability, which can be attributed to the excellent physical and chemical
characteristics of the heterojunction nanocomposite.

2. Materials and Methods

2.1. Material Synthesis and Sensor Fabrication

Two-dimensional dysprosium oxide (Dy2O3) dispersion with the concentration of
0.15 mg/mL was obtained from 2D Semiconductors Inc, Scottsdale, AZ, USA, and the
commercially produced graphene oxide (GO) powder was purchased from JCNANO INC
Advanced Materials Supplier, Nanjing, China. The other used materials for the synthesis of
Dy2O3-Pd-PDA/rGO nanocomposite, including dopamine hydrochloride (DA), sodium
borohydride (NaBH4), and palladium (II) chloride (PdCl2), were purchased from Sigma-
Aldrich (Sydney, NSW, Australia).

151



Chemosensors 2022, 10, 78

The schematic synthesis process of the Dy2O3-Pd-PDA/rGO nanocomposite is shown
in Figure 1. Dy2O3-Pd-PDA/rGO nanocomposite was synthesised through the facile wet
chemistry method in the following steps [21,22]. At first, 10 mg of GO NSs were sonicated
in 30 mL of Tris buffer (pH 8.5) for 1 h, followed by adding 10 mg of DA and a further
sonication to dissolve DA completely. The reaction mixture was left under vigorous shaking
conditions for 24 h. This step aims to reduce the GO and functionalised it with PDA through
the self-polymerisation process. The synthesised PDA/rGO nanocomposite was collected
after centrifugation and washed several times with deionised water (DI). Afterwards, 1 mL
of PDA/rGO (1 mg/mL) was added to a mixture comprised of 3 mL of DI water and 1 mL
of PdCl2 solution (5 mg/mL) and mixed thoroughly for 2 h. Then, 1 mL freshly made
NaBH4 solution (0.5 M) was added and stirred for 5 h. The Pd-PDA/rGO nanocomposite
was collected via centrifugation and washed three times with DI water [22]. Afterwards,
0.5 mL of Pd-PDA/rGO dispersion (1 mg/mL) and 0.1 mL of Dy2O3 (0.15 mg/mL) was
mixed for 4 h for the immobilization of Dy2O3 onto Pd-PDA/RGO nanocomposite. The
final product of Dy2O3-Pd-PDA/rGO nanocomposite was collected using centrifugation
and washed thoroughly three times by DI water. Then, 0.5 mL of DI was added to the
final powder to make a dispersion. Subsequently, the dispersion was drop-casted onto a
10 mm × 6 mm gold interdigitated electrode fingers with a spacing of ~10 μm to make the
final sensor device.

Figure 1. Schematic diagram of the synthesis process of the Dy2O3-Pd-PDA/rGO nanocomposite.

2.2. Material Characterisation

Different techniques were applied to analyse the structural and morphological charac-
teristics of the synthesised Dy2O3-Pd-PDA/rGO nanocomposite. The surface morphology
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and elemental composition of the nanocomposite were investigated using a scanning elec-
tron microscope (EBL-SEM, Raith150 Two, Dortmund, Germany, at different magnifications,
an energy-dispersive X-ray spectroscope (EDS, TESCAN MIRA3 FEG-SEM combined with
Thermo Scientific UltraDry EDS) (Corporation Park, VIC, Australia), and a high-resolution
transmission electron microscope (HRTEM, JEOL ARM200F’ NeoARM’at 200 kV, Tokyo,
Japan). The crystal phases of the samples were investigated using an X-ray diffractometer
(D8-Advanced, Bruker, Germany) with Cu Kα and λ = 1.54 Å at 40 kV and 20 mA over a
range of 5–95 degrees. A small amount of the dried Dy2O3-Pd-PDA/rGO nanocomposite
powder was added to ethanol, then dispersed on a carbon-coated 300 mesh copper TEM
grid and allowed to dry in air at RT for the HRTEM characterisation. The Raman spectra
measurements of the sample were carried out using the Raman spectroscopy (Renishaw
plc, Gloucestershire, UK) excited by a 514.5 nm laser.

2.3. Hydrogen Sensing Measurments

The gas sensing properties of the Dy2O3-Pd-PDA/rGO nanocomposite based conduc-
tometric sensor were investigated using a gas sensing system, as illustrated in Figure 2a.
Figure 2b shows a photo of the IDTs used to fabricate the sensors. This system consists of a
temperature and humidity controlled Linkam stage (T96, Linkam Scientific Instruments
Ltd.) (Tadworth, UK), six mass flow controllers (GE50A MFCs) (Andover, MA, USA),
to regulate the gas concentrations, a humidity generator, and a built-in heater (LNP96)
(Tadworth, UK). A 365 nm UV LED (Harrison, NJ, USA), (M365D1 LED, with 8.9 μW/mm2

power-driven with a current of 700 mA) was integrated on top of the stage with a distance
of 1 cm from the sensor during the experiments [8]. Different operating temperatures
from RT (30 ◦C) to 200 ◦C, relative humidity from 0 to ~25 %RH at 150 ◦C, and hydrogen
concentration from 50 to 10,000 ppm were tested. The selectivity was determined by expos-
ing the sensor to 50 ppm of different gases, including hydrogen, acetone, ammonia, and
nitrogen dioxide.

 

Figure 2. (a) Schematic diagram of the gas sensing system. Adapted with permission [8]. (b) A photo
of the IDTs used for the fabricated sensors.

Hydrogen gas (0.1% and 1%) balanced in synthetic air with different concentrations
at a uniform flow rate of 200 sccm were generated using dry synthetic air as a reference
gas and the MFCs. Gas exposure time for each experiment was 15 min, followed by 2 h of
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purging with synthetic air. A Keithley Piccoammeter (model 6487) (Cleveland, OH, USA)
periodically measured interval currents throughout the experiments. A change in sensor
resistivity was measured upon exposure to the target gas at a bias voltage of 1 V and was
correlated to the gas concentrations. The sensors response (R) towards a target gas was
calculated as below:

R =

(
Rg

Ra

)
× 100, (1)

where Ra is the resistivity of the sensor in air and Rg is the resistivity in the target analyte.
The response time is considered when the sensor reaches 90% of the response, and the
recovery time is calculated when the sensor recovered 90% back to its baseline. In this
work, three similar sensors were fabricated, and the sensing results were comparable. Each
experiment was performed at least three times under the exact working conditions to
confirm the repeatability and reliability of the sensing procedure.

3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Material Characterisation

XRD pattern of Dy2O3-Pd-PDA/rGO nanocomposite was analysed to indicate its
degree of crystallinity and is illustrated in Figure 3. A relatively broad peak at 2θ = 26.6◦
corresponds to (002) graphitic plane of the partially restacked rGO nanosheets. The in-
tralayer spacing between the rGO nanosheets was calculated to be 0.33 nm by the Bragg’s
low [29], as follows:

λ = 2dsin(θ), (2)

where λ is the X-ray beam wavelength (0.154 nm), d is the distance between the rGO NSs,
and θ is the diffraction angle. In the following, the graphene layers number in rGO NSs
was determined to be <3 layers from the Scherrer Equation [30], as below:

X =
Kλ

β. cos(θ)
, (3)

where X is the number of rGO layers, β is the line broadening at half the maximum intensity
(FWHM), K is a dimensionless shape factor, λ is the X-ray beam wavelength, and θ is the
Bragg angle.

It is also seen a sharp peak at 28.5◦, which corresponds to Dy2O3 (222) plane. Diffrac-
tion peaks at 2θ = 20.3◦, 28.5◦, 33◦, 35.7◦, 39.6◦, 43.1◦, 47.7◦, 56.7◦, and 78◦ assigned to the
(211), (222), (400), (411), (332), (433), (440), (611), and (622) crystalline planes, respectively
clearly indicate the cubic phase of the Dy2O3, and the peaks fit very well with the JCPDS
data card No. 78-0388 [31]. The other sharp peaks that appear at 2θ = 38.6◦, 44.1◦, 64.7◦,
and 77.75◦ attributed to the (111), (200), (222), and (311) planes, respectively, confirm the
face-centred cubic (FCC) structure of the Pd NPs inside the rGO NSs with an average of
13 nm crystalline size, which is calculated by Scherrer (Equation (3)) and fits well to the
JCPDS DATA CARD No.5-681 [22].

The surface morphology of the Dy2O3-Pd-PDA/rGO nanocomposite was charac-
terised by SEM at different magnifications (Figure 4). SEM images illustrate the PDA
functionalised rGO nanosheets with porous structure and some open edges, which con-
firms that the PDA/rGO nanosheets are entirely interconnected. Figure 4 also shows
that PDA/rGO nanosheets are homogeneously decorated with Pd NPs and nanoclusters.
Figure 4b,c shows that the PDA/rGO NSs structure has a crumpled and wrinkled form,
and the Pd and Dy2O3 are dispersed on both sides of the PDA/rGO NSs. Moreover,
these images confirm that Pd and Dy2O3 are fairly distributed on PDA/rGO NSs without
substantial agglomerations.
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Figure 3. X-ray diffraction pattern of Dy2O3-Pd-PDA/rGO nanocomposite.

 

Figure 4. (a–c) SEM images of highly porous structure of Dy2O3-Pd-PDA/rGO nanocomposite
with wrinkles and open edges at different magnifications. (c) shows the different elements of the
nanocomposite.

Energy-dispersive X-ray spectroscopy (EDS) was also used to determine the elemental
composition and surface coverage of each element on the Dy2O3-Pd-PDA/rGO nanocom-
posite (Figure 5). Figure 5b–e confirms the existence of carbon, oxygen, palladium, and
dysprosium, respectively, which indicates the successful formation of Dy2O3-Pd-PDA/rGO
nanocomposite. Figure 5f illustrates the elemental composition of the Dy2O3-Pd-PDA/rGO
nanocomposite, confirming the Weight% and Atom% of each element.
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Figure 5. EDS image (a) and mapping of (b) carbon, (c) oxygen, (d) palladium, and (e) dysprosium;
and (f) elemental measurement of the Dy2O3-Pd-PDA/rGO nanocomposite.

The Dy2O3-Pd-PDA/rGO nanocomposite was further analysed by HRTEM to evaluate
its internal morphology and crystal structural features (Figure 6). HRTM images of Dy2O3-
Pd-PDA/rGO nanocomposite in different magnifications indicate thin and transparent
film-like morphology of the PDA-rGO NSs, which confirms the formation of a few layers of
highly reduced graphene oxide decorated with Pd NPs and Dy2O3. Figure 6a,b illustrates
the morphology of each element and distribution of the 2D structured Dy2O3 and Pd
NPs into the rGO NSs (consistent with the SEM images). Pd NPs appear to have a nearly
spherical shape, which is well dispersed onto the PDA/rGO NSs surface. It also indicates
that Dy2O3 is distributed into the PDA/rGO NSs with some agglomerations. Figure 6c
show the lattice fingers of the Pd and Dy2O3 planes. The interplanar spacings of 0.144 nm,
0.232 nm, and 0.205 nm are ascribed to cubic Pd (222), Pd (111), and Pd (200) lattice
planes, respectively. In addition, Figure 6c indicates the polycrystalline cubic structured
Dy2O3 (400), (440), and (222) planes with characteristic spacings of 0.271 nm, 0.235 nm, and
0.313 nm, respectively. According to Bragg’s law (Equation (2)), XRD analysis of the Dy2O3-
Pd-PDA/rGO nanocomposite supports the crystal structural features found by the HRTEM
investigation. As shown in Figure 6a,b, PDA/rGO NSs are relatively thin layers that help
support the Pd and Dy2O3 nanoclusters to form the Dy2O3-Pd-PDA/rGO nanocomposite.

Raman measurements at RT were performed using a 514 nm laser to characterise
Dy2O3-Pd-PDA/rGO nanocomposite, Pd-PDA/rGO, and Dy2O3 and determine the struc-
tural change and formation of any defects inside the synthesised materials (Figure 7). The
Raman spectrum of the 2D Dy2O3 indicates a sharp dominant peak at ~372 cm−1 assigned
to Fg mode, confirming its cubic phase structure as also confirmed by XRD analysis, which
is consistent with the TEM results. In comparison, this peak is shifted to a lower wavelength
(~368 nm) in the Dy2O3-Pd-PDA/rGO nanocomposite Raman spectrum attributed to the
formation of structural defects and oxygen vacancies on the nanocomposite surface due
to strong interaction between the Dy2O3 and Pd-PDA/rGO NSs, facilitating the charge
transfer from the Dy2O3 to rGO NSs [32]. A number of low-intensity Raman bands were
also observed at Fg modes, including the 462 cm−1 and 585 cm−1, which well describes
the c-type structure of the Dy2O3. Comparing the 2D bands of the Dy2O3-Pd-PDA/rGO
nanocomposite (2745 cm−1 and 2937 cm−1) and Pd-PDA/rGO (2721 cm−1 and 2927 cm−1)
reveals that there is a general shifting to higher wavenumbers in the nanocomposite as the
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layer thickness increased [33]. In addition, the broadened 2D bands in the nanocomposite
represent the exfoliation of the rGO NSs [32]. The 2D bands of the pure Dy2O3 are found
to be at 2853 cm−1 and 2921 cm−1. The Raman spectra of the Pd-PDA/rGO in Figure 7
indicate two characteristic peaks at ~1357 cm−1 and 1602 cm−1, corresponding to the D
and G bands, respectively. While the D and G bands on the Dy2O3-Pd-PDA/rGO Raman
spectrum are slightly shifted to lower wavelengths (~1351 cm−1 and 1597 cm−1) due to the
formation of heterojunction between the Dy2O3 and Pd-PDA/rGO and electron transfer
from Dy2O3 to the Pd-PDA/rGO [34]. In general, the D band is associated with the density
of defects in the sp2 hybridised material, and the G band starts by active E2g phonon mode
of the symmetric structure in the graphite [35,36]. The presence of these two D and G bands
confirms that the structure of the Pd-PDA/rGO NSs had been maintained after loading the
2D Dy2O3 [37]. The intensity ratio (ID/IG) of the D band to G band is associated with the
density of defects that arises in Pd-PDA/rGO NSs due to doping with the 2D Dy2O3 in the
formation of Dy2O3-Pd-PDA/rGO nanocomposite. The ID/IG for Pd-PDA/rGO NSs was
found to be 0.99, while it increased to 1.04 for the Dy2O3-Pd-PDA/rGO nanocomposite
due to the higher defect density in the nanocomposite and more oxygen vacancy on its
surface [38]. This result confirms that the Dy2O3 is successfully incorporated into the
Pd-PDA/rGO NSs, forming the heterojunction Dy2O3-Pd-PDA/rGO nanocomposite.

 

Figure 6. (a–c) HRTEM images of Dy2O3-Pd-PDA/rGO nanocomposite in different magnifications.
(c) shows interplanar spacings of Pd NPs and Dy2O3.
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3.2. Hydrogen Sensing Characterisation

The hydrogen gas sensing performance of the Dy2O3-Pd-PDA/rGO nanocomposite-
based sensor was examined under different working conditions. The following sections
report the effects of operating temperature, UV illumination, gas concentration, and hu-
midity on the sensing parameters.

3.2.1. Effect of Working Temperature

Optimising the operating temperature is one of the critical factors in gas sensing, which
directly relates to the experiment’s power consumption and cost. The fabricated Dy2O3-Pd-
PDA/rGO based conductometric sensor was examined towards 400 ppm and 600 ppm H2
at different working temperatures under UV (365nm) illumination and 0% relative humidity
(%RH). The operating temperature was changed from RT (30 ◦C) to 200 ◦C, and a change in
resistivity of the sensor was monitored throughout the experiment. It was observed that the
sensor’s response (resistivity) increased by increasing the operating temperature from RT
(30 ◦C) up to 150 ◦C, due to the acceleration of the adsorption/desorption kinetics between
the H2 molecules and the Dy2O3-Pd-PDA/rGO composite sensing layer [39,40]. Further
increasing the operating temperature to 200 ◦C led to a decrease in the sensing response.
This result can be attributed to the increase of the desorption rate of H2 molecules compared
to the adsorption rate while raising the temperature further than the optimum temperature,
which is called the Langmuir effect [40]. Therefore, the optimum working temperature was
found to be 150 ◦C. The 150 ◦C temperature corresponds to the 86 meV potential, which
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is among typical overpotential values in electrochemical hydrogen evolution reaction
(HER) of water splitting [41]. Figure 8a shows the typical p-type semiconducting sensing
behaviour of the sensor as the conductivity decreases towards H2 (reducing gas). The
increase in the resistivity of the p-type sensor upon exposure to the reducing gas is due to
the charge transfer from the target gas molecules to the sensing layer [1,41]. As an electron
donor gas, H2 transfers electrons to the valent band of the sensing layer, reducing the hole
concentration on the surface, resulting in an increase in resistivity. Figure 8b illustrates the
response of the sensor towards 400 and 600 ppm H2 at different temperatures.

Figure 8. (a) P-type semiconducting sensing behaviour towards H2 as a reducing gas, Tres: response
time, and Trec: recovery time; and (b) Response of the Dy2O3-Pd-PDA/rGO sensor towards 400 and
600 ppm hydrogen at different working temperatures.

3.2.2. Effect of UV Illumination

The effect of UV illumination on the H2 sensing performance of the Dy2O3-Pd-
PDA/rGO sensor was studied at 150 ◦C and 0 %RH as a function of hydrogen concentration.
Figure 9a,b illustrate the dynamic response of the sensor towards H2 with different con-
centrations (200–600 ppm) at 150 ◦C in the dark and under UV (365 nm) illumination,
respectively. As explained in the previous section, the sensor shows a p-type semiconduct-
ing sensing behaviour as the conductivity decreases upon exposure to H2 molecules [42].
The resistivity shifts happen based on the adsorption/desorption of the gas molecules onto
the sensing layer and are correlated to the target gas concentrations [43]. This correlation
could be due to the rise in gas molecules numbers interacting with the sensing layer surface.
Therefore, the adsorption and desorption co-occur until the balanced state is reached [44].

As seen in Figure 9a, a baseline drift occurs without using UV illumination, indicating
that the sensor cannot be fully recovered to its original baseline, showing partly reversible
gas/material interactions. However, Figure 9b demonstrates fully reversible gas/material
interactions under UV illumination, revealing that the sensor is fully recoverable [5,45,46].
This result can be attributed to the change of charge carrier density on the surface of
the sensing layer by stimulating the electrons from the valence band of the Dy2O3-Pd-
PDA/rGO nanocomposite while using UV radiation [47]. The desorption of H2 molecules
is accelerated by these photogenerated electrons from the pre-adsorbed ambient oxygen
species [48]. In addition, the UV radiation weakens the bonding forces between the sensing
layer (Dy2O3-Pd-PDA/rGO nanocomposite) and H2 molecules during the physisorption,
resulting in photoexcitation and reversible adsorption/desorption reactions [45,48,49]. The
presence of 4f electron improves the photocatalytic activity and adsorption capacity of
the Dy2O3 while exposed to UV. When the sensor is in contact with H2 as a reducing
agent, the electrons transfer from hydrogen into the Dy4f orbitals and thus to oxygen,
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creating superoxide anion radicals [50]. Therefore, the formation of highly reactive oxidant
species including ◦OH, HO2

◦ and O2
◦− on the Dy2O3-Pd-PDA/rGO heterojunction surface

results in shaping the electron-hole pairs where the excited electrons from the valence band
move to the conduction band and consequently leaving holes in the valence band [51].
These photoproduced electron-hole pairs can transfer to the surface, inducing the electron
acceptor (O2) to active oxygen (◦O2

−) reduction process [52]. In addition, the holes oxidize
H2 (the electron donor) to produce hydroxyl radicals and/or H2O molecules [52]. The
active ◦O2

− and OH◦ accelerate the oxidisation of the adsorbed H2 molecules, enhancing
the sensing performance [52]. Response magnitude of the sensor at 150 ◦C and 0 %RH was
calculated for each experiment towards H2 with different concentrations (200–600 ppm) in
the dark and under UV radiation and presented in Table 1.

Table 1. Hydrogen sensing response of Dy2O3-Pd-PDA/rGO conductometric sensor in the dark and
under UV illumination at 150 ◦C and 0 %RH towards H2 with different concentrations.

H2 Concentration (ppm)

200 300 400 500 600

Response (%)
In the dark 100.3 100.68 100.72 100.75 100.75

Under UV 100.7 101.3 102.2 103.1 104

Figure 9. Dynamic response of Dy2O3-Pd-PDA/rGO sensor at 150 ◦C and 0 %RH as a function of
hydrogen concentration, (a) without and (b) with UV illumination.

Table 1 confirms an improvement in the response of the photo-induced sensor under
UV illumination because of the decrease in the adsorption energy barrier between the gas
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molecules and sensing film [53]. In addition, the sensor’s response in the dark is nearly
constant by rising the H2 concentration from 400 to 600 ppm, which can be attributed to
the competition between recombination of the electron-hole pairs and the re-adsorption
of the H2 molecules [54,55]. The H2 sensing mechanism of the Dy2O3-Pd-PDA/rGO
nanocomposite-based sensor is complex and cannot be simplified based on different physi-
cal and chemical adsorption/desorption interactions, including van der Waals forces, π-π
interactions, formation of various chemical bonds, oxygen species on the surface, and
charge transfer between the heterojunction nanocomposite and H2 molecules [56].

3.2.3. Effect of Relative Humidity

Some environmental elements can influence the gas sensing performance, including
humidity [57]. In a humid environment, water molecules could adsorb onto the sensor as
well, thus affecting the physisorption and chemisorption processes of hydrogen [48,58].
In this work, we investigated the effect of humidity (from 0 %RH to 25 %RH) on the
Dy2O3-Pd-PDA/rGO sensor’s performance at the optimum temperature of 150 ◦C under
different H2 concentrations and UV radiation.

The sensing parameters, including the response magnitude and response and recovery
times towards H2 with different concentrations and various %RH, was calculated for
each experiment and presented in Tables 2 and 3. The results reveal that the sensor’s
responses to H2 are enhanced by increasing the H2 concentration from 200 ppm to 600 ppm.
Table 2 also indicates that the sensor’s responses are improved by elevating the %RH up
to 15% and then is reduced by further increasing to 25%. In addition, it was seen that the
electrical properties of the sensor remained almost constant by further raising the %RH
above 25% up to 47.5%. The sensitivity improvement of up to 15 %RH can be attributed to
the role of water molecules in humid environments, participating in physical and chemical
adsorption/desorption reactions [59]. Similar to H2, water molecules could also act as
electron donors, so when the relative humidity elevates to 15%, the resistance of the p-type
sensor rises, improving the sensor’s response due to the increased number of adsorbed
water molecules [59,60]. In addition, the polar hydroxyl and carbonyl functional groups
present on the sensing material’s surface can interact with water, causing a resistance
change as well [61]. Therefore, the formation of the hydroxyl active sites on the surface
of the Dy2O3-Pd-PDA/rGO due to the interaction between the adsorbed H2 molecules
and the present oxygen species on the sensing layer surface leads to improvement in the
sensor’s response [62]. By further increasing the relative humidity, the adsorbed water
molecules concentration increases on the sensor’s surface, breaking the sensing material’s
sublattice and symmetry (especially the graphene oxide) and continuously widening its
bandgap, consequently changing the electrical properties of the sensor, and decreasing the
sensor’s response [63].

Table 2. Sensing parameters of the sensor towards 200–600 ppm H2 at 150 ◦C under UV illumination
at different humidity level.

H2 Conc (ppm)
Response (%)

0 %RH 10 %RH 15 %RH 20 %RH 25 %RH

200 100.7 100.9 101.9 101.3 101.9
300 101.3 101.4 102.9 101.5 102.1
400 102.2 102.5 104.1 101.6 102.3
500 103.1 103.9 105.1 101.6 102.3
600 104 104.15 107.1 101.6 101.9
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Table 3. Sensing parameters towards H2 with 2000–6000 ppm concentrations at 150 ◦C under
UV illumination.

H2 Conc (ppm)
Response (%) Response Time (s) Recovery Time (s)

0 %RH 15 %RH 20 %RH 0 %RH 15 %RH 20 %RH 0 %RH 15 %RH 20 %RH

2000 104.3 114.12 113.5 60 600 720 180 240 180
3000 107.4 122.1 130.4 180 420 600 180 240 180
4000 111.6 131.9 142.6 180 420 360 180 240 120
5000 115.8 140.4 145.2 150 360 180 210 180 120
6000 121 144.1 144 150 300 180 240 180 120

In addition, excess water molecules on the sensing surface could compete with H2
molecules to be adsorbed on the sensor’s surface. Consequently, due to the larger molecule
size of the water, it is challenging for them to compete with H2 molecules to enter the
sensing material’s surface, resulting in a decrease in the sensing response [57].

The humidity effect was also investigated when the sensor was exposed to high H2
concentrations from 2000 ppm to 6000 ppm. As shown in Table 3, the sensor demonstrates
a maximum response of 121% at 0 %RH in the presence of 6000 ppm H2 at 150 ◦C. By
increasing the H2 concentration, the number of hydrogen molecules interacting with the
sensing layer rises, enhancing the adsorption rate on the surface until it gets saturated.

Table 3 also reveals that the sensor’s responses enhance by raising the humidity to
20%. The sensor’s response upon exposure to 6000 ppm H2 at 20 %RH almost doubled.
The response is calculated to be 144%, comparable with the sensor’s response (144.1%)
at 15 %RH under the same operational conditions. However, by increasing the H2 con-
centration up to 5000 ppm at 20 %RH, the sensor’s response slightly enhanced to 145.2%
while it dropped a little by further growing the H2 concentration to 6000 ppm. This can be
attributed to the competition between the H2 and water molecules to be adsorbed on the
sensing layer’s surface [46,64].

Another explanation can be seen in Figure 10, which shows the dynamic response
of the sensor towards H2 at 0 %RH, 15 %RH, and 20 %RH and 150 ◦C. Comparing these
results reveals that a slight baseline drift occurs when the sensor is operating at 20 %RH,
which means the sensor does not recover fully, decreasing the sensor’s response while
exposed to 6000 ppm H2.

In addition, Figure 10a shows that the sensor’s baseline (i.e., sensor’s resistivity) at
0 %RH is higher than what it is at 15 %RH and 20 %RH. This result could be attributed to
increasing the charge carriers on the surface of a sensing material by elevating the %RH
due to the adsorbed ionised water molecules, enhancing the sensor’s conductivity [61,64].
Moreover, the presence of hydroxyl active sites (as electron donors) on the sensing layer in
the humid environment enhances the electric charge density by forming the hydronium
cations from the ionised water molecules (Equation (4)), leading to an increase in the
conductivity [48,58].

2H2O � OH− + H3O+. (4)

Figure 10 also compares the response and recovery times while increasing the humidity
level and H2 concentrations. A fast response and recovery, 60 s and 180 s, respectively, were
measured for 2000 ppm H2 at 150 ◦C and 0 %RH. It can be seen that both response and re-
covery times decrease by rising the H2 concentration at a higher humidity level than 0 %RH
due to an increase in the surface coverage rate accelerating the adsorption/desorption
of the H2 molecules [65]. In addition, the high permeability of the Dy2O3-Pd-PDA/rGO
to water molecules and the hoping proton mechanism play essential roles in the sensing
performance [49,66]. When the concentration of the adsorbed water molecules increases
on the surface (by increasing the %RH from 15% to 20%), the arisen protons (H+), from
hydroxyl functional groups of the rGO, bond with the water molecules. This leads to
forming the hydronium ions, which enhance the electric charge density [39,63]. Thus, by
increasing the concentration of the H2 molecules, the adsorption/desorption interactions
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become quicker due to the increased gas diffusion and conductive routes with high mo-
bility [67,68]. Consequently, by comparing the response and recovery times at 15% and
20 %RH, we observe quicker response and recovery by increasing the H2 concentration at
20 %RH. Moreover, by raising the humidity to 20%, the sensor’s recovery became faster
than it was at 0 % RH due to the physical and chemical adsorption/desorption rate of the
H2 molecules.

Figure 10. (a) Dynamic response of Dy2O3-Pd-PDA/rGO sensor towards H2 with different concen-
trations (2000–6000 ppm) at 150 ◦C, and relative humidity levels (0 %RH, 15 %RH, and 20 %RH)
under UV radiation; (b) response time and (c) recovery time of the sensor at 0 %RH, 15 %RH, and
20 %RH as a function of H2 concentrations. (d) Response magnitude of the sensor towards H2 with
different concentrations at 0 %RH, 15 %RH, and 20 %RH.

A fast recovery (120 s) was measured for 4000 to 6000 ppm H2 at 150 ◦C and 20 %RH.
In a humid environment, it was observed that the response and recovery were quicker by
increasing the H2 concentration based on an increase in the surface coverage rate facilitating
the adsorption/desorption of the H2 molecules. In addition, the sensor saturates faster
at higher concentrations. Moreover, the functional groups on the Dy2O3-Pd-PDA/rGO,
including the hydroxyl and carbonyl groups, can interact with water, changing the ad-
sorption/desorption rate and participating in the physisorption of the H2 molecules on
the Dy2O3-Pd-PDA/rGO surface, based on Van der Waals forces, and also forming the
covalent bonds via the chemisorption reactions [65]. The water molecules usually behave
as electron donors, inducing the ionisation of the OH and COOH functional groups in the
sensing layer to generate a concentration gradient of protons [13]. This gradient accelerates
the diffusion of the protons to the sensing material, delivering a voltage and current in
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the external circuit that leads to a quicker response [69]. Figure 10d shows the response
percentage of the sensor at 0 %RH, 15 %RH, and 20 %RH and 150 ◦C. The highest response
is calculated to be 145.2% when the sensor is exposed to 5000 ppm H2 at 20 %RH.

3.2.4. Sensor Selectivity and Long-Term Stability

The gas selectivity of the Dy2O3-Pd-PDA/rGO sensor was investigated at the opti-
mum temperature of 150 ◦C and 0 %RH. Figure 11a shows the response of the sensor to
50 ppm H2 gas as compared with different interfering gases (all at 50 ppm concentrations),
including methane (CH4), ammonia (NH3), and acetone (C3H6O). The sensor indicated a re-
markable response of 100.5% towards hydrogen while showing a negligible response (2.1%)
towards acetone and inadequate responses of 5.1% and 3.2% towards CH4 and NH3, re-
spectively. As mentioned before, the sensing mechanism of the p-type Dy2O3-Pd-PDA/rGO
nanocomposite is mainly based on the chemical adsorption/desorption interactions of the
oxygen active sites with the H2 molecules and the charge transfer from the H2 molecules
to the sensing layer [24,70]. The oxygen in the air interacts with the free electrons on the
sensing layer surface, forming O2−, O2

−, and O− ions. These reactive oxygen species inter-
act with the H2 molecules as an electron donor gas, enhancing the electron charge transfer
to the sensing layer, reducing the hole concentration, and increasing resistivity [24,41,42].
The Dy2O3-Pd-PDA/rGO sensor was examined repeatedly over eight months towards
6000 ppm H2 at 150 ◦C and 0 %RH and indicated long term stability with a negligible
degradation (Figure 11b).

Figure 11. (a) Gas selectivity of the Dy2O3-Pd-PDA/rGO sensor towards 50 ppm of different gases,
(b) long term stability of the sensor’s response towards 6000 ppm H2 at 150 ◦C and 0 %RH over
eight months.
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4. Discussion and Conclusions

The heterojunction Dy2O3-Pd-PDA/rGO nanocomposite was synthesised by an en-
vironmentally friendly and straightforward chemical procedure [22]. The surface char-
acteristics of the sensor revealed a uniform distribution of 2D Dy2O3 and Pd NPs onto
the PDA/rGO nanosheets. The SEM images illustrated a multi-layered porous structure
of the Dy2O3-Pd-PDA/rGO nanocomposite that considerably impacted the H2 gas sens-
ing performance. Raman analysis showed no significant defects in Pd-PDA/rGO NSs
while doping with 2D Dy2O3. The hydrogen gas sensing performance of the fabricated
conductometric sensor was extensively studied under different operational conditions,
including H2 concentration (50–6000 ppm), temperature (up to 200 ◦C), UV radiation, and
relative humidity (up to 25 %RH). The sensor showed a negligible response to hydrogen
without UV illumination. In contrast, the response was enhanced significantly under UV
illumination due to stimulated electrons from the valence band of the sensing material [47].
These photogenerated electrons accelerate the adsorption and desorption reactions of H2
molecules with the ambient oxygen species or water molecules [47].

The experimental results confirmed a p-type sensing behaviour with a maximum
response of 121% towards 6000 ppm H2 at 0 %RH and an optimum working tempera-
ture of 150 ◦C. This result could be attributed to increasing the concentration of the H2
molecules, facilitating their interactions with the sensing material. Thus, enhancing the
adsorption/desorption rate on the surface until it saturates and a steady state is reached.
The sensor was capable of detecting the H2 concentration as low as 50 ppm (R = 100.5%).

Gas sensing performance is correlated with the adsorption of atmospheric H2O
molecules as a significant source of interference [9,18]. Based on the literature, humidity is
a complex challenge faced by most resistive H2 sensors [9,71,72]. Therefore, developing
a sensor capable of detecting H2 in a humid environment can be a critical solution for
humidity-related issues in the real environment [73]. Hence, we studied the effect of hu-
midity on the Dy2O3-Pd-PDA/rGO nanocomposite sensing performance and its behaviour
on the adsorption/desorption of H2 molecules as one of the critical factors of developing a
commercial sensor for humid environments [74]. It was observed that by increasing the
%RH up to 20%, the sensor’s performance (i.e., response and recovery times) drastically
improved so that its response towards 5000 ppm H2 at 150 ◦C was changed from 115.8% at
0 %RH to 145.2% at 20 %RH.

In addition, a maximum response of 144% was obtained upon exposure to 6000 ppm
H2 at 20 %RH and 150 ◦C, which is much higher than its response in a dry ambient (121%)
at similar operational conditions. This result could be due to rising the charge carriers on
the sensing layer surface by enriching the %RH because of the adsorbed ionised water
molecules, in addition to the presence of the electron donor hydroxyl active sites on the
sensing layer in the humid environment. By raising the %RH (from 15% to 20%), the
sensor’s response and recovery times also improved from 360 s to 180 s and 180 s to 120 s,
respectively. Table 4 summarises a comparison of H2 sensing performance between selected
graphene-based nanomaterials, which are functionalised by noble metals and/or metal
oxides with the current work.

In this work, reducing the GO by adding the DA, as an environmentally friendly
chemical, highly improved its reduction process and functionalising the PDA/rGO with Pd
NPs and 2D Dy2O3 significantly enhanced the H2 sensing parameters [19]. In addition, the
developed Dy2O3-Pd-PDA/rGO sensor was highly selective to hydrogen and illustrated
high effectiveness in the humid environment.
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Table 4. H2 sensing properties of different graphene-based materials functionalised by noble metals
and/or metal oxides.

Material. Synthesis Method
Hybrid

Material
Temp.
(◦C)

RH
(%)

H2 Conc.
(ppm)

Response
Time (s)

Recovery
Time (s)

Response
(%)

Graphene [75] Thermal CVD Pd
NPs-SiO2

RT - 500 213 600 4.1

rGO [76] Freeze drying NiO 50 - 10,000 28 142 0.64
rGO [8] Wet chemistry Pd NPs 100 10 5000 170 1440 18.2

rGO [77] Hummers’ method,
Hydrothermal Pd-Pt 25 - 8000 300 600 0.52

rGO [78] Hummers’ method,
Hydrothermal Pt-SnO2 RT - 5000 3 2 3

PDA/rGO (this work) Wet chemistry Pd NPs-
2D Dy2O3

150 20 5000 180 120 145.2

According to the literature, the hybrid materials’ sensing performance can be enhanced
by surface engineering due to forming the new physical and electrical properties, including
the changes in thickness and several reactive sites for gas molecules interactions [79,80].
Overall, these enhancements could be based on improved electrical properties and charge
transfer of the hybrid sensing material [81]. However, the hybrid materials gas sensing
mechanisms seem to be complex, so to achieve predictable sensing improvements, many
variants need to be investigated, such as the impact of different fabrication techniques,
functionalisation, and structural parameters such as the porosity, thickness, surface to
volume ratio and crystallinity of the materials. The mentioned parameters play critical
roles in the sensing material and gas interactions, consequently changing the sensing
performance [82]. However, these effects on the chemical and electrical properties of the
sensors and thus enhancement in gas sensing properties may not be directly related.

In this work, the presence of oxygen species (O2
−, O−, and O2−) on the sensing ma-

terial surface under UV illumination played a critical role in the molecular adsorption of
the fabricated p-type gas sensors, forming the photo-induced electron-hole pairs and an
electron depleted region [15,83]. When the Dy2O3-Pd-PDA/rGO heterojunction nanocom-
posite is exposed to hydrogen as a reducing gas, the reduction reaction between the oxygen
species and H2 molecules accrue on the Dy2O3 surface, creating the Dy3+ due to the oxygen
vacancy. This results in releasing the electron to the sensing layer’s surface, affecting the
depletion layer and resistance of the sensor [24]. At the same time, hybridising the Dy2O3
with Pd-PDA/rGO formed a p-n junction nanocomposite, creating Dy-O bondings at the
interface between Dy2O3 and rGO, which positively affected the H2 sensing performance
of the final nanocomposite at a low operating temperature [84,85]. Another benefit of
hybridisation was the formation of Pd-O-Dy bonds as active sites in the interface between
the Dy2O3 and Pd NPs, facilitating the chemisorption of the H2 molecules with the lat-
tice oxygen, which also creates a synergic effect on the durability of the material due to
anchoring the Pd NPs with the active sites’ support [85].

To conclude, the results confirmed the regulated electronic structure of the Dy2O3-
Pd-PDA/rGO heterojunction nanocomposite at the interface region, resulting in reduced
energy barrier, enhanced kinetics, and more balanced hydrogen adsorption/desorption
rate [86]. Moreover, the experimentally determined performance of the Dy2O3-Pd-PDA/rGO
heterojunction nanocomposite revealed to be reliable, sensitive, have a rapid response,
and recovery sensing materials, which has benefited from the use of environmentally
friendly and simple synthesis and fabrication techniques as well as improvements in the
combinations of Pd NPs and 2D Dy2O3 that comprise the composite sensor.
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Abstract: Background: The aim of this clinical study was to reveal the relationship between body
dehydration and oral mucosa moisture measured by the use of a capacitance sensor for oral epithelial
moisture. Methods: The following clinical parameters were recorded from each one of 19 athletes
in a one-week period of high-intensity exercise at the U-23 Triathlon Training Camp in summer
and winter; body weight, urine specific gravity, oral mucosa moisture, subjective oral thirst, and
subjective throat thirst (within 30 min after waking and before breakfast at 7:00 a.m. on Day2 and
Day6). Results: There were no significant differences in the mean values of body weight, urine
specific gravity, oral mucosa moisture, oral thirst, and throat thirst between Day2 and Day6 in both
measurements in summer and winter. The oral mucosa moisture had a moderate negative correlation
with urine specific gravity (p < 0.05, r = −0.45). Conclusions: This study suggests that oral mucosal
moisture determined using an oral moisture-checking device could be a potential index for assessing
dehydration during sports activities.

Keywords: dehydration; capacitance sensor; oral mucosal moisture; urine specific gravity

1. Introduction

Body temperature elevations due to physical activity elicit responses of increased
skin blood flow and increased sweat secretion [1]. Sweat evaporation provides a primary
function of heat loss in the body, but both water and electrolytes are also lost. Water and
electrolyte imbalances (dehydration and hyponatremia) can develop and adversely impact
individuals’ exercise performance and health [2].

Dehydration of >2% body weight (BW) can degrade aerobic exercise performance [3]
and cognitive/mental performance [4]. Dehydration of over 3% BW degrades muscular
strength [5]. Furthermore, dehydration impairs exercise performance and contributes
to serious heat exhaustion [6] and exertional heat stroke [7], rhabdomyolysis [8], and
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exercise-associated hyponatremia [9]. Dehydration can lead to death in severe cases; thus,
dehydration assessment is important.

Table 1 shows an assessment of several dehydration biomarkers and subjective indi-
cators. Total body weight and plasma osmolality are very valid and precise measures of
body hydration but are of low practicality for use by most persons [2]. In physical activity,
the biomarkers should be practical for use by individuals, coaches, and so on. Measures of
urine biomarkers such as urine specific gravity and osmolality provide valuable insight [10],
and urine color and volume are often used as subjective indicators. These urine indices are
used in sports because of their practicality and especially urine specific gravity has been
reported to be an invasive, inexpensive, simple, fast, and accurate indicator of hydration
status before exercise [11]. Urine specific gravity is often used in clinicopathology to assess
kidney function. The kidney minimizes water loss by concentrating urine. Therefore, urine
specific gravity of <1.020 g/mL is indicative of dehydration.

Table 1. Assessment of dehydration biomarkers.

Measure Euhydration Cutoff

Blood Plasma osmolality <290 mOsmol

Urine
Urine specific gravity <1.020 g/mL

Urine osmolality <700 mOsmol
Urine color

Weight Body weight <1%
Total body water <2%

Oral
Thirst

Mouth dryness

Oral characteristics such as wrinkles and dryness of the tongue and subjective feelings
of thirst in the mouth and/or throat have also been used to assess dehydration. Recent
studies have reported the utility of salivary viscosity [12], saliva osmotic pressure [13],
capillary refill time [14], and oral moisture [15] as diagnostic indicators.

All these indices have limitations such as the time, cost, and labor required for collec-
tion during exercise, the fact that they may be invasive and require technical expertise, and
the fact that there is a time lag between the current symptoms and the indices, so there is a
need for a simpler evaluation method that can provide immediate feedback.

Recently, in the field of medicine, evaluation of dehydration severity using a capac-
itance sensor for oral epithelial moisture has been attempted for dehydrated patients
brought to emergency rooms, and it was reported that oral moisture measurement is useful
for initial evaluation of dehydration [15]. Dry mouth is one of the most common clinical
findings in dehydrated patients and is often associated with dehydration. McGee et al.
reported that 85% of dehydrated patients experience dry mouth [16]. In recent years, the
measurement of oral moisture has begun to be applied in not only the evaluation of oral
dryness among elderly populations [17] but also a variety of situations in clinical practice,
such as maxillofacial prosthesis patients [18,19], oropharyngeal cancer [20], xerostomia due
to side effects of medication [21], and so on.

Mucus® (Life Co., Saitama, Japan; Figure 1), a capacitance sensor for oral epithelial
moisture, easily measures oral moisture within two seconds [22]. This device is the first
to measure oral moisture, and the principle of this device is that the epithelial moisture
is measured as capacitance. The dielectric constant of water is much higher than that
of other substances; therefore, the percentage of water in the substance can be checked
by measuring the dielectric constant of the substance. The moisture of the substance is
measured by calculating the capacitance from the dielectric constant of the substance, and
the principle is the same as that of a skin moisture sensor. The indicated value (%) of an
oral moisture meter is based on the gravimetric moisture content of a standard sample of a
special protein membrane for medical use and is expressed as a percentage of moisture
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content. The definition of moisture content by the gravimetric method is the following:
moisture content = B/(A + B) × 100% (A: weight of dry protein membrane, B: weight of
water), where 100% represents the state when the sample is entirely water. However, the
measurement range of the moisture meter is about 15 to 65%. The reliability of the data was
previously demonstrated by comparison with the dry weight method [22]. Fukushima et al.
reported that the sensitivity and specificity values are close to 80%. The oral moisture
values range from 0 to 99.9, and values of ≥29.6, 28.0–29.5, and ≤27.9 are defined as
normal, borderline dry mouth, and dry mouth, respectively [23]. Takano et al. reported
that using an oral moisture-checking device has sufficient intra- and inter-investigator
reliabilities [24]. As such, Mucus® has received manufacturing and marketing approval as a
body composition analyzer (approval number: 22200BZX00640000) by the Pharmaceutical
and Medical Devices Agency of Japan.

 

Figure 1. Mucus®; Life Co., Ltd., Saitama, Japan, (a) is a capacitance sensor; (b) is the score display.

We hypothesized that oral moisture measures by the use of such a device may provide
a rapid and precise indication of dehydration in sports. The aim of this clinical study
conducted in a one-week period of high-intensity exercise at the U-23 Triathlon Training
Camp during summer and winter 2019 was to reveal the relationship between body
dehydration and the oral mucosa moisture measured by the use of a capacitance sensor for
oral epithelial moisture.

2. Materials and Methods

2.1. Study Subjects

This study was approved by the research ethics committee of Tokyo Medical and
Dental University (approval number: D2019-031). Before the start of this study, all the study
participants received verbal explanations regarding data collection and the protection of
privacy and personal information, and they each signed an informed consent form.

Data were collected at the U-23 Triathlon Training Camp during summer and winter
2019. Samples of 6 subjects in the summer camp and 13 subjects in the winter camp were
recruited from the participants of the U-23 Triathlon Training Camp; those diagnosed with
oral mucosal abnormalities of the tongue and/or Sjögren’s syndrome or xerostomia were
not invited to participate in this study.

2.2. Data Collection

The camp lasted for seven days, of which the mornings of the second and sixth
days were set as measurement days. Within 30 min after waking and before breakfast at
7:00 a.m., data regarding body weight, urine specific gravity, oral mucosa moisture, oral
thirst, and throat thirst were collected from each subject. Body weight was measured and
recorded on a scale (YAMAZEN HCF-40 Life Co., Ltd., Saitama, Japan). Urine specific
gravity was measured by collecting urine early in the morning and measuring it with
a urine specific gravity meter (PEN urine specific gravity meter Atago Co., Ltd., Tokyo,
Japan). The extent of oral mucosa moisture was measured using a capacitance sensor

173



Chemosensors 2021, 9, 196

for oral epithelial moisture (Mucus®; Life Co., Ltd., Saitama, Japan). It was measured on
the center of the lingual mucosa approximately 10 mm from the tip of the tongue; the
device was manually applied at a pressure of approximately 200 g by a single measurer
(Figure 2). A dedicated disposable polyethylene cover was applied to the sensor for each
subject. The measurements were done three times, and the median values were recorded.
Subjective scores of oral and throat thirst were recorded on an 11-point scale from 0 to 10
(10: strong sense of thirst). Furthermore, the weather and maximum temperatures during
the camp were recorded, and the session rating of perceived exertion (s-RPE) was recorded
as the exercise intensity during the camp. For the measurement of the s-RPE, the modified
Borg CR-10 scale was used to quantify session intensity [25]. Following the final training
session each day, each participant individually recorded the subjective exercise intensity
for that day.

 

Figure 2. An example of measurement of oral mucosal moisture by using an oral moisture checking
device (Mucus®; Life Co., Ltd., Saitama, Japan).

2.3. Data Analysis

Data regarding body weight, urine specific gravity, oral mucosa moisture, oral thirst,
and throat thirst were statistically analyzed using Student’s paired t-test to compare the
second day with the sixth day. The correlations of the oral mucosa moisture and urine
specific gravity results were examined via Spearman’s correlation coefficient, and the
regression line was calculated. The statistical analyses were performed using statistical
software JMP14 (SAS Institute Inc., Cary, NC, USA) at a 5% significance level.

3. Results

The study participants’ demographic data (sex, age, body weight) are summarized
in Table 2. The weather and maximum temperature during the camp is shown in Table 3.
The summer camp had mostly sunny and hot days over 30 ◦C, while the winter camp had
many rainy, cloudy, and cold days. Transitions in body weight, urine specific gravity, oral
mucosa moisture, oral thirst, and throat thirst in the summer and winter camps are shown
in Figure 3. There were no significant differences in the mean values of body weight, urine
specific gravity, oral mucosa moisture, oral thirst, and throat thirst between Day2 and Day6
in both measurements in summer and winter. In the summer, the urine specific gravity
was above 1.020 g/mL, which is considered in sports to indicate dehydration, and the oral
mucosa moisture measured by the Mucus® device was below 28.0, which is diagnosed as
xerostomia. In the summer, all values tended to worsen at the end of the camp, but in the
winter, they tended to improve because summer is the heat and humidity environment [26].

174



Chemosensors 2021, 9, 196

Table 2. Subject data, mean ± SD.

Number of subjects 19 (Male 10; Female 9)

Mean age 20.8 ± 0.8
Weight (kg) 58.1 ± 8.7

Table 3. The weather and maximum temperatures during the summer/winter camps.

Summer Day1 Day2 Day3 Day4 Day5 Day6 Day7

Weather Sunny Sunny Sunny Sunny Sunny Sunny Sunny
Maximum temperature (◦C) 30.1 30.3 30.5 33.5 32.6 31.1 32.0

s-RPE 1 6.6 ± 2.7 * 34.0 ± 10.5 25.5 ± 7.4 13.3 ± 4.5 33.0 ± 10.5 39.4 ± 8.8 10.3 ± 2.9

Winter Day1 Day2 Day3 Day4 Day5 Day6 Day7

Weather Rain Rain Sunny Cloudy Rain Rain Sunny
Maximum temperature (◦C) 13.2 10.2 17.1 15.8 16.5 16.4 12.7

s-RPE 2.3 ± 3.60 9.9 ± 3.7 32.8 ± 12.3 17.6 ± 4.2 24.5 ± 11.3 20.7 ± 6.6 24.6 ± 6.7
1: s-RPE is the session rating of perceived exertion. *: Average ± S.D.

 

Figure 3. Transitions in oral thirst (A), throat thirst (B), body weight at wakeup (C), urine specific gravity (D), and oral
mucosa moisture (E) during the summer and winter camps. Urine specific gravity above 1.020 g/mL indicates dehydration
in sports. Oral moisture values range from 0 to 99.9, and values of ≥29.6, 28.0–29.5, and ≤27.9 are defined as normal,
borderline dry mouth, and dry mouth, respectively. Error bars reflect standard deviation.
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Meanwhile, the Spearman’s correlation coefficient illustrated that the oral mucosa
moisture had a moderate negative correlation with urine specific gravity (p < 0.05, r = −0.45),
and the regression equation showed that the value of oral mucosa moisture predicting urine
specific gravity of 1.020 g/mL, which is an index of dehydration, was ≈27.5 (Figure 4). It
was analyzed the multivariate correlations among body weight, urine specific gravity, oral
mucosa moisture, subjective oral thirst, and subjective throat thirst, but results correlating
with oral mucosal moisture were not observed, except for urine specific gravity.
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gravity (p < 0.05, r = −0.45). The regression equation showed that the value of oral mucosa moisture
predicting urine specific gravity of 1.020 g/mL, which is an index of dehydration, was ≈27.5.

4. Discussion

The findings of this study suggest that oral mucosa moisture measured using a
capacitance sensor for oral epithelial moisture is a simple index for dehydration assessment
during sports activities. Although no subjects were diagnosed with heat stroke in either
camp, the urine specific gravity of the subjects ranged from 1.001 to 1.032 g/mL, which
means that the subjects included both normal and possibly dehydrated conditions. These
results suggest that the subjects in this study were appropriate subjects for the evaluation
of dehydration during high-intensity training periods.

For these subjects, a moderate negative correlation of the oral mucosa moisture and
urine specific gravity is shown in Figure 4. The results agree with the finding reported by
Fukushima et al. that there is a negative correlation between the severity of dehydration
and the degree of oral mucosal moisture (p < 0.05, r = −0.69). The index of mouth and
throat thirst which has been used as an indicator of dehydration is a subjective score of
the athlete themself. The fact that oral mucosal wetness is numerical and objective data,
and its value is correlated with urine specific gravity is expected to have a great impact on
future dehydration indicators. Although the correlation between the oral mucosa moisture
and urine specific gravity was an important finding, the following points should be noted.
As shown in the scatter plot, there were nine cases in which the urine specific gravity was
less than 1.020, but the oral wetness was plotted lower than 28.0. In this case, the urine
specific gravity may have failed to assess the state of dehydration, or the oral mucosal
wetness may have overestimated, but this cannot be determined from this study design
alone. Furthermore, there were two cases where the urine specific gravity was 1.020 or
higher, but the oral wetness was higher than 28.0. These results suggest that the oral
mucosa moisture measured using a capacitance sensor for oral epithelial moisture as a
simple index for dehydration assessment on its own may not be sufficient, and combining
multiple assessment methods may be necessary. Simplified approach to assessing daily
dehydration is using a Venn diagram decision tool [27]. Weight loss (>1%), dark-colored
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urine (>5 arbitrary units, a.u), and thirst (conscious desire for water) are used as markers
of inadequate fluid intake. In addition, it may be useful to continue to take daily timed
measurements within the same athlete to capture individual data and compare it to the
data in the field dehydration index.

The regression equation in Figure 4 shows that the value of oral mucosa moisture
predicting urine specific gravity of 1.020 g/mL, which is an index of dehydration, was
≈27.5. Since this value is less than 28.0, which is diagnosed as xerostomia, the cutoff line for
dehydration cannot be determined in this study design, but it is expected to be in a reason-
able range. Epidemiological studies to examine the cutoff line for dehydration determined
via oral mucosa moisture need to be done in the future. The Mucus® device is intended to
measure oral mucosa moisture in elderly patients with xerostomia. Therefore, it may be
possible to modify this measurement for dehydration by changing the dielectric ratio.

Although there are multiple measures of dehydration, it is necessary to consider the
validated targets, in other words, acute dehydration index or chronic dehydration index.
TBW and plasma osmolarity are indicators of acute and chronic dehydration, while urine
specific gravity and urine osmolarity are indicators of chronic dehydration [2]. The oral
mucosa moisture was previously compared with acute indications [15,28]. Suzuki et al.
examined changes in oral mucosal moisture during a 60-min bike ride in the laboratory at
temperatures of 15, 23, and 30 ◦C. The results showed a gradual downward trend in oral
mucosal moisture at all temperatures, with a smaller value recorded at 30 ◦C throughout
the 60 min [28]. In this study, a correlation was confirmed with urine specific gravity, which
is an indicator of chronic dehydration. This suggests that it may be possible to evaluate not
only acute dehydration in emergency situations but also chronic dehydration that can be
applied in daily condition management.

The capacitance sensor for oral epithelial moisture, Mucus®, employed in this study
currently has no restrictions on who can use it, and it can be easily employed by anyone.
In addition, it is not large and can be carried easily. The measurement time is only a few
seconds, which is less of a burden for the athlete and the measurer. However, when we
performed measurements with it in this study, we found that it was somewhat technically
sensitive in terms of the pressure and angle of the contact surface, and in some cases,
practice was necessary before use. The design makes it difficult to measure by oneself.
There is room for improvement in the design to make it more universal, so that it can be
used by anyone, anywhere, at any time.

The design of this study was a field survey, and environmental factors and levels of
exercise load that influence dehydration were recorded but not controlled. Comparing their
oral mucosa moisture measurement with other gold standard methods such as salivary
flow rate is necessary. The relationship with other indicators of dehydration, such as
plasma osmolality, also needs to be evaluated.

5. Conclusions

This study indicated that oral mucosal moisture determined using an oral moisture-
checking device could be a simple valuable index for assessing dehydration during
sports activities.
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Abstract: Heptamethine cyanine dyes were synthesized in good yields by the reaction between
quaternary indoles and a pentamethinic salt, under mild reaction conditions minimizing photoox-
idation. These compounds were used as precursors to prepare meso-substituted derivatives. The
cyanine dye precursors presented UV-Vis absorption, related to fully allowed electronic transitions
and fluorescence emission in the NIR region, without any evidence of aggregation in both ground and
excited states. The substitution at the meso position showed a fundamental role in their photophysics,
with the main absorption in the green-orange region related to the monomeric species. Moreover,
the excited state photophysics presented emission profiles dependent on the excitation wavelengths,
complicating the correlation of spectroscopy and structure. Density Functional Theory and OO-SCS-
MP2 calculations under different solvation conditions revealed the heavy impact of conjugation
effects on ground and excited states’ geometries and electronic configurations of these compounds.
Finally, the observed photophysical features of the meso-substituted heptamethine cyanine dyes were
successfully used to explore their application as fluorescent probes in biological media, allowing
stable staining in live and fixed cells.

Keywords: bioimaging; heptamethine cyanine; fluorescence; charge transfer; theoretical calculations

1. Introduction

Cyanines are a subclass of heterocyclic compounds ascribed as polymethine dyes
presenting, in general, two heterocyclic moieties in their chemical structure where the
bridges between them are π-conjugated systems. These compounds can be differentiated by
the number of sp2 carbons in the molecule central portion and the nature of the heterocyclic
groups present in the peripheral molecular structure [1–4]. These structural changes
allow large absorption intensities and spectral emissions ranging from ultraviolet to near-
infrared regions [5–8]. Moreover, heptamethine cyanine dyes may be substituted at the meso
position by reaction with nucleophilic compounds, such as amines, thiols, and aromatic or
aliphatic alcohols [9–12]. In this regard, molecules presenting halogen atoms at the meso
position provide a reactive site for this substitution in most cases, through a unimolecular
radical nucleophilic substitution (SRN1) mechanism, a substitution reaction in which a
certain substituent on an aromatic compound is replaced by a nucleophile through an
intermediary free radical species [13]. Additionally, cyanine dyes can be reactive to the
environment, showing potential biomedical [14] and sensing applications [15,16], whereas
the solvatochromic ones have been emerging mainly for analytical purposes [17]. Based
on their electronic properties [18], they have been used as polarity sensors in several
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studies related to halochromism [19], to study micro-heterogeneity in solution [20] and
solvent mixtures [21]. In addition, heptamethine cyanine dyes have attracted attention for
utilization in both imaging and therapy in cancer cells, mainly due to their low toxicity,
accumulation capability, low autofluorescence, and superior signal-to-noise ratios [22–24].
A recent study showed that cyanine dyes efficiently labeled cancer cells and spontaneous
tumors in transgenic mice, indicating their potential application to detect cancer metastasis
and cancer cells in blood with a high degree of sensitivity [25].

Herein, we present the synthesis and photophysical characterization of new pyrrolidine-
substituted heptamethine dyes, where the presence of the non-bonding electrons may be
useful for different conjugation pathways where ICT may be present, and its preliminary
investigation as fluorescent probes in biological media for cell staining.

2. Materials and Methods

2.1. Materials

2,3,3-Trimethylindolenine (CAS 1640-39-7), 1-iodomethane (CAS 74-88-4), 1-iodobutane
(CAS 542-69-8), phosphorus(V) oxychloride (CAS 10025-87-3), 4-ethyl cyclohexanone (CAS
5441-51-0), triethylamine (CAS 121-44-8), hydrochloric acid (37%) (CAS 7647-01-0), ani-
line (CAS 62-53-3), and pyrrolidine (CAS 123-75-1) were purchased from Sigma-Aldrich
(San Luis, MI, USA), and used as received. The syntheses were monitored by thin-layer
chromatography using silica gel 60GF254 Merck (Darmstadt, Germany). The solvents
acetonitrile (CAS 75-05-8), ethyl acetate (CAS 141-78-6), ethanol (CAS 67-63-0), toluene
(CAS 108-88-3), dichloromethane (CAS 75-09-2), methanol (CAS 67-56-1), and hexane (CAS
110-54-3) were purchased from Honeywell (Charlotte, NC, USA), and used as received or
purified according to the literature.

2.2. Characterization

Infrared absorption spectra were obtained on a Shimadzu-IR PRESTIGE-21 spectrome-
ter on a KBr disc or operating on attenuated reflectance (ATR) mode, with a resolution of
4.0 cm−1and 20 scans in the 4000–750 cm−1 range. Melting points were determined on a
Fisatom 430D apparatus and are uncorrected. 1H and 13C NMR spectra were achieved on a
Varian Inova operating at 300 or 400 MHz for 1H and 75 or 100 MHz for 13C, respectively,
using deuterated solvents (DMSO-d6 or CDCl3). The chemical shifts (δ) are recorded in ppm
and coupling constants (J) in Hz. 1H NMR data have their data expressed as multiplicity
(s, singlet; ls, large singlet; d, doublet; t, triplet; q, quintuplet; m, multiplet), coupling
constant, and relative number of hydrogens. High-resolution mass spectra (HRMS-ESI)
were recorded with electrospray ionization in the positive mode using a Bruker Impact
II. The operating conditions were 4.5 kV for capillary voltage, and 33V and 2.5 V for
sample and extraction cone voltage, respectively. Nitrogen was used as desolvation gas
(N2) to a temperature of 200 ◦C. Sodium formate was used for calibration. The original
spectra from the spectroscopic characterization can be found as (Supplementary material
Figures S1–S20). Spectroscopic grade solvents (Aldrich) were used for absorption in the
Vis-NIR and fluorescence emission spectroscopies. All experiments were carried out at
ambient room temperature (25 ◦C) using solutions of concentrations between 10−5 and
10−6 M. The measurements were performed using 10 × 10 mm path-length quartz cu-
vettes. Absorption spectroscopic measurements in the Vis-NIR region were obtained on
a Shimadzu UV-2450 spectrometer. Fluorescence emission measurements were obtained
on a Shimadzu RF-5301PC spectrofluorometer. The relative fluorescence quantum yields
(ΦFL) of the meso-substituted cyanines 8a-b were obtained using cresyl violet in MeOH
(ΦFL = 0.54) as a standard [26].

2.3. Synthesis
2.3.1. Indoles 3a-b

To the reaction flask containing acetonitrile (10 mL), previously saturated for 15 min
with nitrogen (N2), the 2,3,3-trimethylindolenine 1 (1.9 mmol, 0.302 g) and the respective
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1-iodoalkane (2a or 2b) (9.9 mmol, 1.4 g for 2a or 1.8 g for 2b) were added under stirring.
The reaction system was heated under reflux and nitrogen atmosphere for 6 h. After this
period, the mixture was poured into 50 mL of ethyl acetate under stirring and heated
for 30 min, after which time the supernatant was removed. This process was repeated
3 times. The obtained solids were filtered and dried at room temperature (25 ◦C). Indole 3a:
Pale yellow solid. Melting point: 240–242 ◦C. Yield: 72% (411 mg). 1H NMR (DMSO-d6,
300 MHz): δ (ppm) 7.91 (m, 1H); 7.82 (m, 1H); 7.60 (m, 2H); 3.97 (s, 3H); 2.78 (s, 3H); 1.52 (s,
6H). 13C NMR (DMSO-d6, 75 MHz): δ (ppm) 196.4; 142.5; 142.0; 129.7; 129.2; 123.7; 115.6;
54.4; 35.3; 22.1; 14.9. Indole 3b: Pale yellow solid. Melting point: (217–219 ◦C) [27]. Yield:
70% (456 mg). 1H NMR (CDCl3, 400 MHz): δ (ppm) 7.64 (m, 1H); 7.61 (m, 3H); 4.67 (t, 2H,
J = 7.5 Hz); 3.13 (s, 3H); 1.96 (m, 2H); 1.67 (s, 6H); 1.53 (m, 2H); 1.01 (t, 3H, J = 6.0 Hz). 13C
APT NMR (DMSO-d6, 75 MHz): δ (ppm) 195.5; 141.5; 140.7; 130.0; 129.4; 123.4; 115.3; 54.6;
49.7; 29.8; 23.1; 20.0; 17.0; 13.6.

2.3.2. Pentamethine Salt 5 [28]

In an ice bath, phosphorus(V) oxychloride (22 mmol, 2.05 mL) was added dropwise in
dimethylformamide (3 mL) and kept under stirring for 30 min. After this period, 4-ethyl
cyclohexanone 4 (9.6 mmol, 1.35 mL) was added, and the temperature was increased
up to reflux for 2 h. Then, the reaction was brought to room temperature (25 ◦C), an
aniline/ethanol solution (6 mL) (1:1 v/v) was added, and the reaction was kept under
stirring at room temperature for an additional 1 h. After this time, the reaction crude was
poured into ice-cold H2O and 20 mL of hydrochloric acid (37%) (10:1 v/v). The reaction
was allowed to stand at room temperature for 12 h. Then, the solid was filtered, washed
with H2O, and recrystallized with toluene. The obtained solid was filtered, dried, and used
for the next step without further purification. Pentamethine salt 5: Violet solid. Melting
point: (219–222 ◦C). Yield: 58% (2.15 g). FTIR (KBr, cm−1): 3608, 3521, 3442, 3302, 2953,
2871, 1607, 1565, 1472. 1H NMR (DMSO-d6, 300 MHz): δ (ppm) 11.37 (ls, 2H); 8.51 (s, 2H);
7.60 (m, 4H); 7.44 (m, 4H); 7.25 (m, 2H); 3.07 (m, 2H); 2.18 (m, 2H); 1.65 (m, 1H); 1.47 (m,
2H, J = 7.2 Hz); 1.05 (t, 3H, J = 7.5 Hz).

2.3.3. Heptamethine Cyanine Dyes 6a-b

In a round bottom amber flask containing acetonitrile (20 mL), previously dried and
saturated for 15 min with nitrogen (N2), the previously prepared pentamethine salt 5

(0.5 mmol, 0.193 g) was added under stirring and heated up to reflux temperature. In a
second flask, acetonitrile (5 mL), triethylamine (1.5 mmol, 0.210 mL), and the respective
indole (3a or 3b) (1.5 mmol, 0.261 g for 3a or 0.282 g for 3b) were added and allowed to stir
at room temperature (25 ◦C) for 5 min. After this time, the second flask solution was poured
into the first one and then the reaction was allowed to stir at reflux temperature under a
nitrogen atmosphere for a further 6 h. The reaction was checked for completion by TLC
(dichloromethane/methanol 9:1, v/v). Finally, acetonitrile was evaporated on a rotatory
evaporator and 2 mL of methanol was added to the reaction crude. Then, the reaction
crude was poured into a solution of 100 mL of ethyl acetate/hexane (1:1 v/v) and placed in
an ultrasonic bath for 30 min. After 12 h of solid decantation, the solid was filtered. This
process was repeated 4 times. The final solids (6a-b) were filtered and dried. Heptamethine
cyanine dye 6a: Green solid. Melting point: (222–223 ◦C). Yield: 62% (190 mg). FTIR (KBr,
cm−1): 3603, 3521, 3326, 2962, 1651, 1551, 1365. 1H NMR (CDCl3, 300 MHz): δ (ppm)
8.34 (d, 2H, J = 12.0 Hz); 7.38 (m, 4H); 7.22 (m, 4H); 6.15 (d, 2H, J = 12.0 Hz); 3.73 (s, 6H);
2.88 (m, 2H); 2.24 (m, 2H); 1.71 (s, 12H); 1.57 (m, 2H); 1.05 (t, 3H, J = 7.5 Hz). 13C NMR
(CDCl3, 75 MHz): δ (ppm) 172.9; 150.7; 144.5; 142.7; 140.8; 128.8; 127.0; 125.3; 122.1; 110.9;
101.3; 49.2; 33.6; 32.6; 28.2; 28.0; 11.8. Heptamethine cyanine dye 6b: Green solid. Melting
point: 227–228 ◦C. Yield: 60% (210 mg). FTIR (KBr, cm−1): 3517, 3330, 2957, 2862, 1665,
1556, 1514, 1428. 1H NMR (CDCl3, 400 MHz): δ (ppm) 8.36 (d, 2H, J = 16.0 Hz); 7.41 (m,
4H); 7.29 (m, 2H); 7.21 (m, 2H); 6.20 (d, 2H, J = 12.0 Hz); 4.21 (t, 2H, J = 8.0 Hz); 2.90 (m, 2H);
2.27 (m, 2H); 1.74 (s, 12H); 1.68 (m, 1H); 1.61 (m, 2H); 1.51 (q, 2H; J = 8.0 Hz); 1.04 (m, 9H).
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13C NMR (CDCl3, 100 MHz): δ (ppm) 172.4; 150.4; 144.4; 142.1; 141.0; 128.8; 126.5; 125.4;
122.3; 111.0; 101.1; 49.4; 44.8; 33.6; 32.0; 29.4; 28.1; 20.3; 13.8; 11.7.

2.3.4. Meso-Substituted Heptamethine Cyanine Dyes 8a-b

In a round bottom amber flask containing acetonitrile (2 mL), previously dried and
saturated for 15 min with nitrogen (N2), the respective cyanine 6a (7.80 × 10−2 mmol, 0.05 g)
or 6b (7.80 × 10−2 mmol, 0.05 g) was added under stirring. To this solution, pyrrolidine
7 (24.4 mmol, 1.5 mL) was added. The reaction was allowed to stir at reflux temperature
under a nitrogen atmosphere for a further 30 min. The reaction was followed by thin-layer
chromatography (TLC) using dichloromethane/ethyl acetate/methanol (45:45:10 v/v/v)
as eluent. After completion of the reaction, the mixture was evaporated to dryness. The
resulting crude residue was purified by column chromatography over silica gel and using
the same mixture used for TLC as eluent to afford the derivatives 8a-b. Meso-substituted
heptamethine cyanine dye 8a: violet solid. Melting point: 95–98 ◦C. Yield: 78% (39 mg).
FTIR (KBr, cm−1): 3387, 2955, 2917, 2854, 1538, 1305, 1187, 794. 1H NMR (DMSO-d6,
300 MHz): δ (ppm) 7.39 (d, 2H, J = 6.0 Hz); 7.25 (t, 2H, J = 9.0 Hz); 7.16 (d, 2H, J = 12.0 Hz);
7.03 (d, 2H, J = 6.0 Hz); 6.97 (t, 2H, J = 9.0 Hz); 5.44 (d, 2H, J = 6.0 Hz); 4.04 (m, 4H);
3.33 (s, 6H); 2.80 (d, 2H, J = 15.0 Hz); 2.17 (m); 2.0 (m, 4H); 1.57 (s, 6H); 1.54 (s, 6H);
1.46 (m, 2H); 1.02 (t, 3H, J = 9.0 Hz). 13C NMR (DMSO-d6, 75 MHz): δ (ppm) 173.5; 164.3;
144.4; 139.5; 133.9; 128.4; 122.3; 121.6; 121,1; 108.3; 92.2; 55.5; 46.6; 34.2; 29.6; 28.6; 28.2; 24.2;
12.2. HRMS (ESI-qTOF) m/z: [M + H]+ calculated for C38H48N3: 546.3841; found 546.3843.
Meso-substituted heptamethine cyanine dye 8b: violet solid. Melting point: 114–115 ◦C.
Yield: 75% (38 mg). FTIR (KBr, cm−1): 3401, 2952, 2918, 2861, 1541, 1187, 1102, 739. 1H NMR
(DMSO-d6, 400 MHz): δ (ppm) 7.36 (d, 2H, J = 8.0 Hz), 7.21 (m), 7.13 (d, 2H, J = 12.0 Hz),
6.99 (d, 2H, J = 8.0 Hz), 6.94 (t, 2H, J = 4.0 Hz), 5.46 (d, 2H, J = 12.0 Hz), 4.02 (m, 4H),
3.82 (m), 2.75 (d, 2H, J = 16.0 Hz), 2.14 (m), 1.98 (m, 4H), 1.62 (m, 5H), 1.54 (s, 6H), 1.50 (s,
6H), 1.42 (m, 2H), 1.35 (m, 4H), 0.97 (t, 3H, J = 8.0 Hz), 0.92 (t, 6H, J = 8.0 Hz). 13C NMR
(DMSO-d6, 100 MHz): δ (ppm) 172.9; 162.9; 143.4; 139.1; 133.5; 127.9; 121.9; 121.1; 120.4;
107.9; 91.7; 55.1; 46.2; 33.7; 33.5; 29.2; 27.9; 27.6; 23.7; 19.6; 13.7; 11.6. HRMS (ESI-qTOF) m/z:
[M+H]+ calculated for C44H60N3: 630.4771; found 630.4782.

2.4. Theoretical Calculations

All DFT and ab initio calculations were performed using the ORCA v5.0.2 quantum
chemistry package [29]. Initial geometries for heptamethine cyanine dyes 6a and 8a were
obtained after conformational sampling using the CREST software [30]. This procedure
was, in turn, based on energies obtained by the accurate semi-empirical method GFN2-
xTB [31]. The lowest conformers were subsequently optimized to the ground (GS) and first
excited states (ES) using Density Functional Theory via the B97-3c scheme [32], which is a
revamped version of Becke’s B97 GGA functional [33], with a slightly modified version of
the triple-ζ Def2-TZVP basis set [34] and including the D3 dispersion correction [35] and a
Short-Range Basis (SRB) correction [36]. We used an improved version of the Conductor-
like Continuum Polarization Model called LR-CPCM to simulate solvent relaxation during
geometric optimizations to the ground and excited states [37]. A better description of
charge transfers and energy gaps was achieved on a higher OO-SCS-MP2/Def2-TZVP
computational level as properties dependent on virtual orbitals are not always correctly
described by the DFT method [38]. All calculations were set to tight convergence criteria of
1.0E-08 a.u with isosurfaces using ρ = 0.05 e/Å3 and 3D molecular representations using
the CPK color scheme.

2.5. Cellular Stain

The glioblastoma multiform T89G cells were acquired by American Type Culture
Collection® (ATCC). The cells were grown in Dulbecco’s modified Eagle’s medium (Gibco™
DMEM, Life Technology, Grand Island, NY, USA) supplemented with 10% heat-inactivated
fetal bovine serum (Gibco™ FBS, Life Technology, Grand Island, NY, USA), 100 units·mL−1of
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penicillin, and 100 g·mL−1of streptomycin at 37 ◦C in a humidified atmosphere with 5%
CO2. To investigate the fluorescence stain capacity of the studied heptamethine cyanine
dyes, cells grown on 96-well plates were fixed in paraformaldehyde (4%), washed with
PBS, and permeabilized in Triton X-100 (0.01%). The stock solutions of the cyanine dyes
were solubilized in ethanol at 5 μM. All solutions were vortexed for 1 min and sonicated
for 30 min. The cells were then washed with PBS and incubated with the cyanine dyes
chosen as the model, in stock solutions concentrations (30 min, 37 ◦C). Nuclei were con-
trasted with Hoechst (4 μg·mL−1 for 10 min). Finally, the cells were imaged in INCell
analyzer 2200 (GE Healthcare Life Sciences, Piscataway, NJ, USA) after 30 min and 24 h of
staining. To investigate the fluorescence stain capacity in non-fixed samples, cells grown
on 96-well plates were washed with PBS and incubated with the studied cyanine dyes
in stock solution concentrations (30 min, 37 ◦C). Nuclei were contrasted with Hoechst
(4 μg·mL−1 for 10 min). Finally, the cells were imaged in an INCell analyzer 2200 (GE
Healthcare Life Sciences, Piscataway, NJ, USA). To verify if there was a loss of confluence
after treatment with cyanine dye 8a, T98G cells were grown in a 96-well plate and incubated
with increasing concentrations of the compound (0.005–5μM) and, after 30 min, photos
were acquired with an increase of 5x in an inverted optical microscope (TCM400, Labo
America, Fremont, CA, USA).

3. Results and Discussion

3.1. Synthesis

The heptamethine cyanine dyes 6a-b were prepared as presented in Scheme 1. The
quaternary indoles 3a-b were synthesized in previously dried, and N2-saturated acetonitrile
using an excess of the respective alkyl halides 2a-b [39]. It is worth mentioning that in
this reaction, the protection from light and the N2 atmosphere played an important role in
this reaction [40]. The heptamethine cyanine dyes 6a-b were synthesized by the reaction
between the quaternary indoles 3a-b and the pentamethine salt 5 [41–43]. The reaction
was performed protected from light in amber round bottom flasks to minimize their
photooxidation [43]. HPLC-grade solvents were previously saturated with N2 for at least
20 min, and the reaction took place under an N2 atmosphere during the heating step. These
procedures allowed for obtaining the reaction crude presenting only the characteristics of
the desired products, suggesting the importance of reducing the photooxidation process
during the reaction. It is important to note that the order of substrate addition played a
fundamental role in cyanine synthesis. Using the following sequence: pentamethine salt
5, indole 3a-b, and triethylamine, the reaction medium, which is predominantly red due
to the high molar absorptivity of the pentamethine salt, turns yellow, and the conversion
of reagents is affected after 24 h of reaction. To prove that the yellow color arises from
the deprotonated compound 5, triethylamine was added dropwise into an acetonitrile
solution of 5. The observed behavior was similar to that expected, where the reaction media
became yellow. This result indicates that the pentamethine salt presents higher reactivity in
the protonated specie as the literature reports reaction yields between 32 and 45% using
pyridine as the solvent [44]. Finally, the meso-substituted heptamethine cyanine dyes 8a-b

were prepared as also presented in Scheme 1. In this reaction, an SRN1 mechanism is
believed to be present in the presence of aprotic polar solvents, such as dimethylformamide,
dimethylsulfoxide, and acetonitrile [13].
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Scheme 1. Synthesis of heptamethine cyanine dyes 6a-b and the respective meso-substituted deriva-
tives 8a-b: (i) acetonitrile, N2, reflux, 6 h; (ii) POCl3/dimethylformamide, reflux 2 h; (iii) ani-
line/ethanol, 1h, H2O/HCl, r.t. 15 h; (iv) acetonitrile, triethylamine, reflux, 6 h; (v) acetonitrile,
N2, reflux, 30 min.

3.2. Photophysical Characterization

The photophysical study in solution was performed using organic solvents with
different dielectric constants (ethyl acetate, dichloromethane, methanol, and acetonitrile).
The relevant data from the steady-state ground and excited states characterization are
summarized in Table 1. Figure 1 presents the UV-Vis absorption and fluorescence emission
spectra of the heptamethine cyanine dye 6a, which was chosen as a representative structure
of the synthesized cyanine precursor. It is worth mentioning that the cyanine dye 6b

presented absorption and emission curves with similar shapes and absorption maxima
locations (Figure S21).

Table 1. Photophysical data of heptamethine cyanine dyes 6a-b in solution, where λabs and λem are the
absorption and emission maxima (nm), respectively; ε is the molar extinction coefficient (M−1·cm−1);
f e is the calculated oscillator strength; k0

e is the calculated radiative rate constant (×108 s−1); τ0

is the calculated pure radiative lifetime (ns); ΔλST is the Stokes shift (nm/cm−1); Eg is the optical
bandgap (eV).

Cyanine Solvent λabs ε f e k0
e k τ0 Eg λem ΔλST

6a

Ethyl acetate 778 197,000 0.303 0.50 1.998 1.49 785 7/115
Dichloromethane 789 288,000 0.345 0.55 1.806 1.49 790 1/16

Methanol 774 205,000 0.289 0.48 2.075 1.48 782 8/132
Acetonitrile 775 225,000 0.329 0.55 1.826 1.50 787 12/197

6b

Ethyl acetate 783 189,000 0.249 0.41 2.465 1.48 784 1/16
Dichloromethane 789 206,000 0.217 0.35 2.864 1.48 793 4/64

Methanol 780 365,000 0.445 0.73 1.367 1.48 784 4/65
Acetonitrile 780 284,000 0.330 0.54 1.845 1.49 792 12/194
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Figure 1. (a) UV-Vis absorption and (b) steady-state fluorescence emission spectra in solution of
different organic solvents (~10−6 M) of the heptamethine cyanine dye 6a.

The heptamethine cyanine dye 6a presents absorption maxima in the NIR region,
between 774 and 789 nm, depending on the solvent polarity with no clear tendency on the
environment polarity. It could be observed that the cyanine dyes presented an absorption
maxima variation (Δλabs) of 14 nm/229 cm−1 (6a) and 9 nm/146 cm−1 nm (6b), which
can be related to cyanine-type electronic transitions, as already observed in similar com-
pounds [9]. In this evaluation, methanol was excluded due to its specific interactions with
the compounds. In addition, the UV-Vis spectra plotted in epsilon value showed similar
intensities (Figure S22), which exclude a possible ion-pairing effect that may occur in the
less polar environment, especially considering an iodine counterion [45]. The photophysical
investigation in the ground state also allowed for obtaining the experimental extinction
coefficient (ε) and, from the Strickler–Berg relations (Equations (1) and (2)), the theoretical
rate constant for emission (k0

e k) and the respective oscillator strengths (f e) [46]:

fe ≈ 4.3 × 10−9
∫

εdv (1)

k0
e ≈ 2.88 × 10−9v0

2

∫
εdv (2)

For an electronic transition, the respective oscillator strength can be obtained from
Equation (1), which relates the area under the absorption curve from a plot of the molar
absorptivity coefficient ε (M−1·cm−1) against wavenumber v (cm−1). The same integral,
applying Equation (2), allows the obtention of the theoretical rate constant for emission
(k0

e k) (Equation (2), where the definition of v0ν is the wavenumber (energy in 1/λ units)
of the absorption band maximum). In addition, from the k0

e k, the pure radiative lifetime
τ0 can be obtained, defined as 1/k0

e k [47]. The high molar absorptivity coefficient values
(ε~105 cm−1·M−1), as well as the respective calculated radiative rate constants (k0

e k), indi-
cate, for all studied compounds, spin- and symmetry-allowed electronic transitions, which
could be related to 1π–π* transitions (Table 1). It could also be observed in methanol that
these cyanines presented an increase in the molar absorptivity coefficient value, increasing
the alkyl chain of the indolic ring, as already reported in the literature [41]. The observed
electronic transitions are associated with a small optical bandgap between the HOMO
and LUMO orbitals (~1.5 eV) as already reported for different chromophores absorbing in
the NIR region [48,49]. Moreover, such transitions are related to non-aggregated species,
so-called monomeric ones [50]. In this sense, it is worth mentioning that the studied hep-
tamethine cyanine dyes presented shoulder-like blue-shifted absorption, located around
720 nm, which is usually reported in the literature as an electronic transition related to the
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formation of H-type aggregates [51,52]. To clarify this topic, fluorescence emission spectra
of these compounds were acquired at different concentrations and excitation wavelengths,
including 720 nm. In addition, their respective excitation spectra were also obtained
(Figures S23–S27). These results indicate that the observed blue-shifted bands are probably
related to vibronic structure. In addition, an almost constant radiative lifetime τ0 suggests
that after the radiation absorption, the heptamethine cyanine dyes populate the same
excited state. Figure 1b depicts the fluorescence emission spectra, obtained by exciting
the compounds at the absorption maxima (Table 1). In general, these compounds present
a relatively sharp emission between 700 and 850 nm, with a small Stokes shift (up to
12 nm/197 cm−1), which is characteristic for this class of molecules, showing almost absent
differences between the electronic structure of the ground and excited states.

The photophysical study in solution was also performed for the meso-substituted
heptamethine cyanine dyes 8a-b. The relevant data from the steady-state ground and
excited states characterization are summarized in Table 2. The fluorescence emission
spectra were obtained by exciting the compounds at the absorption located between 559
and 611 nm (Table 2). Figure 2 shows the absorption of cyanine dye 8a (Figure 2a) and 8b

(Figure 2b), as well as a concentration study of compound 8b in acetonitrile.

Table 2. Photophysical data of heptamethine cyanine dyes 8a-b in solution, where λabs is the
absorption maximum (nm), ε is the molar extinction coefficient (M−1·cm−1), f e is the calculated
oscillator strength, k0

e k is the calculated radiative rate constant (×108 s−1), and τ0 is the calculated
pure radiative lifetime (ns).

Cyanine Solvent λabs ε f e k0
ek τ0

8a

Dichloromethane 602 47,400 0.578 1.60 0.627
Ethanol 578 41,900 0.622 1.86 0.537

Methanol 572 42,900 0.578 1.77 0.566
Acetonitrile 559 36,000 0.525 1.68 0.595

8b

Dichloromethane 611 65,300 0.728 1.95 0.513
Ethanol 587 55,600 0.753 2.19 0.458

Methanol 581 43,000 0.618 1.83 0.546
Acetonitrile 570 46,000 0.626 1.93 0.519

It can be observed that both cyanines present absorption in the visible region, with
any significant dependence on the alkyl chain. In addition, the main absorption bands shift
to lower wavelengths (559–611 nm) if compared to the cyanine precursors 6a-b (~780 nm),
as well as present a more significant solvatochromism (43 nm for 8a and 41 nm for 8b).
Although it does not present a clear tendency, this latter seems to present a negative
solvatochromic effect, indicating a higher dipole moment in the ground state. All these
features indicate a loss of cyanine character, allowed by the substitution at the meso position
of the cyanine [10]. In this case, the change of the chlorine atom by pyrrolidine seems to
increase the electron-donating ability of the central substituent, allowing a progressive
localization of the positive charge on the central carbon atom of the polymethine chain.
Thus, the charge delocalization on the π-conjugated structure is reduced, and the cyanine
character is lost. Instead, a bis-dipole structure is reached, described as a central cationic
acceptor bearing two electron-donating moieties [53]. In addition, by applying the Strickler–
Berg relations, the main electronic transitions could be related to fully allowed transitions,
related to π–π* (Table 2). It is worth mentioning that these derivatives presented additional
absorption bands located around 450 nm, as already observed in the literature for similar
compounds [11]. As already discussed for precursors 6a-b, it is believed that these bands
arise from the monomeric species, being related to vibronic structures of the cyanines and
not from H-aggregates, as usually reported in the literature [54]. Finally, an additional
red-shifted absorption band located around 700 nm was already observed [11], which is
absent in the cyanine precursors. The correlation between J-aggregates and this absorption
band located at longer wavelengths was discarded as it is well-known that these aggregates
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present quite particular features. The absorption maxima shift to longer wavelengths
(~100 nm) with a dramatic sharpening in width (10–20 nm) [55], and a strong increase in
the molar absorbance in comparison with isolated monomers [56]. These aggregates are
concentration-dependent, a behavior that was not observed in the studied cyanine dye
8b in acetonitrile (Figure 2c). For the concentration study, similar results were found in
dichloromethane, 1,4-dioxane, and ethanol (Figures S28 and S29). Additional experiments
were also performed as already discussed in the literature to induce the aggregation in
these compounds [57], without any clear indication of its formation (Figures S31 and
S32), which corroborates with the affirmation that all observed absorption bands are
related to their monomeric species. Although the excited state investigation concerning
heptamethinecyanines is less studied if compared to the UV-Vis data, probably due to
its particular photophysics, some studies can be found and are related to the presence of
monomeric species in solution or even aggregates [58]. In this way, aiming to bring some
light to this discussion and based on the ground state results obtained in this investigation,
the steady-state fluorescence emission was performed with cyanine dyes 8a-b. In this sense,
PL spectra were obtained at different excitation wavelengths (Figure 3a,b). The relevant data
from this investigation are summarized in Table 3. It is worth mentioning that the emission
spectra of cyanine dye 8a presented the same emission profile (Figures S33 and S34). It can
be observed that cyanine dye 8b after excitation between 581 and 611 nm presents in all
studied solvents a dual fluorescence emission located around 650 and 750 nm. The main
emission in dichloromethane and polar protic media is located at higher energies, and
in acetonitrile, the emission band is located at longer wavelengths (Figure 3a). However,
under excitation between 708 and 715 nm, the main fluorescence emission can be observed
located around 725 nm (Figure 3b). Based on the ground and excited state photophysics,
the observed emission profiles seem not to be related to aggregation in solution [58].
In addition, relatively large Stokes shift values (3329–4868 cm−1) could be calculated
for the synthesized compounds under excitation between 581 and 611 nm, as shown in
Table 3. Usually, this parameter is polarity dependent, as observed in this study, where
more polar solvents presented higher Stokes shift values. This behavior indicates that
different electronic structures are present between the ground and the excited states, as
reported in the literature for similar compounds [18]. Thus, it is believed that the observed
dual fluorescence emission with a large Stokes shift may be evidence of intramolecular
charge transfer (ICT) between electron donor and acceptor groups present in the molecular
structure [18]. In this way, as observed in Figure 3a, the emission profiles can be related to
both locally excited (blue-shifted, Stokes shift ~1500 cm−1) and charge transfer (red-shifted,
Stokes shift ~4000 cm−1) species. The fluorescence quantum yield values were measured
from emission curves obtained using the absorption maxima as excitation wavelengths,
and the values are in agreement with the literature [11].

 Δ

Figure 2. Cont.

188



Chemosensors 2023, 11, 47

 Δ

Figure 2. Normalized UV-Vis absorption spectra of heptamethine cyanine dyes (a) 8a and (b) 8b in 
a solution of different organic solvents (~10 6 M) and (c) cyanine dye 8b in acetonitrile at different 
concentrations (1:5.0 × 10 7 M, 2:1.0 × 10 6 M, 3:5.0 × 10 6 M, and 4:5.0 × 10 5 M). The inset shows the 
respective normalized UV-Vis spectra. (DCM = dichloromethane). 

Figure 2. Normalized UV-Vis absorption spectra of heptamethine cyanine dyes (a) 8a and (b) 8b in a
solution of different organic solvents (~10−6 M) and (c) cyanine dye 8b in acetonitrile at different
concentrations (1:5.0 × 10−7 M, 2:1.0 × 10−6 M, 3:5.0 × 10−6 M, and 4:5.0 × 10−5 M). The inset shows
the respective normalized UV-Vis spectra. (DCM = dichloromethane).
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Figure 3. Steady-state fluorescence emission spectra of heptamethine cyanine dye 8b in a solu-
tion of different organic solvents (~10−6 M) at excitation wavelength between (a) 581 and 611 nm
(Table 2) and (b) 708 and 715 nm (Table S2). The inset shows the respective normalized spectra.
(DCM = dichloromethane, MeCN = acetonitrile and MeOH = methanol).

189



Chemosensors 2023, 11, 47

Table 3. Excited-state photophysical data of meso-substituted heptamethine cyanine dyes 8a-b in
solution, where λem is the emission maximum (nm) at different excitation wavelengths (λexc in nm),
ΔλST is the Stokes shift (cm−1), and ΦFL is the fluorescence quantum yield.

Cyanine Solvent λexc
(a)

LE ICT
λexc

(b)
LE ICT

ΦFL
λem ΔλST λem ΔλST λem ΔλST λem ΔλST

8a

Dichloromethane 602 666 1596 774 3691 712 731 365 - - 0.25
Ethanol 578 647 1845 769 4297 708 735 519 - - 0.16

Methanol 572 624 1457 768 4462 703 736 638 - - 0.32
Acetonitrile 559 652 2552 768 4868 712 721 175 - - 0.17

8b

Dichloromethane 611 660 1215 767 3329 715 727 231 - - 0.27
Ethanol 587 654 1745 764 3947 714 729 288 - - 0.25

Methanol 581 647 1756 763 4106 713 732 364 - - 0.32
Acetonitrile 570 641 1943 763 4438 708 718 197 - - 0.25

(a) obtained from the absorption spectra (maxima). (b) obtained from the absorption spectra (redshifted bands).

On the other hand, due to the single fluorescence emission with a small Stokes shift
(~500 cm−1), the observed emission in Figure 3b seems to arise from a locally excited specie.
To better understand the observed photophysics, the difference in the dipole moments
between the excited and ground states was obtained for cyanine dye 8b by applying the
simplified Lippert–Mataga correlation presented in Equation (3) [59], where h is Planck’s
constant, c is the speed of light, a is the Onsager cavity radius, and μg and μe are the
dipole moments of the solute in the ground and excited states, respectively. In this plot,
a linear relation of the absorbance or fluorescence maxima versus the solvent polarity
function can be related to the internal charge transfer character [60,61]. The relevant data
from this investigation are summarized in Table S1. Macroscopically, Equation (3) relates
solvatochromic shifts from the Stokes shift versus the orientation polarization function (Δf ).
This latter is given by Equation (4) [47], where ε and n are the dielectric constant and the
refractive index, respectively, for a mixture of solvents (Equations (5) and (6)) [62]. In this
mixture, fA and fB are the volumetric fractions of the two solvents.

Δvst =
2
(
μe − μg

)2

hca3 Δ f + Δv0 (3)

Δ f =
(ε − 1)
(2ε + 1)

−
(
n2 − 1

)
(2n2 + 1)

(4)

εmix = fA·εA + fB·εB (5)

n2
mix = fAn2

A + fBn2
B (6)

Figure 4 presents the Lippert–Mataga relationship between the absorption or emission
maxima, as well as the Stokes shift. It is worth mentioning that this investigation was
focused on the locally excited and intramolecular charge transfer emissions (see Figure 3a).
The linear relationship between the absorption maxima with increasing solvent polarity
(Figure 4a) and the upward curvature indicates that cyanine dye 8b seems to be significantly
destabilized in a more polar environment [63]. Taking the two emission bands into account
(Figure 4b), a similar feature can be observed, once again with a positive slope with the
solvent polarity function Δf. These results indicate that despite quaternary nitrogen in the
indolic moiety, this compound seems to present low polarity in both ground and excited
states. This latter can be related to a very effective delocalization of the positive charge into
the cyanine skeleton. Surprisingly, the emission bands also seem to be equally affected by
the solvent polarity (Figure 4c). Excitation spectra obtained from the fluorescence emission
presented in Figure 3 indicate a quite similar absorption profile to those observed in the
UV-Vis spectra (Figures S35–S40). Moreover, using 650 nm and 750 nm as the observation
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wavelengths, it can be observed that the higher intensities are located around 600 nm, as
expected. In contrast, the excitation spectra from Figure 4b present a magnification of the
signal located around 700 nm, if compared to the UV-Vis (Figure 2b). This behavior was
also expected, indicating that the main fluorescence emission observed at 725 nm is really
due to the species with absorption around 700 nm, which is different from the species
absorbing between 581 and 611 nm.
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Figure 4. Solvent effect on the spectral position of the (a) absorption, (b) fluorescence emission max-
ima at LE and ICT bands, and respective (c) Stokes shift for cyanine dye 8b in different acetonitrile/1,4-
dioxane mixtures.

3.3. Theoretical Calculations

Cyanine dyes 6a and 8a, chosen as models for the theoretical investigation, have a
large chemical space composed, respectively, of 201 and 33 unique conformers. Structure
6a has the lowest conformer appearing at 38.6% of the Boltzmann population separated
from the second lowest conformer (8.0% of the Boltzmann population) by 0.010 kcal·mol−1.
Similarly, the Boltzmann distributions indicate that the most stable conformer for cyanine
8a corresponds to 36.13% of the population, separated from the second lowest conformer
(1.9% of the Boltzmann population) by 0.047 kcal·mol−1 (Figure 5).

The selected lower conformers underwent geometric optimizations to the ground and
first excited states using Density Functional Theory on the B97-3c scheme. All optimizations
accounted for relaxed solvation effects and the ground states are confirmed to be true
energy minima by the absence of imaginary vibrational modes. The final ground state
geometries showed small distortions due to solvent effects. Cyanine dye 6a showed small
distortions after optimizations with acetonitrile, dichloromethane, and methanol with an
average RMSD of 0.007Å. Similarly, cyanine 8a after being optimized under acetonitrile,
dichloromethane, ethyl acetate, and methanol differs by an average RMSD of only 0.23 Å
from each other. As expected, differences between ground and first excited state geometries
are small (Figure S41), as electronic absorption occurs extremely fast [62]. As can be seen in
Figures S42 and S43, the change in the solvation environment also has just a small effect
on the HOMO-LUMO gap described by Density Functional Theory, leading to variations
in the order of milihartrees. An additional investigation based on the CHarges from
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Electrostatic Potentials using a Grid-based method (CHELPG) [64] showed, also, that
the solvation environment itself has little to no impact on atomic charge distribution. A
standard deviation (σ) of 0.001 charge units for 6a and 0.003 charge units for cyanine dye
8a was obtained after comparing the implicit solvation models by Density Functional
Theory, as can be seen in data available in Tables S2 and S3. After confirming that solvation
effects have only small impacts on geometric and electronic configurations, our analysis
of ground and excited state geometries was based on a higher computational level based
on Orbital-Optimized, Spin-Component Scaled Second Order Many-Body Perturbation
Theory (OO-SCS-MP2) to avoid restrictions imposed by the Koopmans theorem on Density
Functional Theory [65,66]. The HOMO-LUMO gap observed for cyanine dye 8a on the
ground state is 6.57 eV with a slight reduction in the excited state configuration to a gap of
6.42 eV. Charge transfer seems to be extremely relevant during the GS-ES transition due to
an observed increase in dipole moment measured by the relaxed MP2 electronic density,
going from 2.93 to 3.14 Debye, a 7% increase with noticeable dipole vector repositioning
(Figure 6). The same trend is observed for cyanine precursor 6a, but with a remarkable
increase of 27.32%, from 1.83 to 2.33 Debye; the orientation of the total dipole moment
vector is, also, drastically changed, as can be seen in Figure 6, indicating a relevant charge
transfer effect between GS and ES.

 

Figure 5. (a) Lowest and more stable conformers for cyanine dyes 6a and 8a, and (b) relative energy
distribution of every unique conformer on its respective chemical space.

 

Figure 6. Change in dipole moment between ground and excited state of cyanine dyes 6a (top) and
8a (bottom).
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Our analysis using the Molecular Electrostatic Potential Surface (MEPS) reveals that
both molecules have a higher concentration of negative charge (represented in red) toward
the center (Figure S44), while the indoline “wings” remain, overall, positively charged.
Upon transition to the first excited state, the meso-substituted heptamethine cyanine dye 8a

migrates a considerable amount of negative charge to the center-left side of the molecule,
in the opposite direction of the ethyl “tail”. Charge transfer visualization using MEPS is
not as straightforward for cyanine dye 6a, because the dipole moment change is also due
to a greater geometric change on the excited state and not just due to an almost vertical
ground-to-excited transition as expected on cyanine 8a. It is still possible to discern a slight
increase in negative charge toward the upper center of the molecule as the wings become
more positive. The Configuration Interaction Singles (CIS) calculated for both cyanines
corroborates that only the immediate frontier orbitals are substantially involved in the
first electronic transition with an 89% HOMO-LUMO character for cyanine 8a and 86%
HOMO-LUMO character for cyanine 6a. The Electronic Density Difference (EDD) [67] was
used as a tool to describe the dynamic vertical charge transfer between the frontier orbitals
by exploring the hole–particle formalism (Figure 7a). It could also be observed that, to some
extent, conjugation plays an important role in the ground state of the molecules and their
first excited state (Figure 7b). Applying the Pipek–Mezey localization method [68,69], it was
possible to quantify the bonds with high delocalization character. Cyanine dye 6a accounts
for a significantly higher delocalized orbital composition, presenting 10 bonds with a small
electronic population. On the other hand, cyanine dye 8a presents only 6 delocalized
orbitals, probably due to not being as planar as dye 6a and reducing the conjugation effects.
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Figure 7. (a) Electronic Density Difference (EDD) with isosurface = 0.0016 for cyanine dyes 6a and
8a. The red color indicates a vertical charge increase and the yellow indicates avertical charge
decrease for the GS-ES transition. HOMO and LUMO orbitals have isosurface = 0.05 with the (+)
phase color coded as red and the ( ) phase as blue. (b) Bonds with strong delocalized character
(yellow) calculated by the Pipek–Mezey method. Hydrogens were omitted for clarity. 

3.4. Bioimaging 
It was observed that all studied meso-substituted cyanines kept their optical

properties in the dark at room temperature for over 4 weeks, presenting UV-Vis and PL
spectra with similar intensity and shape. It was reported that traditional cyanine dyes
display poor photostability [16,70,71]; however, it was observed that the incorporation of
a rigid cyclohexenyl ring in the polymethine chain leads to increased photostability [72].

Figure 7. (a) Electronic Density Difference (EDD) with isosurface = 0.0016 for cyanine dyes 6a and 8a.
The red color indicates a vertical charge increase and the yellow indicates avertical charge decrease
for the GS-ES transition. HOMO and LUMO orbitals have isosurface = 0.05 with the (+) phase
color coded as red and the (−) phase as blue. (b) Bonds with strong delocalized character (yellow)
calculated by the Pipek–Mezey method. Hydrogens were omitted for clarity.

3.4. Bioimaging

It was observed that all studied meso-substituted cyanines kept their optical properties
in the dark at room temperature for over 4 weeks, presenting UV-Vis and PL spectra
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with similar intensity and shape. It was reported that traditional cyanine dyes display
poor photostability [16,70,71]; however, it was observed that the incorporation of a rigid
cyclohexenyl ring in the polymethine chain leads to increased photostability [72]. In
addition, it was also reported that an improved photostability on the cyanine scaffold
takes place upon the incorporation of electron-withdrawing groups [73]. Based on these
results, and the studies regarding very close structures with their respective photostability
studies [71,73], it was decided to investigate their ability in cell staining without a previous
photostability experiment, as usually presented in the literature [42,73]. In this sense, their
ability to stain cellular compartments in fixed and live cells was explored (Figures 8 and 9).
As shown in Figure 8, cyanine dye 8a, used as a model, showed strong staining of cellular
cytoplasm with long-lasting staining, remaining 24 h after the incubation in fixed cells.
Similarly, the cyanine could also stain the cellular cytoplasm of live cells (Figure 9). It
was also verified whether this cyanine could compromise cell adhesion (Figure 10), where
there is no impairment of cell adhesion. These results demonstrated that cyanine dye 8a

could be used as a fluorescent probe in biotechnology and, more specifically, in protocols of
cytochemistry for cytoplasm labeling. Further investigations are in progress for specific
staining of selected organelles.
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Figure 8. Fluorescent staining of fixed (paraformaldehyde 4%) cells using the meso-substituted 
cyanine 8a (5 M). The first column shows the brightfield, the central column showsthe 
fluorescence of cells incubated with the nuclear dye Hoescht, and the third column shows cyanine 
8a. The result after 30 min of incubation is shown on the left, and that after 24 h of incubation is 
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represents the merge of Hoescht and cyanine 8a. Scale bar (red) = 60 μm. 

Figure 8. Fluorescent staining of fixed (paraformaldehyde 4%) cells using the meso-substituted
cyanine 8a (5 μM). The first column shows the brightfield, the central column showsthe fluorescence
of cells incubated with the nuclear dye Hoescht, and the third column shows cyanine 8a. The result
after 30 min of incubation is shown on the left, and that after 24 h of incubation is shown on the right.
The first line represents cells without dye (negative control) and the third line represents the merge of
Hoescht and cyanine 8a. Scale bar (red) = 60 μm.
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Figure 9. Fluorescent staining of live cells using the meso-substituted cyanine 8a (5 μM). The images
were obtained 30 min after incubation. NC = control. The first column shows the brightfield, the
central column showsthe fluorescence of cells incubated with the nuclear dye Hoescht, and the third
column shows cyanine 8a. The first line represents cells without dye (negative control), the second
line represents cells exposed to cyanine 8a, and the third line represents the merge of Hoescht and
cyanine 8a. Scale bar (red) = 60 μm.

 
Figure 10. Optical images of cellular confluence after treatment of increasing doses of cyanine dye8a:
(a) negative control, (b) 0.005 μM, (c) 0.01 μM, (d) 0.05 μM, (e) 0.1 μM, (f) 0.5 μM, and (g) 5.0 μM after
30 min of incubation.

4. Conclusions

Chlorine heptamethine cyanine dyes were obtained in good yields using a method-
ology between quaternary indoles and a pentamethine salt, minimizing photooxidation.
These cyanines presented a simple and behaved photophysical behavior with no evidence
of aggregation in both ground and excited states. In a second step, they were used as
molecular scaffolds to synthesize meso-substituted derivatives by reaction with pyrrolidine
via the SRN1 mechanism with good yields. In this case, the substitution at the meso position
showed a fundamental role in their photophysics, presenting intricate behavior but still
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related to monomeric species. DFT calculations showed that solvation effects, despite being
present, are not responsible for relevant geometric or electronic changes on the studied
cyanine dyes. Charge transfers between the ground and first excited states are responsible
for an increase in negative charge to the center of the molecule, while the external rings
become more positive. It is also clear that conjugation effects are much more active on
the meso-substituted heptamethine cyanine dye due to its greater planarity in comparison
to its chlorine heptamethine cyanine dye precursor. Finally, the observed photophysical
features of the meso-substituted heptamethine cyanines were successfully used to explore
their application as fluorescent probes in biological media, showing potential for cytoplasm
labeling.

Supplementary Materials: The Supplementary Materials are available online at https://www.mdpi.
com/article/10.3390/chemosensors11010047/s1. Figures S1–S20 (original spectra from the spec-
troscopic characterization), Figures S21–S40 and Table S1 (additional photophysical data), and
Figures S41–S44, and Tables S2 and S3 (additional theoretical data).
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Abstract: We have developed a polydiacetylene (PDA)-based sensing platform to detect testosterone
(T) as a potential biomarker of preterm birth. The insolubility of the steroid hormone in water, where
PDA assemblies are dispersed, poses a major issue, since they can hardly interact with each other. To
overcome this challenge, acetonitrile was used as a suitable solvent. In addition, to minimize false
signals of PDA assemblies caused by the solvent, a mixture of acetonitrile and distilled water was
selected. To prove a concept of PDA-based sensing platform for targeting T hormone, we conjugated
anti-T antibodies to surface of PDA assemblies to induce selective binding between T and anti-T
antibodies. The fluorescence sensory signaling of the PDA-anti-T antibody conjugate was selectively
generated for T, over 3.4 times higher sensitivity of the signaling compared to that from other sex
steroid hormones studied (β-estradiol and progesterone).

Keywords: polydiacetylene; preterm birth; steroid hormone detection

1. Introduction

The low birth rate of developed countries is a growing concern, mainly because it will
cause national productivity to plummet in the near future. Preterm birth—early delivery
of a baby before 37 weeks of pregnancy—is considered a reason for low birth rates [1,2].
Globally, approximately 15 million infants are born preterm every year, and this number
is increasing [3]. Preterm birth not only causes health risks, such as deformities or infant
death, but also raises the country’s economic burden of newborn care.

Placental alpha macroglobulin-1 (PAMG-1) levels, fetal fibronectin levels, and ultra-
sound have been generally used to diagnose preterm birth [4,5]. PAMG-1 is found in
amniotic fluid during pregnancy, and its concentration is 1000 times higher than that in
normal vaginal discharge or maternal blood [6,7]. PAMG-1 can be detected using a lateral
flow immunoassay, which are typically tests strips containing monoclonal anti-PAMG-1
antibodies with gold nanoparticles as detection label that can be visualized in the presence
of PAMG-1. Fetal fibronectin is a glycoprotein of the basal decidual membrane, located
near the amniotic fluid and the space between the placental tissue and placenta. It is
released by mechanical or inflammation-mediated damage to the membrane or placenta
prior to birth. The fetal fibronectin in cervical or posterior vaginal fornix can be detected by
enzyme-linked immunosorbent assay, including monoclonal antibodies [8]. However, the
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detection of PAMG-1 or fetal fibronectin is usually available at the earliest at 7–10 days be-
fore birth delivery. Although obstetric ultrasound can be used to predict the risk of preterm
delivery, it requires expensive equipment and trained operators. Therefore, developing
low-priced and user-friendly diagnostic technology for the early prediction of preterm
birth is essential.

Polydiacetylene (PDA) is a remarkable sensing material due to its dual-mode optical
transitions, which produce easily detectable colorimetric and fluorogenic signaling responses.
The optical transition of PDA responds to external stimuli, such as biomolecules [9–11] and
chemical analytes [12–14]. Assemblies of PDA, such as PDA liposomes in aqueous phase,
react or bind with target analytes, which generates an optical transition by distorting the
conjugated backbone of PDA. The liposomes consisting of amphiphilic diacetylene or/and
lipid molecule are readily formulated in aqueous and the surface of the liposomes could
be immobilized with various biomolecules such as peptide, enzyme and antibody [15–20].
These characteristics of simple formulation and easy-to-surface modulation enable for the
PDA liposomes to be used as easily accessible and economical sensing platform.

Based on previous studies, including our research [21–23], in patients showing symp-
toms of preeclampsia, the level of sex steroid hormones, such as estradiol, is 5-fold lower
than that in normal pregnant women [21]. Also, there is a study that very low birth weight
(less than 1500 g) preterm infants could be influenced by prenatal exposure to high levels
of testosterone (T) [24]. Thus, sex steroid hormones could be potential biomarkers of
preterm birth, and their early detection could be vital to prevent premature deliveries.
As a detection of T in clinical practice, mass spectrometry-based technique is commonly
used. The analytical methods such as gas chromatography–mass spectrometry and liquid
chromatography–mass spectrometry provide an accurate quantification but require time-
consuming and expensive instruments [25]. To our knowledge, the development of PDA-
based sensors for hormone detection has rarely been explored [26,27]. Cho et al. studied the
selective detection of progesterone using phospholipid-incorporated PDA assembly [26].
This method was inspired by the interactions between steroids and phospholipids of the
cellular membrane. In addition, Jung et al. developed a glutathione substrate-tagged
PDA assembly for the detection of glutathione S-transferase enzyme-based human growth
hormone [27]. However, the main challenge in developing PDA-based hormone detec-
tion is that PDA assemblies in aqueous solution cannot efficiently meet and bind with
water-insoluble hormones.

Herein, we investigated a suitable co-solvent medium for solubilizing the hydrophobic
hormones and dispersing them in water simultaneously while minimizing optical false
signaling by the medium. Sex steroid hormones, namely T, progesterone, and β-estradiol,
were screened and incubated to generate sensory signals with PDA assembly of albumin
or anti-T antibody conjugates via colorimetric and fluorogenic transitions.

2. Experimental Details

2.1. Materials

All solvents were purchased from Daejung Chemicals (Seoul, Korea). 10,12-Pentacosadiynoic
acid (PCDA) was purchased from Alfa Aesar (Waltham, MA, USA). 1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and T were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Progesterone and PierceTM anti-T
antibodies (T Ab, Product # MIT0103) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). β-estradiol and albumin from human serum were purchased from
Sigma Aldrich (Darmstadt, Germany). Phosphate buffered saline (1 × PBS) was purchased
from Biosesang (Seoul, Korea).

2.2. Preparation of PDA Assemblies

To prepare PDA liposomes consisting of PCDA monomers, PCDA (3.75 mg) was
dissolved in acetone (300 μL) and then injected into distilled water (DI water, 20 mL). The
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suspension was sonicated using a bath sonicator (P0000VUV, Kodo, Seoul, Korea) for 1 min
and kept at 4 ◦C overnight.

We modified a protocol by Kim et al. that enables conjugating albumin or T Ab to
PDA [28]. 50 mM EDC in DI water (1 mL) was added to an aqueous solution of 0.5 mM PDA
(1 mL), after which 50 mM NHS in DI water (1 mL) was added. The mixture was stirred at
room temperature for 2 h. The solution was centrifuged (Centurion Scientific, West Sussex,
UK) at 15,000 rpm (1411× g) for 15 min to remove residual EDC/NHS. The supernatant of
the centrifuged solutions was removed and re-dispersed in 1 × PBS (1 mL). Later, albumin
or T Ab were added to the dispersion at a concentration of 0.1 mg/mL, and were stirred at
room temperature for 2 h. To deactivate residual NHS, 1 mM ethylenediamine in 1 × PBS
(1 mL) was added to the dispersion and stirred at room temperature for 2 h. The solution
was centrifuged at 15,000 rpm (1411× g) for 15 min to remove unreacted residues. After
washing three times with 1 × PBS by centrifugation, it was re-dispersed in 1 × PBS (1 mL)
with sonication. The PDA assemblies were polymerized for 5 min with a UV lamp (254 nm,
1 mW·cm−2, Vilber, Marne-la-Vallée, France).

2.3. Characterization of PDA Assemblies and Steroid Hormones

The morphology of the PDA assemblies was observed using an ultra-high resolution
low-voltage-scanning electron microscope (JSM-7900F, JEOL, Tokyo, Japan) at an accelerat-
ing voltage of 5.0 kV. The specimens were coated with platinum with an 8 nm thickness.
A Zetasizer (Zetasizer Nano ZS90, Malvern Panalytical, Worcestershire, UK) was used
to measure the alteration in zeta potential and size of the PDA assemblies during the
conjugation of albumin or T Ab to PDA. The chemical bonding or interaction of the PDA
assemblies was monitored using Fourier transform infrared (FT-IR) spectroscopy (Vertex
80 v, Bruker Optics Co., Leipzig, Germany). To check the solubility of steroid hormones
in the solvents, 3 mg/mL of hormone (T, progesterone, and β-estradiol) was added to
candidate solvents (dimethyl sulfoxide [DMSO], acetonitrile [ACN], ethanol [EtOH], and
methanol [MeOH]), and the transmittance of the solutions was measured using UV-Vis
spectroscopy (Libra S70, Cambridge, UK)

2.4. Hormone Detection Tests Using Colorimetric Response (CR) and Fluorescence Measurement

To measure the CR of the PDA assemblies by adding medium (mixture of ACN:DI
water, EtOH:DI water, MeOH:DI water) or hormone (T, progesterone, and β-estradiol)
solution (0.1, 0.2, 0.5, 1, 2, and 3 mg/mL), the solution of PDA assemblies (120 μL) and
the medium/the hormone solution (80 μL) were incubated for 1 min, and the absorption
spectra were measured using UV-Vis spectroscopy.

The CR was calculated as follows:

CR(%) =
PBbe f ore − PBa f ter

PBbe f ore
× 100 , PB =

Ablue
Ablue + Ared

(1)

where Ablue is the absorbance intensity at 650 nm, and Ared is the absorbance intensity at
550 nm. PBbefore and PBafter are the values before and after incubating with medium or
hormone samples, respectively.

To measure the fluorescence (FL) intensity of the PDA assemblies, a solution of these
assemblies (120 μL) was incubated with hormone solution (80 μL) for 1 min, and the
emission spectra were measured using a fluorescence reader (iD5 Multi-Mode Microplate
Reader, Molecular Devices, San Jose, CA, USA). The measurement was set to excitation at
485 nm, and the emissive intensity was recorded at 630 nm.

The data of FL intensity at each concentration of analyte hormone were expressed as
mean value with error bar (n = 3). The sensitivity of sensing platform for each hormone
was calculated from value of slope in the linear fitting. We analyzed limit of detection
(LOD) was calculated as follows:

LOD = Standard Error (SE)×
√

N × 3.3 ÷ Slope (2)
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where N is the number of data elements (herein N = 5, five data point of hormone concen-
trations: 0.2, 0.5, 1, 2, 3 mg/mL), Slope is the value of linear fitting, and standard error (SE)
is a standard deviation of the regression line (red line in the graphs) calculated using the
OriginPro 8 software (Northampton, MA, USA).

2.5. T Hormone Detection Tests in Human Serum (1%)

To prevent the interfering sensory signals of PDA assemblies from human serum
proteins in human serum, it was diluted with Tris-HCl buffer (20 mM, pH 7.0) and filtered
using centrifugal filter (MWCO of 100–150 kDa) or centrifuging at 1500 rpm for 20 min.
Then T hormone was spiked into 50% v/v of the filtered human serum (1%) and ACN,
making various concentrations (0.1, 0.2, 0.5, 1, 2 and 3 mg/mL).

3. Results and Discussion

In mammalian blood plasma, water-insoluble sex steroid hormones (Figure 1a) exist
as water-soluble complexes via binding to serum albumin or sex hormone-binding globu-
lin [29,30]. Accordingly, these complexes transport and maintain the affinity of hormones
in the aqueous phase. Few studies have been conducted to develop PDA-based sensors that
target steroid hormones because water-insoluble hormones hardly meet and bind to PDA
assemblies in aqueous media. Inspired by the hormone-albumin and hormone-globulin
complexes in aqueous plasma, we utilized albumin or hormone-specific binding antibodies
that could form a mediator of intermediate solubility (between water-insoluble hormones
and water-dispersible PDA assemblies).

Figure 1. (a) Chemical structure of three sex steroid hormones (β-estradiol, progesterone, testos-
terone (T)) used as preterm biomarkers. (b) Schematic scenario of interaction of T on three types of
polydiacetylene assemblies; liposome consisting of 10,12-pentacosadiynoic acid monomers (PDA),
albumin-conjugated PDA (PDA-Albumin), and anti-T antibody-conjugated PDA (PDA-T Ab), when
incubated with T. Depending on the interaction of T and PDA assemblies, colorimetric and fluoro-
genic sensory signal (red color) generated was drawn in the middle of the PDA assemblies.

Sex steroid hormones such as β-estradiol, progesterone, and T are thought to be
pregnancy/preterm birth-related biomarkers [21–23]. Based on the current study that
preterm infants could be influenced by T level [24], the PDA sensory platform was designed
to target T for preterm birth prediction. We developed three types of PDA-based sensing
platforms to compare sensory signals in the presence of T: (1) PDA liposomes consisting of
PCDA monomers (PDA), (2) albumin conjugated to PDA (PDA-Albumin), and (3) anti-T
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antibody conjugated to PDA (PDA-T Ab) (Figure 1b). We assumed that three types of
PDA assemblies could have different numbers of binding and binding affinities of T—the
highest binding available onto the PDA-T Ab by pairing interactions between T and T Ab.

The morphology of PDA assemblies was observed using SEM (Figure 2a). While PDA
resulted in ~5 μm particle-shaped fragments, PDA-Albumin and PDA-T Ab presented an
angular shape of 10–100 μm. Similar aggregated or angular structures of polydiacetylene-
antibody conjugates have been reported in the literature [28,31]. The changes in surface
charge and size distribution of PDA assemblies during conjugation to albumin or T Ab
were measured by dynamic light scattering measurements (Figure 2b,c and Figure S1).
PDA has a zeta potential of −46.9 ± 1.4 mV. During EDC/NHS activation of carboxylic
acid on PDA, the zeta potential became less negatively charged, resulting in a value of
−17.5 ± 0.3 mV (Figure S1). After conjugation with albumin and T Ab, the zeta potential
values were increased to −5.8 ± 0.1 and −8.6 ± 0.5 mV, respectively. We hypothesize that
positively charged albumin and T Ab were conjugated to the negatively charged PDA,
inducing a change in the zeta potential after conjugation [32]. Based on the light scattering
measurement, PDA has a size of 130 ± 10 nm, and after conjugation with albumin and T
Ab, the size of PDA-Albumin and PDA-T Ab increased to 4400 ± 400 and 3800 ± 500 nm,
respectively. Since PDA-Albumin and PDA-T Ab became less negatively charged than
PDA, less repulsion between the assemblies would make being aggregated or bigger sized.
In Figure S2, the transmittance of PDA-Albumin and PDA-T Ab at 1637 cm−1 (-COOH)
recorded by FT-IR spectroscopy was relatively lower compared to that of PDA, implying
that the carboxylic acid of PDA was consumed by the chemical reaction with EDC/NHS.

Sex steroid hormones such as -estradiol, progesterone, and T are thought to be preg-
nancy/preterm birth-related biomarkers [21–23]. Based on the current study that preterm 
infants could be influenced by T level [24], the PDA sensory platform was designed to 
target T for preterm birth prediction. We developed three types of PDA-based sensing 
platforms to compare sensory signals in the presence of T: 1) PDA liposomes consisting 
of PCDA monomers (PDA), 2) albumin conjugated to PDA (PDA-Albumin), and 3) anti-
T antibody conjugated to PDA (PDA-T Ab) (Figure 1b). We assumed that three types of 
PDA assemblies could have different numbers of binding and binding affinities of T—the 
highest binding available onto the PDA-T Ab by pairing interactions between T and T Ab. 

The morphology of PDA assemblies was observed using SEM (Figure 2a). While PDA 
resulted in ~5 μm particle-shaped fragments, PDA-Albumin and PDA-T Ab presented an 
angular shape of 10–100 μm. Similar aggregated or angular structures of polydiacetylene-
antibody conjugates have been reported in the literature [28,31]. The changes in surface 
charge and size distribution of PDA assemblies during conjugation to albumin or T Ab 
were measured by dynamic light scattering measurements (Figures 2b,c and S1). PDA has 
a zeta potential of 46.9 ± 1.4 mV. During EDC/NHS activation of carboxylic acid on PDA, 
the zeta potential became less negatively charged, resulting in a value of 17.5 ± 0.3 mV
(Figure S1). After conjugation with albumin and T Ab, the zeta potential values were in-
creased to 5.8 ± 0.1 and 8.6 ± 0.5 mV, respectively. We hypothesize that positively 
charged albumin and T Ab were conjugated to the negatively charged PDA, inducing a 
change in the zeta potential after conjugation [32]. Based on the light scattering measure-
ment, PDA has a size of 130 ± 10 nm, and after conjugation with albumin and T Ab, the 
size of PDA-Albumin and PDA-T Ab increased to 4400 ± 400 and 3800 ± 500 nm, respec-
tively. Since PDA-Albumin and PDA-T Ab became less negatively charged than PDA, less 
repulsion between the assemblies would make being aggregated or bigger sized. In Figure 
S2, the transmittance of PDA-Albumin and PDA-T Ab at 1637 cm 1 (-COOH) recorded by 
FT-IR spectroscopy was relatively lower compared to that of PDA, implying that the car-
boxylic acid of PDA was consumed by the chemical reaction with EDC/NHS.

Figure 2. (a) SEM image of PDA, PDA-Albumin and PDA-T Ab. Scale bars represent 100 μm. The 
scale bar of the inset (magnified image) represents 1 μm. (b) Zeta potential values and (c) size of 
PDA, PDA-Albumin, and PDA-T Ab. 

Figure 2. (a) SEM image of PDA, PDA-Albumin and PDA-T Ab. Scale bars represent 100 μm. The
scale bar of the inset (magnified image) represents 1 μm. (b) Zeta potential values and (c) size of
PDA, PDA-Albumin, and PDA-T Ab.

Since the solubility of steroid hormones in aqueous solution is low, we first aimed to
find a suitable solvent medium that would both solubilize the hormones and enable them to
encounter and react with PDA assemblies in aqueous solution. It is also important that the
solvent minimize false signals from the PDA assemblies when added, since solvents, except
for water, usually tend to generate a colorimetric transition [33,34]. Relatively polar solvent
candidates, DMSO, ACN, EtOH, and MeOH, were screened for their ability to solubilize
hormones by measuring the transmittance at 400 nm using a UV-Vis spectrophotometer
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(Figure 3a). DMSO showed the lowest transmittance, which translates as the poorest
solubility, and was thus excluded from the solvent candidates. We then assessed the CR of
the PDA assemblies when introducing the candidate solvents (Figure 3b). Pure solvents
(100% ACN, EtOH, and MeOH) induced a certain degree of CR (ACN: 15.4%, EtOH: 15.2%,
and MeOH: 15.6%, calculated from absorption intensity at 650 nm and 550 nm) with pale
violet colorimetric change (see inset image of Figure 3b). Therefore, the solvent ratio was
reduced to 50% (v/v) (mixed with DI water), which decreased the false signals (ACN: 6.7%,
EtOH: 7.7%, and MeOH: 4.1%). ACN was selected as the most suitable solvent because it
has higher solubility than MeOH and causes fewer false signals than EtOH.

Figure 3. (a) Solubility test of sex steroid hormones in solvent medium (Dimethyl sulfoxide (DMSO), acetonitrile (ACN),
ethanol (EtOH), methanol (MeOH)). (b) Colorimetric response (CR) of PDA when adding candidate solvent to the medium.
Inset: photograph of the PDA solution after adding solvent to the medium.

The CR values of PDA-based sensors are commonly used as sensory signals. In all
three types of PDA assemblies (PDA, PDA-Albumin, PDA-T Ab), hormone concentration-
dependent CR values were observed with a trend of gradual increase (Figure 4a–c), in-
dicating non-specific optical signals from the hormones. In particular, the CR of PDA-T
Ab for T hormone was not significantly different from that of PDA or PDA-Albumin
(Figure 4c), even though PDA-T Ab was designed to selectively react with or bind to T. The
CR values were calculated by comparing the absorption intensity at 550 nm (wavelength of
red absorption) and 650 nm (wavelength of blue absorption). In this study, estimating the
correct CR values proved difficult since the overall spectral intensity was interfered by the
absorption of water-insoluble hormone (Figure 4d–f). A possible explanation is that the
instability and insolubility of hormones in aqueous solution inhibited the absorption-based
colorimetric sensory signals, and no significant difference was observed in any of the three
types of PDA assemblies as a result.
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Figure 4. CR of (a) PDA, (b) PDA-Albumin and (c) PDA-T Ab after incubating with sex steroid hormones (β-estradiol,
progesterone and T). UV-Vis absorption spectra of (d) PDA, (e) PDA-Albumin and (f) PDA-T Ab when incubating with sex
steroid hormones at low (0.1 mg/mL) and high (3 mg/mL) concentrations.

To avoid the interruption of signals from the absorbance of the hormones, the FL
response of the PDA assemblies was measured using a fluorescence reader (λex = 485 nm,
λem = 630 nm). The FL of polydiacetylene is not generally affected by the optical prop-
erties of other materials in the same environment, and PDA shows higher sensitivity in
fluorogenic mode than in colorimetric transition [35]. As shown in Figure 5a, none of the
three hormones (β-estradiol, progesterone, and testosterone) produced FL when incubated
with PDA. As shown in Figure 5b, the presence of T increased the FL of PDA-Albumin in
a concentration-dependent manner, starting from 0.5 mg/mL of T. When incubated with
progesterone, the FL of PDA-Albumin only increased from a concentration 2 mg/mL. In
contrast, no FL changes were found in PDA-Albumin when incubated with β-estradiol.
The sensitivity of the PDA-Albumin for T and progesterone was 630,000 a.u./mg·mL−1 and
130,000 a.u./mg·mL−1, respectively, when considering a range of 0.2–3 mg/mL of either
hormone (Figure 5e). In general, progesterone and T have considerable, but non-specific
affinity towards albumin in blood plasma [36]; for example, 53–55% of T binds to serum
albumin and is transported as a complex in human blood [37]. Therefore, introducing
progesterone or T could generate a certain of FL signals originated from distorting conju-
gated backbone of PDA by binding of progesterone or T onto albumin at the surface of
PDA-Albumin.
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Figure 5. Fluorescence (FL) intensity of (a) PDA, (b) PDA-Albumin and (c) PDA-T Ab after incubation with sex steroid
hormones (β-estradiol, progesterone and T). Sensitivity of sensing platforms based on (d) PDA, (e) PDA-Albumin and
(f) PDA-T Ab for each sex steroid hormone. * LOD: limit of detection.

In order to prove a concept of PDA-based sensing platform for targeting T, FL signals
of PDA-T Ab by introducing T was compared with those of PDA-T Ab in presence of
β-estradiol and progesterone. As shown in Figure 5c, the PDA-T Ab did not generate FL
after incubation with β-estradiol. The sensitivity of PDA-T Ab for T and progesterone
was 1,400,000 a.u./mg·mL−1, sensitivity for progesterone: 400,000 a.u./mg·mL−1, in the
range of 0.2–3 mg/mL of either hormone (Figure 5f). These results suggest that PDA-T
Ab showed more discernable and selective sensory signaling than PDA-Albumin. In both
PDA-Albumin and PDA-T Ab, LOD values for T and progesterone was similar, respectively.
In summary, PDA-T Ab displayed a more selective fluorescent sensory signaling in the
presence of T compared to PDA and PDA-Albumin.

To demonstrate T detection using the PDA-T Ab in any biologically complex matrix,
we conducted spike tests with filtered human serum. In the spike test, the T hormone
concentration-dependent sensory signaling was observed (Figure S3) as a similar trend in
Figure 5f, however, the sensitivity was reduced comparing with that without biologically
complex matrix. We supposed that non-filtered human serum proteins and small molecules
of hormones could interrupt the sensitivity of the sensory signaling.

4. Conclusions

T Ab was conjugated to PDA to selectively detect T as a biomarker of preterm birth.
The PDA-based sensory signals were evaluated by comparing with those of other two
sex steroid hormones (progesterone and β-estradiol). To overcome the issue of the poor
hormone solubility in aqueous solution, we adjusted a co-solvent medium of ACN and
DI water (50% v/v) that enables solubilizing the hydrophobic steroid hormones and
minimizing false signals from the medium. Although an accurate colorimetric response of
PDA assemblies could not be determined due to the interfering absorption of the hormones,
we demonstrated that fluorescence sensory signaling of PDA-T Ab was dose-dependent on
T concentration and was selective for T hormone. This finding would give an insight for
designing PDA-based sensors to detect broad spectrum of water-insoluble target analytes.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors9070176/s1, Figure S1: Zeta potential values and size of PDA during conju-
gating albumin to PDA, Figure S2: FT-IR spectra of PDA, PDA-Albumin and PDA-T Ab, Figure
S3: Fluorescence intensity of PDA-T Ab after incubation with testosterone hormones in filtered
human serum.
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Abstract: Staphylococcus aureus is one of the leading causes of skin and soft tissue infections, and it is
even life-threatening if it enters the bloodstream, lung or heart. In the present work, we proposed a
novel colorimetric biosensor for the detection of S. aureus through hydrogen peroxide consumption.
An onion-like carbon nanozyme with high peroxidase-like activity was prepared, which competed
with the endogenous catalase of S. aureus in consuming hydrogen peroxide. This reaction was further
characterized by the colorimetric reaction of 3,3′,5,5′-tetramethylbenzidine. The results showed
that our approach allowed for the simple and rapid determination of S. aureus, with a linear range
of 2 × 104 to 2 × 107 CFU/mL. Moreover, our method displayed good selectivity, with Bacillus
subtilis and Escherichia coli showing negligible responses at the concentration of 2 × 105 CFU/mL.
The application of the as-prepared biosensor to analyze S. aureus in real water samples yielded
recovery rates ranging from 95% to 112%, with relative standard deviations less than 7%. The
method demonstrated good accuracy and specificity, which offers a novel approach for the simple
and selective detection of S. aureus.

Keywords: Staphylococcus aureus; colorimetric biosensor; endogenous catalase; onion-like carbon;
peroxidase-like nanozyme

1. Introduction

Bacterial infections are among the leading causes of illness and death, which presents a
growing risk to public health. Staphylococcus aureus is among the most prevalent pathogens,
causing a spectrum of infections including severe inflammation, skin ulceration, and sup-
puration [1–3], as well as more serious conditions such as endocarditis [4], pneumonia [5],
and meningitis [6]. Despite the fact that regulations have been enacted to restrict S. aureus
contamination, persistent risks remain in environments such as medical facilities [7]. More-
over, the presence of food-borne pathogens in meat and meat products poses a significant
risk of infection to consumers, with livestock-associated workers at heightened risk of
colonization and potential transmission [8,9]. Therefore, there is an urgent need to develop
rapid and efficient techniques capable of detecting S. aureus and promptly identifying
potential outbreaks.

The plate-counting approach, which has been the standard method for S. aureus detec-
tion, is a conventional culture-dependent microbiological method that is used to observe
and enumerate viable microorganisms. In this method, bacterial concentration is reported
as colony-forming units (CFUs), which is presumed to originate from a certain microorgan-
ism, and the bacterial colonies can also reflect specific characteristic features, such as color,
size and shape. However, it usually requires several days to achieve trustworthy results,
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which no longer meets the demands for rapid pathogenic detection [10]. Consequently, con-
siderable efforts have been directed towards the development of rapid detection methods.
Polymerase chain reaction (PCR) and fluorescence-linked immunosorbent assay (FLISA)
have significantly reduced the detection time to a few hours [11,12]. Biosensors are capable
of converting signals arising from interactions between biological components and analytes
into detectable physicochemical signals, which have been extensively used in applications
ranging from medical treatment to environmental monitoring. Among them, colorimetric
biosensors have emerged as a promising platform for rapid bacterial recognition [13,14].
These biosensors enable the quantitative measurement of specific analytes through chro-
mogenic or discoloration reactions, such as nanozyme-mediated colorimetric reactions
or the localized surface plasmon resonance of noble metal nanoparticles. Their merits
of cost-effectiveness, straightforward interpretation of results, and rapid response render
them well-suited for the on-site detection of S. aureus [15–17].

S. aureus is one of the representative Gram-positive bacteria, with most strains being
catalase (CAT)-positive and capable of catalyzing the decomposition of hydrogen peroxide
(H2O2) into O2 and water [18,19]. Catalase production represents a defense mechanism,
allowing bacteria to better resist intracellular and extracellular killing by H2O2. The
catalase-negative strain is observed to possess much lower pathogenic potential than
the catalase-positive strain, which may contribute to the predominance of the catalase-
positive strain in bacterial infections. Utilizing the endogenous catalase of S. aureus, Guarín
et al. proposed an electrochemical sensor to monitor H2O2 consumption by S. aureus.
Using a screen-printed gold electrode modified with cysteine and peroxidase (POD), this
method demonstrated a sensitive response to H2O2, enabling the detection of S. aureus
ranging from 3 × 102 to 3 × 108 CFU/mL, with a detection limit of 102 CFU/mL [20].
Majumdar et al. applied an amperometric approach to detect H2O2 consumption for the
quantification of S. aureus at a Pt microelectrode. This work realized the quantification of
S. aureus in the range from 10 CFU/mL to 106 CFU/mL within 10 min [21]. Abdelhamid
et al. reported a fluorescent biosensor based on chitosan modified CdS quantum dots,
in which S. aureus showed accelerated decomposition of H2O2, resulting in a significant
quenching of fluorescence emission, thereby offering high selectivity for CAT-positive S.
aureus over Bacillus subtilis and Escherichia coli [22]. In comparison to other assays for the
detection of S. aureus, these three biosensors offer the benefits of short detection periods and
broad detection ranges. Also, the sensor preparation process is simplified as no additional
recognition units are required.

Nanozymes, defined as nanomaterials with enzyme-like catalytical activity, have
attracted increasing attention in biosensing applications over the past few years [23–25].
These nanozyme-based enzymatic reactions can generate or amplify signals for precise
target detection, among which POD-like and oxidase-like nanozymes are commonly em-
ployed in biosensor construction. POD is defined as a class of oxidoreductases that catalyze
the oxidation of a substrate by hydrogen peroxide or an organic peroxide [26]. Nanozymes
that exhibit mimic peroxidase activity are known as POD-like nanozymes [27]. In addition
to catalytic properties, nanomaterials offer enhanced electrical conductivity and compati-
bility with biorecognition elements, thereby improving biosensor performance. Onion-like
carbon (OLC) is a carbonaceous nanomaterial with stacked layers of sp2 graphene sheets
and exhibits high POD catalytic ability [28–34]. Its highly symmetric structure and large
volume-to-surface ratio make it promising for applications in energy storage and pollutant
degradation [35,36]. In the field of biosensing, OLC can be utilized as a modification mate-
rial to increase the conductivity and biocompatibility of the electrodes [37–40]. OLC can
serve as an effective linker between biomolecules and nanomaterials, facilitating electron
transfer and signal amplification. Therefore, in combination with the intrinsic POD-like
property of OLC, it is promising in the construction of biosensors with high sensitivity
and specificity.

Herein, we proposed a novel approach for S. aureus detection utilizing its endogenous
CAT activity. The accelerated consumption of H2O2 catalyzed by CAT was characterized
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using a colorimetric reaction involving 3,3′,5,5′-tetramethylbenzidine (TMB) in the presence
of OLC. The analytical performance and anti-interference ability of the as-prepared colori-
metric biosensor were examined. Additionally, the recovery experiments were conducted
using real water samples to assess the feasibility of the present method in practical scenarios.
The present work provided a simple and rapid approach for the detection of CAT-positive
bacteria, which can be used in pathogen monitoring and environmental early warning.

2. Materials and Methods

2.1. Reagents and Materials

Staphylococcus aureus (ATCC 6538), Escherichia coli (ATCC 25922) and Bacillus subtilis
(CGMCC 1.1086) were provided by the Testing Center for Antimicrobial Materials, Technical
Institute of Physics and Chemistry, Chinese Academy of Sciences. Additionally, 3,3′,5,5′-
tetramethylbenzidine (TMB), acetic acid (>99.7%) and dimethyl sulfoxide (DMSO) were
provided by Macklin Co., Ltd. (Shanghai, China). Sodium acetate and 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid ammonium salt) (ABTS) were provided by InnoChem
Co., Ltd. (Shanghai, China). Hydrogen peroxide (H2O2) was purchased from Aladdin Co.,
Ltd. (Shanghai, China). Lysostaphin was provided by Sangon Co., Ltd. (Shanghai, China).
Nutrient broth and nutrient agar were purchased from Haibo Co., Ltd. (Qingdao, China).
Nanodiamonds (NDs) were purchased from Carbodeon (Finland). Phosphate-buffered
saline (PBS, 0.1 M, pH = 7) and Tris-HCl buffer (0.05 M, pH = 7.4, sterile) were provided by
Regan Co., Ltd. (Beijing, China). All chemicals were of reagent grade and used as received.
Aqueous solutions were prepared with Milli-Q water (Millipore Merck, Burlington, MA,
USA, R > 18.2 MΩ·cm). Real water samples were collected from the tap-water pipe.

2.2. Preparation of Onion-like Carbon Nanozyme

OLC was obtained by annealing NDs in an N2 atmosphere at 800 ◦C for 1 h. The
morphology of as-prepared OLC was characterized by high-resolution transmission elec-
tron microscopy (TEM, JEOL JEM-2100F, Tokyo, Japan). The phase structure of OLC was
obtained using an X-ray diffractometer (Bruker D8 focus, Karlsruhe, Germany). The com-
position of OLC was characterized using a Raman spectrometer (Renishaw InVia-Qontor,
New Mills, UK) with an excitation light at 532 nm.

2.3. Detection of the POD-like Catalytic Activity of Onion-like Carbon Nanozyme

Chromogenic reactions based on TMB-H2O2 and ABTS-H2O2 double-substrate sys-
tems were used to detect the POD-like properties of the OLC nanozyme. Experiments
on the TMB-H2O2 reaction were carried out with 250 μg/mL of OLC, 1 mM of H2O2 and
0.5 mM of TMB in 0.2 M NaAc-HAc buffer (pH = 4). The mixed solution was incubated
at 37 ◦C for 10 min. Experiments on the ABTS-H2O2 reaction were performed in 0.2 M
NaAc-HAc buffer (pH = 4) containing 250 μg/mL of OLC, 1 mM of H2O2 and 1 mM of
ABTS. The mixed solution was placed at 37 ◦C for 10 min.

2.4. Catalytic Kinetic Determination of OLC’s POD-like Activity

The catalytic kinetic determination of OLC was carried out using TMB and H2O2 as
substrates. The catalytic reaction was carried out in 0.2 M NaAc-HAc buffer (pH = 4). The
concentration of OLC was 100 μg/mL. The concentration of TMB was 1 mM in the kinetic
assay of H2O2 and the concentration of H2O2 was 1 mM in the kinetic assay of TMB. After
reacting at room temperature for 10 min, the reaction mixture was filtered by a needle
filter (0.22 μm × 13 mm), and the absorbance of the supernatant at 652 nm was measured
on an ultraviolet-visible spectrophotometer (SECOMAM UVIKONXL). The Michaelis–
Menten equation was used to calculate the Michaelis constant (KM) and maximum reaction
rate (Vmax).
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2.5. Bacterial Culture

The bacteria were cultured in LB broth that contained 10 g/L peptone, 3 g/L beef
extract and 5 g/L NaCl. The broth was sterilized by autoclaving at 121 ◦C for 15 min.
After cooling to room temperature, the bacteria were inoculated into the sterilized culture
medium and cultured aerobically in a shaker at 37 ◦C. The culture time for S. aureus, E.
coli and B. subtilis were 24 h, 16 h and 24 h, respectively. Subsequently, the microbial cells
were harvested by centrifugation at 6000 rpm for 5 min and washed twice with PBS. The
harvested bacteria were re-dispersed in Tris-HCl buffer, and the OD600 value of the bacterial
solution was adjusted to 1.5 using an ultraviolet-visible spectrophotometer (SECOMAM
UVIKONXL).

The concentration of bacteria was further determined by the plate-counting method
according to the following procedure: First, the agar liquid medium that contained 10 g/L
of peptone, 5 g/L of sodium chloride, 3 g/L of beef extract and 15 g/L of agar was well
mixed and sterilized at 121 ◦C. After cooling to 46 ◦C, the liquid agar medium was poured
onto the culture dishes and allowed to solidify at room temperature. Then, 100 μL of
bacteria solution was added to the agar plate and spread evenly using a cell spreader. The
plate was then flipped over and incubated for 24 h at 37 ◦C. After incubating, a colony
counter was used to read the total number of bacterial colonies.

2.6. Colorimetric Detection of S. aureus

The detection principle of the colorimetric biosensor is illustrated in Scheme 1. To
enhance detection specificity, lysostaphin was employed, as it selectively hydrolyzed the
cell wall of Staphylococcus species [41,42]. Following incubation with lysostaphin, CAT
was released from S. aureus and catalyzed the decomposition of H2O2. With the increase in
S. aureus concentration, CAT concentration in the bacterial lysate increased, leading to the
accelerated consumption of H2O2. As a result, less H2O2 was involved in the subsequent
TMB oxidation, resulting in a decrease in the final absorbance of TMB oxide and an increase
in the inhibition rate.

Scheme 1. Schematic representation of the detection process.

The detailed detection procedure was as follows: lysostaphin (13 μg/mL) was mixed
with S. aureus solution to lyse S. aureus and release endogenous CAT. At the same time,
H2O2 (0.5 mM) was added and consumed under the catalysis of CAT. The reaction was
carried out at 37 ◦C for 20 min. After incubation, TMB (1 mM), OLC (250 μg/mL) and
NaAc-HAc buffer (0.2 M, pH = 4) were added to the above solution. The reaction mixture
was placed at room temperature for 10 min. Then, the solution was filtered with a needle
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filter of 0.22 μm × 13 mm to remove the bacteria and OLC nanozyme. Then, the absorbance
of the supernatant at 652 nm was tested and recorded as Ax. In the blank group, the S. aureus
solution was replaced with Tris-HCl buffer solution while all other conditions remained
the same. The absorbance value of the blank group acted as the internal reference and was
recorded as A0. The inhibition rate was used to characterize the bacterial concentration:

Inhibition rate (%) = (1 − Ax/A0) × 100% (1)

Compared with the absolute value of absorbance, the use of the inhibition rate elimi-
nated the influence of subjective errors and fluctuations in nanozyme activity on detection
accuracy, which improved the precision and reliability of the results.

3. Results and Discussion

3.1. Structural and Catalytic Activity Characterization of OLC Nanozyme

OLC was obtained by annealing NDs at high temperature under an inert atmo-
sphere. As shown in Figure 1a, the TEM image showed the presence of (111) planes
of sp3-hybridized cubic diamond and (002) planes of sp2-hybridized graphitized carbon,
with lattice spacing of 0.206 and 0.34 nm, respectively. OLC exhibited a quasi-spherical
shape with a diameter of 5–10 nm. The X-ray diffraction pattern showed broad peaks of
graphitic carbon at 27◦ and diffraction peaks of diamond at 44◦ and 75◦, suggesting the
presence of both sp2 and sp3 carbon in OLC (Figure 1b). We also observed peaks in the Ra-
man spectra at 1320 cm−1 and 1535 cm−1, which belong to the D and G bands of graphene
(Figure 1c). The above characterization confirmed the partial conversion from sp3 to sp2

carbon in pristine NDs, suggesting the successful synthesis of OLC. The abovementioned
structural characterization in the present work is also consistent with our previous works,
which can verify the formation of OLC [35,36].
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Figure 1. Structural and compositional characterizations of OLC: (a) TEM image; (b) XRD pattern;
(c) Raman spectra.

The POD-like property of OLC was validated by the chromogenic reactions with
TMB/ABTS and H2O2. Under the catalysis of OLC, the •OH was generated from the
decomposition of H2O2, which subsequently oxidized TMB/ABTS into charge-transfer
complex TMBOX (blue)/ABTS•+ (green) (Equations (2) and (3)). As shown in Figure 2,
in the presence of H2O2 and OLC, TMB and ABTS underwent oxidation to produce blue
and green products, respectively. However, the experimental groups in the absence of
OLC showed almost no color change, indicating that OLC acted as an effective catalyst for
the oxidation of TMB and ABTS in the presence of H2O2. Considering that TMB exhibits
greater sensitivity in biosensing when compared to other chromogenic substrates, including
ABTS [43,44], TMB was chosen as the substrate for subsequent detection.

TMB + H2O2
OLC→ TMBOX + H2O (2)
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Figure 2. (a) The digital photos of color changes in different groups: (a) TMB substrate; (b) ABTS
substrate, respectively.

ABTS + H2O2
OLC→ ABTS•+ + H2O (3)

The POD-mimicking activity of the OLC nanozyme was further characterized accord-
ing to the Michaelis–Menten equation (Equation (4)) and the Lineweaver–Burk equation
(Equation (5)), which reflect the relationship between reaction rate and substrate concentration:

v =
Vmax[S]

KM + [S]
(4)

1
v
=

KM
Vmax

1
[S]

+
1

Vmax
(5)

v =
Δc
t

(6)

A = εLc (7)

where [S] is the concentration of the substrate TMB or H2O2, v is the reaction rate, and Vmax
refers to the maximum reaction rate when the enzyme is saturated by the substrate. The
reaction rate v is determined by Equation (6), where Δc is the concentration change of the
chromogenic substance during the reaction, and t is the reaction time. The concentration
of the chromogenic substance can be calculated from the absorbance value according
to Lambert–Beer law (Equation (7)). A refers to the absorbance value measured by the
UV-vis spectrophotometer. ε is the molar absorption coefficient. The ε value for TMB is
39,000 M−1 cm−1. c is the concentration of the chromogenic substance, and L is the optical
path length. By calculating the Δc values based on the changes of absorbance intensity,
the reaction rates of TMB can be determined. KM is the Michaelis constant, representing
the substrate concentration at which the reaction rate reaches half of Vmax. A smaller KM
indicates a higher affinity between the enzyme and the substrate. Figure 3 shows the
Michaelis–Menten and Lineweaver–Burk curves of OLC. Vmax and KM were determined
from the fitted straight line between 1/v and 1/[S]. The intercept of the line refers to
1/Vmax. Therefore, Vmax can be obtained from the intercept. The slope refers to KM/Vmax.
The value of KM can be calculated from the slope of the fitted line and Vmax. The KM and
Vmax of both substrates were calculated and are listed in Table 1. OLC exhibited a higher
Vmax when compared to other carbon nanomaterials with POD-like properties [45–47].
Furthermore, a smaller KM value was observed for OLC compared with graphdiyne oxide
and C60[C(COOH)2]2, indicating that OLC had a high affinity to H2O2 and exhibited high
POD-like catalytic activity.
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Figure 3. Michaelis–Menten and Lineweaver–Burk curves of OLC: (a,b) H2O2 substrate; c(TMB) = 1 mM,
c(OLC) = 100 μg/mL; (c,d) TMB substrate, c(H2O2) = 1 mM, c(OLC) = 100 μg/mL.

Table 1. Comparisons of kinetic parameters between OLC and other carbon nanozymes.

Nanozyme
KM (mM) Vmax (10−8 M s−1)

Reference
H2O2 TMB H2O2 TMB

graphdiyne oxide 2.59 0.62 1.77 1.92 [45]
C60[C(COOH)2]2 24.58 0.23 0.40 0.35 [46]

GO-COOH 3.99 0.02 3.85 3.45 [47]
OLC 0.77 0.05 7.48 3.25 This work

3.2. Feasibility Verification of the As-Prepared Biosensor for S. aureus Detection

CAT is a biological enzyme capable of catalyzing the decomposition of H2O2 into
water and oxygen [48,49], thereby playing a crucial role in protecting cells from oxidative
damage induced by reactive oxygen species [50,51]. Firstly, the presence of CAT in S. aureus
(ATCC 6538) cells was confirmed by incubating 108 CFU/mL S. aureus with 5 mM H2O2 at
37 ◦C for 30 min. Clear bubbles were observed in the solution (Figure 4a), corresponding to
the generation of O2 under the catalysis of bacterial endogenous CAT.

 

Figure 4. (a) The digital photos of the bubbles after mixing S. aureus with H2O2; (b) The digital photos
of color changes caused by different concentrations of S. aureus.
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Furthermore, to verify the feasibility of the as-prepared biosensor for S. aureus de-
tection, the colorimetric responses of S. aureus solutions at different concentrations were
recorded using TMB as the chromogenic agent. The bacteria were first incubated with 5 mM
H2O2 for 30 min. Then, the bacteria were removed by filtration to avoid interfering with
the subsequent absorbance detection. After filtration, OLC and TMB were added, and the
colorimetric changes were observed after 5 min. In the presence of H2O2 and nanozymes,
TMB easily loses one electron and produces a charge-transfer complex that displays a blue
color. When TMB is exposed to an acidic condition or the amount of TMB is insufficient, it
can then undergo further oxidation to produce a yellow diimine compound [52]. In present
work, the TMB amount we used was sufficient, and the blue-colored reaction product
TMBox was observed. As shown in Figure 4b, the intensity of the blue color decreased
with increasing concentrations of S. aureus, owing to the higher consumption of H2O2 by
S. aureus and less H2O2 being involved in subsequent TMB oxidation. In summary, the
method proposed in the present work is feasible for S. aureus detection according to the
colorimetric change of TMB.

To demonstrate the superior performance of the OLC nanozyme in our detection sys-
tem, control experiments were performed using nanodiamonds and Fe3O4 nanoparticles
as representative carbonaceous and non-carbonaceous nanomaterials, respectively. The
control experiments were conducted at a S. aureus concentration of 105 CFU/mL. The de-
tection procedures and parameters were consistent with those described in Section 2.6. The
results are presented in Table 2. Under the same concentration of nanozymes (250 μg/mL),
the highest change in TMB absorbance intensity was observed for OLC, indicating that
OLC possessed the strongest POD-like properties. Additionally, OLC also demonstrated
the highest inhibition rate, reflecting its enhanced sensitivity for S. aureus detection.

Table 2. Results of different materials in S. aureus detection.

Materials OLC Nanodiamonds
Fe3O4

Nanoparticles

Absorbance of experimental group 1.18 0.13 0.45
Absorbance of blank group 1.45 0.14 0.53

Inhibition rates 18.6% 7.1% 15.1%

3.3. Optimization of Detection Conditions
3.3.1. Optimization of the Incubation Time of Lysostaphin and S. aureus (t1)

To enhance the detection efficacy of the as-prepared biosensor, experimental conditions
were systematically optimized. Firstly, considering the potential interference posed by the
bacterial cell wall on the interaction between CAT within the S. aureus cells and H2O2 in
the solution, lysostaphin was employed to facilitate bacterial lysis and ensure the release
and adequate reaction between endogenous CAT and H2O2. Evaluation revealed that at a
concentration of 106 CFU/mL S. aureus, lysostaphin treatment resulted in an inhibition rate
of 49.11%, significantly higher than the 19.84% inhibition rate observed without lysostaphin,
which proved the sensitivity enhancement facilitated by lysostaphin.

In the detection process, S. aureus was first incubated with lysostaphin to proceed
bacterial lysis and release endogenous CAT, after which H2O2 was added. Considering a
high concentration of H2O2 may hinder the lytic activity of lysostaphin, the incubation time
of lysostaphin was first optimized by using 2 × 105 CFU/mL S. aureus as the target analyte
(Figure 5). The increase in t1 from 0 to 15 min did not yield significant changes in the
inhibition rate, suggesting a rapid and complete lysis of S. aureus in a short period of time.
Given that the inhibition rate was not sensitive to t1, lysostaphin and H2O2 were introduced
to S. aureus simultaneously to simplify the detection process in the subsequent experiments.
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Moreover, the influence of H2O2 reaction time was also investigated. As shown in
Figure 6b, the inhibition rate increased, with the prolonged reaction time ranging from
5 to 20 min, and reached a plateau after 20 min, indicating that 20 min was sufficient
for a complete reaction. Hence, 20 min was selected as the optimal reaction time for
subsequent experiments.

3.4. Application of the As-Prepared Colorimetric Biosensor for S. aureus Detection

Under optimized conditions, the application of the as-prepared colorimetric biosensor
for S. aureus detection was assessed. As depicted in Figure 7a, the final absorbance intensity
decreased as the concentration of S. aureus was elevated. The relationship between the
inhibition rate and the logarithm of bacterial concentration was fitted and is depicted in
Figure 7b, revealing a strong linear correlation within the concentration range of 2 × 104 to
2 × 107 CFU/mL (R2 = 0.983). Since the sensitivity of our method relies on the measure-
ment accuracy of the UV-vis spectrophotometer, we determined that our detection limit
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was reached when the absorbance intensity difference between the experimental and blank
groups was less than 0.02. The limit of detection (LOD) was calculated as 3 Sb/m, where m
represents the slope at low bacterial concentrations and Sb is the standard deviation of the
blank group. The LOD value of our method was 9.2 × 103 CFU/mL.

Figure 7. (a) UV-visible absorption spectrum at varying concentrations of S. aureus; (b) Linear fitting
curve of inhibition rate–logarithm of bacterial concentration.

3.5. Assessment of Anti-Interference Ability

Two other types of pathogenic bacteria, Gram-positive B. subtilis and Gram-negative
E. coli, were selected to evaluate the anti-interference capability of the present method. The
detection of other pathogenic bacteria followed the same procedure. The colorimetric results
showed an inhibition rate of 28.76% for S. aureus at the concentration of 2 × 105 CFU/mL,
while the E. coli and B. subtilis under the same concentration exhibited nearly no response
(Figure 8). The good selectivity of the present method is attributed to two key factors.
Firstly, the strain of S. aureus is CAT-positive, so it exhibits specific CAT catalytic activity
that is different to other bacteria strains [22]. Secondly, the S. aureus-specific lysostaphin
can selectively lyse the cell wall of S. aureus without affecting other bacteria. Together
with the specific enzymatic activity of target S. aureus and the selective cell processing
method, the as-prepared biosensor exhibited good anti-interference ability against other
pathogenic bacteria.

Figure 8. Comparison of the detection results of 2 × 105 CFU/mL E. coli, B. subtilis and S. aureus.

3.6. Detection of S. aureus in Real Water Samples
3.6.1. Single Bacterial Test

Recovery experiments in real water samples were conducted to confirm the feasibil-
ity of the present method for S. aureus detection. Three samples with varying S. aureus
concentrations were added to the collected real water sample, and the colorimetric assay
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was performed. The inhibition rates of real water samples spiked with different concentra-
tions of S. aureus were calculated, and the detected bacterial concentration was converted
according to the fitting relationship in Figure 7b. Real sample results for S. aureus are
shown in Table 3. The recovery rates between the measured concentration and the spiked
S. aureus concentration demonstrated the good accuracy of the present method in real
water detection.

Table 3. Results of S. aureus detection in real water samples.

Spiked
Concentration of S.
aureus (CFU/mL)

Inhibition Rate
Found

Concentration
(CFU/mL)

Recovery Rate RSD

5 × 104 9.14% 5.16 × 104 103.20% 2.71%
2 × 105 27.16% 2.06 × 105 103.00% 6.45%
2 × 107 88.17% 2.24 × 107 112.00% 3.94%

The practical anti-interference performance of our method was also evaluated by
detecting the real water samples spiked with B. subtilis or E. coli at a concentration of
2 × 105 CFU/mL, respectively. As listed in Table 4, negligible responses were observed
for samples containing B. subtilis and E. coli. The results proved the effectiveness of our
approach in detecting CAT-positive bacteria such as S. aureus, thereby offering a promising
solution for rapid pathogen detection.

Table 4. Results of 2 × 105 CFU/mL E. coli or B. subtilis detection in real water samples.

Inhibition Rate RSD

E. coli 3.74% 0.97%
B. subtilis 1.25% 0.55%

3.6.2. Mixed Bacterial Test

Natural water bodies often contain a wide range of bacteria, which potentially com-
plicates the detection of target S. aureus due to interferences among different species. To
assess the robustness of our assay under such conditions, we added the mixtures of S.
aureus, E. coli and B. subtilis to the real water samples with each at a concentration of
2 × 105 CFU/mL, and the found concentrations of S. aureus were determined. The found
S. aureus concentrations in the mixed bacterial samples, as well as recovery rates and RSDs,
are listed in Table 5. The results indicated that the presence of E. coli and B. subtilis had
a minor effect on the detection of S. aureus, with recovery rates ranging from 95.5% to
101.5%. The above experiments demonstrated the capability of the present method in
effectively mitigating interferences from co-existing bacteria. However, given that our
method determines the S. aureus concentration by measuring the H2O2 consumption, it is
plausible that substances that can react with H2O2 may interfere with the detection results.
This could include sulfur ions and iodine ions, which may undergo redox reactions with
H2O2. Additionally, industrial wastewater may also contain inorganic metal ions, such
as Fe3+, which can accelerate the decomposition of H2O2 and potentially interfere with
detection accuracy.

Table 5. Results of the mixed bacterial test in real water samples.

Spiked Samples Inhibition Rate
Found Concentration

(CFU/mL)
Recovery Rate RSD

S. aureus + E. coli 26.93% 2.03 × 105 101.50% 4.94%
S. aureus + B. subtilis 26.20% 1.92 × 105 96.00% 2.42%

S. aureus + E. coli + B. subtilis 26.14% 1.91 × 105 95.50% 4.00%
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4. Conclusions

In this study, we proposed a colorimetric method for the detection of CAT-positive
S. aureus based on its endogenous CAT activity. The POD-like property of an onion-like
carbon nanozyme and a classical H2O2-TMB reaction were employed to monitor H2O2
consumption, which also served as the indicator for S. aureus concentration. In contrast to
conventional biosensors for specific bacterial detection, our approach did not require the use
of antibodies and aptamers, which greatly reduced the detection cost and manufacturing
complexity. The method demonstrated a linear response to S. aureus from 2 × 104 to
2 × 107 CFU/mL with an LOD of 9.2 × 103 CFU/mL. Furthermore, it exhibited robust
anti-interference capability, enabling us to effectively distinguish S. aureus from co-existing
pathogenic bacteria in real water samples. The underlying mechanism of the present
sensing method could be further expanded to the detection of other CAT-positive bacteria,
providing a straightforward and specific approach for pathogen detection.
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Abstract: A fundamental phenotype of cancer cells is their metabolic profile, which is routinely
described in terms of glycolytic and respiratory rates. Various devices and protocols have been
designed to quantify glycolysis and respiration from the rates of acid production and oxygen
utilization, respectively, but many of these approaches have limitations, including concerns about
their cost-ineffectiveness, inadequate normalization procedures, or short probing time-frames. As
a result, many methods for measuring metabolism are incompatible with cell culture conditions,
particularly in the context of high-throughput applications. Here, we present a simple plate-based
approach for real-time measurements of acid production and oxygen depletion under typical culture
conditions that enable metabolic monitoring for extended periods of time. Using this approach,
it is possible to calculate metabolic fluxes and, uniquely, describe the system at steady-state. By
controlling the conditions with respect to pH buffering, O2 diffusion, medium volume, and cell
numbers, our workflow can accurately describe the metabolic phenotype of cells in terms of molar
fluxes. This direct measure of glycolysis and respiration is conducive for between-runs and even
between-laboratory comparisons. To illustrate the utility of this approach, we characterize the
phenotype of pancreatic ductal adenocarcinoma cell lines and measure their response to a switch of
metabolic substrate and the presence of metabolic inhibitors. In summary, the method can deliver a
robust appraisal of metabolism in cell lines, with applications in drug screening and in quantitative
studies of metabolic regulation.

Keywords: cell lines; screening; acidity; hypoxia; glycolysis; respiration; flux; buffers; PDAC

1. Introduction

Cell growth and proliferation is ultimately powered by metabolic pathways that har-
ness energy from substrates such as glucose [1,2]. Ever since the discovery that deregulated
energetics is a hallmark of cancer [3], metabolic phenotyping has become a pillar of cancer
research [3–5]. The two main energy-yielding pathways are glycolysis and respiration,
and their rates can be gauged from the production of lactic acid and consumption of
oxygen, respectively [6]. In tumors, glycolytic and respiratory fluxes can be very large,
which explains their characteristic acidotic and hypoxic signatures [7–9]. Glycolytic and
respiratory rates can be probed using dedicated platforms, such as Seahorse XF [10–12],
or bespoke plates imprinted with pH and/or O2 sensors for use with fluorescence or
absorbance readers [13–18]. However, acid production and oxygen consumption are rarely
measured under culture conditions over extended periods of time and then reported in
terms of molar fluxes per cell. The Seahorse XF analyzer, for example, takes a snapshot
of metabolic rates within a small but poorly controlled catchment of cells [19]. Data gen-
erated in this way are prone to measurement error, and as a result, comparisons between
laboratories or even consecutive runs may not be advisable [20]. Measurements of pH or
O2 in bulk media require additional calculations to derive fluxes, but these are not always
performed or reported [21,22]. Given that metabolism is a cellular process, it would be
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prudent to normalize these flux estimates to the number of cells [23,24]. A concern for
many laboratories are the prohibitive costs associated with metabolic profiling, which can
make continuous or high-throughput measurements impractical, despite a strong scientific
justification [17,25,26]

Here, we describe a simple, fluorescence-based protocol for measuring pH and O2
simultaneously and in real-time using standard culture plates. We demonstrate how the
method can determine acid production (Jacid) and oxygen consumption (Joxygen) fluxes per
cell as a function of time, including their approach to the steady-state. The method uses
commercially available chemical sensors that reduce the cost of fluorescence substances to
under 5 cents per plate. We also present a workflow for calculating fluxes from pH and O2
time courses, and illustrate the utility of our approach in metabolically phenotyping various
cancer cell lines using pancreatic ductal adenocarcinoma (PDAC) cells as an example. With
the aid of this accessible and simple approach, our intention is to standardize the process of
metabolic phenotyping. In doing so, our overarching objective is to improve data quality,
exchange, and reproducibility.

2. Materials and Methods

2.1. Plates and Plate Readers

Suitable plates for metabolic phenotyping are those designed for use with fluorescence
readers. For illustrative purposes, this study used flat-bottom, black 96-well plates (655090,
Greiner, Kremsmünster, Austria) that can be read using a Cytation 5 device (BioTek, Agilent,
Winooski, VT, USA) [27]. Excitation was provided by a monochromator, and fluorescence
emission was detected sequentially at five wavelengths, which were optimized for the dye
combination used. Optimal settings on our system were excitation wavelengths of 400, 416,
450, 460, and 540 nm, and the corresponding emissions were 510, 510, 620, 510, and 580 nm.
For improved signal-to-noise ratio, fluorescence can be acquired in time-resolved mode
(e.g., delay: 0 μs; acquisition: 500 μs).

2.2. Fluorescent Dyes and Drugs

HPTS (8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt) and RuBPY
(tris(bipyridine)ruthenium(II) chloride) were purchased from Sigma-Aldrich (H1529 and
224758, St Louis, MO, USA) and dissolved in water at stocks of 4 and 100 mM, respectively.
To maintain a consistent molar ratio of HPTS and RuBPY, stocks were mixed accordingly
(1:1 v/v) and stored at −20 ◦C. CellTracker Orange CMRA (CTO) was obtained from Invit-
rogen (C34551) and kept in DMSO stock (sc-202581, Santa Cruz Biotechnology). Rotenone
(R8875, Sigma-Aldrich) was dissolved in DMSO and stored at −20 ◦C.

2.3. Media

Powdered DMEM medium was obtained from Sigma-Aldrich (D5030). This formula-
tion was chosen because it could be supplemented with buffers, as desired [28]. HEPES
(H3375), MES (M3671), glucose (G7021), galactose (G5388), and NaCl (S7653) were obtained
from Sigma-Aldrich. Low-buffer medium was prepared by dissolving Phenol Red-Free
DMEM 5030 powder in deionized water, then adding 2 mM HEPES, 2 mM MES, 40 mM
NaCl, 25 mM glucose, 10% FBS, 1% penicillin–streptomycin mixture, 1% GlutaMAX, and
1% sodium pyruvate. After the ingredients dissolved completely, the medium was tittered
to pH 7.4, at 37 ◦C with 0.4 M NaOH and filtered (0.22 μm pore). High-buffer media
were prepared similarly, with the exception that 20 mM HEPES was used instead of 2 mM
HEPES plus 2 mM MES, and NaCl was reduced to 25 mM NaCl.

2.4. Cells

Pancreatic ductal adenocarcinoma (PDAC) cell lines AsPC1, MIA-PaCa-2 and PANC1
were a gift from Prof. Anna Trauzold (Christian-Albrecht University, Kiel, Germany),
maintained in RPMI (Sigma-Aldrich, R0883) supplemented with 10% FBS, 1% penicillin–
streptomycin mixture, 1% GlutaMAX (35050-038, Gibco, Waltham, MA, USA), 1% sodium
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pyruvate (11360-039, Gibco, Waltham, MA, USA), and used within passage 3–8 [29,30].
Adult mouse myocytes were isolated from Langendorff-perfused mice hearts using a
previously published method [31,32]. Mice were killed humanely by an approved Schedule
1 method following ASPA regulations and University guidelines. Cells were kept in media
for up to 20 h after isolation.

3. Results

3.1. Selecting Cost-Effective pH and Oxygen Probes for Assaying Glycolysis and Respiration

The criteria for appropriate pH- and O2-sensitive dyes for a metabolic assay system are
(i) low cost, (ii) non-toxicity to cells, (iii) impermeability to measure extracellular levels, (iv)
temporal stability, (v) spectral compatibility, and (vi) ability to produce a calibrated signal.
Furthermore, the ensemble spectral properties of the dye-pair must reserve a wavelength
range for assessing cell numbers using fluorescent dyes, such as those of the CellTracker
family. There are multiple pH-sensitive dyes available, including commonly used cSNARF
derivatives [33,34], BCECF [35,36], and HPTS [37–39]. Of the three, HPTS has a superior
value for money ($0.05 per μmole). Furthermore, HPTS is a ratiometric dye that can be
calibrated, and its spectrum is shifted towards low wavelengths, giving spectral space for
red-shifted O2 sensors [40]. Conveniently, HPTS is membrane impermeable, chemically
stable, and produces a very strong signal, which means that concentrations below 10 μM
are usually sufficient. There are a number of O2-sensing dyes, including those that are
quenched by molecular oxygen [18,41–43]. A cost-effective dye that emits fluorescence in a
range that has no overlap with HPTS is RuBPY.

The spectral characterization of HPTS and RuBPY was performed in a 96-well plate
using a fluorescence plate reader. The degree of spectral overlap between HPTS and
RuBPY fluorescence was measured in DMEM-based media buffered with 10 mM HEPES
and 10 mM MES, and titrated to pH 6.0, 7.0, or 8.0 with 0.4 M NaOH and 0.5 N HCl.
Excitation was delivered at wavelengths previously reported as suitable for HPTS in dual
excitation mode (400 nm and 460 nm) and RuBPY in a single-excitation model (450 nm).
The spectra, shown in Figure 1A, show a clear distinction between the dyes. Moreover,
fluorescence emitted by HPTS, but not RuBPY, was pH-sensitive. To confirm that the
choices of excitation wavelengths were optimal in the biological context of culture media,
excitation spectra were probed at emission peaks of 510 nm for HPTS and 620 nm for
RuBPY. The spectrum for HPTS was measured over a range of pH, from 6 to 8 (Figure 1B);
the peaks producing maximal pH sensitivity for ratiometry were 400 nm and 460 nm.
Excitation spectra intersected at 416 nm, which defines the pH-insensitive wavelength.
This so-called isosbestic point is a useful reference point that relates to the concentration of
HPTS. Unlike HPTS, RuBPY is not ratiometric, and its single excitation peak was 450 nm
(Figure 1C). The lack of an oxygen-insensitive reference wavelength makes it difficult to
calibrate RuBPY fluorescence into units of dissolved O2. However, as the HPTS:RuBPY
concentration ratio can be fixed by careful and consistent mixing, the HPTS isosbestic point
could serve as a convenient reference point to O2-sensitive RuBPY fluorescence. This is
particularly useful for offsetting the effects of changes in volumes, such as evaporation,
where both isosbestic HPTS and RuBPY would be affected equally.

In order to use the dyes in combination, it is first necessary to determine the concen-
trations that produce comparable peaks for best resolving power. HPTS and RuBPY were
mixed in various molar ratios, and the emission spectra above 480 nm were recorded with
450 nm excitation—a wavelength that is sufficiently close to the excitation peaks of both
dyes. A suitable combination of HPTS and RuBPY that produced a bimodal spectrum was
determined empirically to be 2 μM and 50 μM, respectively. At this molar ratio, the spectral
distinction between the dyes was >100 nm, and the optimal emission peaks for the pH-
and O2-sensitive channels were 510 nm and 620 nm, respectively (Figure 1D).

226



Chemosensors 2021, 9, 139

Figure 1. Spectral analyses of HPTS and RuBPY. (A) Emission spectra for HPTS and RuBPY measured
separately in DMEM-based media buffered with 10 mM HEPES/10 mM MES and titrated to either
pH 6.0, 7.0, or 8.0. (B) The excitation spectrum for HPTS fluorescence collected at its optimal
emission (510 nm). Isosbestic point is the wavelength at which fluorescence is pH-insensitive. (C)
The excitation spectrum for RuBPY fluorescence collected at its optimal emission (620 nm). Note the
pH insensitivity. (D) Concentrations of HTPS (2 μM) and RuBPY (50 μM) determined empirically in
DMEM-based media to produce comparable emission peaks when excited at 450 nm. (E) Test for
fluorescence bleed-through between recording channels. Media contained either HTPS (2 μM) or
RuBPY (50 μM) at pH 7.3, and measurement protocols were performed to obtain signals across all
four channels sequentially (Ch1–Ch4). Ch1–Ch3 are nominally HPTS channels and found to detect a
predominantly HPTS-emitted signal. Ch4 is nominally a RuBPY channel and detects a predominantly
RuBPY-emitted signal.

Based on the optimization experiments performed, the most suitable measurements
settings were determined to be:

• Ch1: Excitation 400 nm/emission 510 nm, optimized for HPTS fluorescence at low pH;
• Ch2: Excitation 460 nm/emission 510 nm, optimized for HPTS fluorescence at high pH;
• Ch3: Excitation 416 nm/emission 510 nm, optimized for pH-insensitive HPTS fluores-

cence as an O2-insensitive reference to O2-sensitive RuBPY;
• Ch4: Excitation 450 nm/emission 620 nm, optimized for RuBPY fluorescence, which

is quenched by oxygen, i.e., inversely related to oxygen tension.

Ratios Ch2/Ch1 and Ch3/Ch4 increase with a rise in pH and oxygen, respectively. In
order for these ratios to provide a truly selective measure of pH and O2, the fluorescence
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emitted by one dye cannot bleed-through to another’s wavelength range. To test for
bleed-through at the optimized settings, measurements were performed in wells that
contained one dye only, and recordings on all four fluorescence channels are presented
in Figure 1E. These data show that RuBPY-emitted fluorescence detected at the three,
nominally HPTS channels (Ch1-3) is small (<5%) compared to the fluorescence emitted
from HPTS-containing wells. This indicates minimal bleed-through and does not warrant a
correction. Similarly, HTPS-emitted fluorescence detected at the RuBPY channel (Ch4) was
<7% of the signal measured in RuBPY-containing wells. Again, there was no requirement
to implement any correction factor for this minimal bleed-through.

3.2. Calibration of Signals to Units of pH and Oxygen Tension

Having optimized the wavelengths for detecting a pH-sensitive ratio (RpH = Ch2/Ch1)
and an O2-sensitive ratio (RO2 = Ch3/Ch4), calibration curves were obtained by carefully
titrating culture media pH to a value over the range 5–8 and altering O2 tension. Media were
buffered with 10 mM HEPES and 10 mM MES, but no bicarbonate because calibrations were
performed in the absence of CO2. The calibration curves were measured in atmospheric
O2 (21%) and then in hypoxia (<1% O2). In order to maintain oxygen tension during
the measurement period, wells were covered with 150 μL of mineral oil, which serves
as a diffusion barrier to minimize oxygen ingress during the brief recording period. The
calibration curves are presented in Figure 2.

Table 1. Best fit to calibration curves in Equations (1) and (2).

Calibration Variable Best-Fit

pKa 7.5383
rmax 3.9503
rmin 0.0603

ranoxia 0.6945

Ratios Ch2/Ch1 and Ch3/Ch4 increase with a rise in pH and oxygen, respectively. In 
order for these ratios to provide a truly selective measure of pH and O2, the fluorescence 
emitted by one dye cannot bleed-through to another’s wavelength range. To test for bleed-
through at the optimized settings, measurements were performed in wells that contained 
one dye only, and recordings on all four fluorescence channels are presented in Figure 1E. 
These data show that RuBPY-emitted fluorescence detected at the three, nominally HPTS 
channels (Ch1-3) is small (<5%) compared to the fluorescence emitted from HPTS-contain-
ing wells. This indicates minimal bleed-through and does not warrant a correction. Simi-
larly, HTPS-emitted fluorescence detected at the RuBPY channel (Ch4) was <7% of the 
signal measured in RuBPY-containing wells. Again, there was no requirement to imple-
ment any correction factor for this minimal bleed-through. 

3.2. Calibration of Signals to Units of pH and Oxygen Tension 
Having optimized the wavelengths for detecting a pH-sensitive ratio (RpH = Ch2/Ch1) 

and an O2-sensitive ratio (RO2 = Ch3/Ch4), calibration curves were obtained by carefully 
titrating culture media pH to a value over the range 5–8 and altering O2 tension. Media 
were buffered with 10 mM HEPES and 10 mM MES, but no bicarbonate because calibra-
tions were performed in the absence of CO2. The calibration curves were measured in 
atmospheric O2 (21%) and then in hypoxia (<1% O2). In order to maintain oxygen tension 
during the measurement period, wells were covered with 150 μL of mineral oil, which 
serves as a diffusion barrier to minimize oxygen ingress during the brief recording period. 
The calibration curves are presented in Figure 2. 

HPTS provides a highly pH-sensitive ratio across the physiological range. The cali-
bration curves in normoxia and hypoxia were superimposable, indicating that HPTS is
insensitive to oxygen and reports a pH-selective signal (Figure 2A). The best-fit equation 
is the Grinkiewicz type: pH = pKୟ − logଵ r୫ୟ୶ − R୮ୌR୮ୌ − r୫୧୬ (1) 

RuBPY fluorescence was pH-insensitive but responded to hypoxia, which is con-
sistent with the quenching effect of oxygen (Figure 2B). The ratio of isosbestic HPTS to 
RuBPY fluorescence was deemed adequately O2-sensitive, and its calibration curve can be 
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Figure 2. (A) The calibration curve for the HPTS ratio (Ch2/Ch1) in normoxic and hypoxic conditions. Best-fit to Equation 
(1) with constants listed in Table 1. (B) Hypoxia-sensitive ratio of isosbestic HPTS to RuBPY (as Ch3/Ch4). Hypoxia (<1% 
O2) reduces the Ch3/Ch4 ratio but is pH-insensitive. (C) Three-point calibration for 0.1%, 10%, and 21% O2. 

Figure 2. (A) The calibration curve for the HPTS ratio (Ch2/Ch1) in normoxic and hypoxic conditions. Best-fit to Equation
(1) with constants listed in Table 1. (B) Hypoxia-sensitive ratio of isosbestic HPTS to RuBPY (as Ch3/Ch4). Hypoxia (<1%
O2) reduces the Ch3/Ch4 ratio but is pH-insensitive. (C) Three-point calibration for 0.1%, 10%, and 21% O2.

HPTS provides a highly pH-sensitive ratio across the physiological range. The cali-
bration curves in normoxia and hypoxia were superimposable, indicating that HPTS is
insensitive to oxygen and reports a pH-selective signal (Figure 2A). The best-fit equation is
the Grinkiewicz type:

pH = pKa − log10
rmax − RpH

RpH − rmin
(1)

RuBPY fluorescence was pH-insensitive but responded to hypoxia, which is consistent
with the quenching effect of oxygen (Figure 2B). The ratio of isosbestic HPTS to RuBPY flu-
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orescence was deemed adequately O2-sensitive, and its calibration curve can be described
using a modification of the Stern-Volmer equation (Figure 2C):

O2 = 21 ×
(

1 − 1 − RO2/Rnormoxia

1 − ranoxia

)
(2)

The value for Rnormoxia at 21% O2, i.e., atmospheric, can be obtained in cell-free wells
measured in parallel to wells that include cells. In contrast, ranoxia must be obtained in
separate experimental reads by placing plates in an O2-free environment. In our system,
the best-fit values are listed in Table 1. It is important that calibrations are determined for
each laboratory individually to account for differences in equipment.

3.3. Converting pH and Oxygen Time Courses into Fluxes

The convertion of pH or O2 time courses to molar fluxes must consider chemical
buffering and whether the system being studied is open (i.e., can exchange freely with the
atmosphere) or closed.

3.3.1. Buffering

Fluorescent dyes such as HPTS and RuBPY probe the level of free ligands, i.e., H+ ions
and O2, respectively. It is, however, common for chemical systems to manifest buffering:
pH buffering takes the form of H+-binding weak acid/base pairs, whereas O2 buffering
can involve chelators such as hemoglobin. Fluxes of H+ or O2 caused by glycolysis and
respiration should refer to the total concentration rather than the free pool. Thus, flux is
best described as the product of buffering capacity and rate of change. Buffering can be
quantified in terms of a buffer ratio (B), such as the number of molecules bound to buffer
per free molecule. In most culture media, O2 buffering is close to zero, and therefore the
rate of change of measured O2 gives an adequate estimate of flux. This can be used to
describe oxygen flux (JO2):

JO2 =
d[O2]

total

dt
=

d[O2]
free

dt
× (1 + B) ≈ d[O2]

free

dt
(3)

H+ ions, in contrast, can be heavily buffered; indeed, that is the rationale of including
buffers such as HEPES in media formulations. By convention, pH buffering is described in
terms of a buffering capacity (β) that may vary in a pH-dependent manner. Whilst it is ap-
propriate to express acid flux in terms of H+ ions, free H+ ions are, by convention, reported
as pH. Thus, the corresponding definition of buffering capacity is the concentration of acid
added, divided by the pH change. Therefore, the acid flux (JH+) is defined as follows:

JH+ =
d
[
H+

]total

dt
= −dpH

dt
× β (4)

Medium buffering capacity can be measured by adding known amounts of HCl or
NaOH and measuring the resulting pH change. Figure 3A shows an exemplar recording of
pH after sequential additions of 0.5 mM HCl to media from an alkaline starting pH and
0.5 mM NaOH to media from an acidic starting pH. For this experiment, media contained
2 mM HEPES and 2 mM MES to provide a low level of buffering. The calculated buffering
capacity is plotted in Figure 3B.
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Figure 3. Measuring the pH buffering capacity. (A) Stepwise addition of 0.5 mM HCl or NaOH to media of undetermined
buffering capacity. The inverse of the slope gives average buffering capacity for the entire pH range. (B) Buffering capacity
expressed as the ratio of HCl (or NaOH) added to pH change, plotted against the midpoint of the pH change. The best
fit line accounts for pH-sensitivity of buffering capacity. This function should be used whenever converting between pH
changes and H+ fluxes.

3.3.2. Open and Closed Systems

In a closed system, a change in O2 or pH can be attributed to an internal process, such
as respiration and glycolysis. Lactic acid is an example of a non-volatile acid, and media
with glycolytic cells can be considered a closed system with respect to pH. Oxygen, in
contrast, is gaseous, and any system that consumes (or produces) O2 should be considered
an open system in dynamic equilibrium with its immediate atmosphere. The exchange of
O2 between the well and its atmosphere introduces an additional flux that can be described
by a permeability constant (PO2) and gradient:

JO2
exchange = PO2 × ([O2]atm − [O2]well) (5)

Thus, O2 dynamics in a well that (i) contains respiring cells and (ii) is open to the
atmosphere should be described as follows:

JO2
measured = JO2

respiration + JO2
exchange (6)

Using Equation (6), it is possible to calculate the respiratory flux from O2 measure-
ments once passive O2 exchange is factored in. In order to calculate the latter, an a priori
estimate of permeability is required. This will depend on various parameters, among which
is oxygen diffusivity in media and the height of the column of a medium. A column of
medium can support relatively fast gas diffusion, which risks that any change in medium
O2 would be difficult to resolve. To impose a controlled restriction on gas diffusion, media
in wells were covered with a layer of mineral oil (Sigma-Aldrich, M5904, St Louis, MO,
USA). The ensemble permeability PO2 across media and oil can be estimated in cell-free
wells that had been pre-equilibrated in hypoxia (e.g., 0.1% O2). Returning plates to the
normal atmosphere of the plate reader drives O2 ingress, which was reported using RuBPY
(Figure 4A). The time course of re-oxygenation gives a measure of time constant, inversely
related to PO2 (Figure 4B). This experiment was performed for a range of oil volumes to
vary the diffusive restriction (Figure 4C). These data provide an estimate of the time con-
stant of O2 diffusion in the media and the effect that oil has on restricting gas diffusion. For
150 μL of mineral oil, PO2 is 0.029 min−1. Applying this to Equation (6) enables real-time
measurements of respiratory fluxes.
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Figure 4. Characterizing the open system with respect to O2 dynamics. (A) The protocol for measuring O2 permeability
across a layer of medium (typically 100 μL) and oil (varied between 0 and 150 μL). (B) Exemplar time course from well
covered with 150 μL oil. Transferring a plate to an atmosphere of normal oxygen in the reader triggers re-oxygenation,
which was monitored every 10 min. The best fit gives a time constant, which is inversely related to O2 permeability.
(C) Relationship between the time constant of O2 ingress and the volume of oil added to wells. Red shading denotes time
constant attributable to medium, and gray denotes that due to diffusion through oil.

3.4. Implementation of Assay to Metabolically Phenotype Cancer Cells

Proof-of-principle studies of glycolytic and respiratory fluxes were performed on
pancreatic adenocarcinoma cell lines (AsPC1, MIA-PaCa-2, PANC1). Reported fluxes will
depend on the density of cells; therefore, it was necessary to obtain a measure of cell count
for normalization purposes.

3.4.1. Normalizing for Cell Number

The number of cells in a well can be estimated using fluorescent dyes loaded to cells;
a higher signal would indicate higher density. The appropriate dye is required to be stable,
membrane impermeant once loaded, spectrally non-overlapping with HTPS and RuBPY,
as well as pH- and O2-insensitive. Suitable candidates for cell counting are CellTracker
dyes, and the optimal choice considering the spectral constraints is CellTracker Orange
(CTO). The CTO emission spectrum is shown in Figure 5A. CTO fluorescence is resolvable
from HPTS and RuBPY, as it is excited at a considerably higher wavelength (540 nm vs.
<460 nm) (Figure 5B). As determined using serially-diluted human red blood cells, the
CTO signal is linearly related to cell number (Figure 5C). A similar calibration curve can be
obtained for adherent cells grown at the bottom of wells, as is shown for MIA-PaCa-2 and
AsPC1 (Figure 5D). Note that the fluorescence per PDAC cell (0.455 F.U.) is higher than
per red blood cell (0.19 F.U.) because the latter is smaller in size and contains hemoglobin,
which absorbs some fluorescence.

The degree to which CTO is pH- and O2-sensitive was determined experimentally
by loading MIA PaCa-2 cells with the dye at 12.5 μM for 15 min, followed by superfusion
maneuvers that change pH or O2 levels. Cells were plated in LabTek slides that are suitable
for superfusion. Superfusates contained 125 mM NaCl, 4.5 mM KCl, 11 mM glucose, 1 mM
CaCl2, 1 mM MgCl2, and 20 mM HEPES, titrated to either pH 6.4 or 7.4. To make anoxic
superfusates, solutions were bubbled in 100% N2, and anoxia was stabilized chemically by
the addition of 1 mM sodium dithionite, an oxygen scavenger. Superfusates were delivered
to cells by a peristaltic pump and heated to 37 ◦C. Images were taken on a Leica confocal
microscope using settings optimized previously for CTO. Fluorescence was first imaged
under baseline conditions (normoxia of 21% O2 and pH 7.4), and then after a change in
pH to 6.4 (Figure 5E), allowing 10 min for equilibration, or change in O2 tension to anoxic
levels (Figure 5F), allowing 2 min for equilibration. Finally, superfusion was returned to
baseline conditions. No effect of hypoxia or acidity was observed, indicating that CTO
provides a stable fluorescence signal.
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Figure 5. Using CellTracker Orange (CTO) to normalize for cell number. (A) The emission spectrum of CTO, excited at
540 nm. (B) The optimal CTO excitation is 540 nm, which ensures that the signal is resolvable from HPTS and RuBPY.
(C) The correlation between CTO fluorescence and count of human red blood cells. (D) The correlating CTO signal with
the number of plated AsPC1 and MIA-PaCa2 cells in wells of a 96-well plate. (E) Superfused MIA-PaCa2 cells imaged
confocally. Fluorescence images taken during superfusion at pH 7.4 (baseline; 20 mM HEPES-buffered solution), after 10 min
of superfusion at pH 6.4, and 10 min after returning to normal pH. Two exemplar experiments are shown. (F) Fluorescence
images taken during superfusion in normoxic solution (baseline), after 2 min of superfusion in anoxic conditions (superfusate
contained 1 mM dithionite, 100% N2), and 2 min after returning to normoxia. Two exemplar experiments shown.

3.4.2. Real-Time Monitoring of Metabolic Fluxes

To monitor glycolytic and respiratory fluxes in real-time, AsPC1, MIA-PaCa2, and
PANC1 cells were plated in 96-well plates at various cell densities (30k, 50k 70k) and left
to adhere overnight. Next, the cells were loaded with 25 μM CTO for 15 min, after which
media were replaced with 100 μL of a low-buffer formulation containing 2 μM HPTS and
50 μM RuBPY. Wells were immediately covered with a layer of mineral oil (150 μL), and
the plate was inserted into a reader for recordings at regular intervals (e.g., 10 min). Some
wells had no cells in order to measure background changes to pH during incubation and
for obtaining reference values for normoxia (Rnormoxia). Figure 6A shows a time course of
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pH and O2 for various densities of cells (30, 50, and 70k per well), including cell-free wells.
This information was used to calculate cumulative acid production (CH+) and oxygen
consumption (CO2), where V is the volume of the well:

CH+ = V ×
T

∑
t=0

JH+
cell −

T

∑
t=0

JH+
cell−free

)
= V × −

T

∑
t=0

dpH
dt

cell
× β

)
+

T

∑
t=0

(
dpH

dt

cell−free
× β

))
(7)

CO2 = V ×
T

∑
t=0

(
JO2

cell − PO2 ×
(
[O2]atm − [O2]

cell
well

))
= V ×

T

∑
t=0

(
d[O2]

dt

cell
− PO2 ×

(
[O2]atm − [O2]

cell
well

))
(8)

This information was used to calculate cumulative acid production (CH+) and oxygen con-
sumption (CO2), where V is the volume of the well: 

Cୌା = V × ൭ Jୌାୡୣ୪୪
୲ୀ − Jୌାୡୣ୪୪ି୰ୣୣ

୲ୀ ൱ = V × ൭−ቆdpHdt ୡୣ୪୪ × βቇ
୲ୀ + ቆdpHdt ୡୣ୪୪ି୰ୣୣ × βቇ

୲ୀ ൱ (7) 

Cଶ = V × ቀJଶୡୣ୪୪ − Pଶ × ൫[Oଶ]ୟ୲୫ − [Oଶ]୵ୣ୪୪ୡୣ୪୪ ൯ቁ
୲ୀ = V × ቌd[Oଶ]dt ୡୣ୪୪ − Pଶ × ൫[Oଶ]ୟ୲୫ − [Oଶ]୵ୣ୪୪ୡୣ୪୪ ൯ቍ

୲ୀ  (8)

The time courses of CH+ and CO2 are shown in Figure 6B. The three PDAC cells pre-
sented strikingly different phenotypes: AsPC1 had low glycolytic and respiratory rates;
MIA-PaCa2 had elevated glycolysis, whereas PANC1 had raised glycolysis and a very 
high respiratory rate. The relationship between cell number and end-point O2 and pH,
and cumulative O2 consumption and H+ production are shown in Figure 6C. The approach 
can therefore monitor glycolysis and respiration in real-time, investigate their interplay 
and the effect of cell density, delivering information that has hitherto been largely inac-
cessible to many researchers. 

Figure 6. Metabolic profiling of PDAC cell lines. (A) Time courses of pH and O2 for AsPC1 (blue), MIA-PaCa2 (red), and 
PANC1 (green) plated at 30, 50, or 70k cells per well. Thicker lines denote higher cell density. Blank time courses were 
obtained from cell-free wells. Media were prepared using DMEM 5030 and contained 2 mM HEPES and 2 mM MES, 25 
mM glucose, supplemented with 10% FBS, 1% penicillin–streptomycin mixture. (B) Cumulative H+ production and O2 
consumption, calculated using Equations (7) and (8). (C) Data from a and b replotted as a function of cell number, meas-
ured by CTO fluorescence. Plots with white background relate to end-point pH and O2, and plots with gray background
relate to cumulative H+ production and O2 consumption. The black star symbol denotes data from cell-free wells. Plots 
represent a mean of 3 biological repeats. 
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cumulative H+ production and O2 consumption. The black star symbol denotes data from cell-free wells. Plots represent a
mean of 3 biological repeats.

The time courses of CH+ and CO2 are shown in Figure 6B. The three PDAC cells
presented strikingly different phenotypes: AsPC1 had low glycolytic and respiratory rates;
MIA-PaCa2 had elevated glycolysis, whereas PANC1 had raised glycolysis and a very high
respiratory rate. The relationship between cell number and end-point O2 and pH, and
cumulative O2 consumption and H+ production are shown in Figure 6C. The approach can
therefore monitor glycolysis and respiration in real-time, investigate their interplay and
the effect of cell density, delivering information that has hitherto been largely inaccessible
to many researchers.
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3.4.3. Measuring Metabolic Responses

The imaging system can be used to study the effect of changing respiratory substrate
on glycolytic and respiratory fluxes. MIA-PaCa-2 and PANC1 cells were seeded at 70k per
well and left to adhere overnight. Standard medium was then replaced with 100 μL of a
high-buffering formulation that contained either 25 mM glucose or 25 mM galactose as a
primary substrate, plus fluorescent dyes (2 μM HPTS and 50 μM RuBP). After covering
each well with 150 μL of mineral oil, the plate was immediately transferred into the plate-
reader for measurements. Consistent with the literature, galactose is less effective as a
glycolytic substrate, which re-routes energetic flows towards respiration, as shown by the
increase in O2 consumption (Figure 7A).

Figure 7. Using the method to study the response to a change in metabolic substrate. (A) Time
courses of pH and O2 measured for MIA-PaCa2 (red) and PANC1 (green) plated at 70k cells per well.
Thick dashed lines denote media containing galactose (25 mM) in place of glucose. Media contained
20 mM HEPES, 25 mM glucose or galactose, 25 mM NaCl and was supplemented with 10% FBS, 1%
penicillin–streptomycin mixture, 1% GlutaMAX, and 1% sodium pyruvate. (B) The cumulative H+

production and O2 consumption, calculated using Equations (7) and (8). Plots represent a mean of
3 biological repeats.

The method can also study responses to inhibitors, such as the effect of blocking
mitochondrial respiration with electron transport chain inhibitors (e.g., rotenone) [44]. To
measure the metabolic responses to mitochondrial inhibition in real-time, MIA-PaCa2 and
PANC1 cells were plated at 70k per well and left to attach overnight. Next, the medium
was replaced with 100 μL of the low-buffering formulation containing 2 μM HPTS and
50 μM RuBP, with or without 10 μM rotenone. Then, 150 μL of mineral oil was added to
each well, and the plate was transferred into the plate-reader for measurements (Figure 8).
As expected, pharmacological inhibition of the electron transport chain resulted in a shift
from O2 consumption towards a higher level of glycolysis, which verifies the assay’s ability
to report responses to metabolic inhibition.

3.5. Proof-of-Principle Measurements on Non-Adherent Cells

This plate-based assay can also measure O2 and pH in suspensions of cells, such as
non-adherent primary cells. As proof-of-principle, ventricular myocytes, freshly isolated
from a mouse heart, were re-suspended in low-buffer media and aliquoted into wells of
a plate for measurements according to the methods described for cancer cells. Myocytes
have a high respiratory rate, as shown by the extent to which O2 is depleted. A smaller
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but significant rate of glycolysis was observed (Figure 9). Thus, the system can be used to
characterize the metabolism of non-cancer cells, including primary non-adherent cells.
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ventricle. (A) Time courses of pH and O2. A suspension of myocytes in media was probed for O2 and
pH over a period of 15 h, shortly after enzymic isolation from a mouse heart. Media contained 2 mM
HEPES and 2 mM MES, 25 mM glucose, supplemented with 10% FBS, 1% penicillin–streptomycin
mixture, 1% GlutaMAX, and 1% sodium pyruvate. (B) The cumulative H+ production and O2

consumption, calculated using Equations (7) and (8). Myocytes have a high oxidative metabolism,
causing the rapid depletion of O2. Some degree of glycolytic metabolism was also noted. Mean of
3 technical repeats.
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4. Discussion

This article presents a complete workflow for assaying the metabolic fluxes in cells.
Most experiments were performed on cultured cancer cell lines, but the system can also
be used to measure metabolic rate in primary non-adherent cells, as illustrated using
ventricular myocytes. The key advantages of our method relate to its (i) low running costs
and (ii) delivery of direct measurements of molar fluxes of H+ and O2 in real-time and
under culture conditions over an extended period of time.

The protocol can be readily implemented using a suitable fluorescence plate reader,
which is standard equipment in many laboratories. The running costs are very low thanks
to the choice of sensors optimized for the assay. RuBPY is available for the list price of
£33 for 250 mg, and the cost per plate, assuming a working concentration of 50 μM across
96 wells, is £0.05. HPTS is available at a list price of £70 for 1 g, and the equivalent cost per
plate is £0.0068. Greiner plates are available at £5 per unit, which means an assay can be
performed for £5.05 per plate. The cost will increase if normalization using CTO is required
for specific experiments.

The protocol’s workflow includes a step-by-step guide to calculating glycolytic and
respiratory fluxes and normalizing these to the cell number. These calculations consider
buffering for H+ ions as well as O2 ingress in the open system of plate wells. Molar H+ and
O2 fluxes are the most direct readouts of the state of metabolism and we recommend that
they are adopted as the reporting standard to facilitate data sharing, exchange, and com-
parison between studies. Fluxes normalized to cell number are less prone to measurement
error than raw measurements such as pH or O2. In principle, these values can be compared
between runs and even between laboratories, as they are characteristic of cell lines under a
given state and not subject to errors that arise from the lack of adequate normalization or
flawed calculations.

The ability to follow metabolism in real-time and for extended periods (e.g., many
hours) is a major advantage as it allows time for cells to implement more complete bio-
logical responses, e.g., to inhibitors or substrates. Critically, cells can be maintained in
appropriate cell culture media as required, provided that these are characterized with
respect to pH buffering and O2 diffusivity. Importantly, longer-term follow-up can include
the attainment of steady-state between pH, O2, and metabolism, which is rarely reported
in metabolic studies in vitro. Such a steady-state represents the balance of fluxes and may
relate accurately to the in vivo scenario. Understanding the steady-state can explain the
genesis of particular levels of pH and O2 tension in tissues.

The ability to perform metabolic assays cheaply and on a large scale opens opportu-
nities for high-throughput studies. Combining this with molar flux measurements and
integrating the data over longer time periods can supply high-quality data for mechanistic
studies on cancer and other disciplines of life science.

5. Appendix: Step-by-Step Protocol

(1) Dissolve HPTS and RuBPY in sterile, deionized water to obtain stocks of 4 and
100 mM, respectively. Mix both dyes in a 1:1 ratio, divide them into aliquots, and
store them at −20 ◦C. Avoid multiple thaw-freeze cycles.

(2) Seed cells onto a black, fluorescence-compatible, flat-bottom 96-well plate at the
desired density and leave to attach overnight. Higher densities will produce larger
and more resolvable fluxes. When planning the plate, ensure that some wells are
cell-free (blanks) to serve as reference points for pH and O2. Recommendation: Add
PBS to the outermost wells to help maintain humidity and prevent evaporation in the
remainder of the plate.

(3) Thaw and vortex the dye mixture. Dissolve (1:1000 v/v) in Phenol Red-free medium
of choice. Allow aliquots of 100 μL per well.

(4) Replace media that had bathed cells during the settling period with the dye-containing
medium of the desired composition (e.g., pH, buffering, inhibitors etc). Whilst tilting
the plate slightly, gently add 150 μL of mineral oil to each well to cover the medium
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and introduce a controlled diffusion barrier to gas exchange. Volumes of medium
and mineral oil should be optimized for the given oxygen consumption and acid
production rate.

(5) Place the plate into the plate-reader, keeping the lid on. Start collecting the data
immediately to capture the initial state.

(6) Perform calculations according to the equations described herein. Note: Media
prepared for the assay must be characterized in separate experiments in terms of
buffering capacity and oxygen diffusivity.
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Abstract: This review provides an update on advances in the area of electrical mode sensors using
organic small molecule n-type semiconductors based on perylene. Among small organic molecules,
perylene diimides (PDIs) are an important class of materials due to their outstanding thermal,
chemical, electronic, and optical properties, all of which make them promising candidates for a
wide range of organic electronic devices including sensors, organic solar cells, organic field-effect
transistors, and organic light-emitting diodes. This is mainly due to their electron-withdrawing nature
and significant charge transfer properties. Perylene-based sensors of this type show high sensing
performance towards various analytes, particularly reducing gases like ammonia and hydrazine, but
there are several issues that need to be addressed including the selectivity towards a specific gas, the
effect of relative humidity, and operating temperature. In this review, we focus on the strategies and
design principles applied to the gas-sensing performance of PDI-based devices, including resistive
sensors, amperometric sensors, and operating at room temperature. The device properties and
sensing mechanisms for different analytes, focusing on hydrazine and ammonia, are studied in detail,
and some future research perspectives are discussed for this promising field. We hope the discussed
results and examples inspire new forms of molecular engineering and begin to open opportunities
for other rylene diimide classes to be applied as active materials.

Keywords: n-type organic molecules; perylene diimide; hydrazine; ammonia; sensors

1. Introduction

The increase in globalization, digitization, and the rapid production techniques of
industry come with the need to be able to measure our environment, either local or more
global, to ensure safe working and living environments for our communities to prosper.
In particular, the monitoring and detection of toxic and harmful gases, air pollutants, and
explosives are an essential need in industries such as pharmaceuticals, propulsion systems,
fertilizers, renewable energy, and manufacturing, as well as in everyday life including the
need to safely travel by air. Sensors are the primary devices used for the detection and
monitoring of the toxic, explosive, and flammable analytes present in our surroundings,
and a great deal of attention has been paid to the development of various types of gas
sensors, including electrical, optical, acoustic, and fluorescent [1–9]. Major analytes include
hydrazine (N2H4), ammonia (NH3), hydrogen (H2), hydrogen peroxide (H2O2), nitrogen
dioxide (NO2), methane (CH4), and volatile organic compounds (VOCs), all of which cause
adverse effects on human and environmental health [10–12]. The commercially available
sensors are primarily based on inorganic materials [13], and, although market leading, they
suffer from a number of disadvantages, including complex fabrication techniques, a lack
of selectivity, the need for a high working temperature, and above all, high-costs [14,15].
Therefore, it is still important to develop new and suitable alternatives to fabricate gas
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sensors that are reliable, low-cost, stable at room temperature, and have a high degree of
selectivity towards the desired analyte.

Over the past few years, organic semiconductors have gained some attention in
gas-sensing applications, primarily due to their unique properties, including solution
processability, low-cost fabrication, room temperature (RT) operation, ease of integration,
and scalable and straightforward synthetic strategies [16]. Along with the development of
organic field-effect transistors (OFETs), the design and synthesis of novel organic materials
has provided a vast material library for electrical gas-sensing applications, e.g., pigments
and dyes such as phthalocyanines [17–20], perylene diimide derivatives [21–24], and
conjugated polymers [25–31]. There are two main types of organic semiconductors: the
so-called p- and n-types. The p-type organic semiconductors are more widely applied in gas-
sensing applications [32] compared to their n-type counterparts. This is primarily because,
when p-type organic materials are exposed to oxidizing gases such as NO2, an increase in
conductivity occurs, whereas the reverse happens for reducing gases, such as NH3 and
H2; thus, a positive response result is attained over a reduction in response, which could
be interpreted in other ways, such as device failure or not providing a measurable linear
response past a certain level. A variety of p-type organic materials, including pentacene,
phthalocyanines, and thiophene, have become of interest, and they have all been used
for gas-sensing applications [32]. The n-type materials continue to have limited utility for
gas-sensing applications, mainly due to their instability in the air [32]. However, there are
several n-type organic materials that have been designed and developed for gas-sensing
applications [33] by incorporating a variety of electron-withdrawing groups, e.g., cyano
(CN), fluoro (F), and chloro (Cl) within their structure. Due to the inherent electron-deficient
nature of n-type materials, an increase in conductivity occurs when they are exposed to
reducing gases, and the opposite happens for oxidizing gases [22,23,34,35]. Hence, the
development of a library of organic semiconductors that demonstrate specific properties for
specific analytes and gases, with specific responses to reducing or oxidizing gases, could be
an important advance to the field. In this review, we elaborate on the chemistry of perylene
diimides as an example of the n-type class that led to its use in sensor development.

Perylene diimide (PDI), as shown in Figure 1, is an n-type organic semiconductor
discovered by Kardos in 1913 [36]. Initially used as a textile dye, this high-performing pig-
ment comes in red, violet, and near-black shades [37]. PDIs possess a high thermal stability
and photostability under ambient conditions [38], making them viable for self-assembly
processing and applications in various electronic devices [39]. Several PDI molecules have
been prepared into well-shaped supramolecular nanostructures; these achievements have
also encouraged the area of the self-assembly of many other n-type organic semiconductor
molecules [40]. The existence of electron-withdrawing imide fragments in PDIs permits
them to be simply reduced chemically or electrochemically, forming radical anions, yet
remaining stable to oxidation [41]. Their resistance to oxidation is the main reason why
PDIs generally act as stable n-type organic materials [42]. Together with their additional
properties, including facile structural functionalization, excellent light-absorption in the vis-
ible region, and near-unity fluorescence quantum yields in the molecular state, PDIs have
been known as appealing candidates for preparing organic optoelectronic materials and
devices, such as organic photovoltaics (OPVs), organic field effect transistors (OFETs), dye
lasers, organic light-emitting diodes (OLEDs), and sensors [22,42–44]. The well-shaped 1D
nanostructures of PDIs can be prepared via supramolecular self-assembly procedures [44].
This 1D self-assembly is mostly governed by the intrinsic π–π stacking interaction between
the aromatic perylene planes, which support the 1D growth of assembly in cooperation
with other intermolecular noncovalent interactions. The 1D nanostructures of PDIs display
excellent optical and electronic properties along the 1D π–π stacking direction, which offers
great potential for electronic device application like OPVs and sensors [44,45].
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Figure 1. Structure of perylene diimide (PDI) core.

PDI and its derivatives have been studied as active materials in numerous organic
electronic devices such as OPVs, OLEDs, and OFETs [36,46,47]. As is the focus of this
review, PDI derivatives have also been widely used in gas-sensing applications, mainly due
to their electron-deficient nature, desired self-assembled and crystal structures, and high
chemical and thermal stabilities [36]. To improve the sensing performance of PDI-based
sensors, research has focused on the molecular modification of PDI [21,22,48–50]. The
modifications highlighted in this review within the PDI structure can be achieved through
either substitution on nitrogen atoms or via incorporating aryl and/or alkyl substituents
on the core and, in particular, the bay positions [41,51,52]. PDIs generated through imide
nitrogen substitution usually possess similar optoelectronic properties because the electron
density nodes in the lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) levels at imide positions reduce the coupling between the PDI
unit and the imide substituents to a minimum [41]. In this respect, this is an excellent way
of modification for processability or the introduction of connectors. PDIs obtained through
substitution at the core are generally highly conjugated targets, and, depending upon the
substitution, the optical band gap, crystal structure, absorption profile, and solubility of the
target can be altered [53,54]. Moreover, such substitutions may help to minimize the π–π
overlap between aggregating naphthalene subunits to improve the sensing performance of
the resulting devices [43,55]. The structure modification through imide or core positions
can affect the morphology and self-assembly of the PDIs, which can improve the sensing
performance [22,56].

This review presents a summary of the reports on PDI-based electrical mode gas
sensors that have been developed over the past decade. These sensors include resistive and
amperometric devices that have been tested and evaluated towards reductive gases like
hydrazine and ammonia at RT. We begin by describing PDI incorporation into electrical
mode gas sensors, their configuration, and their sensing mechanisms. We then critically
review reports on sensors incorporating PDIs for hydrazine, ammonia, and some other
analytes. Finally, we describe the future outlook of PDIs and other rylene diimides as
appropriate active components for electrical gas sensors.

2. Electrical Gas Sensors and Sensing Mechanism

Electrical gas sensors have been extensively studied, reported, and utilized, mainly
because of their ease of processing and fabrication, portability, low-cost, and compatibility
with various standard electronics [57]. An electrical gas sensor usually consists of two major
components: the active material and the transducer. Generally, the mechanism of electrical
gas sensors using organic materials is based on gas adsorption/desorption at the active
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material surface. A charge-transfer complex between the active layer and an analyte is
formed, thus leading to a change in the charge carrier mobility of the sensing material and.
hence, in the electrical response through conductivity, resistivity, and current [28,58,59].
This mechanism of adsorption may contain either chemical or weak interactions, i.e.,
chemisorption or physisorption, depending upon the chemical properties of both the
sensing materials and the analyte [60]. To bring the sensor to its initial state, the target gas
is removed from the testing chamber and air or nitrogen as a reference gas is introduced.
The sensitivity or response of active materials mainly depends on two factors: (1) a high
surface area, which can provide effective diffusion of the gas molecules, and (2) the chemical
nature of the active materials, such as molecular packing, redox potential, and energy level,
which are associated with the formation of charge carriers and efficient transport into the
active materials [58]. As an n-type organic semiconductor, PDI can accept electrons from
the electron donor gas, such as ammonia and hydrazine, via donor–acceptor complexation.
Thus, the electrons can be efficiently transported through π-electron delocalization along
the long-axis of perylene dyes and ultimately lead to a measurable increase in resistance or
current [21,22,58].

Applying standard electronic devices such as resistors, capacitors, and field-effect
transistors (FETs) allows the variations in the sensors active layer’s physical properties to
be recorded in the form of change in resistance or current (ΔR or ΔI), capacitance (ΔC), and
voltage (ΔV), respectively, [61–63] as shown in Figure 2. Electrical gas sensors that record
these gas–solid interactions mainly take the three device configurations of FET, capacitor,
and chemiresistor (amperometric and resistive) [64–66].

Figure 2. Schematic diagram illustrating the major components required to evaluate an electrical mode gas-sensing
mechanism. The transducers are (a) FETs, (b) capacitors and (c) chemiresistors. Analytes interact with the sensing material
changes some of its physical properties such as conductivity (s), work function (j), and permittivity (e). The transducer
converts one of these physical quantities into the variation of its electric parameters such as capacitance, C, and resistance, R.
Finally, the circuit to which the sensor is connected gives rise to the sensing electrical signal that can be in either current (I)
or voltage (V), and each can be measured in frequency (F) and phase (Φ) [67].

In 1975, Lundstrom developed the core components of an FET-based gas sensor for
the first time [68]. Generally, an FET contains two electrodes (the source and the drain),
connected by a sensing layer as the channel, and a gate electrode usually located on the
underside of the substrate (Figure 2a). When a source-drain voltage is applied, current
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flows through the channel, which is matched through the charge carriers by applying a gate
voltage. This provides supplementary ways to control the current response in the sensing
layer upon interacting with a target analyte. Outputs other than variations in channel
current, such as the threshold voltage and sub-threshold swing, can also be used to reflect
the sensing process [69]. Despite their complex structure and fabrication, these advantages
make FETs more stable and reliable for gas sensing compared to chemiresistors. PDIs and
other organic materials are being considered for FETs where flexibility, low processing
temperatures, and print deposition are desired or additional chemical functionality to
create the chemical selectivity needed for functioning gas sensors is required. As PDIs and
other organic molecules have inferior mobilities than inorganic materials, they need higher
drain and gate voltages to produce viable currents.

Capacitive-type sensors are mainly used for molecular detection including large
entities such as DNA [70], biomolecules [71], smaller molecules related to humidity [72],
and general gases [73]. In most cases, a capacitive-type sensor comprises a layer of active
material sandwiched between two parallel electrodes (Figure 2b). The capacitance of the
sensor is usually expressed as C = ε0εrA/d, where ε0 is the permittivity in vacuum, εr is the
relative permittivity of the active material, A is the capacitor area, and d is the gap between
the electrodes [74]. Gas or humidity adsorption on the active material alters εr and, as
a result, changes the sensor capacitance. For the case of polymer-based active materials,
gas-induced swelling and the subsequent alteration of d or A between the electrodes
can also cause a change in the capacitance [75]. The capacitor set-up also permits the
measurement of the change in material impedance, which is associated with both the
resistive and capacitive variations in response to target analyte adsorption, typically in the
range of zero to several megahertz [76]. PDIs and other organic molecules have been used
in capacitive-type sensors for humidity and gas-sensing applications. PDI-based humidity
sensors have only shown good sensitivity in high-humidity environments and are unable
to show notable responses below 60% RH [72].

To date, the majority of PDI-based sensors have been developed as chemiresistive, i.e.,
resistive or amperometric, configurations, as shown in Figure 2c. A chemiresistor usually
comprises interdigitated electrodes (IDEs) linked with a sensing material deposited onto
an insulating substrate [77]. The resistance, i.e., current, of the sensing material changes
upon exposure to the target analytes. Chemiresistive sensors comprise one of the most
extensively used device structures for gas-sensing applications due to their simplicity,
compatibility with the conventional direct current (DC) circuits, low-cost, predictable
electrical properties, ease of high accuracy measurements [77], and suitability when speedy
prototyping is essential. The simple design and operation of this type of device renders it
appealing starting platforms for studying the chemical response of novel materials. Despite
their simple setup, chemiresistors are restricted by their single type of output, which is
easily influenced by environmental perturbations.

To analyze the general performance of a gas sensor against others, a number of
parameters extracted from static and dynamic measurements are needed [78,79]. Critical
parameters include sensitivity, selectivity, stability, hysteresis, response and recovery time,
the limit of detection (LOD), and working temperature. Ideally, a gas sensor should
possess a high sensitivity to the target gas with a linear response, quick response and
recovery, high selectivity, low hysteresis, low LOD, and long-term stability. One of the
disadvantages of organic materials is their perceived long-term instability when compared
to inorganic materials.
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Sensitivity is the minimum fractional variation in the output signal (ΔI/Io and ΔR/Ro)
of a sensor upon exposure to an analyte, where Io and Ro are the current and resistance,
before exposure to the target gas respectively, and ΔI and ΔR are the change in the current
and resistance, respectively, when the sensor is exposed to a certain quantity of target
analyte. Selectivity is one of the most significant sensing parameters because there are
a variety of interfering gases that are detrimental to accurate target analyte detection.
Selectivity is the capability of a sensor to recognize a specific target gas among a mixture of
gases. Selectivity is generally examined by comparing the cross-sensitivity towards several
analytes at a particular concentration. Stability is another critical factor that is defined as
the capability of a sensor to repeat the same results for a target gas for a fixed period of time.
Hysteresis is a variance of the sensor output at a specified point of the input signal when it
is approached from the opposite direction. Low levels of hysteresis are desirable. Response
and recovery times are measured to quantify the sensing speed of a sensor. Generally, the
response time is defined as the time taken for the current/resistance to change from the
baseline current/resistance (Io/Ro) to 90% of the maximum change in current/resistance
at a specific level of the target analyte. On the other hand, the recovery time is defined as
the time taken by a sensor to reach the baseline state after completely removing the target
analyte. The LOD is the lowest analyte concentration that a sensor can sense or detect
reliably. The LOD is generally defined based on signal to noise ratio (S/N) and is typically
determined by an S/N of 3:1. The working temperature is the temperature at which a
sensor can work effectively with high sensitivity and stability. Table 1 aims to summarize
many of the reported PDI based gas sensors of merit and their overall performance.

3. Hydrazine Sensing

Hydrazine is a hygroscopic gas that is widely used in pharmaceutical industries, rocket
propulsion systems, and photographic chemicals [94]. Though hydrazine is an important
industrial material that is used as a hydrogen source, it is also generally known as a
hepatotoxic neurotoxin, a carcinogen, and very harmful to human health [95]. As a result
and through oral or dermal contact, consumption, or inhalation, hydrazine primarily affects
the central nervous system, liver, lungs, and kidneys of living organisms. Additionally, it
can seriously affect the reproductive system of living organisms. The minimum permissible
limit of hydrazine in the environment is ten parts per billion (ppb), recommended by the
United States Environmental Protection Agency (USEPA) [96]. Therefore, the realization
of reliable gas sensors for hydrazine is essential for those industries using commercial
quantities. Most PDI-based hydrazine sensors have been developed in resistive and
amperometric configurations, and their sensing parameters are summarized in Table 1.

In 2009, Huang et al. [48] prepared self-assembled one-dimensional (1D) nanotubes
and nanorods containing PDI-I (structure 1; Figure 10) by evaporating an aqueous so-
lution of PDI-I and employed them in resistive sensors. Different morphologies, in-
cluding nanotubes with a diameter of 100−300 nm and nanorods with a diameter of
200−300 nm (Figure 3a,b), were achieved using a variety of solvents and preparations. The
self-assembled nanotubes and nanorods showed high sensitivities (100 and 1000 (R/Ro),
respectively) towards 10 ppm of hydrazine and phenylhydrazine vapor with moderate
responses (50 and 100, respectively) to 10 ppm of triethylamine vapors. The resistance of
PDI-I nanotubes and nanorods was recorded using a four-probe technique. A decrease
in the resistance of the nanotubes and nanorods was noted upon exposure to hydrazine
vapors (10 ppm), which was due to the presence of long-range π-electron delocalization via
the surface doping of hydrazine. The change in the resistance of the nanorods was modest
compared to the nanotubes (Figure 3c), though both demonstrated good response times
(180 and 102 s, respectively) towards hydrazine.

The same research group also synthesized symmetrical sugar-based PDI derivative
PDI-BAG (structure 2; Figure 10) and studied the effect of various solvents on the mor-
phology of PDI-BAG [56]. Their study revealed that PDI-BAG has a good solubility in
N,N-dimethylformamide (DMF) and that self-assembled nanoribbons and nanofibers of
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PDI-BAG were formed in different ratios of water and DMF (Figure 4a,b). Sensors based on
the nanoribbon structure displayed a better sensing performance towards hydrazine vapor
when compared with nanofiber bundles. The nanoribbons showed a higher sensitivity
(104 Ro/Rs) than the nanofiber bundles (102 Ro/Rs), as shown in Figure 4c, due to better
organization of the PDI-BAG molecules. The better sensitivity of the nanoribbons towards
hydrazine appeared to be at the expense of a slower response (400 s). Furthermore, the
prepared chiral nanoribbons showed higher sensitivity than the achiral nanostructures,
which was due to high crystallinity and single handed chirality [48]. Further studies on a
series of sugar-based PDIs—OBAG, DBAG, and HBAG (structure 3; Figure 10)—bearing
various achiral alkyl chains to modulate hydrophilic and hydrophobic interactions to
adjust the supramolecular helicity by varying alkyl chain length as a way to explore the
design principles to optimal results was also reported [80]. The helical nanostructures of
all the three molecules were obtained from tetrahydrofuran (THF)/H2O. The responses
of OBAG-, DBAG-, and HBAG-based sensors were recorded as a function of change in
current towards hydrazine vapor. The DBAG-based sensor displayed the highest sensitivity
(5.2 × 104 I/Io) when compared with OBAG and HBAG (2.5 × 104 and 4 × 104 I/Io, respec-
tively) (Figure 4d), mainly due to the smaller rotation angle (28◦ or −30◦) between adjacent
PDI molecules in comparison to those of OBAG (32◦ or −32◦) and HBAG (30◦ or −31◦).
The smaller rotation angle for DBAG indicates that a larger π–π overlap of the adjacent
perylene core is expected to increase mobility and lead to maximum current (five orders of
magnitude different). All the sensors displayed a comparatively high sensitivity (104 I/Io)
and quick response (350 s) than the previously reported sugar-based PDI derivatives [56],
though there was no investigation regarding selectivity, recovery, and reproducibility to
allow for a further comparison.

Figure 3. SEM images of (a) nanotubes and (b) nanorods of PDI-I. (c) Resistance modulation (R/Ro) vs. time (t) curve
measured on a single nanotube and nanorod hydrazine vapor. Adapted with permission [48].

The effect of different electron-donor and electron-withdrawing functional groups on
the sensing performance of PDIs was also ben investigated [22]. Two core-substituted, tetra-
chlorinated PDI derivatives, PDI-ClC12 and PDI-ClC4F7, bearing electron-donor dodecyl
and electron-withdrawing perfluorobutyl groups at the imide positions, as well as one
core-unsubstituted PDI-C12 (structure 4; Figure 10), were synthesized for hydrazine vapor
sensing. Interestingly for the design and development of suitable sensors using PDIs, the
resistance of both the core-substituted PDIs sensors decreased sharply (104 R/Ro) upon
exposure to hydrazine vapor (10 ppm) when compared to the core-unsubstituted PDI-C12
(100 R/Ro). The sensing performance of these PDIs was shown to be independent of
their morphologies and surface areas but very much aligned to the difference in reduction
potentials, caused by different core-substituted groups, indicating the electronics dominate
structure. For example, PDI-ClC12 and PDI-ClC4F7 presented similar sensing results
(104 at 10 ppm) due to similar LUMO energy levels (−4.22 and −4.28 eV, respectively). It
was also reported that different imide substituents have a secondary effect on the sensing
performance. The results showed that PDI derivatives with lower reduction potentials
enable a highly sufficient charge exchange and eventually lead to high gas sensitivity. PDI-
ClC12- and PDI-ClC4F7-based sensors showed slow response (600 s), and no investigation
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on recovery time and repeatability was reported. The good selectivity of these PDI sensors
towards hydrazine vapor was quantified when compared with carbon monoxide, hydrogen
sulphide, and hydrogen vapor.

Figure 4. TEM images of PDI-BAG (a) nanoribbons and (b) nanofiber obtained from H2O/DMF (N,N-
dimethylformamide) mixed solvents with different volume ratios of 20/80 and 60/40, respectively. (c)
Sensing responses of single nanoribbon and nanofiber bundles after the injection of hydrazine vapor.
(d) Sensing responses of OBAG, DBAG, and HBAG devices obtained from THF/H2O (20/80 v/v) in
hydrazine vapor. Adapted with permission [56,80].

Wang et al. [81] also investigated the relationship between the reduction potential
of PDI derivatives and its sensing properties towards hydrazine vapor and also studied
the effect of different humidity levels, operating temperatures, and film thickness on the
sensing performance of the sensor. They synthesized a twisted PDI derivative (PDI-d)
(structure 5; Figure 10) exhibiting a low reduction potential. The PDI-d device was continu-
ously exposed to hydrazine vapor of different concentrations while recording the real-time
resistance. Prior to the exposure to hydrazine vapor, the resistance in air was noted as
0.75 GΩ, which was significantly decreased to 0.42 GΩ after the exposure to 5 ppm of
hydrazine vapor. When the hydrazine vapor was removed, the resistance returned to its
initial value within 3 s, which indicated that the PDI-d-based sensor had a fast response
and continued cycles showed a high reproducibility. Difficulties arose at a high concentra-
tion (800 ppm) of hydrazine, which led to instability in the device, which was attributed
to the variation in the film morphology demonstrated by SEM images before and after
exposure to 800 ppm of hydrazine vapor (Figure 5a,b). The effect of relative humidity
levels, temperatures, and film thickness on the sensing performance of the PDI-d film
device was investigated in these examples, in detail. The response of the device towards
hydrazine vapor slightly improved (within 10%) with the increase of the relative humidity
(Figure 5c). It is believed that a higher humidity is conducive for the hydrolyzation of
hydrazine or, in fact, the reduction in the nucleophilicity of hydrazine. The response of the
sensor was almost the same at the temperature range of 0–60 ◦C (Figure 5d). To study the
effect of film thickness on the sensing performance, volumes of 20 and 50 μL of PDI-d in
dichloromethane were drop-casted on IDEs. The thick film showed an enhanced sensitivity
and a slow response/recovery, which can be attributed to the greater amount of PDI-d rad-
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ical anions produced on the thicker film, therefore requiring a longer time for the transition
between PDI-d and PDI-d−. Additionally, a comparison between the sensing performance
of unsubstituted-PDI with higher reduction potential and PDI-d confirmed that reduction
potential plays a critical role in the sensing performance of PDI-based sensors.

Figure 5. SEM images of a PDI-d film (a) before and (b) after treatment with 800 ppm of hydrazine
vapor for 20 h. Red arrows indicates micro/nano particles that disappear after exposure to the target
gas, indicating that the surface of the film is affected by the target gas. The effect of (c) relative
humidity and (d) temperature on the sensing properties of a PDI-d film device. Adapted with
permission [81].

The effect of core-substituted groups on the sensing properties of PDI is critical to
our understanding of the tolerance and enhanced capability based on the ease of function-
alization of organic compounds [82]. By way of example, three different derivatives of
PDI—PDI-C10, PDI-Br2C10, and PDI-BP2C10 (structure 6; Figure 10)—were synthesized in
order to study the effect of bay-substituted groups on their gas-sensing performance. It
was reported that the sensitivity towards 10 ppm of hydrazine vapor was higher for the
core-phenoxy-substituted PDI-BP2C10 (104 I/Io) and lower for the core-brominated PDI-
Br2C10 (102 I/Io) when compared with the sensing performance of the core-unsubstituted
PDI-C10 (103 I/Io). The different responses to hydrazine for PDI-Br2C10 and PDI-C10 gas
sensors were again proposed to be less reliant on their morphologies and surface areas, and
they were attributed to the twisted skeleton of PDI-Br2C10 that derived from non-bonded
repulsions between the bromine atoms that resided in the core-area. However, a lower
activation energy level and a higher delocalized system efficiently made up for deficiencies
in carrier transport that originated from the distorted packing of perylene units and led
to only one order of magnitude in current increase for PDI-BP2C10 when compared with
PDI-C10. The sensor using the PDI-BP2C10 active layer showed a low LOD (0.75 ppm),
good sensitivity (104), and better response and recovery times (450 s/150 s) compared with
previously reported PDI-ClC12- and PDI-ClC4F7-based sensors [22]. From these results, it
can be postulated that sensing performance is less dependent on the morphologies and
surface area of the sensors. Furthermore, these sensors were extremely selective towards
hydrazine vapor when compared with carbon monoxide, hydrogen, nitrogen dioxide, and
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ozone vapor. These results demonstrated that bay-substituted groups have a significant
influence on the sensitivity and stability of PDI-sensing devices.

The Huang group further investigated the effect of core-substituted aromatic groups
on the sensing performance of PDIs [58]. For that purpose, they synthesized four different
core-substituted aromatic PDI derivatives—DEY, DSPY, DTPY, and DFPY (structure 7;
Figure 10)—to explore improved hydrazine sensing. The experimental results revealed
that current increased five times towards 10 ppm of hydrazine for PDI-DEY compared to the
PDI-DSPY -, PDI-DFPY-, and PDI-DPTY-based sensors. The results reconfirmed that sensor
performance was not dependent on the morphologies and surface areas of the materials.
The high sensitivity (105 I/Io) of the PDI-DEY-based sensor was attributed to a lower LUMO
energy level (−3.68 eV) and activation energy with a smaller interplanar spacing. The
aromatic groups at the bay positions appeared to have a prominent effect on the PDI-sensing
performance by modulating the energy level, stacking modes, and interplanar spacing.
Though the sensors showed an enhanced sensitivity (104–105 I/Io), they did present a
slower response rate (800 s) and a higher LOD (10 ppm) than the PDI-ClCl2- and PDI-
BP2C10-based sensors, and there was no investigation into the recovery, repeatability, and
selectivity of the prepared sensors. Taking this further, the team investigated the effect of
electron-withdrawing groups on the hydrazine-sensing performance of PDI-based sensors
to complement the earlier work on electron-donating groups within PDI-BP2C10. Two
PDI derivatives, namely PDI-CNC10 and PDI-ClC10 (structure 8; Figure 10), differentiated
by electron-withdrawing groups, were synthesized and formed regular and smooth 1D
micro/nanorods (Figure 6a,b) from a chloroform/methanol solution [34]. The sensing
studies undertaken in comparison revealed that PDI-ClC10 was more sensitive (104 I/Io)
than PDI-CNC10 (103 I/Io), but the PDI-CNC10 derivative exhibited a better stability in
an open environment due to its low lying LUMO level (−4.36 eV) and highly crystalline
structure. Both the PDI-ClC10 and PDI-CNC10 devices showed low LOD (at 1 and 2 ppm,
respectively) and a better response time (350 s) than the PDI-ClC4F7-based sensor. The
repeatability and reproducibility (Figure 6c,d) of both sensors were found to be excellent,
and the sensor showed the highest selectivity towards hydrazine in presence of carbon
monoxide and ammonia. The results revealed that core-substituted electron-withdrawing
groups have a substantial and positive effect on the sensitivity and stability of PDI-based
gas-sensing devices for future design consideration.

In a complementary work, Liu et al. [50] also investigated the effect of core-substituted
groups on the sensing performance of PDI-based sensors against hydrazine through PDI-
pyrimidine and PDI-ph (structure 9; Figure 10). The PDI-pyrimidine-sensor displayed
a high sensitivity (56%), significant reproducibility, excellent selectivity, and better long-
term stability towards hydrazine vapor. The response and recovery times of the sensor
towards 10 ppm of hydrazine vapor were calculated to be as low as 0.7 and 0.8 s, re-
spectively. From cyclic voltammetry and absorption studies, it was confirmed that the
redox potential of PDI played an important role in the sensing performance. The effect of
humidity and temperature was also investigated. The sensors showed a high sensitivity
at high humidity levels from 70% to 96% but a slower response/recovery (Figure 7a),
which was most likely due to the solvation of hydrazine by the water. While the sensor
showed stability through a consistent response for an operating temperature range of
20−60 ◦C, elevated temperatures (>70 ◦C) caused a significant reduction in the sensitiv-
ity (Figure 7b). It is believed that at a high temperature (70 ◦C), the interaction between
hydrazine vapor and pyrimidine-PDIs is reduced because the adsorption is exothermic.
As a result, the sensitivity of the sensor is decreased. The effect of film thickness was also
investigated in this study. For that purpose, three sensors with different thicknesses (8, 14,
and 25 μm) were prepared, among which the thicker sensors showed higher sensitivities
(~88.5%) but concomitant slower response and recovery times (5.3 s and 8.2 s, respectively)
in comparison (Figure 7c). Sensitivity studies indicated this sensor showed the highest
selectivity for hydrazine when compared to other reductive vapors such as ammonia,
t-butylamine, n-butylamine, diethylamine, triethylamine, and aniline (Figure 7d). The
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enhanced performance of pyrimidine-PDI-based sensors yielding better sensitivity, selec-
tivity, long-term stability, and short response/recovery times than the previously reported
PDI-based sensors was an important advance in the design of organic sensors.

Figure 6. SEM images of (a) PDI-CNC10 and (b) PDI-ClC10 illustrating the similarity in a nanorod
structure. Dynamic responses of (c) PDI-CNC10 and (d) PDI-ClC10 gas sensors towards 8 ppm of
hydrazine vapor show the sensitivity increase of the latter based on the response value. Adapted
with permission [34].

Figure 7. The effect of (a) relative humidity, (b) operating temperature, and (c) film thickness on the
sensing properties of a PDI-pyrimidine sensor. (d) The response of a PDI-pyrimidine sensor towards
different analytes (20 ppm). Adapted with permission [50].
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With the advent of positive effects of core-substitution on the performance of PDI
sensors through torsion strain, added steric effects, which also change the molecular ability
to stack effectively, were evaluated in a simple series PH, TPH, and OPH (structure 10;
Figure 10), in which the 4-alkylaryl groups differed from H to t-butyl to t-octyl, respec-
tively [83]. With reference to hydrazine vapor sensing, among these PDI derivatives,
OPH displayed the highest response (1800 I/Io at 10 ppm) (Figure 8d) due to its small-
est torsion angle (25.80◦), better crystalline structure Figure 8c), and smallest activation
energy (1.03 eV) within a face-to-face stacking mode. An ordered crystalline structure
(Figure 8b) with a smaller interplanar spacing and modest activation energy (1.04 eV)
contributed to the average performance (520 I/Io) of TPH. In contrast, the largest activation
energy (1.05 eV) and torsion angle (26.14◦) with a meager crystalline structure (Figure 8a)
caused PH to be the least-efficient sensor (130 I/Io). All three sensors, PH, TPH and OPH,
displayed low LOD values (0.6, 0.5, and 0.5 ppm, respectively) and quick response and
recovery times (116/19, 163/52, and 170 s/58 s, respectively) in comparison with previ-
ously reported PDI-based sensors. This study provides useful information on new factors
such as torsion angle, morphology, and activation energy that could lead to the enhanced
sensing performance of PDI-based sensors that are remote from the electronic function of
the active material. To investigate the improved sensing performance of PDIs by further
modulating the intermolecular interactions of PDI molecules, a series of stereochemically
defined PDI derivatives—OT, ROT, and SOT (structure 11; Figure 10)—bearing pairs of
racemic and R- and S-chiral hydroxyalkyl chains were synthesized [84]. While sensing
gases should not rely on a chiral auxiliary, either as enantiomers or diastereomers, because
most gases are achiral species, the hydrazine-sensing responses of PDI-OT, PDI-ROT, and
PDI-SOT devices were recorded using a two-probe technique. Upon exposure to 10 ppm of
hydrazine vapor, it was found that, surprisingly, the increase in the current for PDI-ROT
was approximately 1.5 times that for its enantiomer PDI-SOT and twice that of the racemic
mix of diastereomers PDI-OT (Figure 9d). All three sensors showed a response time of
approximately 350 s, and there was no investigation about the recovery, repeatability, and
selectivity. The difference in enantiomeric activity for PDI-ROT was rationalized by two
factors: (a) a smaller torsional angle of 15.55 and, importantly, (b) the generation of a
continuous and uniform film surface (Figure 9b). Furthermore, the PDI-ROT sensor exhib-
ited an improved sensitivity than the PH, TPH, and OPH sensors, and this indeed may
be attributable to a small torsional angle or additional conjugation. The slower response
and higher LOD is more likely to be attributed to a poorer surface morphology than the
PH, TPH, and OPH sensors. The results suggest that the sensitivity of these devices is
independent on film thickness, as shown in Figure 9e.

The sensitivity of PDI-based sensors can also be improved by incorporating electron-
donating substituents into the core locations of PDI [85]. Three PDI derivatives—PDI-PY,
PDI-PI, and PDI-HE (structure 12; Figure 10)—ere synthesized with piperidinyl, pyrro-
lidinyl, and n-hexylamino groups at the bay 1,7-positions of the perylene skeleton, re-
spectively. Experimental results revealed that the hexylamino-based sensor performed
best, generating quick response and recovery times (both 7 s, respectively), a low LOD
(0.17 ppm), and the highest response (1.5 × 105 I/Io). This performance was again at-
tributed to its higher electron density as a result of the EDG, the smallest torsional angle
(16.83◦), and a crystalline structure affording a tighter π–π distance of 3.55 Å. PDI-PY sen-
sors bearing a piperidinyl group afforded inferior sensing results (1.5 × 104 I/Io) because of
its poor crystalline structure, weaker π–π orbital overlap, and resulting higher interplanar
spacing of 3.62 Å as a result of packing the piperidyl groups. Selectivity towards hydrazine
over ammonia and other volatile gases was displayed.
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Figure 8. SEM images of microstructures of the (a) PH, (b) TPH, and (c) OPH PDIs. (d) The response
modulation–concentration curves show an enhancement in OPH and (e) the dynamic responses of
the PH, TPH, and OPH devices in hydrazine vapor (5 ppm). Adapted with permission [83].

Figure 9. AFM images of thin films (2 × 2 μm) of (a) OT, (b) ROT, and (c) SOT devices. (d) Current
modulation (I/Io)–time (t) and (e) response modulation–film thickness curves of OT, ROT, and SOT
devices in saturated hydrazine vapor (10 ppm). Adapted with permission [84].
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Figure 10. Chemical structures of the reported PDIs for hydrazine, ammonia, and other
analyte sensing.

The final comparison group in this section looks at the alkylsilane-substituted PDIs,
TMSA, TESA, and TPSA (structure 13; Figure 10) [35], in which the 1,7-acetylene PDI core
is substituted at the terminal acetylenic positions with the alkylsilanes. To understand the
effect of silyl chains on the sensing performance of devices, another PDI derivative, DMB
bearing simple isostructural carbon frameworks, was also synthesized. An investigation
into the sensing performance of PDI derivatives towards hydrazine vapor exhibited an
increased current of around four orders of magnitude for the better performing TPSA
derivative and 20 times higher than the TESA derivative. All the sensors showed a
similar response time of approximately 200 s, which was better in comparison with the
PDI-DEY-0 and PDI-DAG-based sensors. The authors intimated that from the sensing
results, the sensing performance of these PDI-based sensors are independent on the surface
morphologies and surface areas, and it can be attributed to the difference in stacking
modes, torsional angle, and interplanar spacing, thus providing a consistent message to
other studies. Again, the ordered layer structure appears to contribute to TPSA having an
effective sensing performance. A similar face-to-face packing mode and torsional angle of
DMB and TMSA led both the derivatives to show nearly the same sensing results, regardless
of the differences in their interplanar spacing. However, a larger torsional angle and head-
to-tail aggregated modes with larger interplanar spacing induced less-efficient sensing
results. This study suggests that the lengths and branched points of the alkylsilane on core
areas have a consequential effect on the sensing behavior of PTDCI-based gas sensors.

From the above discussion, we can summarize that the specific design features that
influence the sensing performance of the core-substituted PDI derivatives are mainly
derived from the LUMO energy levels, activation energy, and torsional angles. Furthermore,
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surface morphology generally appears to have a weak influence on the sensing performance
of core-substituted PDI-based sensors for alike systems when compared to the effect of
LUMO energy levels, activation energy, and torsional angles. Of course, systems with a
significant disruption of stacking perform worse. The stability of PDI-based sensors also
appears to be improved by core-substitution with electron-withdrawing functional groups,
thus enhancing the n-type properties. Moreover, these functionalities, i.e., functionalities
that promote hydrogen binding and modulate torsion angles, interplanar spacing, band
gap, and stacking modes, can also significantly impact sensing performance through
cooperative effects.

4. Ammonia Sensing

Ammonia is a critical commodity chemical with extensive applications in fertilizers,
synthetic fibers, drugs, generating ammonium salts, and the manufacturing of plastics, but
it is a highly corrosive and poisonous gas that can be easily spread into the environment [97].
Moreover, ammonium salts such as ammonium nitrate (NH4NO3) are found in various
explosives and slowly dissociate to release trace amounts of ammonia that are critical to
be detected and monitored to avoid accidents [98]. Though ammonia has applications in
numerous research areas, its exposure in high concentrations is deadly to human health in
its extreme, leading to prolonged effects based on edema and airway destruction through
burning. The lower limit of human perception by smell is around 50 ppm for ammonia [24].
However, even underneath this limit, it is irritating to skin, eyes, and the respiratory system,
thus leading to cough and nose/throat irritation [99]. The permissible limits of 25 ppm over
an 8 h period and 35 ppm over a 10 min period have been recommended and legislated by
Health and Safety Executive (HSE), London [100]. To date, PDI-based sensors have been
developed as both resistive and amperometric devices for ammonia-sensing applications,
as summarized in Table 1. This is not surprising given the strong similarity between
ammonia and hydrazine as a reducing gas, with a similar magnitude of nucleophilicity
regardless of any quantification of the alpha-effect [101].

To illustrate the point, the three electron-deficient PDI derivatives—PDI-C12, PDI-
Br2C12, and PDI-CN2C12 (structure 14; Figure 10)—that differ by the nature of the bay
substitution with H, Br, or CN were identified and trialed for sensing ammonia gas [21] as
single crystalline micro/nanostructures. The micro/nanostructures of PDI-C12, PDI-Br2C12,
and PDI-CN2C12 were prepared by a precipitation method in a chloroform/methanol
binary solution (0.1 mg/mL). SEM images showed that all PDI compounds in this series
could self-assemble into one-dimensional micro/nanostructures despite the influence of the
bay groups. PDI-C12 molecules showed ribbon-like structures (Figure 11a) with an average
width of 1–2 μm and lengths up to tens of micrometers, PDI-CN2C12 also self-assembled
into a belt like morphology (Figure 11c) with an average diameter of 200–400 nm, and
PDI-Br2C12 molecules showed self-assembled nanorods (Figure 11b) with a diameter of
approximately 200–300 nm and a length up to tens of micrometers. The devices were
fabricated with a simple resistive-type structure. Upon exposing the three sensors to 1%
ammonia, the resistance of PDI-CN2C12 nanobelts decreased quickly (50 s) to reach a
stable value and demonstrated a good sensitivity (40%) (Figure 11d). However, no notable
variations were observed in the resistance of PDI-C12 micro belts and PDI-Br2C12 nanorods.
The applicability of the PDI-CN2C12 sensor under an ambient atmosphere was further
studied. The results indicated that while the sensitivity reduced to 37% in the first 24 h, a
constant value of 37% was maintained after its exposure to air for seven days. The superior
response to ammonia gas by PDI-CN2C12 was attributed to the difference in the reduction
potentials as a result of the insertion of the strong electron-withdrawing nitrile group,
which caused a significant increase in current upon exposure to ammonia. The low LUMO
energy level (−4.36 eV) and the higher-order arrangement in nanobelts made PDI-CN2C12
more sensitive and stable. Though the PDI-CN2C12-based sensor showed good sensitivity
and quick response, but there was no investigation into the selectivity of the sensor.
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Figure 11. SEM images of (a) PDI-C12, (b) PDI-Br2C12, and (c) PDI-CN2C12 illustrating subtle changes
in the nanostructure as a result of bay substitutions. (d) Sensitivity curves of PDI-CN2C12 showing
the stability of the system over time. Adapted with permission [21].

The effect of chirality-induced morphology through core-substitution on the sensing
performance of PDIs [23] has been investigated through the three PDI derivatives—SOT,
STB, and SPP (structure 15; Figure 10)—that differ by the position of hydroxy groups
on the alkyl/aryl chains. All three PDI-based sensors showed quicker responses (>24 s),
higher selectivities, and lower detection limits (>1.51 ppm) towards ammonia than the
PDI-CN2C12-based sensor [21]. Among these derivatives, SPP exhibited the highest sensi-
tivity (4.5%), the lowest LOD (0.48 ppm), and the quickest response and recovery times
(17 and 6 s, respectively) (Figure 12d), mainly attributed to its lower LUMO energy level
(−4.13 eV) and uniform crystalline structure (Figure 12c). SOT showed a poor sensing
performance with a response of 0.9% due to its highest LUMO level (−4.06 eV) and poor
crystallinity (Figure 12a). To explore the selectivity of the prepared sensors, all the sensors
were exposed to ammonia (100 ppm), ethylamine, butylamine, diethylamine, triethylamine,
dibutylamine, aniline, 2,4-dimethylaniline, and cyclohexylamine at a concentration of
1000 ppm. Interestingly, compared with other amines, all three sensors showed the highest
selectivity towards ammonia, as shown in Figure 12e.

Two PDI derivatives bearing NO2 groups—PDI-N and PDI-2N (structure 16;
Figure 10)—were prepared to further investigate the effect of reduction potential and the
LUMO energy level on the sensitivity and stability of PDI-based sensors [86] for ammonia
against a model PDI system. Among these derivatives, the PDI-2N-based sensor presented
the smallest detection limit of 2 ppm, which was attributed to its reduction potential of
−0.36 eV, and the greatest ambient stability as a result of its low LUMO level of −4.35 eV.
However, the large torsional angle (17.30◦) and interplanar spacing (3.64 Å) reduced the
π–π orbital overlap between the adjacent PDI-2N molecules, thus suppressing mobility and
consequently moderating sensitivity—leading to an important design principle. A more
positive reduction potential and ability for modest π–π orbital overlap made the PDI-N
device more sensitive (6.6%) than PDI (1%) and PDI-2N (5.6%) devices. It was postulated
that a negative reduction potential of −0.73 eV caused a lack of charge carrier density and
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induced an inferior sensing performance of the PDI sensor, although the structure of this
device showed the highest π–π orbital overlap. The experimental results suggested that
the detection limit and ambient stability are closely related to the reduction potential and
LUMO energy level.

Figure 12. AFM images of (a) SOT, (b) STB, and (c) SPP thin films (2 × 2 μm) illustrating a similar
morphology. (d) Dynamic current change of SOT, STB, and SPP devices in ammonia (100 ppm). (e)
Current change for SOT, STB, and SPP devices exposed to numerous amine analytes. Adapted with
permission [23].

The effect of chalcogenide inclusion on the sensing properties of PDIs has also been
explored through the small series of PDI, PDIS, and PDISe (structure 17; Figure 10), where
PDIS and PDISe derivatives represent the inclusion of sulfur (S) and selenium (Se) hetero-
cycles, respectively, to the bay positions [87]. The sensing response of PDI, PDIS, and PDISe
to 100 ppm of ammonia gas was studied by using the two-probe method. Interestingly,
when exposed to 100 ppm of ammonia gas, the sulfur derivative showed an increase in
current magnitude compared to the carbocyclic PDI, while the selenide showed a decrease
compared to the same PDI. The PDIS ultimately showed the best sensing performance,
with response magnitudes of 1.5 and 3 times higher than PDI and PDISe, respectively.
The high response was mainly attributed to the electron donation from ammonia through
donor–acceptor complexation towards perylene, followed by effective long-range electron
transport via π–π delocalization that led to current variations. The small rotational angle
and the large π–π overlap of vicinal PDIS cores were also attributed to improved electron
mobility and the improvement in the sensing performance.

While much variation has occurred on the core of PDI, there are some examples to
sense ammonia using functionalization at the imide nitrogens [24]. In a particular example,
histidine moieties were attached to produce PDI-HIS, the sensing ability of which was
compared to a bis(n-octyl)PDI (structure 18; Figure 10). The fabricated amperometric-type
sensors were kept in a chamber, and various amounts of ammonia (2–100 ppm) were
injected into the test chamber. The PDI-HIS-based sensor showed enhanced performance
when compared with PDI-n-octyl-based sensor. A significant response (3500%) to 100 ppm
of ammonia was recorded for PDI-HIS with a concomitant LOD of 0.56 ppm. To evaluate
the selectivity of the PDI-HIS-based sensor, similar sensing experiments were also car-
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ried out using various analytes and different volatile organic solvents, including hexane,
acetone, ethyl acetate, isopropanol, ethanol, methanol, and chloroform, together with
ammonia. Interestingly, the response to 1000 ppm of common organic analytes was less
in comparison to 200 ppm of ammonia (Figure 14a,b), cementing this as a good exam-
ple of an organic-based sensor. By increasing the humidity, the sensitivity was shown
to decrease, which could have been due to the weak adsorption/diffusion of ammonia
gas on the sensor surface (Figure 13c). The effect of film thickness on the sensitivity of
PDI-HIS was also investigated. Three sensors with different film thicknesses (30, 60, and
100 nm) were prepared and studied for their sensing response towards 100 ppm of am-
monia (Figure 13e,d). It was confirmed that the sensitivity rose by three times with slight
increase in the response/recovery time (from 1 to 4 s) when the film thickness was in-
creased from 30 to 60 nm; however, there did not appear to be a linear relationship between
humidity and sensitivity. Upon a further increase in film thickness from 60 to 100 nm,
the sensitivity marginally increased and was greatly offset by the larger increase to the
response/recovery times (26 s/16 s, respectively). The slow response in a thicker film is
not uncommon and may be ascribed to the need for the diffusion of a large number of
ammonia molecules into the film surface and their entrapment upon release. The lower
redox potential of PDI-HIS, together with the presence of ionizable groups at the imide
positions made the PDI-HIS-based sensors more efficient when compared with the sensors
based on PDI-n-octyl.

Figure 13. Response of a PDI-HIS sensor towards vapor of various common types of (a) organic solvents and (b) amines.
Concentrations of ammonia and other analytes used were 200 and 1000 ppm, respectively. (c) Sensitivity of PDI-HIS at 0%,
60%, and 90% relative humidity levels. (d) Effect of film thickness on sensitivity of the sensor. (e) Current–time response
observed in three devices with different film thicknesses upon exposure to 100 ppm of ammonia. (f) Recyclability study
with 100 ppm of ammonia. Adapted with permission [24].

While much of the discussion has investigated changes to active materials as opposed
to the nature of the sensor device, there is a literature example of a prepared molecular
semiconductor-doped insulator (MSDI) heterojunctions for ammonia sensing [88]. A
fluorinated PDI derivative, C4F7-PDI, as an n-type material (bottom layer of the device),
and lutetium bisphthalocyanine, LuPc2, as a p-type semiconductor (top layer), were used
in the preparation of the MSDI heterojunction (structure 19, Figure 10). The heterojunction
response to ammonia was compared to that from a sensor based solely on LuPc2. In stark
contrast to each other, exposure to ammonia increased the current for the MSDI-based
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sensor, whereas the same exposure caused a decrease in the current of LuPc2-based sensor,
thus illustrating a simple logic based ‘ON’ vs. ‘OFF,’ or ‘bright’ vs. ‘dim,’ response. The
C4F7-PDI/LuPc2 (50 nm/50 nm) MSDI showed a modest response to ammonia with a
sensitivity of up 33% to 100 ppm of ammonia at 50% of relative humidity compared to
the control.

From the above discussion, there appears to be unique design features that positively
influence the sensing performance of PDI-based sensors for ammonia by optimizing the
reduction potential, optimizing the thickness of the sensing layer, and attaching a partic-
ular functional group that can enhance hydrogen bonding. Furthermore, the reduction
potential, LUMO energy level, crystal structure, and π–π stacking can drastically affect
the LOD, sensitivity, and stability of PDI-based sensors. Additionally, the judicial choice
of functionality to either the core or imide positions needs further exploration because
these changes have been shown to dramatically improve the sensitivity and selectivity of
PDI-based sensors.

5. Some Other Analyte-Sensing Applications

PDI derivatives have also been developed and tested towards other analytes, including
nitromethane, hydrogen peroxide, aniline, ethylenediamine, and trimethylamine [89–93].
The sensing performance of these sensors are also summarized in Table 1 in comparison to
hydrazine and ammonia sensor performance.

Ultrathin nanoribbons formed from the amphiphilic electron donor–acceptor (D–A)
PDI-MA (structure 20; Figure 10), comprising PDI as the backbone scaffold bearing dimethy-
laniline groups, were used for sensing various nitro-compounds such as nitromethane,
nitrobenzene, 4-nitrotoluene, and 1-chloro-4-nitrobenzene (Figure 14a) [89]. The current
of the sensor was decreased by about 65% upon exposure to a high concentration of ni-
tromethane (36,000 ppm). The nanoribbons also exhibited a fast response (10 s) with a
quick recovery (75 s) (Figure 14c) due to the intrinsic volatility of the nitromethane. Various
organic solvents and some reductive reagents, such as aniline, were also sensed. Some
significant current variations were observed for organic solvents, such as hexane, toluene,
and chloroform, thus suggesting a lower selectivity. It is postulated that this response is
likely due to the solubility of PDI molecules in these solvents. PDI-MA nanofibers afford a
mesh-like, highly porous surface that can offer a high surface area to the target analytes
and the beneficial diffusion of the analytes through the 3D network.

Wu et al. [90] also synthesized nanoribbons (Figure 14b) of 1-methylpiperidine-
substituted PDIs (PDI-MP; structure 21; Figure 10). The nanoribbons were drop-cast
over interdigitated electrodes and tested towards oxidizing hydrogen peroxide (H2O2)
vapor. When the PDI-MP sensor was exposed to 18.5 ppm of H2O2 vapor, a quick decrease
in the current (50% reduction) was recorded, as shown in Figure 14d. The sensor also
displayed a quick response of 19.5 s, which was attributed to the high surface area of
nanoribbons, and the sensor was able to sense a concentration of 0.6 ppm of H2O2. The
irreversible response towards H2O2 vapor was ascribed to the strong surface binding of
H2O2 and the permanent oxidation of the 1-methylpiperidine group by H2O2.

The effect of the chiral auxiliary camphorsulfonic acid (CSA) on the sensing per-
formance of PDI was also studied [91]. Two PDI derivatives, PR and PS (structure 22;
Figure 10), were synthesized as active materials for the fabrication of amperometric-
type sensors for sensing ammonia, ethylamine, butylamine, diethylamine, triethylamine,
ethylenediamine, and hydrazine. The PDI-PR- and PDI-PS-based sensors displayed sensi-
tivity (1.5% and 17%, respectively), quick response and recovery times (9/7 and 11/14 s,
respectively), and excellent selectivity towards ethylenediamine vapor with detection
limits as low as 1.07 and 0.86 ppm, respectively. The PDI-PR-based sensor showed less
sensitivity than the PDI-PR-based sensor due to the loss of π–π interactions. The authors
suggested that strong hydrogen bonding interactions between camphorsulfonic acid and
ethylenediamine led to an enhanced sensing performance.
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Figure 14. AFM images of (a) PDI-MA and (b) PDI-MP illustrating the ribbon-like morphology.
Current change in PDI-MA nanoribbons in response to (c) nitromethane (36000 ppm) and (d) H2O2

(18.5 ppm). Adapted with permission [89,90].

Recently, Zhu et al. prepared a heterojunction of PDI and cadmium sulphide (CdS)
(Figure 15a) to sense trimethylamine (TMA) vapor [92]. An amphiphilic PDI derivative,
PDI-TC (structure 23; Figure 10), was synthesized and used to fabricate an amperometric
gas sensor. The PDI-TC/CDS sensor showed a higher sensitivity (18% at 10 ppm), a lower
LOD (0.2 ppm), better stability and reproducibility (Figure 15b), and better selectivity
towards TMA when compared with the sensor based on TC-PDI (no notable response
at 10 ppm). The results clarified the synergistic effect between organic and inorganic
materials and confirmed that n–n heterojunctions are a viable approach to improve the
sensing properties of TMA gas sensors.

Figure 15. (a) Schematic diagram of TC-PDI/CdS (cadmium sulphide) heterojunction. (b) Response–recovery curves of
TC-PDI/CdS sensor to different trimethylamine (TMA) concentrations. Adapted with permission [92].
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The last example we discuss here is a novel, core PDI-PB derivative containing a
core-substituted azacyclobutane (PDI-PB; structure 24; Figure 10) [93]. The self-assembled
nano-network structure was prepared in chloroform and methanol, and it was used in the
fabrication of resistive sensor for the detection of pyridine and its derivatives. The PDI-PB
sensor showed a low LOD of 375 ppb, a quick response time (1 s), an excellent recyclability,
and a high sensitivity (2200%) towards 375 ppm of pyridine. The results obtained for the
PDI-PB-based sensor suggests that a self-assembled nano-networked structure can improve
the interaction between the target analyte and the sensing, leading to enhanced sensing
performance, if designed appropriately.

6. Conclusions and Future Outlook

Through this review, we have demonstrated that organic-derived sensors have the
capability of ushering new technology, and this is particularly true for the class of rylene
aromatics of which PDI-based gas sensors are a part. Their strong evolution as active materi-
als for electronic sensors or as part of heterojunction materials has been demonstrated to be
effective in the sensing of hazardous and reducing gases such as hydrazine and ammonia.
Compared to gas sensors based on inorganic materials, PDI-based gas sensors possess sev-
eral advantages including solution-processability, mechanical flexibility, room-temperature
operability, low power consumption, and portability. Through this series of highlighted
compounds, it is worthwhile to mention that some general rules can be articulated to
correlate sensing performance with the structural aspects or photophysical parameters of a
given sensor family—in this case, prominent n-type semiconductor materials.

Overall, it is the redox properties of the active material, film morphology, and self-
assembly of the PDI derivatives within the active layer that appear to play a significant role
in gas-sensing performance. Most of the PDI derivatives with a uniform crystalline struc-
ture have demonstrated better sensitivity compared to derivatives with a poor crystalline
structure. Therefore, single micro/nanostructures and ultra-thin nanotubes/nanorods
have been continually employed to fabricate gas sensors with higher sensitivities, swifter
responses, lower LOD values, and quick recovery times (a few seconds). By incorporating
a variety of functional groups at the bay and imide positions of PDI, a number of novel
materials have been developed to fabricate gas sensors with enhanced sensitivity, selec-
tivity, and stability. The core substitutions of PDIs with different electron-donating and
electron-withdrawing groups have also been shown to provide a significant impact on the
sensitivity and stability of a given sensor as the electron-donating/withdrawing groups
decrease the LUMO energy level and the reduction potential, which allows for the efficient
transport of electrons by reducing the charge injection barrier to enhance the performance
of a sensor. This is one of the main reasons why the core-substituted PDIs show a high
sensitivity and better stability.

Though the development of PDI-based sensors is noteworthy, there are a number of
design issues that need to be resolved for the mass-uptake of PDI-based sensors. Firstly,
there are conflicts among some electrical properties of the chemical sensors such that while
stronger interactions between the target analytes and sensors lead to superior sensitivity,
they also confine the recovery to the initial state. The selectivity of a specific gas in a mixture
of gases is still not resolved, but it is likely to be enhanced through other technologies
including membranes and size-exclusion phenomena. The sensing mechanism of most
of the PDI-based sensors is based on either the chemical or physical adsorption of target
analytes. Several analytes can be adsorbed on the PDI’s active layers to give similar
resistance/conductance changes. For example, the adsorption of a reducing gas, including
ammonia and hydrazine, increases the conductivity of PDI sensors. Consequently, different
analytes may cause the same sensing response. The functionalization of PDI with different
functional groups, e.g., -COOH, -OH, -F, -Br, and -NH2, can be considered as a suitable
method to resolve this issue. Functionalization will enhance the sensing performance by
improving the hydrogen bonding or dipole–dipole interaction between the PDI’s active
layer and the target gas. However, functionalization may affect the sensor sensitivity and
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response/recovery time; hence, a balance must be considered between selectivity and
sensitivity. Stability is another issue for PDI-based sensors when compared with metal
oxide-based sensors. Here, we have shown that stability can also be improved by core
substitution with different functional groups.

Several other factors, such as film thickness, humidity, and temperature, may also in-
fluence the performance of PDI-based gas sensors in terms of sensitivity, stability, response
and recovery time, and lifetime—though these are controlled. It can be argued that reduc-
ing the thickness of a sensing layer is helpful for an analyte to adsorb more quickly and to
provide a swifter response. Similarly, thicker films can provide more adsorption/diffusion
sites for analytes, which can increase sensitivity. Thinner films can help to induce crys-
tallinity, which in fact is advantageous for high charge carriers’ mobility and, hence, for
high-performing electrical gas sensors. Thermal evaporation techniques can simply tune
the film thickness by controlling the deposition rate, and the prepared ultrathin film has
a superior quality with low-density defects. However, the requirement of a particular
vacuum apparatus increases manufacturing cost and confines commercial processing. A
change in the humidity level may also affect the sensitivity of a PDI-based sensor towards
various analytes, as would more saturated mixed gases containing compounds that might
act as good solvents for the active layer compound. For example, there have been reports
that increasing the humidity level decreases the sensitivity towards ammonia vapor [24].
This is mainly due to the fact that there is a strong competition between the ammonia and
water molecules to diffuse/adsorb through the sensing layer. Likewise, other reports have
indicated that increasing the humidity level increases the sensitivity towards hydrazine
vapor [50,81]. These reports reason that high humidity can be conductive for the hydration
of hydrazine, and, thus, the active layer of PDIs will adsorb more hydrazine.

It is apparent that the influence of these factors on PDI-based electrical gas sensors has
been rarely investigated. Thus, the effect of these factors on sensing performance needs a
systematic study. The challenges moving forward might be overcome using other members
of the rylene family—either smaller, more functionalizable and processable members or
larger more aggregatable derivatives. We hope this review assists the readers in a judicial
choice of strategy with which to affect significant advances in this novel field.
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Abstract: Several bacteria are known to cause food poisoning; therefore, diagnostic systems that
detect bacteria are essential. Nucleic acid-based testing methods that involve polymerase chain
reaction (PCR) amplification are of great interest due to their high sensitivity and specificity. Herein,
we developed a syringe-based one-step DNA extraction device that streamlines the extraction of
genomic DNA (gDNA) from bacteria within 2 min, enabling versatile application of nucleic acid-
based testing in the field. Notably, the bolt-nut structured case coupled with the syringe enables
control of the volume of solution dispensed for enabling DNA extraction without the need for bulky
centrifuge equipment. Using the proposed system, the gDNA of a model bacterium, Escherichia
coli, was extracted at a good quantity and quality and amplified via PCR. The DNA extracted was
comparable to that extracted via a centrifugation-based procedure. In addition, bacteria that were
artificially spiked in common samples, including a work cloth, a work bench, and meat, were
successfully detected with high accuracy.

Keywords: DNA extraction; syringe-based device; centrifugation-free extraction; food contamination;
quantitative polymerase chain reaction

1. Introduction

Food poisoning caused by bacteria or viruses is a major public health problem that
additionally incurs various social problems [1]. To prevent the risk of food poisoning, the
development of diagnostic systems that detect specific target bacteria is essential. In partic-
ular, coliforms that produce the enzyme β-galactosidase are widely used as an indicator
of the microbial safety of food, processed products, and drinking water [2,3]. Escherichia
coli (E. coli) is one of the most studied coliforms and several studies have attempted to
develop diagnostic systems for E. coli. The standard method used to discriminate E. coli
involves microbial culturing using selective media, such as MacConkey agar, that contains
different chromogenic or fluorogenic substrates [4–6]. However, culture-based methods
require 1–2 days or more to generate results [7], and may produce false-positive results.
For example, lactose-fermenting bacteria, such as Lactobacillus spp., which are non-coliform
bacteria, can generate the same results as those obtained using E. coli, resulting in false-
positive results because MacConkey agar can only differentiate bacteria based on their
ability to ferment lactose. Therefore, polymerase chain reaction (PCR)-based nucleic acid
testing, especially quantitative PCR (qPCR), owing to its high accuracy, is widely used as an
alternative method to detect bacteria, such as E. coli and other coliforms, that cause food poi-
soning [8–11]. The first step in qPCR involves the extraction of genomic DNA (gDNA) from
target bacteria [12,13]. Two representative methods are widely used for gDNA extraction:
organic extraction and solid-phase extraction [14]. The organic extraction method is inex-
pensive and can extract a large amount of gDNA. However, it requires toxic chemicals and
is time-consuming, owing to several steps, such as phenol–chloroform extraction, ethanol
precipitation, and washing. In contrast, the solid-phase extraction method, which uses
a silica membrane for interacting with DNA in the presence of chaotropic salts, presents
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a better option for the rapid extraction of gDNA because it is performed using a single
tube and is a relatively simple procedure [15,16]. Several commercial kits manufactured
and marketed by different companies are available. In principle, gDNA that is bound to
silica membranes in the presence of chaotropic salts via the formation of salt bridges is
eluted by changing the salt concentration after multiple washing steps [17]. While it is
a simple and quick operation, centrifugation is required in each step, which is not desirable
in field applications, especially in a resource-limited setting [18]. In addition, there is an
attempt to skip DNA extraction, which is termed Direct-PCR. As the name indicates, this
method can directly amplify target nucleic acids without the need for DNA extraction from
the sample [19,20]. Because it simplifies the whole assay procedure and shortens the total
analysis time, it has attracted special attention as an excellent alternative to the traditional
DNA detection methods. However, Direct-PCR buffer that effectively lyses the sample
and neutralizes PCR inhibitors is not compatible with other DNA amplification methods,
such as recombinase polymerase amplification and helicase dependent amplification. Fur-
thermore, Direct-PCR reagents are expensive and cannot completely minimize some PCR
inhibitors, leading to inefficient PCR amplification and reduced detection sensitivity.

In this study, we developed a centrifugation-free and syringe-based one-step DNA ex-
traction device for in-field detection of bacteria that cause food poisoning, which maximizes
user convenience and reduces the duration of the overall assay. A bolt and nut-structured
case was designed to fit a syringe, allowing the user to control the volume of the solution
dispensed while avoiding the need for bulky centrifugation equipment. As a model target
bacterium, E. coli was selected and its gDNA was extracted using both the proposed and
standard, centrifugation-based procedures. We confirmed that gDNA extracted using
the syringe-based system was of a suitable quantity and quality required for subsequent
qPCR analysis, and was comparable to gDNA extracted via centrifugation-based assays. In
addition, bacteria spiked in various samples were successfully detected with high accuracy.

2. Materials and Methods

2.1. Primer Design

DNA primers (forward primer: 5′-GCCATTGCACCGACAAAACT-3′; reverse primer:
5′-ACCAAGCATTCCGCCGATAA-3′) were designed using the Basic Logical Alignment
Search Tool of the National Center for Biotechnology Information (National Institutes
of Health, Bethesda, MD, USA) and were synthesized by Bionics (Seoul, Korea). The
DNA primers were specific to the ybbW gene of E. coli that encodes a putative allantoin
transporter and is recently found to be present in most strains of E. coli [21,22].

2.2. Bacterial Cultivation and Centrifugation-Based DNA Extraction

All bacterial strains used in this study (E. coli (KCTC 2441), Enterobacter cloacae (KCTC
2519), Klebsiella pneumoniae (ATCC 70063), Pseudomonas aeruginosa (ATCC 27853), and
Staphylococcus aureus (ATCC 29213)) were purchased from the Korean Collection for Type
Cultures (Daejeon, Korea). After the bacteria were grown in Luria-Bertani (LB) medium
(BD, Franklin Lakes, NJ, USA) at 37 ◦C for 24 h, the culture solution was centrifuged at
5000× g for 5 min to obtain the cell pellet. The gDNA was then isolated using the Total
DNA Extraction S&V kit (Bionics) according to the manufacturer’s instructions. Briefly,
a bacterial cell lysate was prepared by adding 200 μL of lysis buffer and 20 μL of Proteinase
K to the bacteria cells, which were incubated at 56 ◦C for 30 min and subsequently mixed
with 500 μL of GDX buffer. Subsequently, binding, washing, and elution were performed to
obtain the purified gDNA. Between each step, centrifugation was performed at 13,000× g
for 2 min. The amount of extracted DNA was evaluated using a Nanodrop instrument
(Spectramax iD5 multi-mode microplate reader; Molecular Devices, San José, CA, USA).

2.3. Fabrication of Syringe-Based DNA Extraction Device

The syringe-based DNA extraction device contained three major components. The
first component is a silica membrane filter that binds to gDNA at a high salt concentration.
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The second component is a syringe (Korea Vaccine, Seoul, Korea) whose inner space is
compartmentalized to sequentially flush the bacterial cell lysate, wash buffer, and elution
buffer. A punctuated rubber packing at the center with an inverted bowl shape was
placed inside the syringe (Figure 1A). The upper compartment was filled with 200 μL of
elution buffer, and the lower compartment was filled with 750 μL of wash buffer. The final
component involved a bolt and nut-structured case constructed using a Creality Ender 5 3D
printer (Shenzhen, China), and was coupled with the syringe for enabling consistent control
of the solution dispensed. The silica membrane filter, wash buffer, and elution buffer were
all obtained from the Total DNA extraction S&V Kit.

Figure 1. Syringe-based one-step DNA extraction device. (A) Schematic illustration of each com-
ponent of the syringe-based DNA extraction device. The elution buffer and wash buffer fill the
syringe, compartmentalized with the inverted bowl-shaped rubber packing. (B) Photographs of each
component of the syringe-based DNA extraction device.

2.4. Operation of Syringe-Based DNA Extraction Device

Bacterial cell lysates were prepared as described in Section 2.2. The prepared bacterial
cell lysates were then drawn using the syringe, which was then assembled together with
the bolt and nut-structured case and silica membrane filter. By turning the bolt and nut-
structured case, the bacterial cell lysate and 750 μL of wash buffer present in the syringe
were sequentially ejected through the silica membrane filter. Finally, 200 μL of elution
buffer present in the syringe was ejected through the silica membrane filter to collect the
purified gDNA, which was then analyzed via qPCR.

2.5. qPCR Assay

qPCR assays were performed using a CFX Connect Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA); the reaction mix (total volume, 10 μL) comprised TOPreal
qPCR 1X PreMIX (SYBR Green with low ROX) (Enzynomics, Korea), forward/reverse
DNA primers (100 nM), and the extracted gDNA at different concentrations. Amplification
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conditions were as follows: 10 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 15 s at
58 ◦C, and 30 s at 72 ◦C.

2.6. Spike-and-Recovery Analysis

Three model samples (size, 10 cm × 10 cm) found in the food industry, including
work clothes (sample 1), work bench (sample 2), and meat (sample 3), were spiked with
cultures of E. coli at different concentrations. Specifically, the solution containing E. coli
was poured onto our model samples, which were then distributed with a pipette and
dried. Subsequently, the spiked E. coli were collected using pipette swabs, which were
immediately submerged in 10 mL of saline containing 0.85% sodium chloride (3M Pipette
Swab Plus; 3M, Saint Paul, MN, USA). Finally, 1 mL of the solution was spread onto LB
agar plates, and the number of cells was determined as colony-forming units (CFU)/mL
by plating 10-fold serial dilutions. Simultaneously, 1 mL of solution was used to extract
gDNA using the syringe-based DNA extraction device, which was analyzed via qPCR as
described in Section 2.5.

3. Results and Discussion

3.1. Design of the Syringe-Based DNA Extraction Device

Figure 1A shows the schematic illustration of the syringe-based one-step DNA extrac-
tion device comprising three major components: (i) a silica membrane filter that is capable
of binding to gDNA at a high salt concentration; (ii) a syringe where the inner space is
filled with wash and elution buffers in each compartment by the inverted bowl-shaped
rubber packing with a small hole at the center; (iii) a bolt and nut-structured case that
enables the users to eject the solution through a silica membrane filter in a controlled and
consistent manner. Figure 1B shows photographs of the syringe-based DNA extraction
device. It is a portable, one-step device for the in-field detection of target bacteria.

The operational procedure for extracting gDNA from bacterial cell lysates is illustrated
in Figure 2A. In the first step (Step 1), the bacterial cell lysate is sucked into a syringe. Next,
a silica membrane filter is assembled to the syringe inlet, and the cell lysate and wash buffer
present in the syringe are sequentially ejected through a silica membrane filter by turning
the bolt and nut-structured case (Steps 2–4). The rubber packing that contains a small
hole at the center was designed to contain an inverted bowl (arcuate) shape to prevent the
solution from leaking in the absence of pressure. The arch-shaped rubber packing moves to
the bottom of the syringe and changes into the original bowl shape only when pressure is
applied, thereby discharging the solution through the silica membrane filter (Figure S1). In
addition, we created an empty space for air in the compartment containing the wash buffer
because it is advisable to dry the silica membrane filter after the washing step. As shown
in Figure 2B, the proposed syringe-based DNA extraction system assembled with the bolt
and nut-structured case allows for simple and consistent control of solution dispensed
during the DNA extraction procedure. Overall, all the steps are performed using a single
tube within 2 min, and the assay does not require bulky centrifuge devices. Therefore,
the syringe-based one-step DNA extraction device is suitable for in-field diagnosis of
target bacteria.
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Figure 2. Operation procedure of the syringe-based one-step DNA extraction device. (A) Schematic
illustration of the DNA extraction procedure using the syringe-based DNA extraction device.
(B) Photographs of the syringe-based DNA extraction device at each step of the extraction procedure.

3.2. Performance of Syringe-Based DNA Extraction Device

We used the proposed system to extract gDNA from a model bacterium, E. coli, and
estimated the gDNA amount (45.23 ng/μL) and the ratio of absorbance at 260 and 280 nm
(A260/280; 1.64) (Table 1). For comparison of efficiency, we extracted gDNA from E. coli at
the same number (2.2 × 108 CFU) using a commercial centrifugation-based DNA extraction
kit (see the details in Section 2). As shown in Table 1, there was no significant difference in
gDNA extracted using the syringe-based and centrifugation-based methods. Although the
accuracy of the syringe-based method was relatively lower than the centrifugation-based
one, there were no issues with the subsequent PCR amplification.

Table 1. DNA extracted from Escherichia coli using syringe-based and centrifugation-based extraction methods.

DNA Extraction Method
E. coli

(Cell Number, CFU)
A260/A280

Concentration
(ng/μL)

Time

Syringe-based method 2.2 × 108 1.64 ± 0.23 45.23 ± 11.7 ~2 min
Centrifuge-based method 2.2 × 108 1.72 ± 0.09 30.83 ± 3.6 ~30 min

Data are expressed as mean ± standard deviation; n = 3 technical replicates. A260/A280, ratio of absorbance at 260 nm to absorbance at
280 nm; CFU, colony-forming unit.

3.3. qPCR Analysis of Extracted gDNA

The extracted E. coli gDNA at different amounts was analyzed via qPCR. As shown in
Figure 3A, a linear relationship was observed for the logarithmic values of E. coli gDNA
concentrations ranging from 20 fg/μL to 2 ng/μL over 6 orders of magnitude (R2 = 0.9906).
Similarly, qPCR was performed using different amounts of the extracted E. coli gDNA,
which were compared using the syringe-based DNA extraction device. Both systems were
found to have a high correlation (R2 = 0.9875) and could detect a very low concentration
of DNA (20 fg/μL = 4 copies/μL) based on qPCR analysis (Figure 3B). Therefore, gDNA
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extracted using the syringe-based device was of excellent quality, and there was a minor
loss of gDNA during the extraction process.

Figure 3. Detection sensitivity of Escherichia coli gDNA. (A) Linear correlation of the logarithmic
value of Escherichia coli gDNA concentration with Cq values. (B) Comparison of Cq values obtained
using the syringe-based (x-axis) and centrifugation-based (y-axis) extraction procedures. Data are
expressed as mean ± standard deviation; n = 3 technical replicates. gDNA, genomic DNA; Cq, cycle
quantification value.

To evaluate the selectivity of the procedure, we performed qPCR using gDNA ex-
tracted from different bacteria (E. cloacae, K. pneumoniae, P. aeruginosa, S. aureus, and E.
coli). Since the DNA primer was specifically designed for the ybbW gene of E. coli, it was
expected that PCR amplification would occur only in the presence of E. coli gDNA. As
shown in Figure 4, PCR amplification products were only obtained for E. coli, and were
clearly distinguished from the PCR products of other bacteria (E. cloacae, K. pneumoniae, P.
aeruginosa, and S. aureus). In addition, the change in the quantification cycle (ΔCq) value of
E. coli, calculated by subtracting the Cq value in the presence of E. coli gDNA from 40 in a
non-template control, was found to be 13.07, which is significantly higher than the ΔCq val-
ues of other bacteria. These results indicate that gDNA extracted using the syringe-based
device is suitable for performing subsequent amplification using specific DNA primers,
demonstrating that the extracted gDNA can be used in downstream applications.

Figure 4. Detection specificity of Escherichia coli gDNA. (A) Real-time polymerase chain reaction
amplification curves of gDNA (2 ng/μL) extracted from different bacteria. (B) Heatmap of delta
Cq values of gDNA (2 ng/μL) extracted from different bacteria. The delta Cq was calculated by
subtracting the Cq value of the control from the Cq value of each sample. Data are expressed as
mean ± standard deviation; n = 3 technical replicates. gDNA, genomic DNA; Cq, cycle quantification;
RFU, relative fluorescence unit; NTC, non-template control.

3.4. Spike-and-Recovery Analysis

Finally, a spike-and-recovery test was performed to determine the utility of the syringe-
based one-step DNA extraction device in practical applications. Three samples (work cloth,
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work bench, and meat) that are susceptible to contamination in food factories were selected
and spiked with E. coli at different concentrations. After performing a lysis of the collected
samples, the gDNA was extracted using our syringe-based device and analyzed via both
qPCR and cell culturing (see the details in Section 2). The number of cells obtained using
the qPCR and culturing methods was similar, with excellent recovery rates of 98–103%
and a relative standard deviation (RSD) of <15% (Table 2). These results confirm that the
proposed syringe-based device can be used to extract DNA and detect bacteria present in
common samples.

Table 2. Results of spike-and-recovery assay using syringe-based DNA extraction device.

Samples
Cell Count in Spiked Sample

(CFU/mL)
Cell Count Detected Via Syringe Method

(CFU/mL)
Recovery (%) RSD (%)

Sample 1
(work cloth) 2.6 × 105 2.68 × 105 103.00 0.37

Sample 2
(work bench) 3.3 × 107 3.34 × 107 101.23 14.93

Sample 3
(meat) 4.5 × 106 4.41 × 106 98.08 5.96

CFU, colony-forming unit; RSD, relative standard deviation.

4. Conclusions

In summary, we developed a simple, syringe-based one-step DNA extraction device
comprising a silica membrane filter, a commercially available syringe, and a specially
designed bolt and nut-structured case. The proposed system was used to extract gDNA
of good quantity and quality, which was successfully used in a downstream application,
qPCR. In addition, E. coli present in spiked samples were successfully detected with ex-
cellent recovery rates and RSD. The performance of our system is comparable to that of
commercial, centrifugation-based procedures; however, the syringe-based method com-
pletes the extraction process within 2 min without the need for bulky centrifuge equipment.
We believe that this portable, one-step device in combination with isothermal nucleic acid
amplification methods has practical potential for use in the on-field detection of various
bacteria, especially in resource-limited settings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors9070167/s1, Figure S1: The operational procedure showing how different
solutions are sequentially dispensed. Green, red, and blue arrows indicate the pressure uniformly
distributed over the rubber packing, the pressure concentrated on the center of the rugger packing,
and the pressure that does not applied on the rubber packing, respectively.
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Abstract: The presence of potentially toxic pollutants, such as pesticides and metal ions, even
at low concentrations, can significantly impact aquatic environmental health. This pollution is a
globally widespread problem and requires fast and reliable analysis, especially for in-situ identifica-
tion/quantification. Atomic absorption spectrometry and plasma-based spectrometry techniques
have been considered the most analytical tools used to monitor potentially toxic metal ions in aquatic
media and other related matrices. The dynamics of global climate change and its correlation with
pollution, especially from anthropogenic sources, have encouraged the development of other faster
analytical tools for monitoring these pollutants. A noteworthy alternative for determining potentially
toxic pollutants is using algae-based biosensors, resulting in a cost reduction and simplification of en-
vironmental analysis, enabling a more reliable comprehension of the role of humans in climate change.
These biosensors, which may not have the highest sensitivity in quantification, have demonstrated
remarkable potential in the identification of potentially toxic pollutants and several field applications.
Biosensors can be an excellent biotechnology solution for monitoring global environmental changes.
Thus, this review highlights the main advances in developing and comparing algae-based biosensors
and other analytical possibilities for the identification of potentially toxic pollutants and their possible
applications in environmental analysis.

Keywords: algae-based biosensors; metal ions determination; environmental analysis; aquatic envi-
ronmental health; herbicide determination

1. Introduction

Potentially toxic pollutants can bioaccumulate in the environment from both natural
and human sources. Human activities, such as mining, smelting, mineral refining, and
industrial production, are mainly responsible for most pollution in the natural environment.
Industrial effluents may result in several risks to aquatic and human health contaminating
water resources through runoff or intentional release of wastewater [1]. Mercury, lead,
cadmium, chromium, and arsenic have no biological function and can cause mental, genetic,
and morphological abnormalities in humans [2]. Furthermore, these toxic elements are
persistent in the environment, and harmful to humans, animals, and plants even at low con-
centrations (Hg: 0.003 mg L−1; Pb: 6 mg L−1; Cd: 10 mg L−1; As and Cr: 0.05 mg L−1) [2].
Many herbicides, such as simazine, exhibit similar environmental persistence and toxicity,
posing a significant risk to aquatic ecosystems by inhibiting photosynthetic activity [3,4].
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Furthermore, the widespread use of these chemicals can lead to groundwater contamina-
tion, further complicating the challenge of maintaining safe water quality standards [5,6].
The bioaccumulation of potentially toxic elements can cause health problems, such as
intoxication, cancer, and mental disorders [4].

Chemical analyses of water and sediments have been conducted to monitor toxic el-
ements in aquatic environments [7,8]. The analytical techniques most frequently used to
identify and quantify the presence of elements in aquatic environments are Flame Atomic
Absorption Spectrometry (F AAS), Graphite Furnace Atomic Absorption Spectrometry (GF
AAS), Flame Atomic Emission Spectrometry (F AES), Inductively Coupled Plasma Optical
Emission Spectrometry (ICP OES), Microwave Induced Plasma Optical Emission Spectrometry
(MIP OES), and Inductively Coupled Plasma Mass Spectrometry (ICP–MS) [8,9]. Although
those analytical techniques have been reported for metal ion determination in water and
sediment samples, with high accuracy and precision, they can be considered expensive,
requiring trained personnel, and laboratory settings [5,10,11]. In this sense, research into in-
novative and economical alternatives for the specific and rapid detection of these pollutants
is crucial.

In this context, biosensors have emerged as a modern analytical strategy for identify-
ing and quantifying pollutants in aquatic environments. Unlike physicochemical analyzers,
which quantify toxic substances, biosensors can measure toxicity. They offer several
advantages, including lower analysis costs and faster response than spectrometric tech-
niques [12,13]. Biosensors work as devices connected to biological recognition elements,
which are associated with a transducer that converts a stimulus into a measurable unit of
energy. Whole algae, cyanobacteria—or algae components—can be utilized as biological
recognition elements in biosensors [12].

Algae is a heterogeneous group inhabiting various planet regions: oceans, rivers, lakes,
soils, and organism surfaces [14,15]. There are two main types of algae: macroalgae, also
known as seaweeds, inhabiting coastal zones and encompass varieties (green, brown, and
red algae); and microalgae, found in both benthic and coastal habitats, distributed through-
out the oceans as phytoplankton [16]. Furthermore, algae are a promising alternative for
carbon sequestration due to photosynthesis [15].

Microalgae possess physiological and biochemical characteristics that make them
promising candidates for application in biosensors aimed at monitoring heavy metals
and pesticides in contaminated environments [17–19]. These unicellular organisms are
able to detect and respond to toxic contaminants through well-established detoxification
mechanisms, which include initial adsorption at the cell wall, followed by intracellular
accumulation and activation of specific antioxidant systems. In response to heavy metals,
species such as Chlorella vulgaris and Scenedesmus obliquus perform passive adsorption
on the cell surface, utilizing functional groups such as carboxyl and hydroxyl to retain
metal ions. Metals may also be chelated by metallothioneins and phytochelatins, which
protect the cell by sequestering these ions in cellular compartments such as vacuoles [19].
Additionally, microalgae activate antioxidant enzymes such as superoxide dismutase (SOD)
and catalase (CAT), which neutralize reactive oxygen species (ROS) generated by oxidative
stress, thereby preserving cellular viability [17].

For pesticides, microalgae like Scenedesmus obliquus promote compound decompo-
sition into less toxic by-products, such as phthalic acid, via the action of enzymes like
glutathione S-transferase (GST). This process is further supported by antioxidants, includ-
ing glutathione (GSH) and the ascorbate cycle, which mitigate the oxidative stress induced
by the pesticide, demonstrating the ability of these microalgae to act as effective biosensors
for environmental monitoring of both organic and inorganic pollutants [18]. Algae can be
used as biosensors for chemical elements, providing an accurate analysis of the potential
risk to human and environmental well-being [20–22]. Thus, algae-based biosensors for the
detection of potentially toxic metal ions are an interesting topic aiming at environmental
and agroecological contamination problems. This review article is focused on using algae
or their components for application in biosensors for the detection of potentially toxic
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elements (Figure 1). This review highlights the latest advances in biosensors derived from
algae and their components for potentially toxic pollutant detection in situ or ex situ.

 
Figure 1. Biosensors based on algae and their applications. (A) Biosensor components. (B) Toxic
elements. (C) Locals for in situ use biosensors based on algae.

2. Possibilities for Metal Ions and Pesticides Determination: Advantages
and Limitation

Classical analytical methods for detecting potentially toxic metal ions, such as gravi-
metric and volumetric assays, were widely used in the mid-20th century. Gravimetric
analysis, which measures the mass of an isolated substance in an insoluble form, and
volumetric analysis, which determines the concentration of the substance based on the
volume of a reagent solution, were fundamental to analytical chemistry [20–25]. However,
these methods have limitations, including low sensitivity, detection limits above 10 mg L−1,
and the need for significant quantities of reagents, making them less suitable for modern
environmental analysis [26,27].

Recent advancements in analytical technologies have addressed the limitations of
classical methods for the identification and quantification of potentially toxic metals, yield-
ing reliable results characterized by precision, accuracy, repeatability, and reproducibility.
Atomic spectrometry techniques, including atomic absorption spectrometry (AAS) and
plasma-based methods, play a crucial role in metal determination [7]. The choice of an-
alytical technique depends on factors such as the number of elements to be determined,
sample form (solid or solution), sensitivity, linear range, interferences, and the cost and
maintenance of the instrumentation [8,28]. AAS employs various atomizers, such as flame
or graphite furnace, which differ in sensitivity and operational efficiency; the graphite
furnace offers higher sensitivity with lower detection limits (in μg L−1) compared to the
flame atomizer (in mg L−1), albeit at a higher operational cost [7].

Plasma-based analytical techniques, such as inductively coupled plasma optical emis-
sion spectrometry (ICP OES) and inductively coupled plasma mass spectrometry (ICP-MS),
have gained prominence due to their high sensitivity and multielemental capabilities, en-
abling the determination of concentrations ranging from μg L−1 to mg L−1 [9,29]. Despite
their advantages, these techniques are often hindered by high acquisition and operational
costs due to substantial argon gas consumption [29]. Given the ongoing exploration of new
analytical methods, biosensors have emerged as a promising alternative, offering significant
benefits in application, cost, versatility, and robustness by detecting signals produced from
the interaction between analytes and biological components, which correlates with metal
concentrations [5,30].
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The detection of pesticides in environmental ecosystems can be achieved through
various analytical techniques, including gas chromatography (GC) and liquid chromatogra-
phy (LC). GC is predominantly employed for volatile and non-polar compounds, utilizing
detectors such as electron capture detectors (ECD), flame photometric detectors (FPD), and
mass spectrometry (MS) for enhanced sensitivity [31,32]. High-performance liquid chro-
matography (HPLC), on the other hand, is particularly suitable for high-polarity pesticides
and can be paired with classical detectors such as ultraviolet (UV) and fluorescence, as well
as MS, which offers exceptional sensitivity without the need for derivatization [33].

In addition, capillary electrophoresis (CE) is an effective analytical technique that
requires minimal reagents and sample volumes, providing high separation efficiency.
Despite its limitations in sensitivity due to the small capillary diameter, CE is often coupled
with sensitive detection methods, including MS (Sánchez-Hernández et al., 2014) [34],
and integrated with pre-concentration techniques. Recent studies have demonstrated
the application of innovative approaches, such as electrokinetic supercharging (EKS) and
biomimetic immunoassays (BI-CE), for efficient pesticide detection, offering more accessible
alternatives to conventional methods [32,35,36].

Recent developments in plasma-based techniques, such as Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), have significantly improved detection capabilities. These methods
allow multielement analysis with detection limits down to μg L−1 or less but also have
high operational costs [37–42]. Challenges of these advanced techniques include their
susceptibility to spectral and non-spectral interferences and the need for extensive sample
preparation [42–45]. In response to these challenges, there is increasing interest in the
development of alternative methods, such as algal biosensors. These biosensors provide a
sustainable and cost-effective solution for in situ metal ion and pesticide detection by lever-
aging biological interactions for sensitive and robust environmental monitoring [3,6,46].

3. Algae-Based Biosensors

3.1. Pollutants Capture Properties of Algae

Algae, as photosynthetic organisms found in various aquatic habitats, are essential
for the health and biodiversity of aquatic ecosystems [47]. They act as primary producers
in food chains, provide nourishment for invertebrates and fish, and contribute to nutrient
recycling and oxygen production [48]. In addition, algae help maintain the stability of
coastal environments by filtering pollutants and preventing coastal erosion [49]. Due
to their rich composition of vitamins, proteins, lipids, pigments, polysaccharides, and
bioactive compounds, algae are utilized in various industries such as food, cosmetics, and
pharmaceuticals [50,51].

Algae have only been used in developing biosensors in the last two decades [14]. In this
sense, the use of algae as biosensors has been reported as a low-cost and eco-friendly option
for environmental monitoring [52–55]. Their cell walls rich in polysaccharides, proteins,
and lipids (Figure 2) give them a high capacity for adsorbing contaminant molecules, such
as metal ions and pesticides, through functional groups that offer negatively charged sites:
carboxyl, hydroxyl, amino, sulfate, and carboxylate; while physiological processes, such as
active transport, contribute to the internalization of these substances [56–58]. The carboxyl
group is recognized as a key factor in adsorption, with carboxylic moieties able to bind
metal ions, such as Cd2+, through two distinct mechanisms: either by replacing the H+ in
the carboxyl group (type-I) or, after prolonged exposure, forming carboxylates (type-II) [59].
This adsorption process follows a biphasic mechanism. In the initial, rapid phase, metal
ions are adsorbed by various components of the microalgal cell wall and its functional
groups [60]. This non-metabolic phase is influenced by several factors, including pH,
temperature, metal concentration, biosorbent dosage, and contact time, with the microalgal
strain, contact time, and pH being the most critical parameters [61], while temperature
primarily affects the kinetics rather than the capacity [62].
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Figure 2. Microalgae cell wall and its components (adapted [63]).

Additionally, the nature of the metal ion also affects the process; cationic metal uptake
is enhanced at higher pH, while anionic ion removal is more efficient at lower pH [64,65].
In the second, metabolic phase, metal ions are absorbed and accumulated within the cells
through active transport and binding to proteins like phytochelatins or metallothioneins,
making this phase slower [17,18,65]. Unlike the first phase, the second phase is dependent
on factors such as temperature and the metabolic state, as active metal transport requires
energy [19]. This affinity for metal ions has led to the development of algae-based biosen-
sors, such as whole-cell biosensors constructed utilizing the microalga Chlorella vulgaris as
the recognition component, with its fluorescence response employed as the measurement
parameter to detect the presence of titanium dioxide (TiO2) and silver (Ag) nanoparticles
in water. This biosensor demonstrated significant sensitivity, with a detection limit of
1 × 10−3 mg L−1 [66–71].

Similarly for pesticides, hydroxyl, carboxyl, and amine groups have been identified as
the predominant active surface groups in the adsorption of 2,4-dichlorophenoxyacetic acid
(2,4-D) by Gracilaria verrucosa [67]. The cell wall of microalgae is composed of a fibrillar
matrix of carbohydrates, intercellular spaces, and sulfated polysaccharides, which facilitate
the adsorption of organic contaminants from water [68,69]. Pesticide adsorption depends
on two aspects: the growth of the microalgae, and the chemical structure of the pesticide
and organism-related factors (microalgae) [70]. Therefore, several studies use microalgae
for bioremediation and the development of sensors for pesticides. Moro et al. (2018) used
the inhibition of microalgae fluorescence to identify pesticides in seawater. In this study,
fluorescence parameters of several species of microalgae were analyzed in the presence of
three common marine pesticides that act as photosynthesis inhibitors. The three pollutants
were detected in a 10-min interval, at concentrations ranging from ng L−1 to μg L−1. The
different species of microalgae demonstrated slightly different sensitivities to pesticides,
with Chlorella mirabilis being the most sensitive [71].

3.2. Features of Algae-Based Biosensor

Algae-based biosensors were initially employed in the 1980s and 1990s, involving
the cultivation of algae that underwent alterations in their cellular growth and photosyn-
thetic activity in the presence of pollutants [12,14]. Biosensors are currently applied in a
wide range of areas such as industrial process control, food control, and environmental
monitoring [5,6]. Biosensors are considered highly promising tools for the detection of po-
tentially toxic pollutants due to their specificity, low cost, portability, real-time monitoring
capability, fast response time, ease of handling, compactness, sensitivity, user-friendliness,
and reliability [72,73]. Furthermore, biosensors have a fast response time, are portable,
and can be used for in situ applications, as is their ability to assess the biotoxicity and
bioavailable of pollutants in living beings. Biosensing technology represents a synergistic
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combination of nanotechnology, biotechnology, and microelectronics. These analytical
devices rely primarily on a biological sensing component capable of recognizing the target
analyte with the signal transduced by an appropriate transduction element [72–75]. The
construction of an effective biosensor involves several steps: selection of the bioreceptor,
characterization and adaptation to be used as a sensor, selection of a transducer, system
assembly, signal amplification, and verification of the real efficiency of the biosensor. A
bioreceptor or biological recognition element is a biological entity that specifically reacts
with the molecule to be analyzed and produces a measurable signal. Meanwhile, the
transducer is the device that converts the signal from the bioreceptor into electrical energy.
Biosensors can utilize different analytes, biological receptors, and transducers. The careful
selection of each biosensor component is crucial, as it directly affects the sensitivity and
specificity of detection; therefore, optimization is necessary to adjust the biosensor to the
specific pollutant and environmental conditions [12,14,74].

Conceptually, all biomolecules and molecular assemblies have the ability to recognize
target analytes and then become a bio-receiver. The first elements to be used in biorecogni-
tion for biosensors were elements of a living system [75]. Biorecognition elements mainly
include whole cells, enzymes, molecularly imprinted polymers, and others, such as ap-
tamers and antibodies, with greater application in the healthcare field [74]. Bacteria [76],
yeasts [77], cyanobacteria [78], and microalgae [66] have been utilized as bioreceptors in
these devices’ fabrication. The principle of using bio-recognition elements in algae-based
biosensors for the detection of potentially toxic pollutants is based on the ability of these
elements to selectively and specifically bind to the target compound [79]. When the algae
binds to the toxic compound, it triggers a signal detected and quantified by the biosensor.
This signal is typically a change in fluorescence, conductivity, or other physical or chemical
property that can be measured to determine the concentration of the pesticides, chemicals,
toxic compounds, and metal ions in the sample [80–83].

Among the various biosensors, those based on algae have shown a good perspective
on potentially toxic pollutant detection. These biosensors are adaptable to adverse condi-
tions, reproducible with low nutrient requirements, and more stable than enzyme-based
biosensors. Microalgae biosensors utilize intact microalgal cells to detect pesticides by
monitoring changes in photosynthesis, measured through variations in oxygen production
or chlorophyll fluorescence. A paper-based biosensor with whole cells of the microalgae
Chlamydomonas reinhardtii immobilized on a paper substrate for herbicide detection through
chlorophyll fluorescence has been developed [48,54]. The results showed a decrease in vari-
able fluorescence inversely proportional to the herbicide concentration (0.5–200 nmol L−1),
indicating a linear relationship in the measured dose–response curves and a limit of detec-
tion of 4 pmol L−1. In addition, the biosensor demonstrated satisfactory storage stability
for up to three weeks. Over the past two decades, microalgae-based biosensors have been
extensively developed for pollutant detection due to their high sensitivity (in the μg L−1

range), sustainability, and ease of handling, since microalgae can be cultivated on a large
scale at a low cost, and remain active in high-pH environments, reducing contamination by
other microorganisms. By using bio-recognition elements specific to the target metal ion,
algae-based biosensors can provide susceptible and selective detection of potentially toxic
pollutants in environmental samples. This allows for rapid and reliable monitoring of water
quality and the early detection of contamination events, enabling timely interventions to
protect human health and the environment [54,75–78].

One of the main steps in biosensor development is the immobilization of the biologi-
cal recognition element. In the case of an algae-based biosensor, the microalgae cells are
immobilized, on a surface or solid matrix (as long their detection ability is maintained) or
used as a cell suspension [14]. In addition, immobilization is crucial to secure the stability,
reproducibility, practicability, and durability of the biosensor [78,79]. Different immobi-
lization procedures have been adopted based on the suitability of the biological element
and transducing system, involving physical methods like entrapment, encapsulation, and
adsorption or chemical methods like covalent bonding and cross-linking [20,22,54,84,85].
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Physical methods are primarily used to immobilize whole cells or cellular organelles. The
thickness and porosity of membranes used for encapsulation and entrapment significantly
affect the performance of biocomponents, often resulting in reduced sensitivity and slower
response times [79,86]. In this sense, a study examining the fluorescence of various mi-
croalgae species (C. vulgaris, P. subcapitata, and C. reinhardtii) immobilized with a calcium
alginate matrix further immobilized in an inorganic silica matrix as a biosensor demon-
strated that the immobilized microalgae exhibited lower sensitivity in comparison with
the algae in suspension (limits of detection 0.001 μmol L−1 and <0.001 μmol L−1). These
findings suggest that the immobilization of whole-cell biosensors does not compromise
their functionality. Furthermore, photosynthetic activity measured by fluorescence de-
creased in a dose-dependent manner consistently across all three species [86], indicating
that immobilization can protect cells (resulting in greater durability of the biosensor) and
allow the study of highly toxic metal ions and in larger quantities without dilutions.

After preparation, the algae-based biosensor is exposed to the medium containing
the analyte. At this stage, the immobilized algae are put directly in contact with the target
substances (Figure 3). The high biological selectivity of the algal receptors enables the
specific interaction of the analyte, such as metal ions, through biochemical interactions.
Certain algae species demonstrate a remarkable affinity for metal ions such as Cd2+, Cr6+,
and Zn2+ [46,52,55]. The interaction between the analyte and the biological components
of the biosensor triggers biochemical changes in the algae, which are essential for subse-
quent signal transduction. These biochemical alterations, resulting from the algae–analyte
interaction, are measured by detectable optical and electrochemical signals through physic-
ochemical transducers. Electrochemical biosensors function by detecting chemical reactions
through variations in the electrical properties of the solution. These systems require a
three-electrode configuration: a working electrode, a counter electrode, and a reference elec-
trode [80,82]. The working electrode serves as the transducer where the reaction takes place;
the counter electrode completes the circuit and applies current to the working electrode;
and the reference electrode maintains a stable potential. Electrochemical biosensors are fur-
ther categorized into conductometric, potentiometric, and amperometric types [73]. Optical
biosensors, on the other hand, comprise an optical transducer and bioreceptor molecules,
converting biological events into electrical signals by inducing changes in the light’s ab-
sorption, transmission, reflection, refraction, phase, amplitude, frequency, or polarization
in response to the physicochemical alterations caused by biorecognition events [83].
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The use of the microalgae Chlamydomonas reinhardtii as a bioindicator for the pres-
ence of pesticides has been investigated [82]. Electrochemical biosensors to monitor the
metabolic activity of the algae through the detection of O2, H2O2, and H3O+/OH− (pH-
related ions) were carried out. The platinum black biosensor showed the highest sensitivity
for O2 and H2O2, whilst Pt/IrO2 showed the greatest sensitivity for pH. In optical biosen-
sors, this transduction typically involves measuring changes in the natural fluorescence of
the algae. The fluorescence intensity varies according to the analyte concentration, allowing
the indirect quantification of the target substance. Alternatively, electrochemical biosen-
sors can monitor changes in current or potential generated by the biological interaction.
The choice of transducer type depends on the specific properties of the analyte and the
characteristics of the developed biosensor [22].

Algae-based biosensors can be utilized for the specific detection of potentially pollut-
ing elements through specific response patterns. The identification of a specific element
by means of a biosensor occurs through the comparative analysis of the response patterns
generated by different strains of microalgae. Each element induces a distinct alteration in
the fluorescence of the microalgae, which, when recorded and compared with a database
of known patterns, allows for the identification of the contaminant. Podola and Melko-
nian (2005) studied various strains of microalgae as biosensors, among which the strains
Tetraselmis cordiformis and Scherffelia dubia demonstrated high sensitivity to herbicides such
as diuron and isoproturon, creating a response pattern that enabled the precise identification
of these compounds in water based on prior standardization with reference substances [87].
Another alternative for specific detection of potentially polluting elements is the use of
genetically modified microalgae that are resistant to certain compounds [88,89]. Haigh-
Flórez et al. (2014) developed a dual-head biosensor employing strains of Dictyosphaerium
chlorelloides, which are sensitive and resistant to simazine, immobilized in porous silicone
films. The sensitive strain shows a significant decrease in O2 production in the presence
of the herbicide, while the resistant strain remains unaffected, enabling selective detec-
tion of the compound. The photosynthetic activity of the strains was monitored using
an integrated luminescent O2 sensor. The device provides in situ herbicide concentration
measurements every 180 min, with a detection limit of 12 μg L−1 and a working range of
50–800 μg L−1 [90].

Biosensors for specific detection and biosensors for general toxicity detection differ
in terms of prior preparation and analysis methods. Biosensors using specific response
patterns are designed to identify and quantify individual compounds, such as herbicides,
through the analysis of differentiated responses from various strains of microalgae, previ-
ously evaluated against these contaminants and thus defining a standard response. This
type of biosensor utilizes more than one microalgal strain and compares the variations
in chlorophyll fluorescence of these microalgae exposed to standards and environmental
samples [87]. In contrast, biosensors aimed at detecting general toxicity may use only
one strain and assess the overall impact of all contaminants present in a sample, without
comparison to previously established response patterns. These biosensors measure total
toxicity, reflecting the aggregated response of the microalgae to the environmental sample,
without determining which element is responsible for the generated toxicity [14].

3.3. Optical Biosensor Using Algal Fluorescence

A bioluminescent biosensor using microalgae Chlorella vulgaris as a biological compo-
nent for detecting several metal ions in water has been developed [20]. The tests revealed
a fast detection time of 15 min, and a broad pH tolerance of 6–8, and contributed to cell
growth monitoring through the analysis of cell density. Optical biosensors were also de-
veloped, exploring the inhibition of electron transfer in terms of variations in chlorophyll
fluorescence emission in the presence of pollutants [91]. In this context, algal biomass can
be immobilized on surfaces to measure its fluorescence when in contact with metal ions.

A biosensor comprising of microalgae Mesotaenium sp. and cyanobacteria Synechococ-
cus sp., immobilized in a 96-well microplate using silica, exhibited satisfactory performance
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in detecting Cd2+, Cr6+, and Zn2+ in solution, increasing the fluorescence values in 10 min
of exposure. Also, the biosensors developed presented excellent storage stability of 4 weeks
for microalgae and 8 weeks for cyanobacteria [46]. A whole-cell biosensor with the mi-
croalga Scenedesmus subspicatus was used to detect Cd2+, Cu2+, and Zn2+ in water has been
reported [55]. The results revealed a satisfactory response, with limits of detection of 0.90,
0.91, and 0.88 mg L−1 for Cd, Cu, and Zn, respectively. Metal can influence fluorescence,
making it a valuable indicator for biomonitoring environmental pollution, particularly in
aquatic systems [92]. Consequently, algal biomass emerges as an economical and efficient
material for the selective removal and recovery of metal ions from industrial wastewa-
ter or other sources [93,94]. The algae fluorescence can also be analyzed together with
other parameters, such as cell growth and photosynthetic activity in oxygen production
(Figure 4). These parameters are affected by the presence of contaminants in the cultivation
medium [12].

Figure 4. Example of parameters analyzed by an algae-based biosensor.

In addition to the fluorescence generated by photosynthesis, the fluorescence of other
components that bind to metal ions can be quantified. A recent study developed an optical
biosensor based on the intracellular fluorescence of microalgae genetically modified to
facilitate the entry of metal ions into their cells [95]. The absorption and intracellular
storage of metal ions in microalgae, focusing on the species Chlamydomonas reinhardtii,
were investigated. The production of the biosensor through the insertion of a plasmid
with fluorescent proteins fused to a metallothionein and in vitro metal ion binding studies
was evaluated. The results highlighted the biosensor’s ability to quantify free toxic metal
ions in microalgae. Among the metal ions evaluated, the biosensor presented a higher
sensitivity for Hg2+ followed by Cd2+, Pb2+, Zn2+, and Cu2+. This study demonstrates the
potential of microalgae to be used in diverse and efficient ways as biosensors [95]. Along
with fluorescence, dissolved oxygen is also an important parameter for evaluating the
presence of pollutants, as it is directly related to the photosynthetic activity of the algae.

Another advantage of biosensors lies in their versatility, as they can be effectively
utilized not only for environmental analysis but also for the detection of pesticide residues
in food products. Liu et al. (2023) reported the successful creation of a microalgae-based,
confinement-enhanced optical biosensor that achieved accurate detection of the pesticide
atrazine at remarkably low concentrations. In this study, Chlamydomonas reinhardtii cells
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were confined in situ in microgel traps, eliminating common issues related to optical
signal instability caused by cell movement and light scattering at high concentrations.
This methodology facilitated spatial phase stabilization and reduced multiple scattering,
enabling linear detection of atrazine over a range of 0.04–100 μg L−1. Double-blind tests
on commercial samples of corn and sugarcane juice demonstrated the system’s high ac-
curacy, with an average bias of 1.661 μg L−1 for corn and 3.144 μg L−1 for sugarcane
samples, underscoring the biosensor’s robustness for pesticide analysis in contaminated
food products [96].

3.4. Electrochemical Biosensor by Algae Oxygen Production

Amperometric measurement and evaluation of photosynthetic activity based on oxy-
gen production have proven to be a promising technique for developing algae-based
environmental biosensors [97]. These biosensors measure the reduction of a redox mediator
or monitor oxygen production through an electrode. Oxygen electrode-based biosensors
have demonstrated good sensitivity, long operational life, and suitability for aquatic envi-
ronmental monitoring [98]. Photosynthetic response as a function of light intensity, along
with the amperometric activity, while the microalgae and cyanobacteria were in contact with
the pollutant, has been investigated [73,78]. In this system, a sensor using Pseudokirchneriella
subcapitata, Desmodesmus quadricauda, Microcystis aeruginosa, and Synechococcus elongatus
in an electrochemical sensor for toxicological detection was developed, detecting the con-
taminant through changes in the electrical properties of the solution [80,82]. The material
presented satisfactory results with a quick response time, affordability, ease of use, and the
potential for development into a fully automated system [78].

Conductometric biosensors operate based on the production or consumption of ionic
species during metabolic processes, causing changes in the electrical conductivity of the
electrolytic solution, which can be measured to determine the sensor’s response [52,80].
Potentiometric biosensors convert biological interactions between the sensor and the con-
taminant into measurable electrical signals [99]. On the other hand, amperometric biosen-
sors measure changes in current resulting from the reduction or oxidation of electroactive
species on the electrode surface, with the potential between the working and reference
electrodes kept constant during current measurement [100].

A biosensor based on Pseudokirchneriella subcapitata to determine the presence of di-
uron, simetryn, simazine, and atrazine in water, was investigated, focused on oxygen
production, along with fluorescence intensity [101]. In 10 min, the biosensor showed a limit
of detection of 1.0 μg L−1 for diuron, and 10 μg L−1 for simetryn, simazine, and atrazine
using a sample volume of only 200 μL, demonstrating that the material is fast, low-cost, and
eco-friendly. The monitoring of atrazine in water was also investigated using a portable
microalgae Scenedesmus acutus and Monoraphidium contortum sensor [86]. The microalgae
were immobilized in polyelectrolyte-surfactant-carbon nanotube self-assembled material
cast on a screen-printed graphite electrode, which was able to monitor the oxygen reduction
through photosynthesis inhibition with a detection limit of 0.11 μmol L−1, indicating a
promising response for river samples. Also, the biosensor presented satisfactory stability,
maintaining its integrity over 5 months of immersion in a freshwater algae medium at
room temperature. The use of microbial fuel cells (MFC) to develop a photosynthetic
MFC sensor for detecting the presence of formaldehyde in water has been studied [21]. To
inoculate the MFCs, two species of microalgae from a pilot high-rate algal pond (HRAP)
were used: Scenedesmus obliquus and Chlorella luteoviridis. The photo MFC sensor was
able to demonstrate the interference of the contaminant in the photosynthetic activity of
the algae, detecting the presence of formaldehyde in concentrations ranging from 0.001
to 0.02%. In addition, the electrogenic activity of the microalgae in the sensor demon-
strated a cost-effective and rapid analytical method for detection compared to traditional
biological analysis.

An electrochemical biosensor based on the green microalga Scenedesmus sp. MN738556
aimed to evaluate the biotoxicity of Cd2+ has been developed [52]. The biosensor was con-
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structed by immobilizing Scenedesmus sp. microalgae on a glassy carbon electrode surface
using bovine serum albumin. Its responses were based on the chronoamperometric currents
generated by the activity of alkaline phosphatase. The sensitivity was verified with a half
inhibition concentration of 0.26 μg L−1 for Cd2+ at pH 8.5 and 107 cells mL−1. Meanwhile,
an electrochemical biosensor using algae (Desmodesmus quadricauda and Pseudokirchneriella
subcapitata) and cyanobacteria (Microcystis aeruginosa and Synechococcus elongatus) has been
studied [78]. The strategy involved immobilizing the microalgae and cyanobacteria along
with a mediator in a Sephadex gel structure, allowing the detection of microbial reduction of
the mediator. The results showed a good correlation with the reference analytical methods,
such as the Algal Growth Inhibition Test and the Microtox Test, highlighting the ease of
handling and reduced measurement time as advantages of this new biosensor.

An alternative approach to the development of algae-based biosensors involves utiliz-
ing algal biomass as a sustainable substrate for the chemical coating of silver nanoparticles,
which can be employed for the electrochemical detection of pesticides. According to
Ameen et al. (2023), this study used self-grown biomass of Spirulina platensis, modified
with chemical silver, as a powder amplifier in the construction of a carbon paste electrode,
with 1-hexyl-3-methylimidazolium hexafluorophosphate as a conductive ligand. The de-
termination of atropine was conducted using voltammetric methods, demonstrating that
the electrochemical behavior of atropine is pH dependent, with pH 10.0 identified as the
optimal condition for analysis. The fabricated sensor exhibited a linear response within
the concentration range of 0.01–800 μM, achieving an impressive detection limit of 5 nM
for atropine. The results also confirmed the stability, reproducibility, and selectivity of the
sensor, as evidenced by recovery percentages of 94.48–101.58% for atropine sulfate vials
and 98.01–101.3% for water samples [101].

Table 1 presents the main articles focused on using algae or their components for
application in biosensors for the detection of potentially toxic metal ions, covering the
period from 2014 to the present. As can be seen in Table 1, the genus of algae commonly
used for biosensing is Scenedesmus, specifically from the species Scenedesmus obliquus,
Scenedesmus acutus, Scenedesmus sp., and Scenedesmus subspicatus. However, research should
continue comparing the performance of the strains of algae as cell biosensors. The limits of
detection using algae-based biosensors range from 0.2 mmol L−1 to 0.9 mg L−1 for different
contaminants, such as diuron, Cd, Cu, and Zn. Thus, in general, algae-based biosensors
offer several advantages for application in biosensors for the detection of potentially toxic
metal ions, such as sensitivity and selectivity, fast response, low production cost (less than
2 USD per-sample) [53], satisfactory stability, and efficiency, indicating these devices as an
effective analytical tool for environmental monitoring.

Table 1. Demonstration of different strategies of biosensor use based on reported works over the last
decade (2014–2024).

Algae Objective Algae Preparation Detection Method Main Results Reference

Chlamydomonas
reinhardtii

To use biosensor as
an indicator of the

presence of
pesticides.

Dense algal
solutions

Detection of O2,
H2O2, and

H3O+/OH ions,
species taking part

in metabolic
activities of algae.

Diuron herbicide detection
was achieved with a

sufficiently low limit of
detection—0.2 mmol L−1;

[82]
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Table 1. Cont.

Algae Objective Algae Preparation Detection Method Main Results Reference

Porphyridium
cruentum

To develop
biosensor based on

carbon paste
electrode modified
with Porphyridium
cruentum biomass

for the
determination of

As3+ in
contaminated

water.

The microalgal
biomass was

well-dispersed in
appropriate
quantities of

graphite powder
and mineral oil

using pestle and
mortar to obtain a

homogenized
paste. Biomass

quantity of
Porphyridium

cruentum varied
from 0.5% to 7.5%

optimizing
maximum As
biosorption.

Differential pulse
anodic stripping

voltammetric
technique

Suitable result was obtained
at pH 6.0 with 0.1 mol L−1

HNO3 solution as a stripping
medium, allo wing

biosorption–accumulation
time of 8 min using 5%
Porphyridium cruentum

biomass in graphite–mineral
oil paste. Linear range for
As3+ detection with the

modified electrode–biosensor
was observed between

2.5 mg L−1 and 20 mg L−1;
Efficiency of the biosensor in

the presence of different
interference metal ions (Na+,

K+, Ca2+, and Mg2+) ions was
also evaluated;

The application of
Porphyridium cruentum

modified biosensor was
successfully used for the

detection of As3+ in the binary
metal (Fe3+, Mn2+, Cd2+,

Cu2+, Ni2+, Hg2+, and Pb2+)
contaminated system;

The accuracy of application of
biosorption-based biosensors
for the detection of As3+ is as

low as 2.5 mg L−1.

[13]

Chlorella vulgaris,
Pseudokirchner-
iella subcapitata,

and
Chlamydomonas

reinhardtii

Evaluation of
fluorescence of
immobilized

microalgae on the
detection of

chemicals in urban
rainwaters.

Immobilized
microalgae by

encapsulation in a
hybrid

alginate/silica
translucid
hydrogel.

Fluorescence
emission detected
by a fluorometer,
of chlorophyll.

Immobilized algae exhibited
lower sensitivity than free

algae in suspension (limit of
detection 0.001 μmol L−1 and
<0.001 μmol L−1) at atrazine

(pesticide), but higher
fluorescence.

[84]

Paulschulzia
pseudovolvox and

species of
cyanobacteria in

the order
Chroococcales

Investigation of the
photosynthetic

metabolism to be
used to integrate

and sense
environmental
signals and the
effect of toxic
compounds

detected by the
disruption of the

reliable
light-dependent

electrogenic effect.

The algae were
grown in a

chamber for four
weeks prior to

experiments. The
chamber was then
converted into a
Photosynthetic

Microbial fuel cell
by the addition of

an assembly
containing the

cathode.

The
light-dependent

electrogenic
activity was

monitored using a
potentiostat.

Initial results suggest
Paulschulzia pseudovolvox to be
more resistant to effects of the

toxicants tested in
Chroococcales, demonstrating

the importance of using
multiple species as they will
present a different level of

sensitivity to different
analytes (copper, thallium,

zinc, and glyphosate).

[102]
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Table 1. Cont.

Algae Objective Algae Preparation Detection Method Main Results Reference

Chlorella vulgaris

To use biosensor to
detect the presence
of metal ions (Cu,

Pb, Cd, Na, Al, and
Li) in water.

Immobilization of
microalgae in

agarose solution

Bioluminescence of
microalgae was

used as an
indication
parameter

(λ = 350–650 nm).

pH tolerance (pH 6–pH 8),
and able to produce signals at

different cell densities
(1 × 106 cells mL−1 to

9 × 106 cells mL−1) and
culture ages (day 1 to day 5);
The biosensor showed high
sensitivity to metal ions (Cu,

Pb, Cd, Na, Al, and Li);
The presence of these metal
ions with concentrations of

0.001 mg L−1 to
10.000 mg L−1 could be
detected rapidly within

15 min of exposure.

[20]

Chlamydomonas
reinhardtii

Develop an algae
biosensor for the

optical detection of
nano-

encapsulated-
atrazine in
agriculture.

Algae were
immobilized on a
paper substrate
soaked with an

agar thin film and
placed in a glass

optical
measurement cell.

Detected by
following the

variable
fluorescence

Nanoencapsulated atrazine
was detected by fluorescence,

with an inverse and
proportional decrease to the

herbicide concentrations
ranging from 0.5 nmol L−1 to
200 nmol L−1 with a limit of

detection of 16 h;
There was slight interference
in the presence of 2 mg L−1

for Cu and 10 μg L−1 for As at
safe limits, a slight matrix

effect, and a recovery value of
96 ± 5% for 75 nmol L−1

nanoencapsulated atrazine in
tap water;

The suitability of the
proposed paper-based optical
biosensor as valid support in

agriculture.

[54]

A mixed culture
of microalgae

that
predominantly

contains the
strains

(Scenedesmus
obliquus and

Chlorella
luteoviridisI)

Develop an
innovative

single-chamber air
system microbial

fuel cell (MFC)
photosynthetic

cathode and
analyze

electrochemical
performance of the

device using
formaldehyde as a

response
meter—toxic

model. Use this
technology to
monitor water

quality.

To initiate biofilm
growth, green

microalgae was
injected into photo
MFC and allowed

seating and
attachment to the
anode under static

conditions. Two
hours an open

circuit potential
was allowed to

develop, and then
the photo MFC

was connected to a
1000 U resistor to

trigger the
development of an

electroactive
biofilm.

Electrochemical
analysis using
two-electrode

mode, with the
anode as the

working electrode
and the cathode as

the counter
electrode.

The photo MFC demonstrated
promising proof-of-concept

capability for detecting
formaldehyde between

0.001% and 0.02%. Through
the measurement of the
electrogenic activity of

micro-algae in the photo MFC,
detection of these

contaminants could be rapid
and cost-effective compared

to biological assays (given the
relationship below low cost

and simple treatment of
materials used in

manufacturing) and onsite
(due to the device’s small size

and portability).

[21]
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Table 1. Cont.

Algae Objective Algae Preparation Detection Method Main Results Reference

Cystoseira algae

Prepare new types
of electrode
materials for

electrochemical
sensing of

vardenafil as an
active substance.

Cystoseira algae
dried were

dispersed in
400 mL of distilled

water and
transferred to

autoclave. Carbon
electrode material
was prepared by
two-step cycled
hydrothermal

carbonization of
Cystoseira algae at
temperatures of

180 ◦C and 250 ◦C
for 8 h in the

autoclave.

Cyclic
voltammetry,

differential pulse
voltammograms,
and square wave

voltammetry
techniques.

Material exhibited high
sensitivity with the limits of
detection of 96.3 pmol L−1 at

pH 1.0 H2SO4 solution;
The proposed sensor was

successfully applied in tablet
formulation, human serum,
and human urine samples.

[103]

Scenedesmus
acutus and

Monoraphidium
contortum strains

The construction of
a portable system

based on reversible
photosynthesis
inhibition was

used as an
indication
parameter

(λ = 350–650 nm).
Produced by
herbicides on

microalgae, using
atrazine as a model

compound.

The
immobilization of

microalgae in a
polyelectrolyte-

surfactant-carbon
nanotube

self-assembled
material cast on a

screen-printed
graphite electrode.

Electrochemical
experiments were
carried out with a

purpose-built
potentiostat.

Oxygen
production was

followed by
chronoamperome-

try. Cyclic
voltammetry was
carried out using

the same
three-electrode

system.

Monoraphidium contortum can
perform as an efficient

recognition element for the
construction of biosensors

sensitive to atrazine;
The system presents a limit of

detection of 0.11μmol L−1,
showing an excellent

performance in river samples.
The sensor maintains its

integrity after five months
immersed in a freshwater algae
medium at room temperature.

[85]

Chlorella sp.

Developed a living
sensor for metal

ion detection with
nanocavity-
enhanced

photoelectrochem-
istry

Mix of Chlorella sp.
with copper

nanoparticles
solution.

Photoelectrochemical
measurements in
chronoamperome-

try
mode.

Microalgae sensor was
exploited to detect potentially

toxic metal ions, Cd, Cr, Fe,
and Mn with a breakthrough

limit of detection of
50 nmol L−1.

[86]
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Table 1. Cont.

Algae Objective Algae Preparation Detection Method Main Results Reference

Mesotaenium sp.
and a strain of

Synechococcus sp.

Developed an
optical microalgal-

cyanobacterial
array biosensor

using microalgae,
to detect Cd2+,

Cr6+, and Zn2+ in
aquatic systems.

Sol-gel
immobilization

mixture prepared
by sodium silicate
and colloidal silica

Optimum
operational

conditions for the
biosensor array

such as exposure
time, storage

stability, pH, and
multiple metal

ions effects.

10 min exposure time yielded
optimum fluorescence values;
Metal ions toxicity increased

with decreasing pH, resulting
in low relative fluorescence

(%), and decreased with
increasing pH, resulting in
higher relative fluorescence

(%);
The optimum storage time for
biosensor strains was 4 weeks

for microalgal cultures and
8 weeks for cyanobacterial

culture, at 4 ◦C storage
temperature;

The metal ion mixtures
showed less effect on the

inhibition of relative
fluorescence (%) of

microalgal/cyanobacterial
cultures, displaying an

antagonistic behavior among
the metal ions tested.

[46]

Microcystis
aeruginosa,

Synechococcus
elongatus, and

strains
Desmodesmus

quadricauda, and
Pseudokirchner-

iella
subcapitata

Develop an
alternative to using

this
electrochemical

biosensor
equipped with

algae and
cyanobacteria for

toxicological
investigations

based on selected
test chemicals.

Algae/cyanobacteria
solution was

centrifuged, and
the pellets were

diluted with 30 mL
culture medium.

Potentiostatic
measurement

The evaluation of the sensor
signal is based on the

current–time curves of a
potentiostatic measurement
produced by the detection of
microbially reduced mediator
molecules immobilized in a

gel structure;
The mediator molecules are

reduced during the
measurement process and
produce a current signal,
which rapidly provides

information about the vigor
and vitality of living bacteria,

yeasts, fungi, or cells.

[78]
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Table 1. Cont.

Algae Objective Algae Preparation Detection Method Main Results Reference

Scenedesmus
acutus and Pseu-

dokirchneriella
subcapitata

The developed
sensor was based

on green
microalgae

immobilized in an
alginate matrix.

Immobilization in
encapsulation

(alginate beads)

Na Visual
observation, and
absorbance and

fluorescence
measurements.

After incubation with
different pollutants for five
days, naked-eye analysis by

several observers proved to be
a successful method for

surveying algae’s growth and
establishing the limits of

detection;
Suitable limits of detection

were 10 mg L−1 for
technical-grade acid

glyphosate, 15 mg L−1 for
glyphosate-based formulation,

50 μg L−1 for atrazine
formulation, 7.5 mg L−1 for
Cu, and 250 μg L−1 for Cr;
The use of the biosensor on

the local samples also proved
to be successful: strong

intensity of green color in
those samples from clean

water sources.

[53]

Scenedesmus
subspicatus

Develop a novel
whole-cell

biosensor using
chlorophyll a

fluorescence from
a single species of

microalga,
Scenedesmus
subspicatus,

immobilized in an
inorganic silica

matrix, for
detecting

bio-availability of
multi-metal ions in

freshwater.

Immobilization in
inorganic silica
hydrogels using

the sol-gel
technique

Effective pH range,
cell density,

exposure time, and
storage stability.

The optimum response for the
biosensor was dependent on

the pH of the matrix, cell
concentration, and exposure

time derived;
The biosensor was operational

for four weeks;
The limit of detection for the

algal biosensor was
determined as 0.9, 0.91, and
0.88 mg L−1 for Cd, Cu, and

Zn, respectively.

[55]

Scenedesmus sp.

Develop an
electrochemical
biosensor with
microalgae to
evaluate the

biotoxicity of Cd2+

ions in freshwater.

This
electrochemical
biosensor was
constructed by

immobilization of
microalgae–bovine

serum albumin
and crosslinked

with
glutaraldehyde in

film on a glassy
carbon electrode

surface.

The chronoampero-
metric currents
generated by

alkaline
phosphatase
activity. The

feasibility was
evaluated, and the
application of the

biosensor was
optimized for

parameters such as
pH and cell

density.

Scenedesmus sp. biosensor is
highly sensitive with a good
selectivity at a 1:1 ratio for

measuring the concentration
of Cd2+ cations except in the

presence of Hg2+;
This biosensor could respond

with only one drop of an
analyte (50 μL of 1000 μg L−1

Cd2+), resulting in suitability
for simple and on-site water

toxicity testing.

[52]
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Table 1. Cont.

Algae Objective Algae Preparation Detection Method Main Results Reference

Chlamydomonas
reinhardtii

Use a biosensor
with transgenic
microalgae for

metal ion detection
and quantification.

Suspension of cells
in the exponential

growth phase

Detection by
fluorescence

measurements
using a spectrofluo-

rometer.

Detection of various metal
ions at low limits of

detection—0.93 nmol L−1;
Algae have substantial

buffering capacity for free
potential metal ions in their

cytosol, even at high external
metal ions concentrations.

[95]

4. Challenges and Perspectives in the Development and Implementation of Biosensors

The application of algae-based biosensors for detecting potentially toxic pollutants
is quite promising, and a key challenge is the attainment of high sensitivity, specificity,
stability, and selectivity of the electrode response. The production costs of biosensors in
large quantities must also be considered. It should be noted that the commercialization
of biosensor technology has lagged significantly behind research results, as reflected by
publications with various methods and materials that can be used. The logic behind the
slow and limited transfer of technology can be attributed to cost considerations and some
obstacles related to the regulation and compliance with health legislation.

Meanwhile, analytical techniques such as spectrometric techniques guarantee excellent
results in the detection of potentially toxic metal ions, with some of them allowing the
quantification of toxic metal ions at trace concentrations. However, there is a growing
interest in developing alternative analytical methods, offering a sustainable, efficient, and
cost-effective solution for potential toxic element detection, as is the case with metal ions.
Biosensors emerge as an excellent alternative considering their costs, versatility, and robust-
ness for the quantification of metal ions in environmental samples. In particular, optical
and electrochemical biosensors exhibit significant analytical performance characterized by
sensitivity, stability, and detection limits, making them promising tools for environmental
monitoring. Optical biosensors have demonstrated high sensitivity, with detection lim-
its ranging from 0.001 to 0.11 μmol L−1 for various contaminants, while electrochemical
biosensors display detection limits as low as 0.11 μmol L−1 for atrazine, with long-term
stability of up to five months [21,84,85].

Algae-based biosensors exhibit notable versatility, allowing for application in diverse
environmental contexts, while their potential for low-cost production enhances their acces-
sibility. However, limitations in reproducibility and specificity restrict their effectiveness in
detecting multiple pollutants, and the complexity of optimizing immobilization techniques
and simplified transducers presents additional challenges for performance improvement.
Advances in nanotechnology offer promising avenues to improve biosensor functionality
and facilitate the creation of innovative sensing platforms.

In terms of future perspectives, the success of using whole algae in biosensor pro-
duction is noteworthy, but other new materials to optimize the performance of metal ion
sensors for specific applications are still necessary. Notably, advances in nanotechnology
show great promise in enhancing biosensor performance and enabling the development of
novel materials and detection platforms. To address this issue, there is a growing trend
toward developing user-friendly biosensors that can be easily assembled and utilized by
individuals without a scientific background [53]. This shift towards more accessible tech-
nology signals a promising direction for the future of biosensor development. In addition,
bioinformatics tools and data analysis algorithms can improve the accuracy and reliability
of biosensor measurements, and artificial intelligence facilitates the analysis of complex
data sets generated by biosensors, leading to faster and more accurate results.
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5. Conclusions

In summary, algae represent a promising component of life and biomass on our planet.
In addition to being promising in chemical and pharmaceutical biotechnology, algae offer a
unique range of bio-compounds that enable this biomass to work within a fully sustainable
plan, producing oxygen alongside biosensor performance. This alternative could overcome
some disadvantages of powerful and well-consolidated analytical techniques, such as
spectrometric and electrochemical techniques, as well as the recent integration of artificial
intelligence to support quantitative or qualitative analytical profiles. Improving environ-
mental quality has become a primary objective of research worldwide, inherently tied to
controlling and monitoring environmental parameters. These issues demand continuous,
rapid, and sensitive monitoring systems capable of detecting toxic pollutants in water and
sediment samples, given the extremely negative effects on the environment and living
organisms. In this regard, with the advances and issues of sustainable biosensors, algae
biomass holds significant potential for new technologies and innovative applications.
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