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Introduction

Advances in nano/micro technologies in recent years have significantly improved
biosensors in terms of their viability for biomedical purposes, from diagnostic to therapeutic
applications, allowing for effective early detection and personalized treatment modalities.
Specifically, the introduction of a variety of nano/micro technologies has offered new
opportunities to improve the sensitivity, selectivity, response time, and biocompatibility of
biosensors through outstanding physical, chemical, electrical, and electrochemical prop-
erties. This Special Issue aims to highlight the most recent and promising nano/micro
technologies utilized in the development of biosensors for biomedical applications. We
thus collated 10 original research papers and review articles aligned with these themes, to
lead the charge towards new approaches to and solutions for a next-generation biosensor
for biomedical applications.

Anara Molkenova et al. (Contribution 1) presents the research trend of plasmon mod-
ulated upconversion biosensors. Luminescent behavior UCNPs have been widely utilized
for background-free biorecognition and biosensing. Currently, a paramount challenge
exists in how to maximize NIR light harvesting and upconversion efficiencies for achiev-
ing a faster response and better sensitivity without damaging the biological tissue upon
laser-assisted photoactivation. In this article, they offer the reader an overview of the recent
updates, exciting achievements, and challenges in the development of plasmon-modulated
upconversion nanoformulations for biosensing applications.

Hanbin Park et al. (Contribution 2) reports on the recent advancements in nanomaterial-
based microcystin (MC) biosensors. The study addresses the environmental issue of
eutrophication in lakes and rivers, where harmful toxins are produced by cyanobacte-
rial algae. The consumption of these contaminants from the water, particularly micro-
cystins, poses serious health risks, increasing the risk, for example, of liver failure and
hepatocirrhosis. Recognizing the importance of precise MC detection in water samples,
this review highlights the promising developments in nanomaterial-based MC
biosensors, emphasizing their potential to overcome the limitations of traditional
detection methods.

Hye Kyu Choi et al. (Contribution 3) presents an enzymatic electrochemical/fluorescent
nanobiosensor for the detection of small chemicals. As techniques used to implement the
sensing function of such enzymatic biosensors, electrochemical and fluorescence techniques
have mostly been used for the detection of small molecules because of their advantages. In
addition, through the incorporation of nanotechnologies, the detection property of each
technique-based enzymatic nanobiosensor can be improved to measure harmful or impor-
tant small molecules accurately. This review provides interdisciplinary information related
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to developing enzymatic nanobiosensors for small molecule detection, such as widely used
enzymes, target small molecules, and electrochemical/fluorescence techniques.

Jin-Ha Choi (Contribution 4) presents the utilization of functional nanomaterials in the
development of proteolytic biosensors. A proteolytic enzyme can be selectively quantified
by changing the detectable signals causing the degradation of the peptide chain. In addition,
by combining polypeptides with various functional nanomaterials, proteolytic enzymes
can be measured more sensitively and rapidly. In this paper, proteolytic enzymes that can
be measured using a polypeptide degradation method are reviewed, and recently studied
functional nanomaterials-based proteolytic biosensors are discussed.

Rowoon Park et al. (Contribution 5) emphasizes the potential use of molecularly
imprinted polymer (MIP) in the development of molecularly imprinted polymer (MIP)-
based in vitro diagnostic medical devices for point-of-care testing (POCT). The article
highlights the potential impact of an artificial bioreceptor, molecularly imprinted poly-
mer (MIP), in the development of POCT devices. Taking advantage of their physico-
chemical stability, MIP could improve their analytical performance in physiological con-
ditions along with their stability. As such, the article discusses new point-of-care test-
ing (POCT) devices designed to detect biomarkers in clinical biofluids like sweat, tears,
saliva, or urine.

Yoo-Kyum Shin et al. (Contribution 6) focus on the micro/nano-structured biodegrad-
able pressure sensors designed for biomedical applications. The growing interest in these
sensors arises from their temporal nature in wearable and implantable devices while
eliminating biocompatibility concerns. Recent advancements in micro/nano-technologies,
including device structures and materials, have significantly enhanced the performance
and functionality of biodegradable pressure sensors. The review emphasizes the improved
device-level capabilities achieved through adjustments in geometrical design parameters at
the micro and nanometer scale. The discussion covers material choices and sensing mech-
anisms, historical developments in biodegradable pressure sensors, fabrication methods,
device performance, and biocompatibility.

Kwang-Ho Lee et al. (Contribution 7) reports the recent advances in multicellular
tumor spheroid generation and its applications in drug screening. Multicellular tumor
spheroids (MCTs) have been employed in biomedical fields owing to their advantage in
designing a three-dimensional (3D) solid tumor model. In drug cytotoxicity assessments,
MCTs provide better mimicry of conventional solid tumors that can precisely represent
anticancer drug candidates’ effects. To generate and incubate multicellular spheroids,
researchers have developed several 3D multicellular spheroid culture technologies to
establish a research background and a platform using tumor modeling advanced materials
science and biosensing techniques for drug screening. In application, drug screening is
performed in both an invasive and non-invasive manner, according to their impact on
the spheroids.

Chuntae Kim et al. (Contribution 8) reports the recent trends in exhaled breath diag-
nosis using an artificial olfactory system. Artificial olfactory systems are needed in various
fields that require real-time monitoring, such as healthcare. This review introduces cases
of detection of specific volatile organic compounds (VOCs) in a patient’s exhaled breath
and discusses trends in disease diagnosis technology development using artificial olfactory
technology that analyzes exhaled human breath. By regularly monitoring health status, dis-
eases can be prevented or treated at an early stage, thus increasing the human survival rate
and reducing overall treatment costs. This review introduces several promising technical
fields to develop technologies that can monitor health conditions and diagnose diseases
early by analyzing exhaled human breath in real time.

Svetlana Mescheryakova et al. (Contribution 9) presents an interesting study that
developed a fluorescent-based nanosensor for the detection of doxorubicin by utilizing
alloyed semiconductor QDs. Owing to their photostability, uniformity, and colloidal stabil-
ity, CdZnSeS/ZnS core/shell nanocrystals (QD) were successfully employed to develop
a nanosensor. The analytical approach exploits changes in emission intensity through
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the quenching effect, while an interaction occurs between the nanosensors and modu-
lating molecules. To maximize the quenching efficiency, QDs, alloyed CdZnSeS/ZnS
core/shell nanocrystals, were carefully modified with thioglycolic acid (TGA) and 3-
mercaptopropionic acid (MPA). The developed fluorescence-based turn-off nanosensors
were able to determine DOX from undiluted human plasma. The calculated limit of de-
tection values was 0.08 and 0.03 ug/mL, while QDs were stabilized with thioglycolic
and 3-mercaptopropionic acids, respectively. As such, recognizing the critical importance
and challenges of clinical sample detection, and continuously improving and developing
cutting-edge technologies in clinical sample analysis, will help ensure accurate diagnostics
for clinical and medical approaches.

Samantha Nunez et al. (Contribution 10) introduces a fluorescent inducible system
that can quantify the free fucose in Escherichia coli. As fucose metabolism generates short-
chain fatty acids and plays a key role in facilitating cross-feeding microbial interactions, the
bacterial consumption of fucose plays a pivotal role in the assembly of the gut microbiome
in infants. In this regard, they designed a molecular quantification method for free fucose
using fluorescent Escherichia coli. They assessed low- and high-copy plasmids with
and without the transcription factor fucR, along with the corresponding fucose-inducible
promoter controlling the reporter gene sfGFP. The proposed system was successfully
validated through the supernatant of Bifidobacterium bifidum JCM 1254 supplemented
with 2-fucosyl lactose.

Overall, though this Special Issue contains several research papers and review articles
that highlight different aspects of biosensors and their applications in various fields, we be-
lieve each article provides valuable insights into the utilization of nano/micro technologies
in the development of biosensors for biomedical applications.
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Abstract: Over the past two decades, lanthanide-based upconversion nanoparticles (UCNPs) have
been fascinating scientists due to their ability to offer unprecedented prospects to upconvert tissue-
penetrating near-infrared light into color-tailorable optical illumination inside biological matter. In
particular, luminescent behavior UCNPs have been widely utilized for background-free biorecog-
nition and biosensing. Currently, a paramount challenge exists on how to maximize NIR light
harvesting and upconversion efficiencies for achieving faster response and better sensitivity without
damaging the biological tissue upon laser assisted photoactivation. In this review, we offer the reader
an overview of the recent updates about exciting achievements and challenges in the development of
plasmon-modulated upconversion nanoformulations for biosensing application.

Keywords: upconversion nanoparticles (UCNPs); biosensing; plasmon-enhanced upconversion;
plasmon modulated upconversion; upconversion quenching; plasmonic nanoparticles (PNPs); gold
nanoparticles (GNPs); surface plasmon resonance (SPR); fluorescence resonance energy transfer (FRET)

1. Introduction

Lanthanide-based upconversion nanoparticles (UCNPs) have become the engine of
numerous ground-breaking inventions in a wide variety of research areas. By disobeying
the Stokes Law, UCNPs are capable of producing higher energy output photons out of
multiple (>2) lower energy input photons. For example, one can obtain ultraviolet (UV) or
visible emission by exposing UCNPs to near infrared (NIR) laser. Contrary to other light up-
converting analogues, such as organic luminophores and quantum dots, lanthanide-based
UCNPs indeed possess overwhelming advantages, which include a diversity of emission
colors, long lifetime luminescence, large anti-Stokes spectral shifts, weak background
autofluorescence, narrow emission bands, nonphotobleaching nature, blinking-free con-
tinuous emission capability, and relatively low toxicity [1–3]. So far, UCNPs with tailored
multicolor emissions have underpinned a vast array of applications in energy conversion
photovoltaics [4], fingerprint detection and anticounterfeiting barcoding [5,6], biosens-
ing [7], super resolution nanoscopy [8], photodetectors [9], drug and gene delivery [10],
photodynamic therapy [11], light-triggered on–off tattoo systems [12], photochemical tissue
bonding [13] and so on.

In particular, UCNPs have garnered increased interest in the quantitative detection
of various biologically relevant targets, such as biomolecules, pH, ions, viruses, bacteria,
reactive oxygen species and temperature [14]. However, the development of upconversion
biosensing has been seriously hampered by poor NIR harvesting ability and a long-standing
issue of quenching, which has multiple origin sources causing a great deal for scientists
in finding the straightforward solution. At the edge of the UCNP surface, the excited

Biosensors 2023, 13, 306. https://doi.org/10.3390/bios13030306 https://www.mdpi.com/journal/biosensors
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state electrons undergo parasitic interaction with the surface defects (e.g., stacking faults,
vacancies, dislocation, dangling bonds) which deplete the excitation energy leading to a
partial decrease or complete “turn off” of the UCNP luminescence.

Composition tailoring strategies by architecting the core with single or multiple shell
structures are at the forefront to combat quenching issue. However, luminescence pro-
ducing dopants are still kept at low doping levels to support quenching stability at the
expense of upconversion brightness. In fact, quenching issue and composition limits can
be addressed by extremely high NIR laser excitation powers (~106 W/cm2 [15,16]), of
which the main concern is associated with harmfulness and inapplicability for biomedical
applications [17]. NIR laser power densities should be compatible with the tolerances
of the skin tissue and kept below the maximum permissible exposure (MPE) values cal-
culated according to ANSI Z136.1-2007 American National Standard for the Safe Use of
Lasers [18]. The calculated MPE values for the corresponding wavelength of the NIR lasers
are presented in Table 1.

Table 1. Calculated safe power densities of common NIR lasers [19] (MPE—maximum permissible
exposure, NIR—near-infrared).

NIR laser, λ 808 nm 915 nm 980 nm 1064 nm

MPE value ~0.329 W/cm2 ~0.538 W/cm2 ~0.726 W/cm2 ~1.0 W/cm2

The Förster (or fluorescence) resonance energy transfer (FRET) process has vast impli-
cations in quantitative and sensitive biosensing applications. In principle, an efficient FRET
scenario occurs under specified conditions. First, there should a large degree of overlap
in the emission-excitation profiles of the donor (excited state) and acceptor (ground state).
Second, the long-range nonradiative dipole-dipole interaction between the donor-acceptor
pair should be within the effective range of 10 nm [20]. The FRET process can be utilized
for tuning optical properties of UCNPs by sizeable enhancement or depletion of their
excitation or emission energy. Therefore, the FRET-based upconversion mechanism has
been extensively exploited for bioanalytical sensors and assays, which enlivened modern
bioimaging and biosensor research [21–23]. To date, extensive efforts have been focused on
developing various energy acceptors, such as plasmonic nanostructures and organic dyes,
which can aid in modulation photoluminescence efficiency of energy donating UCNPs
via the FRET process. Compared to organic dyes which are prone to photodegradation,
plasmon-enhanced upconversion has been considered as a breakthrough engineering strat-
egy to minimize quenching issue, maximize upconversion efficiency and stimulate NIR
harvesting offering unprecedented biosensing precision. In particular, the plasmon res-
onances could serve to achieve control over the luminescence properties of UCNPs by
intentional amplification or quenching of the specific emission band [24], which could
be beneficial for designing sensing platforms with specificity, low detection limits and
linear response to the presence of the target bioanalyte. A recent literature survey has
shown that several reviews related to the biosensing applications of UCNPs were pub-
lished recently [7,14,25,26]. On the other hand, a focused overview of plasmon-modulated
upconversion biosensing is still not available in the literature. Therefore, the objective of
this review is to offer the reader a brief overview of the up-to-date strategies to incorporate
plasmonic nanoparticles to lanthanide UCNPs for potential biosensing applications.

2. Characteristics of UCNPs
2.1. Lanthanide Upconversion Basics: Mechanism and Origin

The upconversion is a nonlinear optical effect which gained widespread scientific
interest with the advent of lasers. It is generally acknowledged that the concept of up-
conversion was proposed in the 1950s by Bloembergen and further developed by Auzel
in the 1960s who introduced groundbreaking theoretical studies on the energy transfer
upconversion process [27]. Since the 1990s, the emergence of nanoscience has brought
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a huge diversification of nanofabrication technologies leading to efficient downscaling
upconversion phosphors to nanometer regime making them tremendously attractive across
a range of biomedical applications [28].

Even now, the field of upconversion keeps evolving. Over time, it is believed to
practically benefit health care and different industrial sectors. Ongoing research in the
upconversion field continues to uncover and explain the complicated mechanisms behind
photon upconversion. Meanwhile, there are several known mechanisms responsible for
upconversion origins, such as excited state absorption, energy transfer upconversion,
cooperative upconversion, photon avalanche, and energy migration upconversion [2]. This
review deals with energy transfer based upconversion, therefore another deep-in depth
description of upconversion mechanisms is beyond the scope of this review.

Upconversion in lanthanides originates from their ladder-like arrangement of energy
levels which impart effective absorption and subsequent retaining of incident photons
from external laser until a sufficient quantity is reached to proceed with upconverted
emission. In principle, the upconversion process relies on electronic transitions within
partially filled 4f orbitals. Notably, 4f shells in lanthanides are well protected by 5s and 5p
shells (secondary electrons) rendering significant advantages, such as high resistance to
(environmental influences) photobleaching, photochemical stability and sharp emission
bands from 4f-4f transitions. However, the electron shield impedes 4f transitions and
imposes limitations on light harvesting properties leading to poor absorption cross sections
of lanthanides [29]. For a single and isolated lanthanide ion, these transitions are forbidden
by selection rules of quantum mechanics, but this situation drastically changes when
lanthanides are embedded as dopants inside the host matrix enhancing the probability of
4f-4f transitions. Selection rules on the spin are relaxed by a larger spin-orbit coupling.
In particular, doping distorts site symmetry, which forms a stronger crystal field around
lanthanide ions. Such absence of inversion symmetry (noncentrosymmetric system) distorts
the electron cloud leading to intermixing with f states. As a result, Coulombic interactions
and spin-orbit coupling of 4f subshell electrons lead to abundant energy sublevels and a
large number of emitting levels [30].

2.2. Lanthanide Upconversion Composition

The most common configuration of lanthanide based UCNPs is composed of lan-
thanide ion dopants, such as sensitizers, emissive activators, and sometimes energy mi-
gration ions, that reside in the crystal host lattice. The concentration and distance between
the sensitizer and emitter ions are critical parameters for tailoring the optical properties of
UCNPs. In particular, higher concentration and greater proximity are essential to increase
luminosity, but also invoke non-radiative cross-relaxations, known as the "concentration
quenching effect". Presently, as the main strategy for overcoming the concentration quench-
ing hurdle, the doping levels of sensitizer (~20%) and emitter ions (<2%) are kept at low
percentages to optimize the luminescence brightness [31].

Host and dopants interaction occur in the form of energy exchange. Thus, some energy
is absorbed by the host through vibrational coupling, which explains the choice of host
lattices with the lowest phonon energy. Decades of research in the upconversion field
have spawned an extensive array of host nanomaterials, such as various metal oxides,
oxysulfides, vanadates, halides, phosphates and so on [32]. Among them, the most popular
host is hexagonal phase β-NaYF4, which meets the requirements for ideal host materials,
such as the lowest phonon frequency, high optical transparency, less hygroscopic and
brighter emission than lanthanide fluoride (LnF3) host [33–35]. Sodium ion (Na+) has
been widely introduced into the lanthanide fluoride lattice because it has nearly the same
ionic radius as lanthanide ions [36]. For instance, Ayadi et al. reported that introducing
Na+ ions into GdF3 led to lattice expansion and imparted stabilization of its hexagonal
crystal structure [37]. For simplicity, this review specifically concentrates on plasmon
modulated upconversion systems constructed using metal lanthanide fluoride hosts.
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Activator ions, as their name suggests, receive the excitation energy from the sensitizer
or energy migration ion to activate emission. The choice of activator ion plays a decisive
role in finely tuning emission profiles of UCNPs, for instance, erbium (Er3+) ion is recruited
to produce red/green emissions, while thulium (Tm3+) is broadly exploited for obtaining
UV/blue emissions from UCNPs (Figure 1A) [5]. Figure 1A exemplifies a typical trans-
mission electron micrograph of NaYF4:Yb,Tm UCNPs. Digital inset illustrates visible to
naked-eye blue emission of NaYF4:Yb,Tm UCNPs under NIR laser illumination. Popular
activators, such as erbium (Er3+), thulium (Tm3+) and holmium (Ho3+) ions, possess narrow
energy gap of 2000 cm−1. Thereby, they are more efficient for the energy transfer process
compared to other luminescent ions with a wide energy gap of 7000 cm−1, e.g., terbium
(Tb3+), europium (Eu3+) and dysprosium (Dy3+) which are prone to detrimental nonra-
diative energy losses. Activators, in general, have a complicated electronic structure and
extremely small absorption cross-sections of ~10−21 cm2 responsible for a low quantum
yield (<1%) and necessary in photoactivation using high laser power densities [38].

Biosensors 2023, 13, 306  4  of  18 
 

materials, such as  the  lowest phonon  frequency, high optical  transparency,  less hygro‐

scopic and brighter emission  than  lanthanide  fluoride  (LnF3) host  [33–35]. Sodium  ion 

(Na+) has been widely introduced into the lanthanide fluoride lattice because it has nearly 

the same ionic radius as lanthanide ions [36]. For instance, Ayadi et al. reported that in‐

troducing Na+ ions into GdF3 led to lattice expansion and imparted stabilization of its hex‐

agonal crystal structure [37]. For simplicity, this review specifically concentrates on plas‐

mon modulated upconversion systems constructed using metal lanthanide fluoride hosts.   

Activator ions, as their name suggests, receive the excitation energy from the sensi‐

tizer or energy migration ion to activate emission. The choice of activator ion plays a de‐

cisive role in finely tuning emission profiles of UCNPs, for instance, erbium (Er3+) ion is 

recruited to produce red/green emissions, while thulium (Tm3+) is broadly exploited for 

obtaining UV/blue emissions from UCNPs (Figure 1A) [5]. Figure 1A exemplifies a typical 

transmission electron micrograph of NaYF4:Yb,Tm UCNPs. Digital inset illustrates visible 

to naked‐eye blue emission of NaYF4:Yb,Tm UCNPs under NIR laser illumination. Popu‐

lar activators, such as erbium (Er3+), thulium (Tm3+) and holmium (Ho3+) ions, possess nar‐

row energy gap of 2000 cm–1. Thereby, they are more efficient for the energy transfer pro‐

cess compared to other luminescent ions with a wide energy gap of 7000 cm–1, e.g., ter‐

bium (Tb3+), europium (Eu3+) and dysprosium (Dy3+) which are prone to detrimental non‐

radiative energy losses. Activators, in general, have a complicated electronic structure and 

extremely  small absorption cross‐sections of ~10–21 cm2  responsible  for a  low quantum 

yield (<1%) and necessary in photoactivation using high laser power densities [38].   

 

Figure 1. (A) Representative TEM image of NaYF4:Yb,Tm UCNPs (scale 50 nm) with digital inset of 

their UC emission under NIR laser. (B) Upconversion process of Tm3+ activator under 980 nm and 

808 nm excitation. 

Sensitizers  serve  to accumulate  incoming NIR photons  and  further  transfer  these 

photons to the activator ions directly or indirectly through energy migration ions. For ex‐

ample, ytterbium (Yb) is utilized as a ~980 nm NIR sensitizer with a single transition 2F7/2 

– 2F5/2 levels, which showcases efficient energy transfer when paired with Tm3+ activator. 

Moreover, co‐doping Yb ion with neodymium ion (Nd3+, <1 mol.%) allows tailoring 808 

nm NIR harvesting upconversion system properties in UCNPs, where Yb3+ act as a migra‐

tion ion facilitating the energy extraction from Nd3+ ions and its further transfer to activa‐

tor ions [39]. Figure 1B displays the schematic energy diagrams of Tm3+ ion upconverted 

emission photoactivation under 980 nm and 808 nm NIR stimulation. Table 2 shows com‐

mon lanthanide sensitizers and their corresponding absorption cross sections.   

 

Figure 1. (A) Representative TEM image of NaYF4:Yb,Tm UCNPs (scale 50 nm) with digital inset of
their UC emission under NIR laser. (B) Upconversion process of Tm3+ activator under 980 nm and
808 nm excitation.

Sensitizers serve to accumulate incoming NIR photons and further transfer these
photons to the activator ions directly or indirectly through energy migration ions. For
example, ytterbium (Yb) is utilized as a ~980 nm NIR sensitizer with a single transition
2F7/2–2F5/2 levels, which showcases efficient energy transfer when paired with Tm3+ acti-
vator. Moreover, co-doping Yb ion with neodymium ion (Nd3+, <1 mol.%) allows tailoring
808 nm NIR harvesting upconversion system properties in UCNPs, where Yb3+ act as a
migration ion facilitating the energy extraction from Nd3+ ions and its further transfer to
activator ions [39]. Figure 1B displays the schematic energy diagrams of Tm3+ ion upcon-
verted emission photoactivation under 980 nm and 808 nm NIR stimulation. Table 2 shows
common lanthanide sensitizers and their corresponding absorption cross sections.

Table 2. Common lanthanide sensitizers and their absorption cross-sections [40–42].

Sensitizer Absorption Wavelength, λ Absorption Cross-Section, cm2

Ytterbium (Yb3+) 980 nm ~10−20

Neodymium (Nd3+)
740 nm
800 nm
860 nm

~10−19

Erbium (Er3+) 1500 nm 1.1 × 10−20 cm2
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Importantly, 808 nm NIR harvesting UCNPs have arisen as a feasible platform for
biomedical application to overcome the safety shortcomings of those excitable under
conventional 980 nm lasers, since water molecules absorption of 808 nm photons is 20 times
weaker than 980 nm ones [31].

Over the past few decades, explosive growth in the development of nanotechnol-
ogy offered numerous synthetic protocols and optimized designs of UCNPs. By now,
several routes to synthesize UCNPs have been proposed and widely utilized, such as
co-precipitation [28], thermal decomposition [43], hydrothermal method [44], microwave-
assisted synthesis [45], microemulsion method [46] and the liquid–solid solution (LSS)
process [47]. Among these synthesis methods, co-precipitation and thermal decomposi-
tion methods have found remarkably broad utility in the scientific community for the
fabrication of highly monodisperse and bright upconversion nanocrystals. However, ex-
citement over developments in the controlled synthesis of small UCNPs is moderated by
luminescence intensity decrease as the size shrinks the quenching issue becomes more
prominent. Especially, the enhanced surface-to-volume ratio leads to greater exposure of
the UCNPs surface to external quenchers, such as OH impurities, and organic ligands C-H
and C-C bonds with a high vibrational energy that present in the dispersion solvent or
capping ligands [48,49]. The main strategy so far to remove surface quenching relies on
adopting surface passivation with single or multiple outermost shell layers, which mitigate
surface defects and preclude the interaction with the external quenchers. However, the
core-shell structure fabrication process usually requires prolonged and multi-step synthetic
procedures. Therefore, researchers in the upconversion field are faced with the need to
accelerate (e.g., by continuous process [50]) or even automate the synthesis process [51].

3. Principles and Applications of Photon Modulation in Upconversion-
Based Biosensors

Surface plasmon resonance (SPR) is a light-matter interaction phenomenon inherent
to materials with a negative real and small positive imaginary dielectric constant. When
incident light interacts with the electron cloud of these materials, electrons start collectively
oscillating inducing resonant effect (Figure 2A). Accordingly, surface plasmons could be
localized or propagating. In the case of the localized surface plasmons, the excitation
wavelength is larger than the nanoparticle causing its electron oscillation in a localized
manner. Usually, the evanescent field forms the propagating surface plasmon (also known
as surface plasmon polariton), in particular, when the incident light is polarized leading to
surface charge oscillation along the metal/dielectric interface in the longitudinal direction
and subsequently decay [52].
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3.1. A Brief Theoretical Principles of Plasmon Modulated Upconversion

SPR extension in UCNPs using plasmonic nanoparticles (PNPs) can serve to augment
the functionality of upconversion sensing platforms by resonating its excitation or emission
(Figure 2B) [53]. For example, upon plasmon-light coupling energy confinement leads
to the amplification of the electromagnetic field benefiting NIR light harvesting abilities
and radiative decay rates of UCNPs. Theoretically, plasmonic modulation can afford an
enhancement of the upconversion emission intensity E2n time without energy transfer
alteration. So far, 100-fold enhancements were verified experimentally [54].

Thus, PNPs are exploited as optical nanoantennae that could also provide modulation
over the radiation features of UCNPs through excitation energy redistribution leading to
luminescence enhancement (Purcell effect) or intentional quenching [24,55].

The design of plasmon-mode upconversion nanoprobes is commonly based on the
matched SPR band of plasmonic nanoparticles and emission/excitation profiles of UCNPs.
For example, the aspect ratio of gold nanorods governs the SPR band location and hence
could be easily adjusted to modulate upconversion process [56]. Noteworthy, the proximity
and isolation between UCNPs and PNPs are critically important for efficient energy transfer
and sustaining undesired quenching [57]. For example, the use of a silica shell as a spacer
between UCNPs and PNPs enables to prevent of their direct contact and unintentional
quenching [58]. Meanwhile, the plasmon-upconversion interaction considerably depends
on the geometrical morphology of PNPs. For instance, a variety of plasmonic nanostruc-
tures, such as nanoshells, nanofilms, nanowires, nanorods and nanoparticle arrays/cavity,
were coupled to UCNPs to achieve plasmon modulated upconversion [59].

Gonzalez et al. investigated the upconversion quenching ability of different sizes of Au
NPs ranging from 3.9 nm to 66 nm. Their findings suggest that size range Au NPs between
15 and 20 nm is optimal to initiate intentional quenching in silica coated UCNPs. Conversely,
larger Au NPs with the size >50 nm tend to amplify the upconversion emission. In addition,
their study also elucidated that an optimal shell thickness for upconversion enhancement
is ca. 12 nm, while efficient quenching demands the thinnest possible shell [60].

By exploiting plasmon modulated upconversion strategy, a range of nanoprobes
was constructed and proposed for examining a broad variety of analytes in biological
environments. We analyzed recent literature published on the practical implications of
plasmonic modulation of upconversion biosensors to detect diverse analytes and compiled
our review in Table 3, which serves to provide insights into key parameters for designing
plasmon modulated upconversion nanoprobes, such as (1) the size and corresponding
absorption (or SPR) band of PNPs; (2) the physicochemical and optical characteristic of
UCNPs, such as the size, surface coating (spacer), NIR activation laser wavelength, emission
profiles; (3) target analytes and achieved the limit of detection (LOD). In the following
sections, we will highlight trending topics through discussion of some representative
nanoprobes that are expected to provide a brief overview of the current research status in
the plasmon-modulated upconversion biosensing field.

Table 3. Photon-modulated upconversion nanoparticles (PNPs—plasmonic nanoparticles, —
upconversion nanoparticles, λ abs.—emission wavelength, NIR—near-infrared, λ em.—emission
wavelength, LOD—limit of detection).

PNPs Size λ abs. UCNPs Coating Size NIR Laser λ em. Analyte LOD Ref.

Au NPs 13 nm 522 nm NaYF4:Yb20%,Er2% lysine 70 nm 980 nm 540 nm Cr3+ 0.8 nM [61]
Au NRs
Au NBs

9–10 nm
15 nm

515/692 nm
525 nm NaYF4:Yb20%,Ho2%, Mn PAA 20–30 nm 980 nm 542 nm, 660 nm Pb2+,

Hg2+
50 pM

150 pM [64]

Au NPs 20 nm 528 nm NaYF4:Yb20%,Er5% CTAB 20 nm 980 nm - Cd2+

Ache
0.2 µM

0.015 U/mL [62]

Au NPs 15 nm 521 nm NaYF4:Yb20%,Er2%
@ NaYF4

SiO2
(2 nm) 37 nm × 28 nm 980 nm 522/545/654 nm Cd2+

GSH
0.059 µM
0.016 µM [63]

Ag NPs 12 nm 398 nm NaY/GdF4:30%Yb20%,Er2% NH2 32 nm 980 nm 545/660 nm Cr3+ 34 nM [65]

Au NPs 1.7 nm 535 nm NaYF4:Yb20%,Er2%@
NaYF4:Yb20%

PEI
(8 nm) 43 nm 980 nm 655 nm CN− 1.53 µM [66]

Au NRs 80 nm × 25 nm - NaYF4@NaYF4:Yb20%,Er2%
@ NaYF4

H1 10 nm 980 nm 543 nm microRNA 0.036 fM [67]

Au NRs ~45 nm 520 nm NaYF4:Yb20%,Tm2% PAMAM
(~2.5 nm) ~90 nm 980 nm 450/470/805 nm uric acid 1 pM [68]
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Table 3. Cont.

PNPs Size λ abs. UCNPs Coating Size NIR Laser λ em. Analyte LOD Ref.

Ag NCs 1.9 nm 500/620 nm NaYF4:Yb20%,Tm2% PEI 30 nm 980 nm 480 nm biothiols - [69]

Au NRs - - NaYF4:Yb20%,Tm2% PEI 27.7 nm 980 nm 656 nm DNA
methylation 7 pM [56]

Au
arrays - - NaYF4:Yb25%,Tm0.3% PAA 26 nm 980 nm 345/450/475/

800 nm Vitamin B12 3.0 nM [70]

Au NPs 13 nm 521 nm NaYF4:Yb20%,Ho2% SiO2
(12 nm) 115 nm 980 nm 483/543/640 nm ABA aptamer 3.2 nM [71]

Au NPs ~50 nm - NaYF4:Yb20%,Er2% PAA ~43 nm 980 nm - Aflatoxin B1 0.17 ng/mL [72]
Au NPs - 544 nm NaYF4:Yb27%,Tm0.5% SiO2/PSA 20 nm 975 nm - ssDNA 1 pM [73]
Au NRs 27 nm × 54 nm 630 nm NaYF4:Yb,Er PEI 25 nm 980 nm 545/660 nm Exosome 1.1 × 103 part./µL [74]
Au NPs 5 nm ~543 nm NaYF4:Yb20%,Er2%@NaYF4 LDNA 21 nm 980 nm 543 nm miR-21 0.54 fM [75]

Au NPs ~50 nm ~530 nm NaYF4:Yb20%,Er2% PSA ~42 nm 980 nm ~550 nm antibodies
(Ab1) 2.3 pM [76]

Au NPs 30 nm 520 nm NaYF4:Yb20%,Er2% Con-A 40–55 nm 980 nm 545/675 nm glucose 0.02 µM [77]

Ag NPs 7.8 nm 434 nm NaYF4:Yb30%,Tm0.5%@NaYF4 bared 24 nm 980 nm 345/360/450/
474 nm

glucose
H2O2

1.41 µM
1.08 µM [78]

Au NPs 11.9 nm 540 nm NaYF4:Yb18%,Er2% PEI 48 nm 980 nm 543/656 nm Hepatitis B
HBV DNA 250 pM [79]

Au NPs - 523 nm BaGdF5:Yb20%,Er2% NAAO 14 nm 980 nm 523/546/654 nm Ebola 500 fM [80]

Au NRs ~78 nm × 15.5
nm 965 nm NaYF4:Yb11.9%,Tm0.1% PEI ~30 nm 980 nm 480/800 nm COVID

S protein 1.06 fg/mL [81]

Au NPs 20 nm 400–700 nm NaYF4:Yb,20%Er2% Apt2 35 nm 525/545/650 nm Shigella 30 CFU/mL [82]
Au nanofilm 18 nm 980 nm NaYF4:Yb20%,Er2% microfiber 38 nm 980 nm 523/545/655 nm T(K) 325 K–811K [83]

W18O49
100–800 nm
× 5–30 nm 600–1400 nm NaYF4:Yb2%@NaYF4:Er20% PLA fiber 35 nm 980 nm 520/540/654 nm T(K) 298 K–358 K [84]

3.2. Plasmon Modulated Upconversion Sensing of Ions and Small Biomolecules

Anion and cation recognition plays a crucial role to evaluate the operation of vital
biological processes and garner information about overall cell health. There is a wealth of
literature reporting the ion sensing platforms that utilize plasmon modulated upconver-
sion, while capable of simultaneous measuring changes in the concentration of different
small biomolecules. Therefore, we decided to combine the discussion on ions and small
biomolecules sensing in one section. The detection principle is based on the ability of
PNPs to modulate the radiation properties of UCNPs by disabling them in closer proximity
and retrieving “turn on” them upon segregation. For example, Chen et al. constructed an
assay for chromium (Cr3+) ion detection, which was composed of electrostatically coupled
lysine-capped UCNPs and dimercaptosuccinic acid-capped gold nanoparticles (Au NPs).
The presence of Cr3+ ions induces a drift away of Au NPs from UCNPs surface recovering
the emission profiles in a linear response [61].

Fang et al. developed a bifunctional biosensing platform using plasmon modulated
upconversion effect of quantitative detection of acetylcholinesterase (AChE) and cadmium
(Cd2+) ions with the help of glutathione (GSH). Two mechanisms account for the ten-
dency of Au NPs to aggregate and drift away from UCNPs to recover the emission profile
(Figure 3A,B). The first is that the presence of AChE promotes the hydrolysis of acetylth-
iocholine (ATC) which tend to destabilize the surface chemistry of Au NPs and lead to
their aggregation (Figure 3C–F). The second mechanism relies on the ability of Cd2+ ions to
detach GSH from the surface of Au NPs to form spherical shaped complex, which disrupts
the stability of Au NPs and effectively triggers their gradual isolation from UCNPs. The
designed biosensor exhibited LODs of 0.015 mU/mL and 0.2 µM for AchE and Cd2+ ions,
respectively [62].

Hu et al. reported a bifunctional Au-UCNPs nanoprobe which exhibits a dose depen-
dent response to Cd2+ ions and GSH with LODs 0.059 µM and 0.016 µM, respectively. In
this study, the presence of GSH restrained the Au NPs aggregation, while co-existence Cd2+

ions impaired their stability leading to the gradual weakening of UCNPs red emission [63].
Sun and Gradzielski employed plasmon-modulated upconversion for the detection of

poisonous cyanide ions. The sensor operation was based on the redox consumption of Au
NPs by CN− ions which enabled the emancipation of UCNPs to regain their luminescence
and produce detection signal. Moreover, the nanoprobe demonstrated excellent selectiv-
ity and sensitivity by distinguishing cyanide ions from different interfering ions with a
detection limit of 1.53 µM [66].

Remarkably, gold nanorods have gained great momentum from researchers around
the world owing to their versatility in SPR band control via aspect ratio adjustment. For
example, Kim et al. demonstrated 27-fold upconversion enhancement by altering the aspect
ratio of Au NRs to match their SPR band with the emission of UCNPs at 805 nm. The
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UCNPs have been preliminarily encapsulated in polyamidoamine generation 1 (PAMAM
G1) dendrimer, which served as a spacer to prevent undesired quenching upon coupling
with Au NRs. The obtained nanoprobe was post-functionalized with 2-thiouracil for
sensitive and selective detection of uric acid, which is an important small biomolecule.
Because its elevated content may indicate renal or cardiovascular disorders in the human
body [68]. Interestingly, Zhu et al. obtained 50-fold SPR based enhancement of the UCNPs
brightness, which is associated with a ~24 nm thick silica layer on the surface Au NRs.
Thereby proposing a nanoprobe for potential microRNA-21 detection in human serum
samples and human breast cancer cell (MCF-7) lysates [67].
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Figure 3. Sensing principle of the bifunctional UCNPs/AuNPs based nanoprobe for detection of
(A) AchE and (B) Cd2+ ions with GSH regulation. Representative TEM images of (C) UCNPs,
(D) AuNPs, (E) UCNPs/AuNPs, and (F) aggregation in UCNPs/AuNPs caused by post-addition of
AChE and ATC. Reprinted with permission from reference [62].

Noteworthy, the use of silver nanoparticles for the modulation upconversion biosen-
sors has been relatively limited compared to gold nanoparticles, even though theoretically
Ag NPs exhibit stronger SPR [85]. Among recent reports, Liu et al. employed ultrasmall
(1.9 nm) silver nanoclusters as acceptors for the construction of plasmon modulated NIR
upconversion nanoprobe for intracellular biothiols detection. The authors demonstrated
the biosensor performance in the liver tissue of mice to highlight its potential for in vivo
sensing [69].

3.3. Plasmon Modulated Upconversion Sensing of Biomacromolecules

Over the past decade, our understanding of how to implement recognition of biomacro-
molecules, such as RNA or DNA nucleic acids, using plasmon modulated upconversion
biosensing systems has significantly advanced. For example, recently, Zhu et al. reported a
universal pathway for tumor related noncoding RNA (ncRNA) recognition (Figure 4A).
The upconversion recovery principle in the designed biosensor is based on the uncoupling
of DNA encapsulated UCNPs from Au NPs bearing a single molecule hairpin DNA (Hp)
molecule via exonuclease III (Exo III)-assisted cycling amplification strategy. Notably, the
biosensor exhibited a great sensitivity towards the expression level of miR-21 in human
breast cancer cell (MCF-7) lysate with LOD of 0.54 fM [75].

Zourob et al. proposed an ssDNA target sequence sensing pathway containing blue-
emitting UCNPs for incorporation into silica coated polystyrene-co-acrylic acid nanopar-
ticles (PSA/SiO2) (donor) and Au NPs with immobilized Ir(III) complex (quencher), as
shown in Figure 4B. In response to the sequential addition of the target DNA, the quencher
could be effectively separated from the donor reactivating the upconversion signal under
975 nm NIR irradiation in a linear manner vs. DNA concentration. The developed sensor
sensitivity was indicated at LOD as low as 1 pM. Furthermore, the selectivity of the DNA
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sensor was confirmed through the titration of the nanoprobe using the DNA conjugated
nanohybrids with single base mismatch [73].
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Figure 4. (A) Schematics of the UCNPs–AuNPs plasmon-modulated biosensing platform for highly
sensitive detection of tumor-related ncRNA via the Exo III-assisted cycling amplification strategy.
Reprinted with permission from reference [75]. (B) Schematics of the composition and energy transfer
mechanism of ssDNA optical sensor composed of PSA/SiO2 coated UCNP and cyclometalated
Ir(III)-AuNPs. Reprinted with permission from reference [73].

Conversely, some researchers employ the fluorescence quenching as a signal to recog-
nize the analyte. For instance, Chen et al. employed a simple paper-supported aptasensor
to construct Au NR/UCNPs based plasmon modulated nanoprobe for cancer biomarker
exosome. The designed nanoprobes operation is activated in the presence of exosome.
Upon conjugation with CD63 protein, Au NRs and UCNPs parts are brought to proximity
enough to initiate linear quenching which is correlated with exosome concentration. The
LOD of exosomes was estimated to be 1.1 × 103 particles/µL [74].

3.4. Plasmon Modulated Upconversion Sensing of Viruses

Despite encouraging progress in the development of safe disease diagnostic tools,
such as reverse transcription-polymerase chain reaction (RT-PCR) and enzyme-linked
immunosorbent assay (ELISA), rapid and ultrasensitive bioassays for pathogenic viruses
detection are still very demanding. So far UCNPs were utilized for the detection of H5N1
Influenza [86], oligonucleotide markers of the SARS-CoV-2 virus [87,88], hepatitis B Virus
surface antigen (HBsAg) [89], anti-human immunodeficiency virus (HIV) antibodies [90],
thrombocytopenia syndrome virus (SFTSV) total antibodies [91].

There are several reports on deploying plasmon modulated upconversion for con-
struction of novel rapid biosensors for virus recognition. For instance, in 2016, Hao et al.
employed plasmon modulated upconversion for ultrasensitive detection of Ebola virus,
which outbreak threatened the world significantly between 2014 and 2016 (Figure 5A,B). In
their research, they proposed a bioassay composed of BaGdF5:Yb,Er UCNPs and Au NPs
that were immobilized on the 3D structured nanoporous alumina (NAAO) substrate. The
spectral overlap between nanoparticles allowed to observe effective quenching of naked-
eye observable green UC emission upon the combination of probe oligoconjugated with
UCNPs and Ebola virus oligoconjugated with AuNPs. Moreover, the authors demonstrated
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that their sensor could effectively detect Ebola viral RNA in clinical samples with LOD of
500 fM, which is comparable with other conventional detection methods [80].
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Figure 5. (A) Comparison illustration of homogenous and heterogeneous sensor for Ebola virus
detection. Reprinted with permission from reference [80]. (B) Schematics of COVID S protein
detection using plasmon modulated upconversion biosensing system. Reprinted with permission
from reference [81].

In another investigation by Hao et al., they introduced plasmon modulated biosensing
of SARS-CoV-2 spike protein for COVID-19 point-of-care diagnostics (Figure 5C,D). In
this study, the NaYF4:Yb/Tm UCNPs nanoprobe was complemented with Au NRs, which
effectively captured and detected S protein endowing LOD of 1.06 fg mL−1 [81].

Hepatitis B (commonly abbreviated as HBV) is a DNA virus that causes a serious
damage to the human liver. It has been estimated that more than 300 million people around
the globe are infected with HBV [92]. Researchers have devoted substantial efforts to the
development of sensitive biosensing tools for the prevention of HBV infection spread. For
example, Zhu et al. proposed to employ Au-UCNPs-based nanoprobes for HBV DNA
detection. In this study, Au NPs were bound to UCNPs via DNA hybridization keeping
upconversion emission quenched. The situation drastically changed upon introducing
target DNA, which initiated the departure of Au NPs from the UCNPs surface with
subsequent restoration of the emission intensity. The proposed nanoprobe exhibited a LOD
of 250 pM [79].

3.5. Plasmon Modulated Upconversion Sensing of Temperature

Temperature-dependent properties of UCNPs arising from complex thermally coupled
energy levels are suitable for plasmon modulated thermometric biosensing. For example,
Li et al. fabricated an optical microfiber (~3 µm) coated with an 18 nm thin gold film and
decorated with UCNPs for temperature sensing (Figure 6A). The work principle of the
constructed temperature sensor is based on the plasmon enhanced upconversion lumi-
nescence, which facilitated temperature dependent upconversion emission enhancement.
In particular, plasmonic properties of Au nanofilm were activated by 980 nm laser which
selectively increased the green emission intensity of UCNPs at 523 nm by 36 times, which
is ascribed to the Au nanofilm-assisted local field enhancement of the incident light. Upon
precise control of the UCNPs’ amount and laser dosage, the designed sensor can respond
to the temperature range of 325–811 K with a resolution of 0.034–0.046 K [83].

Recently, Li et al. developed a flexible temperature sensor, consisting of polyacrylic
acid (PLA) fiber and UCNPs/W18O49 upconversion/plasmonic semiconductor hybrid
optical system for potential application in wearable health monitoring (Figure 6B). Co-
doping W18O49 nanowires with UCNPs into PLA fiber with a high refractive index of
1.46 facilitated the plasmon enhanced upconversion green emission at 540 nm, which is
suitable for ratiometric reading of the temperature changes under a 980 nm NIR laser
excitation (5.5 mW). The hybrid sensor exhibited high sensitivity of 1.53% with 0.4 K LOD.
In general, the ratiometric response could be measured based on the fluorescence intensity
ratio of upconversion emission peaks produced by UCNPs under NIR laser excitation. In
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this study the intensity ratio between green emissions at 520 nm and 540 nm was used
as a temperature change indicator, because these emissions originate from the thermally
coupled energy levels 2H11/2 and 4S3/2 of Er3+ activator [84].
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Figure 6. (A) Illustration of the selective plasmon-enhanced green emission upconversion nanoprobe
for temperature sensing, which include: schematics of the fabrication process, optical images of the
sensor upon laser excitation and comparative illustration of the upconversion photoluminescence
enhancement induced by Au nanofilm. Reprinted with permission from reference [83]. (B) Optical
images of UCNPs and UCNPs/WO solutions under a 980 nm laser illumination. Fluorescence
intensity ratio changes from the air to the mouth (black line), hand skin (red line) and time-dependent
breath sensor response (dotted line). Reprinted with permission from reference [84].

4. Future Directions

Continuing advances in the upconversion field opened the emerging frontiers of plas-
mon modulated biosensing technology, which affords background-free, rapid, well-timed
and more sensitive quantitative data acquisition regarding bioanalytes compared to tra-
ditional sensing approaches. In this review, we covered the basic concepts of lanthanide
upconversion and brief theoretical principles plasmon modulated upconversion, we sys-
tematically analyzed cutting edge advances in construction biosensing tools through the
integration of plasmonic nanoparticles (predominantly gold nanoparticles) with upconver-
sion nanoparticles for nanoprobing various biological analytes.

Herein, we have reviewed ongoing research progress made on the development of
plasmon modulated upconversion biosensors. Thus, from the most recent experimental
findings we derived the future trends and perspectives to better understand how to improve
UCNPs luminescence features using plasmonic nanoparticles. In this regard, to fully realize
their potential in practical plasmon modulated upconversion biosensing, the following
criteria still need to be fulfilled to meet exceedingly high standards of in vivo models and
their further clinical translation:

(1) The size of nanoparticles should be monodisperse and in the renal clearable range
(<10 nm); however, the size should not be too small (<5 nm) to prevent too rapid excretion
from the body. Another important consideration is that as the size of UCNPs decreases the
brightness degrades dramatically because the quenching issue becomes more profound;

(2) the stabilization of UCNPs in biological environments with minimized toxicity,
since the dissolution in aqueous media has been a general drawback of NaYF4 host ma-
terials which leads to the release of cytotoxic lanthanide and fluorine ions. Moreover,
plasmon modulation efficiency is sensitive to the nature and thickness of the spacer coating
on UCNPs or PNPs. This aspect makes it more demanding to understand the nanopar-
ticle functionalization process and seek alternative coatings which impart more efficient
plasmon-enabled control of upconversion properties;

(3) high photoluminescence quantum yields are generally desirable for sufficient
brightness under safe NIR excitation laser powers;

(4) the use of 980 nm NIR laser based photoactivation remains a subject of debate,
which is unlikely to be increasingly used in the future due to tissue overheating issues. We
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anticipate that the focus of the upconversion biosensing research will gradually shift toward
safer and shorter NIR laser wavelengths, such as an 808 nm laser-stimulated biosensing,
yet it has been restricted by a low permissible power dosage;

(5) from the perspective of temperature-sensitive luminescence of UCNPs, there is
little doubt about the rationality of their complementary use, since PNPs tend to generate
heat under NIR laser irradiation. It is widely acknowledged that elevated temperatures
accelerate the decay rates of thermally coupled energy levels in UCNPs leading to their
poor upconversion luminescence or even undesired quenching. Though from our literature
survey, it is clear that plasmon enhancement does improve the upconversion efficiency and
benefit its biosensing performance.

5. Conclusions

The progress in plasmon-modulated upconversion biosensing will continue to ad-
vance, which may enable to explore alternatives to gold plasmonic nanostructure that
can provide better plasmonic resonances. Yet, a more profound understanding of the
exact key parameters (size, geometry, thickness of the spacer, etc.) governing the efficient
plasmon enhancement is therefore essential. Overall, plasmon-modulated upconversion is
envisioned as exciting and very promising avenue for the future development of intelligent
biosensors that could possibly benefit the healthcare system. We hope this literature survey
will motivate the reader to explore solutions to tackle the remaining problems and possibly
confront the conceptual challenges to overcome the current bottleneck.
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Abbreviations

AChE acetylcholinesterase
Con-A concanavalin A
CTAB cetyl trimethyl ammonium bromide
COVID coronavirus disease
DNA deoxyribonucleic acid
FRET fluoresecence resonance energy transfer
GSH gluthathione
HBV Hepatitis B virus
Ln Lanthanide
LOD limit of detection
NAAO nanoporous alumina
NCs nanoclusters
NDs nanodots
NPs nanoparticle
NIR near-infrared
NSs nanosheets
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PAA polyacrylic acid
PAMAM polyamidoamine
PEI polyethylene imine
PLA polyacrylic acid
PNPs plasmonic nanoparticles
PSA polystyrene-co-acrylic acid
RNA ribonucleic acid
SPR surface plasmon resonance
TEM transmission electron microscopy
UCNPs upconversion nanoparticles
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Abstract: The eutrophication of lakes and rivers without adequate rainfall leads to excessive growth
of cyanobacterial harmful algal blooms (CyanoHABs) that produce toxicants, green tides, and
unpleasant odors. The rapid growth of CyanoHABs owing to global warming, climate change, and
the development of rainforests and dams without considering the environmental concern towards
lakes and rivers is a serious issue. Humans and livestock consuming the toxicant-contaminated
water that originated from CyanoHABs suffer severe health problems. Among the various toxicants
produced by CyanoHABs, microcystins (MCs) are the most harmful. Excess accumulation of MC
within living organisms can result in liver failure and hepatocirrhosis, eventually leading to death.
Therefore, it is essential to precisely detect MCs in water samples. To date, the liquid chromatography–
mass spectrometry (LC–MS) and enzyme-linked immunosorbent assay (ELISA) have been the
standard methods for the detection of MC and provide precise results with high reliability. However,
these methods require heavy instruments and complicated operation steps that could hamper the
portability and field-readiness of the detection system. Therefore, in order for this goal to be achieved,
the biosensor has been attracted to a powerful alternative for MC detection. Thus far, several types
of MC biosensor have been proposed to detect MC in freshwater sample. The introduction of
material is a useful option in order to improve the biosensor performance and construct new types
of biosensors. Introducing nanomaterials to the biosensor interface provides new phenomena or
enhances the sensitivity. In recent times, different types of nanomaterials, such as metallic, carbon-
based, and transition metal dichalcogenide-based nanomaterials, have been developed and used
to fabricate biosensors for MC detection. This study reviews the recent advancements in different
nanomaterial-based MC biosensors.

Keywords: microcystin; nanoparticle; biosensor; cyanobacterial harmful algal bloom

1. Introduction

Cyanobacterial harmful algal blooms (CyanoHABs) are toxic algal blooms that float
on living organisms, freshwater systems, and water supply sources during the summer
and produce toxicants [1,2]. The eutrophication of lakes and rivers without adequate
rainfall leads to excessive growth of CyanoHABs that produce toxicants, green tides, and
unpleasant odors. The massive growth of CyanoHABs owing to global climate change and
global warming has led to rapid eutrophication in water bodies [3–5].

The development of rainforests without considering the environment and construction
of dams in rivers could result in the overgrowth of CyanoHABs [6]. Additionally, the
industrialization of rural areas located near rivers and lakes is accelerating the growth
of CyanoHABs, which can cause serious economic, health, and ecological problems [7].
Furthermore, humans, livestock, and aquatic animals could suffer from damage to the liver
and other organs by drinking large amounts of CyanoHAB-contaminated water, leading to
death [8,9]. Moreover, due to the growing amounts of CyanoHABs, the water bodies turn
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green and produce a stench smell, which is not esthetically pleasing. Particularly during
the summer, the overgrowth of CyanoHABs produces algal blooms in waterbodies such as
rivers, lakes, and ponds [10].

CyanoHABs produce harmful cyanotoxins such as microcystin, anatoxin, saxitoxin,
nodularin, and cylindrospermopsin [11,12]. When CyanoHABs undergo damage or die,
they release cyanotoxins that cause hepatotoxicity and neural toxicity to humans, livestock,
and other wildlife [13,14]. Microcystin, nodularin, and cylindrospermopsin are classified
as hepatotoxins, whereas anatoxin-a and saxitoxin are classified as neurotoxins [15,16].

Microcystins (MCs) are produced by various cyanobacteria genera, such as Microcystis,
Planktothrix, Anabaena, Nostoc, Aphanizomenon, and Limnothrix, and are the most
commonly found toxins from CyanoHABs [17]. MCs comprises seven amino acids having
circular forms, and over 90 different types of MCs have been reported worldwide [18].
MC was classified with amino acid composition such as MC-LR, MC-RR, MC-YR, MC-LR,
and MC-LF. These different MC species showed the different toxicities. It is reported that
MC-LC showed the highest toxicity in comparison to the other MC types [19]. When MCs
are exposed to living organisms, they cause inhibition of protein phosphatase in liver
cells, protein kinase activation malfunction, and over-phosphorylation of proteins, thereby
resulting in several acute diseases [20]. Furthermore, excess accumulation of MC in liver
cells results in apoptosis of cells due to cytoskeletal disruption and control loss of p53 gene
regulation. The structural stability of MC is determined in cells that do not decompose
for 2–3 months [21]. Therefore, the precise detection of MC in freshwater is essential for
humans and wildlife.

Liquid chromatography–mass spectrometry (LC–MS) and enzyme-linked immunosor-
bent assay (ELISA) are two of the conventional methods used for the detection of MC
[5,19,22–24]. The United States Environmental Protection Agency (USEPA) recommends
using these techniques to quantify the MC and nodularins in water samples as official
methodologies “Method 546” and “Method 544” [23–25]. While LC–MS provides pre-
cise data and results, it requires heavy analytical apparatus and expensive equipment.
Comparatively, while ELISA does not require heavy and expensive equipment, it does
require a complicated detection step and trained researchers with extensive analytical
time. Therefore, these techniques cannot meet the requirements of simple field-ready
detection methods.

In the meantime, biosensors can detect various molecules, including toxins, and can
be used as an alternative to solve the above problems. Several biosensors have been
devised to detect various analytes such as viruses, pathogens, diseases, toxicants, and
microorganisms [26–30]. The biosensors are designed to meet specific goals according to
various detection platforms such as electrochemical [26], electrical [31], optical [32], and
spectroscopic platforms [33]. The biosensor can provide the useful platform with small size,
portability and easy-to-handle nature, and field-ready measurement [34]. In constructing
a biosensor, the target recognition bioreceptors should be required. Generally, two types
of bioreceptors are used to bind with specific targets. The antibody is a gold standard for
immunosensor construction. It provides specific target binding, low Kd constant and high
selectivity. However, the manufacturing cost of antibody is expensive, and production
of antibody requires animal experiments. In last 20 years, the aptamer was regarded
as a powerful alternative for biosensor construction. Aptamers are short RNA or DNA
strands that can bind with high specificity and affinity to target materials such as proteins,
lipids, ions, and whole cells by forming a unique 3D structure by folding. Aptamers are
inexpensive, easy to synthesize, and small in size, exhibiting excellent chemical stability [35].
In addition, owing to their unique structural properties, aptamers can reportedly be
enhanced through systematic evolution of ligands by exponential enrichment (SELEX)
to significantly improve sensitivity and selectivity when binding to target substances.
Compared to antibodies, it can be chemically synthesized, reducing the manufacturing cost
and being free from animal experiments. However, the aptamer showed less selectivity and
stability that should be solved by aptamer-based biosensor (aptasensor) commercialization.
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Various types of biosensors can detect the toxicant small molecule effectively [36–38].
In particular, several reviews on biosensors for microcystin detection have been pub-
lished [39–41]. Cunha et al. discussed the aptasensor for aquatic phycotoxins and cyanotox-
ins [39]. In this review, they mainly focused of application of aptamer for toxin detection.
In addition, Bertani and Lu recently introduced the cyanobacterial toxin biosensors for
environmental monitoring and protection [40]. They introduced various cyanotoxin biosen-
sors, including saxitoxin, microcystin, and cylindrospermopsin. Moreover, this review
focused on the portability of biosensor for field-ready application. Massey et al. recently
summarized the microcystin detection methods [41]. They focused not on biosensors but
on ELISA and HPLC-based MC detection. Thus, these reviews discussed MC detection
methods using biosensor or conventional methods; however, these reviews did not explain
the usefulness of introduction of nanomaterial for MC biosensor construction.

Meanwhile, the introduction of nanomaterial for the construction of biosensors pro-
vides detection sensitivity and selectivity, as well as new detection platforms [42,43].

Several nanomaterials have been synthesized for application in fields of energy,
medicine, science, and engineering [44–47]. Among them, three types of nanomateri-
als: noble metal-based, carbon-based, and transition metal dichalcogenide (TMD)-based
nanomaterial, are useful for the construction of toxicant-detecting biosensors [48–50]. A
suitable platform for detecting CyanoHABs and algal toxins can be achieved by combining
adequate bioreceptors (antibody, aptamer, and nucleic acid) with the above-mentioned
nanomaterials. The present review discusses the recent progress in the four types of
nanoparticles and bioreceptors hybrid material-based MC biosensors.

2. Metal Nanoparticle-Based MC Biosensor

Metal-based nanoparticles with various physical and chemical properties according
to their composition and shape have also been developed [48–51]. Metal nanoparticles
are widely used in batteries, materials, devices, and for the treatment of cancer [52,53].
Furthermore, noble metal nanoparticles such as gold, silver, and rhodium nanoparticles
exhibit superior conductivity and high stability and are used in electrochemical biosensors
for the detection of microcystin [48,54,55].

Owing to the electrical or electrochemical properties of conductive nanoparticles,
they can be used in MC biosensors to improve the detection sensitivity of the sensor
by increasing the surface area of the interface between the target and the bioreceptors
electrode. Furthermore, conductive nanoparticles can be used in electrochemical and
electricity-based biosensors by pairing them with an antibody or an aptamer to achieve
high detection sensitivity.

Electrochemical measurement type can be applied to immunosensor for MC-LR de-
tection with high selectivity and sensitivity. The analytical approach exhibits acceptable
precision, stability, and accuracy. Zhang et al. [56] developed electrochemical immunosen-
sors using functional PPy microspheres (AuNP/PpyMS) comprising gold nanoparticles
for the detection of microcystin-LR. The fabricated biosensor was composed of antibody–
AuNP/PPyMS complex for generating electrochemical signal enhancement through AuNP.
AuNP was prepared by depositing silver on polypyrrole microspheres that were synthe-
sized by chemical oxidation polymerization to act as electrochemical catalysts for signal
amplification. As shown in Figure 1A, AuNPs were incorporated into polypyrrole mi-
crospheres as signal antibodies, and the detection signal was enhanced by increasing the
surface area. Furthermore, the electrodes of the MC-LR immunosensor were modified
using carbon nanotubes (CNTs), and the excellent fixation of MC-LR antigens to the modi-
fied electrodes was due to the stabilization of the antigen binding site of the polyethylene
glycol (PEG) film. Moreover, the coated MC-LRs were subjected to MC-LR antibodies to
form antigen–antibody complexes for competitive immunolysis, which reacted with the
AuNP/PPyMS-labeled signal antibodies to generate electrochemical signals under the
silver catalyst.
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Figure 1. (A) Ab2-AuNP/PPyMS particle preparation method. (B) Schematic representation of
the MC-LR immunosensor fabrication and competition immunoassay procedure. (C) Linear sweep
stripping voltammetry curves of silver nanoparticles deposited on the immunosensors at 1.0 M KCl
after incubation with the lowest peak currents in the MCLR having corresponding concentration
ranges (0.00025, 0.0005, 0.0025, 0.025, 0.25, 2.5, 25, and 50 µg/L). (D) Calibration curve for MC-LR
immunoassay. Reproduced with permission from [56], published by Elsevier, 2017.

The detection performance of MC-LR was evaluated using linear sweep voltammetry
(LSV) peak currents, wherein the current of the working electrode is measured, while the po-
tential between the working and reference electrodes changes linearly with time. Figure 1B
shows the LSV peak current measured in the concentration range of 0.0005–100 µg/L,
which could be used for immunoanalysis, owing to the tendency of the current to decrease
as the concentration of MC-LR antigens used in peak competitive immune responses
increased. The antigen–antibody immune complex reacts with Ab2-AuNP/PPyMS and
induces reduction of silver ions in the dissociated Cl− in KCl. Although the linearization
curve (Figure 1C,D) of MC-LR immunolysis had a low detection limit of 0.2 ng/L in the
corresponding linear range, the proposed analytical approach showed excellent stability
and high precision, exhibiting potential applications for the detection of other toxins.

Secondly, noble metal nanomaterials arising from nanoscale phenomena such as
localized surface plasmon resonance (LSPR) or enhancement of Raman signals are also
used in the fabrication of MC biosensors. The vibrations occur at the surface of the
metal nanoparticles, which have localized surfaces, in the surface plasmon resonance
(SPR) sensor. This results in LSPR referred to as the resonance formed by combining the
electromagnetic field (EM) with spatially limited free electrons [57]. LSPR can be excited
resonantly around nanoparticles of metal surfaces or thin films of metal. Furthermore, the
wavelength intensity and length of LSPR can be altered by combining the bioreceptors
and target material on the surface of the nanoparticles, which was confirmed by the LSPR
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results [58]. Moreover, LSPR-based biosensors have a simple structure, are easy to operate,
and are portable for detection in the field [59].

One of the most essential characteristics of metal nanoparticles such as Au and Ag is
that LSPR is generated in metal nanoparticles. The optical plasmonic properties of metal
NPs are highly dependent on the grain boundary distance between the NPs, which are
small or large aggregates of NP pairs, compared to individual and well-spaced NPs. As the
interparticle distance decreased, a strong overlap was observed between the plasmon fields
of the surrounding particles, owing to which the intensity increased, causing a redshift
in the LSPR band, making it easier to observe changes in the color solution. AuNPs and
AgNPs exhibit excellent LSPR properties with strong and distinct colors and color changes
between individual NPs. Compared to aggregated NPs, widely spaced NPs are easier with
UV-visible spectroscopy. This can be visualized or confirmed [60].

Wang et al. fabricated an LSPR-based immune sensor using AuNP–aptamer assays
for MC-LR detection [61]. As shown in Figure 2A, a target molecule-specific aptamer was
used as the linker to prepare the AuNP dimer. Then, the AuNP dimer was degraded in
the presence of the target molecule, and the color of the solution changed from blue to
red. Furthermore, a new peak appeared at approximately 606 nm, and the absorbance
increased at 606 nm as the linker concentration increased (Figure 2B). Conversely, in the
absence of the target molecule, the aptamer acts as a linker that induces the formation of an
asymmetrically altered AuNPs dimer, owing to which the solution appears blue, thereby
indicating that the absorption peak of the AuNP monomer was at approximately 539 nm,
similar to that before the linker was added. Compared to omnidirectional sensors based on
the expansion of large aggregates into molecules, LSPR-based sensors exhibit significantly
high sensitivity and stability and can be measured within a duration of 5 min.

Raman spectroscopy is used as a molecular identification tool, considering the fact
that it enables the qualitative and quantitative analysis of molecules by measuring the
vibrational spectrum of the sensor. Raman scattering mainly depends on the energy loss
(Stokes) or gain (anti-Stokes) of inelastically scattered photons, owing to the molecular
vibrational events, and reflects information about the molecular structure to enable in
situ real-time sensing [62,63]. However, because the signal strength of the spectrum
sensor was weak, surface-enhanced Raman spectroscopy (SERS) using specific metals was
developed [64,65]. In SERS, the Raman signal of a chemical target material is amplified by
the resonance between the wavelength of the incident light and the surface free electrons
form when the chemical target material is close to a specific metal nanosurface. The
SERS mechanism can be divided into electromagnetic and chemical enhancements. In
general, the contribution of chemical enhancement is smaller than that of electromagnetic
enhancement. SERS is advantageous, given that unlabeled non-destructive analytes can
be detected from the spectral results, such as fingerprints and individual components of
biochemical molecules and multi-component materials, respectively [66,67].

In Deyun’s study, MC-LR was detected with high sensitivity using the SERS technology-
based AuNP-aptasensor [68]. The overall schematic of the MC-LR detection method is the
same as that shown in Figure 2C. The MC-LR aptamer and its corresponding complemen-
tary DNA fragment (cDNA) bind the gold (AuNPs) and magnetic (MNPs) nanoparticles,
respectively. Furthermore, MC-LR aptamer–AuNPs and cDNA–MNP conjugates were
used as signal reporter and bioreceptors, respectively. Figure 2D,E shows linearity ranging
between 0.01 and 200 ng/mL with a proposed sensor detection limit (LOD) of 0.002 ng/mL.
The reliability of the new approach was evaluated at different concentrations of spiked
MC-LR in tap water samples.
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Li et al. fabricated a sandwich SERS spectroscopic immunosensor comprising a
surface-functionalized quartz substrate and a SERS tag to selectively detect MC-LR [69].
The SERS tag utilized the gold nanospike (GNS) plasmonic substrate, owing to its SERS
augmentation factor, unique high-density “hotspots,” and easy tuning of the LSPR band
to the near-infrared (NIR) region. The GNS was identified at 750 nm using a 785 nm
NIR laser excitation. NTP molecules used as Raman reporters were tightly adsorbed and
immobilized on the GNS surface, which resulted in the GNS @ NTP @ SiO2 structure.
Herein, we demonstrate how the developed SERS sensor can reach a detection limit of
0.14 µg/L. A high-performing SERS immunosensor assay allows for monitoring of the
dynamic generation of MC-LR.

A colorimetric sensor that uses the degree of aggregation of conductive metal nanopar-
ticles is also an interesting approach. Metallic nanoparticles are known to have attributes
such as controllable physical and chemical properties, functional flexibility, low toxicity,
and excellent stability, making them ideal sensor materials [70]. Colorimetric sensors have
attracted wide attention in biochemical analysis, owing to their simplicity, high sensitivity,
and low cost [71]. Among the different metals, gold (AuNPs) has been used in various
colorimetric sensors, owing to its wide visibility of color change [72]. However, metal
nanoparticles as sensing elements can sometimes lack the ability to selectively target spe-
cific materials. Therefore, to solve this problem, recent colorimetric biosensors research has
developed a nanoparticle–aptamer complex where nanoparticles are bound to the aptamer,
which is an oligonucleotide with excellent selectivity for a target material used as the sensor
material [73–76].

However, to date, existing analytical techniques used for the detection of ML-LR
in fresh water have many limitations, such as the interference of various environmen-
tal organic pollutants, specialized technology, complex sample preparation, expensive
equipment, and lengthy detection time. Therefore, to overcome these problems, recent col-
orimetric sensor studies have suggested using Au nanoparticle–aptamer-based colorimetric
sensors, which are simple and highly sensitive, specifically for MC-LR detection [77–79].
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The Au nanoparticle–aptamer-based colorimetric sensor principle used in the study
by Li et al. (2016) [77] is described as follows. The aptamer and metal nanoparticles
are used as recognition elements to selectively bind to MC-LR with high affinity and as
sensing materials to detect the color change in the plasma resonance absorption peak when
binding to a target in high-concentration sodium chloride, respectively (Figure 3A–C).
When the Au nanoparticle–aptamer comes in contact with the target material (MC-LR)
in the sample, the aptamer structure modifies and separates from the nanoparticles to
form an MC-LR/aptamer complex. Thereafter, a concentrated salt solution was used to
aggregate the released AuNPs, and the sensor was driven by a method that changes the
color of the sample by interparticle plasmon coupling of metal nanoparticles. The limit
of detection (LOD) of the MC-LR-specific AuNP–aptamer was estimated as 0.37 nM. In
addition, it was observed for the real sample that the biosensor worked even in high-salt
pond water. Therefore, given that this colorimetric sensor has low cost, excellent stability,
and reproducibility and can determine the presence of MC-LR even in real freshwater, it is
considered very useful for detecting MC-LR in the real environment.
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3. Carbon Nanomaterial-Based MC Biosensor

Owing to the unique structural characteristics of carbon, since 2000, carbon-based
nanomaterials such as carbon nanotubes, carbon nanofibers, graphene, and graphene
oxide have been used for the development of electrochemical, electrical, and spectroscopic
biosensors [80–83]. Recently, a new type of structural layer called MXene was developed,
which improved the scalability of the applicability of biosensors [52,84]. Recent studies
have attempted using carbon-based biosensors with excellent sensor performance for
MC detection.

Zhao et al. [85] developed graphene and multienzyme functions as carbon-nanosphere-
based electrochemical immune sensors for MC-LR detection. The immune sensors used
graphene (GSs) and chitosan (CS) to improve the electrochemical performance of the
electrodes. Furthermore, a horseradish peroxidase–carbon nanosphere (CNS)–antibody
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system was used to amplify the electrochemical signal. Figure 4A shows a mimetic di-
agram of an electrochemical immune sensor comprising bio-composite nanostructures
horseradish peroxidase–carbon nanosphere–antibody and microcystins–LR/graphene
sheets–chitosan/glassy carbon electrode (GCE).

The above-mentioned sensor was formed by the immobilization of nanocomposite
GSs-CS/CNS to the vitreous carbon electrode. The detection sensitivity was improved
by using a synthesized HRP-CNS-Ab bio junction. The sensor has a three-dimensional
structure that can be used as a signal reporter and interacts with MC-LR. Thereafter,
hydrogen peroxide was applied to transfer electrons directly from the electrode to form
an electrical signal. Owing to the electrode, the formation of free-state HRP-CNS-Ab/MC-
LR/GSs-CS/GCE decreased as the concentration of the MC-LR samples increased.

Figure 4B shows the measurements of redox peaks using the cyclic voltammetry
(CV) method, a method of obtaining the current potential curve from a solid electrode
at each stationary stage of the sensor. The periodic changes to the electrode potential
were obtained using a triangular wave [Fe(CN)6] 3−/4− as the redox species. The applied
voltages were measured, ranging between −0.2 and 0.6 V. CV was obtained when the
GCE (curve b) electrodes were modified into GS-CS, thereby resulting in a 38% increase in
current of the over bare GCE (curve b) electrodes, indicating that the electrodes modified
with GS-CS exhibited increased conductivity and a larger surface area. However, the
MC-LR/GSs-CS/GCE (curve c) showed a decrease of 30.8% in the current value from
curve b, which indicated that the MC-LR was fixed to the electrode surface. This reduction
can be attributed to the inhibition of the electron transfer process by the MC-LR, which is
nonconductive. The insulation properties of the electrode surface increased further after
incubation with HRP-CNS-Ab (curve d), thereby reducing the peak current response.

Figure 4C,D shows the results of the evaluation of the sensor performance using
the DPV measurement method. A linear range of 0.05–15 µg/L microcystin-LR with a
detection limit of 0.016 µg/L was observed. Furthermore, the DPV measurements under
optimized conditions (buffer: 0.2 M PBS (pH7.4), applied voltage: −0.5–0 V, amplitude:
50 mV pulse width: 0.01 s) were proportional to the concentration of MC-LR and decreased
linearly as the MC-LR concentration increased in the 0.05–15 µg/L concentration range.
The linear range obtained for MC-LR was much wider than the range of immune sensors
(0.06–0.65 µg/L) derived from antibodies labeled directly with HRP.

In addition, various studies have attempted to detect MC-LR using carbon mate-
rials that exhibit excellent conductivity. For example, Zhang et al. (2011) [86] fabri-
cated an immunosensor by coating AuNPs onto nitrogen-doped carbon nanotubes. Fur-
thermore, Zhao et al. (2013) [85] fabricated a graphene-based immunosensor using a
horseradish peroxidase–carbon nanosphere–antibody system for signal amplification to
detect microcystine-LR.

Among the various carbon materials, graphene separated from crystalline graphite
is one of the representative biosensor materials. Graphene is an allotrope of carbon com-
prising a single atom-thick and a flat monolayer comprising a two-dimensional sheet of
honeycomb lattice [87], having unique optical, electronic, thermal, and chemical properties.
Owing to this, graphene and its derivatives are emerging as the new carbon materials and
are attracting wide attention in different fields such as biological detection [88], nanocom-
posite synthesis [89], and microelectronic device fabrication [90]. However, considering
the limitations of existing physical approaches [91], the chemical modification and func-
tionalization of graphene has attracted attention from many researchers. In particular,
graphene oxide (GO) prepared by oxidizing graphite has abundant hydrophilic groups
(hydroxyl, epoxide, carboxyl groups, etc.) on its surface, which indicates that it can be well
dispersed in water [92,93]. Furthermore, GO maintains a delocalized π–electron system
that provides a strong affinity to the carbon-based ring structure of graphene, being known
to have superior value as a sensor material compared to graphene [94].

The work of Shi et al. [95] introduced GO to biosensors in their study (Figure 4E). The
sensor substrate was constructed by exposing a coated glass slide surface to APTES vapor.
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Graphene oxide was adsorbed through electrostatic force using a graphene oxide array.
Here, crosslinking agents EDC and sulfo-NHS were added to activate the exposed carboxyl
group of GO through incubation. Furthermore, a carboxyl–amine group covalent bond
was formed on the graphene oxide surface through additional incubation after adding an
NH2-MC antibody solution. In the detection step, the AuNP–ssDNA complex was formed
with MCs in the sample by poly (A) ssDNA (5′-AAA AAA AAA AAA AAA-3′), and the
residual complex, which was not bound to the MCs, was eliminated by poly (T) ssDNA
(5′-TTT TTT TTT TTT TTT-3′). The bound MCs were recognized immunologically by the
antibodies (NH2-MCs) adsorbed onto the GO surface. The GO and AuNPs act as–donor–
acceptor pairs to induce quenching of GO fluorescence through the FRET phenomenon.
Therefore, when the AuNP–ssDNA–MC complex is formed in GO, MCs are detected using
a mechanism that lowers the intensity of fluorescence.
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Figure 4. (A) Schematic illustration of the detection principles of the immunosensor using
microcystins–LR/graphene sheets–chitosan/GCE and horseradish peroxidase–carbon nanosphere–
antibody bioconjugates. (B) Cyclic voltammograms of (a) Bare GCE, (b) GSs-CS/GCE, (c) MC-
LR/GSs-CS/GCE, (d) HRP-CNSs-Ab/MC-LR/GSs-CS/GCE, (e) in 0.1 M KCl containing 2.5 mM
Fe(CN)6

3−/Fe(CN)6
4− mixture (1:1 molar ratio). Scan rate: 60 mV s−1. (C) In 0.2 M PBS (pH 7.4),

DPV measurement results at MC-LR concentration shifts (0.05 to 15 µg/L). The current response of
the immunosensor after incubation with amplitude: 50 mV, pulse width (top to bottom) containing
7.0 mM H2O2. The DPV measurements were performed from −0.5 V–0 V, with an amplitude of
50 mV and a pulse width of 0.01 s. (D) The calibration curve of the current responses vs. MC-LR con-
centrations and liner fit for microcystin-LR concentrations. (E) Illustration of GO-based fluorescence
biosensor. Reproduced with permission from [85,95] published by Elsevier, 2013 and 2012.

The limit of detections of MC-LR and MC-RR in the sensor were 0.5 mg/L and
0.3 mg/L, respectively, which satisfied the strictest standards of the World Health Organi-
zation (WHO). Furthermore, we obtained significant fluorescence quenching signals from
MCs in real lake water. The antibody was able to recognize the Adda ((all-S, all-E)-3-amino-
9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid) group in the MC structure,
which is a conservative part of MCs, to sensitively and selectively detect MCs. Results
showed that the GO-based sensor exhibits high sensitivity, acceptable stability, and high re-
producibility, thereby indicating the possibility of using GO-based sensors for the detection
of MC-LR in environmental samples.

4. Transition Metal Dichalcogenides Nanoparticle-Based MC Biosensor

Because the first paper describing the properties of transition metal dichalcogenides
(TMDs) was published almost a decade ago, one-dimensional nanomaterials have become
one of the most vibrant areas of study in the field of materials science [96,97]. Two-
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dimensional TMD nanostructures such as molybdenum disulfide (MoS2) and bismuth
selenide (Bi2Se3) exhibit remarkable optical, electrical, magnetic, and mechanical prop-
erties and have attracted significant attention, owing to their potential applications in
silicon-based devices and various material applications [98–101]. In particular, MoS2 has
been studied extensively for the storage and conversion of electrochemical energy in the
form of electrocatalyst for hydrogen evolution reactions, electrode material in lithium-
ion batteries, and supercapacitors, owing to its good anti-corrosion, catalytic abilities,
and biosensor [102–104]. Owing to these interesting characteristics, several groups have
reported the application of MoS2 for the development of biosensors [105–107].

Liu et al. [108] developed a sensitive aptasensor based on a dual-signal amplifica-
tion system that uses both horseradish peroxidase (HRP) and a trilobe nanocomposite
(AuNP@MoS2-TiONB nanocomposite) for the measurement of MC-LR. MoS2 nanosheets
that can cover spherical TiO2 surfaces have a large surface area, which increases the chances
of binding to biomolecules. The HRP also amplifies the sensing signal of the sensor. The
DPV method was used to evaluate the analytical performance of MC-LR under scanning
conditions from 0.22 to 0.23 V at a pulse amplitude of 50 mV every 0.1 s. The peak current
value decreased as the concentration of MC-LR increased in the concentration range of
0.005–200 nM, which can be attributed to the decrease in the binding of biotin–cDNA,
which reduced the binding of avidin–HRP. Therefore, the electrocatalyst current of HRP
was confirmed to be inversely proportional to MC-LR.

Zhang et al. [109] developed a sensitive electrochemical immunosensor based on
molybdenum disulfide (MoS2) and gold nanorod (AuNR) composites for the detection
of MC-LR. The immunosensor was constructed by immobilizing an MC-LR antibody
on a gold electrode, which was modified using a MoS2/AuNRs nanocomposite with
a large surface area and excellent biocompatibility. The detection method used had a
competitive immunoassay format, wherein the coated MC-LR antibody competed with the
added target MC-LR for the MC-LR antigen to form an antibody–antigen immunocomplex.
Then, horseradish peroxidase-labeled anti-MC-LR antibody (HRP-Ab2) was used to detect
MC-LR. Figure 5A shows a 20 mM PBS (pH 7.5, 0.1 M KCl) buffer containing 5 mM
[Fe(CN)6] 3−/4− and 0.1 M KClO4 in the frequency range of 0.1 Hz to 100 kHz at a bias
potential of 0.2 V. The Nyquist plots, a diagram comprising a high-frequency semicircle
and low-frequency linear section corresponding to the electron transfer resistance (Ret),
of electrochemical impedance spectroscopy (EIS) for the electrodes were plotted at each
modification step. It can be seen that, unlike other electrodes, the bare electrode (curve a)
has a low electron transfer resistance (Ret), indicated by a straight line. After modifying
the AuNR in MoS2/Au (curve c), the Ret value decreased, indicating that AuNR promoted
[Fe(CN)6] 3−/4− ion transport. In the other process, it was confirmed that the Ret value
increased, which indicated that MoS2, AuNR, anti-MC-LR, MC-LR, and HRP–anti-MC-LR
were successfully immobilized on the surface of the gold electrode. The DPV measurement
method was used to evaluate the electrochemical performance of the MC-LR measurement
immune sensor. Under optimal conditions, the immunosensor showed a linear response
to MC-LR in the range of 0.01–20 µg/L with a detection limit of 5 ng (Figure 5B,C). This
electrochemical immune sensor showed excellent potential for monitoring routine water
quality for various toxins.

A MoS2–quantum dot (MoS2 QD) complex system was synthesized and applied
to a fluorescent biosensor as a fluorophore and a quencher, respectively. MoS2 QDs
exhibit excellent stability, low toxicity, and low manufacturing costs. Furthermore, it has
strong resonant light absorption, excellent photoluminescence, and excellent potential as a
fluorometric sensor material [110,111]. Moreover, when N-acetyl-L-cysteine (NAC) is used
as a capping agent in the synthesis of MoS2 QDs, in near-infrared absorption caused by
NAC, abnormal upconversion photoluminescence of MoS2 QDs occurs, owing to the two
successive energy transfers into the hexagonal MoS2 QD structure, which appears as green
fluorescence under UV and NIR irradiation [112]. This upconversion photoluminescence by
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MoS–QDs under low-energy NIR irradiation is known to effectively eliminate background
interferences [113].
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On the basis of the unique luminescence of MoS2 QDs, Cao et al. (2020) [113] presented
a method for detecting MC-LR according to MoS2 QDs using upconversion fluorescence
generated by NAC. Furthermore, this method used MoS2 QDs as a signal-sensing molecule
and gold nanoparticle–aptamer as a recognition factor for a target material (Figure 5D).
The working principle of this study is similar to that of the colorimetric sensor proposed
by Li et al. (2016) [77]. However, MoS2 QDs cannot bind to aggregated AuNPs in the
post-separation process of AuNP–aptamer in the presence of MC-LR. Therefore, the sen-
sor measures the upconversion fluorescence from the exposed MoS2 QDs. This method
has a lower limit of detection (0.01 nM) as compared to a fluorescent sensor that uses
a fluorophore and a quencher. In addition, the ability to eliminate background noise in
complex environmental samples by emitting visible photoluminescence of MoS2 QDs with
upconversion fluorescence indicates that the MoS– QD-based fluorescence sensor is highly
effective in accurately detecting the presence of MC-LR in the environment.

5. MC Biosensors with Other Nanomaterials

For the fabrication of field-ready biosensors, it is essential to pretreat the cyanobacterial
sample and detect MC simultaneously. Dos et al. [114] developed a good example of this
system by developing a portable microfluidic sensing platform for simultaneously detecting
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MC-LRs in and out of Microcystis aeruginosa cells. The filter in the chip filtered the MC
toxins that discriminated the sample and quantitatively detected MCs. Figure 6A shows the
scheme of the manufactured sensor, wherein the sample processing module uses a micro-
tank (µR), microfluidic mixer (µFM), and ultra-filter methods for pretreating the samples.
The detection principle and functionalization of monetary poles follows electrochemical
impedance spectroscopy (EIS) using an electrochemical cell chip (ECC). In-sample toxins
competitively inhibit the binding of anti-MC-LR antibodies to the electrode surface where
MC-LR is immobilized. The analytical performance was tested by characterizing the surface
functionalization of ECC by increasing the concentration of MC-LR. Therefore, this process
simultaneously detects the total MC-LR content (in and out of the cells) and concentration
of MC-LR toxin (out of cells) in a water-free state.
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Figure 6B shows the result of the performance analysis at each stage of electrode fabri-
cation using CV and EIS methods. The surface functionalization stage CV measurements
showed that the Faraday current of CV increase due to the immobilization of cysteamine in
gold electrodes, which can be attributed to the electrostatic attraction between the positively
charged monolayer (surface pKa = 6.7) and negatively charged solutions, while the toxin
bonded to the surface. The Nyquist plot was suitable for Randles equivalent circuit models.
Furthermore, the formation of cysteamine SAM in gold electrodes reduced the Rct value
(1825 ± 306), whereas the combination of MC-LR on the SAM gold surface resulted in a
higher Rct signal (17,007 ± 4161) from MC-LR compared to SAM. The EIS measurements
for MC-LR quantification were performed on custom electrochemical impedance portable
platforms (EPP) (under conditions of 0.5–100,000 Hz, sinusoidal perturbation: 0.005 V). As
a result, the N Rct signal showed an increase in the sample concentration in the MC-LR
concentration range (3.3× 10−4–10−4 g/L). In addition, the similarity (MC-YR and MC-RR)
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between MC-LR with a concentration of 10−4 g/L at (d) and the NRct signals at OA verified
the detection selectivity of the sensor.

In addition, various types of nanoparticles were introduced to fabricate the MC biosen-
sor. Among them, core-shell structured nanoparticles and upconversion nanoparticles
(UCNPs) were applied to MC biosensors. Lee et al. developed a highly sensitive fluo-
rescence resonance energy transfer (FRET)-based quantum dot (QD)–aptasensor for the
detection of MC-LR during the budding phase [115] (Figure 6C). Figure 6D shows the
UV–VIS measurement results. A difference was visible at 245 nm, which can be attributed
to the decrease in the intensity of the negative circular dichroism (CD) band when the
target molecule is inserted perpendicular to the helical DNA axis, thereby indicating that
the peak at approximately 245 nm is the only negative CD band and the intensity of that
peak. It is assumed that the MC-LR molecule is inserted perpendicular to the base pair
and binds to the back of the aptamer. The fret-based QD-aptasensor had a measured
detection limit of 10−4 µg/L in the range of 10−4 to 102 µg/L (ppb or nmol/L) (Figure 6E).
MC-LR is selectively detected in different homologues of MC-LR such as microcystin-
YR, microcystin-LY, microcystin-LW, microcystin-RR, microcystin-LF, microcystin-LA, and
nojularin. Furthermore, the laboratory culture resulted in changes in the intracellular
MC-LR concentration along the bacterial growth curve. In the early stages of fixation, QD–
Aputasensa detected MC-LR in bacterial cultures of 12.7–15.8 µg/L. For environmental
samples, MC-LR corresponded to 1.0 and 7.2 µg of MC-LR/L-water measured at 2.7 × 108

and 6.6 × 1010 cells/L-water, respectively, indicating that microcystin-LR can be quantified
in both laboratory cultures and eutrophic conditions [115].

Wu et al. developed an MC-LR sensor that uses green and red UCNP luminescence
as donors and two quenchers, black hole quencher-1 (BHQ1), and black hole quencher-3
(BHQ3-). The two donor–acceptor pairs were constructed by hybridizing the aptamer with
the corresponding complementary DNA. Results showed that the overlapping spectrum
of green and red UCNP emissions can be extinguished by the bioreceptor. Aptamers
preferentially bind to the corresponding analyte in the presence of MC-LR and okadaic
acid (OA) and dehybridize with complementary DNA. The detection limits for MC-LR and
OA were found to be 0.025 and 0.05 ng/mL, respectively. Experiments showed that the
relative luminescence intensity increased as the algal toxin concentration increases, which
promoted the quantification of MC-LR and OA [116].

6. Future Perspectives

Although developed countries are attempting to control the growth of cyanobacteria
by limiting the construction of lake areas and improving the operation of water purifi-
cation systems, developing countries are unable to ensure such control, and the sparse
development is further accelerated. Furthermore, the indiscriminate increase in cyanobac-
teria owing to global warming is expected to increase in the future. The WHO has set a
concentration value of 1 µg/L or less as the standard concentration of cyanobacteria in
drinking water and recommends countries to comply with this. However, because this
situation is relatively well observed in developed countries, there is still a long way to go.
Therefore, the development of low-cost and highly reliable biosensors for the detection of
MCs is expected to increase enormously.

Electrochemical and optical devices satisfy the above requirements in terms of ease
of use, portability, and detection sensitivity. In particular, nanobiotechnology has led
to the development of various sensor electrodes by combining different nanomaterials
and biomaterials, which can detect the threshold concentration by increasing the surface
area of the electrode on the basis of the roughness of the electrode. This resulted in
the development of new types of sensors such as LSPR and SERS for the amplification
of nanoparticle conductivity and spectral power at the nano level. Here, the present
review discussed the recent progress of MC biosensors composed of various nanoparticle
and bioreceptors. Table 1 showed the recent MC biosensors in terms of nanoparticle
types. Thus, the introduction of nanomaterial provides sensitivity and detection method
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widely. Moreover, those nanomaterials have the different characteristics for MC biosensor
construction. Table 2 displays the pros and cons of each nanomaterial in terms of biosensor
fabrication. Noble metal-based nanomaterials provide high conductivity, durability, and
stability. These characteristics are essential to MC biosensor because MC should be detected
in the river or freshwater samples. The high salt, precipitate, and other microorganisms
erode the fabricated MC biosensor electrode substrate. However, it is still expensive for
manufacturing. The strategy for cost down with noble nanomaterial should be solved for
commercialization. The use of carbon-based nanomaterial can be reduced the fabrication
cost compared to noble nanomaterial. Moreover, it showed the stable semiconducting
property that can bring the chance to fabricate new type of MC biosensor. However, it can be
easily oxidized, hampering the sensing performance. Finally, the TMD-based nanomaterial
provides the unique conductivity as it called topological insulator; furthermore, the unique
chemical property of TMD can provide an opportunity for new concept of MC detection
system. However, it still requires a research test for biosensor construction because it
usually forms a two-dimensional shape and is hard to particulate.

Table 1. MC biosensors composed of various nanomaterials and bioreceptors.

Materials Bioreceptors Nanoparticle Detection
Method

Linear Range
(µg/L) LOD (µg/L) References

Metal-NP

Aptamer AuNS CV 0–99.5 9.95 × 10−4 [55]
Antibody AuNP/PPyMS LSV 0.25–50 0.1 [56]
Aptamer AuNP/MNP SERS 0.01–200 0.002 [68]
Aptamer CuNC Fluorescence 0.005–1200 0.003 [73]
Aptamer AuNP Fluorescence 0.25–19.90 0.83 [79]

Carbon-NP

Antibody CNS DPV 0.05–15 0.016 [85]

Antibody CNx-
MWNT/AuNP DPV 0.01–2 0.004 [86]

Antibody GO/AuNP FRET 10−4 × 2.5 0.5 [95]
Antibody MWCNT EIS 0.05–20 0.04 [117]
Antibody CNF/AuNP DPV 0.0025–5 0.00168 [118]

TMD-NP

Aptamer MoS2 DPV 0–199 1.99 × 10−3 [108]
Antibody/antibody MoS2/AuNRs DPV 0.01–20 0.005 [109]

Aptamer MoS2 QD Fluorescence 19.90–43.8 × 103 9.95 × 10−3 [113]
Aptamer MoS2 Fluorescence 0.01–50 0.02 [119]

Antibody/antibody MoS2/AuNCs DPV 0.001–1000 3 × 10−4 [120]

Others

Aptamer - Fluorescence 10–100 0.110 [76]

Aptamer
fluorescence

resonance energy
transfer based QD

Fluorescence 10−4–100 10.4 [114]

Aptamer UCNP Fluorescence 0.1–50 25 × 10−6 [115]
Antibody Ag@MSN CA 0.5–30 × 103 0.2 [121]
Antibody Cds QD ECL 0.01–50 0.0028 [122]

Table 2. Features and disadvantages of each nanomaterial for MC biosensor construction.

Materials Features Disadvantages

Noble metal-based nanomaterial

High stability and durability
High conductivity

(Ex 1. Ag (6.30 × 107 S/m et 20 ◦C))
(Ex 2. Au (4.11 × 107 S/m et 20 ◦C)) [123]

Expensive cost
(Ex. Au nanopowder (USD 446 per 1 g))

Carbon-based nanomaterial
Cheap cost

Stable semiconducting property
(Ex. Carbon nanopowder (USD 11 per 1 g))

Easy to oxidize
Low conductivity

(Ex 1. carbon-nanotube) (3 × 107 S/m)
(Ex 2. graphene (1.72 × 107 S/m)) [124]

Transition metal
dichalcogenide-based nanomaterial

Unique conductivity
(topological insulator)

Unique chemical property

Hard to particulate
Low conductivity

MoS2 (10−1 to 101 S/m) [125]

Although conventional ELISA is mainly based on antibodies and is widely performed
to MC detection, the development of aptamers for electrochemical and optical sensors, as
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well as a new type of ELISA, has become a powerful substitute for antibodies. Aptamers
exhibit similar detection capabilities as that of existing antibodies, and because they can
be chemically synthesized, they have a low production cost and can be produced more
ethically than antibodies. This combination of bioreceptors and nanomaterials can be
applied not only for the detection of MC but also to detect other toxic substances such as
saxitoxin, anatoxin, and cylindrospermopsin.

However, in order for an actual MC portable sensor to be utilized as a portable
biosensor, the following conditions must be met. Although most studies described above
were performed on actual samples, most extracted and used only one type of sample to
detect toxic substances, that is, blue-green algae. Therefore, an appropriate pretreatment
system that can be applied directly in the field should be developed simultaneously. In
addition, consistent MC detection ability should be obtained, even for mixed samples such
as various blue-green algae or freshwater samples. If miniature equipment is used, the
instrument (electrochemical or spectroscopic equipment) performance tends to decrease.
Therefore, an optimal size should be considered for MC detection equipment. Finally, the
reaction time between the current MC and manufactured bioreceptors/nanomaterial is
naturally reversible according to the thermodynamic entropy, but it takes several hours
of target binding capacity. Therefore, in order for the detection time to be reduced, an
external voltage can be applied to construct an effective portable sensor. If these factors are
achieved, an ideal system that can detect the toxic concentration of cyanobacteria directly
at the site of occurrence can be developed, rather than conducting a precise analysis in
the laboratory.
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Abstract: The detection of small molecules has attracted enormous interest in various fields, including
the chemical, biological, and healthcare fields. In order to achieve such detection with high accuracy,
up to now, various types of biosensors have been developed. Among those biosensors, enzymatic
biosensors have shown excellent sensing performances via their highly specific enzymatic reactions
with small chemical molecules. As techniques used to implement the sensing function of such
enzymatic biosensors, electrochemical and fluorescence techniques have been mostly used for the
detection of small molecules because of their advantages. In addition, through the incorporation of
nanotechnologies, the detection property of each technique-based enzymatic nanobiosensors can
be improved to measure harmful or important small molecules accurately. This review provides
interdisciplinary information related to developing enzymatic nanobiosensors for small molecule
detection, such as widely used enzymes, target small molecules, and electrochemical/fluorescence
techniques. We expect that this review will provide a broad perspective and well-organized roadmap
to develop novel electrochemical and fluorescent enzymatic nanobiosensors.

Keywords: nanobiosensor; enzymatic biosensor; electrochemistry; fluorescence; small molecules

1. Introduction

The accurate detection and quantification of small molecules have become increasingly
important in various fields, such as chemistry, biology, medicine, and environmental
science. Small molecules are ubiquitous in nature and play important roles in various
biological processes, including gene expression, metabolism, and cell signaling [1,2]. For
instance, neurotransmitters such as dopamine (DA), serotonin, and norepinephrine, are
representative small molecules that regulate the mood, behavior, and cognitive function of
organisms, and their accurate detection and quantification are essential for understanding
neurological disorders such as depression [3,4] and anxiety. In addition, small molecules can
be used as biomarkers for various diseases [5]. Therefore, the detection of small molecules
can be critical for early disease diagnosis and treatment. For example, glucose is a small
molecule that is used as a biomarker for diabetes, and its accurate quantification is necessary
for monitoring blood glucose levels and adjusting insulin therapy [6]. Other important
molecules, such as prostate-specific antigen (PSA) and carcinoembryonic antigen (CEA),
are also used as significant biomarkers for prostate and colon cancer, respectively, in the
biomedical field [7,8]. The accurate detection of PSA and CEA can be critical for early cancer
diagnosis and treatment. In addition to their biomedical contribution, small molecules can
also be used as indicators of environmental pollution and food contamination, which help
to ensure public health and safety. Heavy metal ions, such as lead, cadmium, and mercury,
are small molecules that can be present in industrial waste, and monitoring the level of
these small molecules is necessary to confirm that these contaminants do not affect the
environment and harm human health [9]. As described above, small molecules play critical
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roles in various fields, and their accurate detection and quantification are essential for
disease diagnosis, drug discovery, environmental monitoring, and food safety. Therefore,
the development of sensitive and selective biosensors for small molecules has the potential
to advance these fields and improve human health and safety.

Among the different types of biosensors, enzymatic biosensors have shown improved
sensing due to their highly specific enzymatic reactions with small chemical molecules [10].
Enzymatic biosensors typically consist of an enzyme that catalyzes a reaction with the
target molecule and a transducer that converts the reaction into a measurable signal [11].
This transducer is developed based on various detection principles, such as electrochem-
ical, optical, or mass-based techniques [12]. Enzymatic biosensors can provide reliable
and accurate measurements of various analytes under different conditions. One of the
advantages of enzymatic biosensors is their stability under different temperatures and pH
levels, making them suitable for use in a variety of settings. Enzymatic biosensors can
typically operate at a wide range of temperatures, which allows the biosensors to be used in
various applications where the temperature may fluctuate, such as in industrial processes
or the outdoors. Additionally, many enzymatic biosensors are stable at room temperature,
making them convenient to use and store without the need for special refrigeration or
temperature-controlled storage [13–15]. Their ability to function reliably under different
conditions ensures that they can provide accurate measurements of analytes in various
settings, from the laboratory to the field. Compared to non-enzymatic or enzyme-free
biosensors, enzymatic biosensors have several advantages, including high specificity and
sensitivity, low detection limits, and a wide detection range [16,17]. In addition, enzymatic
biosensors can also be tailored to detect specific molecules, making them suitable for a
wide range of applications, including clinical diagnosis, environmental monitoring, and
food safety. Enzymatic biosensors offer several advantages over antibody- and aptamer-
based biosensors. Firstly, enzymes are more cost-effective than antibodies, which can be
expensive to purchase [18]. Additionally, in electrochemical biosensors, enzymes capable
of undergoing redox reactions can be directly utilized as redox signal probes, whereas
antibody-based biosensors typically require additional redox-active molecules such as
methylene blue or ferritin [19]. Further, there are limitations to developing biosensors for
detecting various small chemicals using aptamers unless a specific aptamer sequence is de-
signed via complex techniques, such as the systematic evolution of ligands by exponential
enrichment (SELEX) [20].

To achieve accurate detection of small molecules, electrochemical and fluorescence
techniques have been mainly used. Electrochemical techniques are based on the mea-
surement of current or potential changes resulting from the enzymatic reaction, while
fluorescence techniques involve the detection of changes in the fluorescence intensity of the
reaction product. Both techniques offer high sensitivity, selectivity, and specificity, making
them suitable for the detection of a wide range of small molecules [21,22].

The incorporation of nanotechnologies into enzymatic biosensors has further enhanced
the performance of enzymatic biosensors, improving their ability to detect harmful or im-
portant small molecules with high accuracy. Nanomaterials with unique properties, such
as high surface area, conductivity, and catalytic properties, have been utilized to improve
the sensitivity, selectivity, and stability of enzymatic biosensors [23]. For example, metal
nanoparticles (NPs) and carbon-based nanomaterials (e.g., carbon nanotubes, graphene)
have been used to improve the performance of enzymatic biosensors [24,25]. Using these
nanomaterials, researchers have increased the surface area available for immobilizing en-
zymes, created a more favorable microenvironment for enzymatic reactions, and improved
signal amplification [26]. The resulting improvements have led to enzymatic biosensors
with enhanced sensitivity and selectivity for detecting small molecules. Additionally, the
incorporation of nanomaterials has also facilitated the development of hybrid biosensors
that combine the advantages of both electrochemical and optical detection techniques, lead-
ing to even better detection performance [27,28]. The incorporation of nanotechnologies
has opened up new avenues for the development of enzymatic nanobiosensors, allowing
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researchers to fabricate biosensors that are highly selective and accurate in their detection of
small molecules. With ongoing research and development, enzymatic nanobiosensors hold
great promise for a wide range of applications in fields such as healthcare, environmental
monitoring, and food safety.

Therefore, this review aims to provide interdisciplinary information on the develop-
ment of enzymatic nanobiosensors for small molecule detection, including the widely used
enzymes, electrochemical/fluorescence techniques, and electrochemical/fluorescent biosen-
sors (Figure 1). Through a well-organized roadmap, this review will offer a broad perspec-
tive on the development of novel electrochemical and fluorescent enzymatic nanobiosensors
for small molecule detection.
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2. Components of Enzymatic Biosensors
2.1. Enzymes

Among various enzymes, metalloenzymes are mainly used in the development of
enzymatic biosensors. Since metalloenzymes possess metal ions in their core structure, they
can form enzymatic reactions with certain small molecules using these metal ions and have
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the potential to develop biosensors [29,30]. For example, metalloenzymes have been used
to develop biosensors to detect small chemicals that are harmful or require sophisticated
measurements in the environment. Representative examples of such enzymes include
cytochrome c (Cyt C), myoglobin (Mb), hemoglobin (Hb), and nitrogenase (Nase). Using
iron ions in their core, both Mb and Hb act as oxygen carriers. Cyt c possesses an iron
ion that can react with hydrogen peroxide (H2O2) in an enzymatic manner and has been
hugely applied to develop H2O2 biosensors [31,32]. Moreover, as shown in the reaction
diagram of Mb in Figure 2A, Mb can also enzymatically react with nitric oxide (NO) [33].
Some examples of enzymatic reactions are discussed in more detail in the next subsection.
In addition, Nase reacts with nitrogen and can thus be used to measure nitrogen, which is
important in chemistry [34].

In addition, metalloenzymes and some enzymes capable of performing redox reac-
tions are being used to diagnose chemical substances that play important roles in living
organisms. Glucose oxidase (GOx) is one of the most widely used enzymes to develop
the glucose biosensor. Since glucose plays a large role in diabetes, a metabolic disorder
related to the regulation of blood glucose levels, the accurate monitoring of glucose is
important in the healthcare field [35]. To achieve this goal, directly monitoring glucose in
the blood using an implantable biosensor is more accurate than a traditional blood test. The
implantable glucose biosensor uses poly (3,4-ethylenedioxythiophene) (PEDOT) modified
carbon fiber (CF) as an electrode [36]. Here, GOx was introduced as an enzymatic probe to
detect glucose based on the enzymatic reaction between flavin adenine dinucleotide (FAD)
in the active site of GOx and glucose. During this enzymatic reaction, FAD in GOx converts
glucose to gluconolactone, and the generated electrons are measured and quantified using
the biosensor. GOx is used as a key component not only in the development of the glucose
biosensor at the laboratory level but also in the development of commercially available
glucose biosensors. Similarly to this, urease, which contains nickel ions, is used to detect
urea in healthcare monitoring applications [37].

Recently, in line with stem cell research, some metalloenzymes are also being used
for cell differentiation monitoring in the biomedical field. DA is an important chemical
neurotransmitter that plays an important role in signal transmission in the nervous system.
Horseradish peroxidase (HRP) is an enzyme that is widely used to detect DA [38]. In
addition, tyrosinase (Tyr), containing copper ions, can oxidase catechol, a toxic small
chemical compound [39]. Using the copper ions in its core, Tyr can react with catechol
and convert it to o-quinone via oxidation and can also convert phenol to o-quinone via
hydroxylation and oxidation enzymatic reactions, as shown in Figure 2B. In addition
to the enzymes discussed here, there are numerous enzymes that can be used to detect
small chemicals (e.g., laccase). Biosensors using such enzymes have high selectivity and
specificity, but highly sensitive detection is difficult due to the intrinsic characteristics of
biomolecules. In order to address this issue, various nanomaterials and nanotechnologies
are being grafted to enzymatic biosensors. For instance, metal nanoparticles have been
utilized in enzymatic biosensors for significant enhancement of signal amplification and
sensitivity due to their large surface area for higher biorecognition sites and immobilization
of biomolecules [40]. In addition, various nanomaterials and nanotechnologies, including
2D nanomaterials (e.g., graphene and carbon dots) and nanofabrication techniques (e.g.,
electron beam lithography), have been incorporated in enzymatic biosensors to improve
sensitivity and stability [41–43].

2.2. Enzymatic Reactions for Biosensing Applications

In biosensing applications, enzymes are typically immobilized on the surface (electrode
or substrate) of the sensor and react with a specific target molecule to produce a detectable
signal. The processes of enzyme reactions in biosensing applications typically involve the
following steps.
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At first, the enzymes recognize and bind to the target molecule, typically through
specific binding sites or active sites on the enzyme [44]. Next, the enzymes catalyze
chemical reactions with the target molecules that lead to the production of detectable
electrochemical/fluorescence signals. Finally, the signal produced by the enzyme reaction is
detected and quantified using sensing techniques, such as electrochemical and fluorescence
techniques.

To explain in detail, electrochemical biosensing of small molecules can be achieved by
immobilizing the enzyme on an electrode surface, where it catalyzes a redox reaction with
the target molecule, producing an electrical current that can be measured. For example, the
detection of H2O2 can be achieved through an enzymatic reaction between metalloenzymes
possessing iron ions (such as Mb) and the H2O2 that results in the iron ion of the metal-
loenzyme being oxidized from a Fe2+ state to a Fe3+ state accompanying the production
of H2O via the reduction of H2O2. During these redox enzymatic reactions, produced or
transferred electrons can be measured easily using an electrochemical method. To mimic
the efficient enzymatic reaction of metalloenzymes, several artificial metalloenzymes have
been developed [45,46]. Likewise, for the detection of glucose, GOx can be immobilized
on an electrode surface to catalyze the oxidation of glucose to gluconic acid with H2O2,
producing an electrical current from a redox reaction that is proportional to the glucose
concentration [47]. Similar to GOx, several oxidase enzymes (e.g., glutamate oxidase,
lactate oxidase, and ascorbate oxidase) have been used as components for electrochemical
enzymatic biosensors [48] (Figure 2C). Utilizing an enzyme that produces or modifies a
fluorescent molecule upon reaction with the target molecule, fluorescent biosensing can
also be conducted. For example, acetylcholinesterase (Ache) can be used to catalyze the
hydrolysis of acetylcholine (Ach), producing choline and acetate. This reaction can be
coupled to a fluorescent signal using a fluorescent probe that binds to the choline produced
in the reaction, producing a measurable fluorescent signal [49]. In addition to the examples
mentioned earlier, numerous other enzyme reactions can be used in biosensing applica-
tions. For instance, enzymes, such as peroxidase and catalase, can be used to catalyze
the oxidation of various substrates using H2O2 as a co-substrate, producing detectable
signals, such as color changes or oxygen gas bubbles [50]. Similarly, enzymes, such as
alcohol dehydrogenase and lactate dehydrogenase, can be used to catalyze redox reactions
with coenzymes, such as NAD+ and NADH, which can be measured electrochemically or
optically [51]. In such reactions, the enzyme facilitates the transfer of electrons between the
substrate and the coenzyme, resulting in a change in the redox state of the coenzyme that
can be detected. Other enzymes, such as proteases and nucleases, can be used to cleave
specific peptide or nucleic acid sequences, generating fragments that can be detected using
various techniques, such as mass spectrometry or fluorescence. The enzymes play a crucial
role in catalyzing the reactions and facilitating the formation of detectable signals. Using
appropriate co-substrates, coenzymes, and reaction conditions can ensure that the redox
reactions occur catalytically and produce robust signals. As seen in this section, enzymes
have the potential to develop electrochemical or fluorescent biosensors for the detection of
small molecules.
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2.3. Techniques Used in Enzymatic Biosensing
2.3.1. Electrochemical Technique

Among various techniques applicable to developing biosensors, an electrochemical
technique is the most actively used technique. The electrochemical method has characteris-
tics required for biosensor development, such as rapid response, inherent miniaturization,
high sensitivity, feasibility in practical use, and portability [52,53]. Particularly, the electro-
chemical technique is advantageous in that many different electrochemical techniques can
be applied to develop biosensors that can be used in various ways according to targets and
measurement environments [54]. Generally, electrochemical biosensors use electrochemi-
cal signal changes from the detection of target molecules using probe molecules, such as
the production or removal of electrons or change of impedance. Therefore, to generate
electrochemical signal changes, electroactive molecules, such as ferrocene, methylene blue,
or the other redox molecules dissolved in the electrolyte, are introduced normally for
electrochemical biosensing. Here, metalloenzymes can exclude the additional tagging
process of the electroactive molecules. By using its inherent redox properties from metal
ions in its structure directly, a metalloenzyme can be considered the best candidate as
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an electrochemical probe for developing electrochemical biosensors. The amperometry
technique, such as amperometric I-T measurement and chronoamperometry, is one of the
most broadly used electrochemical techniques to develop metalloenzyme-based electro-
chemical biosensors using the direct electron transfer reactions between the metalloenzyme
and target small molecule [55]. During these electron transfer reactions, the amperometry
technique measures the produced or removed electrons directly, and it is normally plotted
as stair-like stepwise graph shapes. For instance, the electrochemical Tyr-based biosensor is
prepared on a chitosan NPs (ChitNPs)-modified carbon electrode to detect catecholamines
composed of catechol and amine side chains [56]. Here, in the presence of oxygen, Tyr
catalyzes the oxidization of catecholamine, and the oxidized catecholamine is recovered
to its original state by reduction. At this moment, the electrochemical reduction of the
oxidized catecholamine can be measured directly by amperometry through the increase in
the cathodic signals, as shown in Figure 3A.

In addition, cyclic voltammetry (CV) is also widely utilized to develop electrochemical
enzymatic biosensors. Particularly, this technique can investigate the redox activity of
metalloenzymes, even in the absence of an enzymatic reaction between metalloenzyme
and target small molecules [57]. For example, the redox property of metal ions intercalated
in the mismatched nucleic acids was investigated by CV to develop an electrochemical
SARS-CoV-2 RNA biosensor for the determination of single-point mutation occurrence [58].
In this study, since certain metal ions can be intercalated in the mismatched nucleic acid
sequence to stabilize the overall mismatched nucleic acid structure, the authors designed
the probe DNA sequence capable of hybridizing with target SARS-CoV-2 RNA and forming
intended mismatched sequences. Using this metal ion–nucleic acid biocomplex, the authors
successfully determined the single-point mutation occurrence (Figure 3B). In the presence
of pure SARS-CoV-2 RNA, only one redox peak pair was measured, but two different redox
peak pairs were measured when the mutation occurred due to the formation of additional
metal ion–nucleic acid biocomplexes. In addition, differential pulse voltammetry (DPV) is a
broadly used electrochemical technique. In this technique, the measured current difference
at two points immediately before and after the potential applied to the biosensor rises is
expressed as a graph of voltage [59]. Since this technique measures the current difference
obtained before and after the potential rises, it is less disturbed by current measurement
disturbances such as electrical double layers. Using DPV, the enzymatic glutathione
biosensor was developed based on glutathione peroxidase and graphene oxide (GO) [60].
The electrochemical technique can also be used for the development of electrochemical
biosensors using redox-free proteins, enzymes, and antibodies. Electrochemical impedance
spectroscopy (EIS) measures the electrical resistance or capacitance of the layers formed
through the capture of targets such as antigens by probes like an antibody, so it does not
require the inherent redox properties from biomolecules or target molecules [61,62].

However, despite the many advantages of electrochemical techniques, it may some-
times be difficult to sensitively and reliably measure the redox signals derived only from
biomolecular reactions because of the inherent limitations of biomolecules. Further, to
achieve high sensitivity and selectivity, electrochemical biosensors inevitably require high
conductivity to measure the redox signals produced by target detection. To grant sufficient
conductivity to biosensors and to solve the intrinsic limitations of biomolecules (e.g., low
signal production and low stability), with the introduction of various nanomaterials and
nanotechnologies to enzymatic electrochemical biosensors, the studies for developing func-
tional electrodes with high conductivity or the increase in electron transfer of the enzymatic
reactions are becoming parallel.

2.3.2. Fluorescence Technique

The fluorescence technique is a widely used technique for developing enzymatic
biosensors because it can provide sensitive and specific detection of biomolecules. The
basic principle of fluorescence biosensing is that when a molecule is excited by light of
a certain wavelength, it absorbs the energy and emits light at a longer wavelength [63].
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In a fluorescent biosensor, the target molecule is labeled with a fluorescent molecule or
a fluorescent molecule is labeled with the sensing probe conversely, that can be excited
by a specific wavelength of light. When the labeled molecule interacts with the biosensor,
it changes the local environment of the fluorescent molecule, which alters its emission
properties. By measuring the change in fluorescence, the presence and concentration of
the target molecule can be detected. To design and develop the fluorescent biosensor,
several approaches can be applied. First, a direct labeling method can be utilized to detect
the target molecule using the fluorescence technique. To detect ions or small molecules,
single directly labeled proteins or peptide-based biosensors have been developed [64].
For example, D-myo-inositol-1,4,5-trisphosphate (IP3), an important signaling molecule
that modulates cellular Ca2+ concentrations, can be detected by signal transduction from
a cysteine mutation and alkylation of the active site (pleckstrin homology domain) of
phospholipase C, such as 6F106 and DAN106 domains [65] (Figure 3C). The direct labeling
method allows simple and straightforward sensing, but it can be challenging to label the
target molecule without any damage or effect on the function and structure of the target
molecules [66,67].

The indirect labeling method has been used to address the limitations of direct la-
beling fluorescence methods. In indirect labeling, a probe molecule that is labeled with
a fluorescent molecule can specifically bind to the target molecule, and the fluorescence
signal is altered from the conjugation of the probe and target molecules. For instance,
amantadine can be quantitatively detected using an indirect competitive enzyme-linked
immunosorbent assay [68]. Here, amantadine and ovalbumin are conjugated as a coating
antigen and coated on a 96-well plate. GOx can also be employed as an enzyme label
for immunoassays for GOx/glucose-mediated H2O2 production, resulting in a fluores-
cence response at 540 nm (Figure 3D). The Förster resonance energy transfer (FRET) is
a phenomenon in which energy is transferred between two fluorescent molecules when
they are in close distance proximity [69]. In a FRET-based biosensor, the biosensor con-
tains two fluorescent molecules, a donor and an acceptor. The donor is excited by light
and transfers its energy to the acceptor if it is in close proximity. The distance between
the two fluorescent molecules changes when the target molecule binds to the biosensor,
which alters the FRET signal. Several fluorescence techniques have also been utilized
in biosensors, such as luminescence resonance energy transfer, photoluminescence, and
electrochemiluminescence [70–72]. Overall, fluorescent biosensors have been used in many
applications, including the detection of biomarkers for diseases, the monitoring of enzyme
activity, and the study of protein–protein interactions. Fluorescent biosensors are versatile
and sensitive tools that can provide real-time, non-invasive detection of biomolecules in
complex biological environments.

While fluorescent biosensors offer many advantages over traditional enzymatic biosen-
sors, such as high sensitivity, selectivity, and the ability to detect multiple analytes simulta-
neously, there are also some limitations to their use. One major limitation of fluorescent
enzymatic biosensors is the requirement for an external excitation source, such as a laser or
UV light, to produce a measurable signal. The necessity of an external source can limit the
portability and ease of use of the biosensor in further applications [73]. In addition, the use
of external excitation sources can lead to the production of background fluorescence from
biological samples, which can interfere with the accuracy of the measurements. Another
limitation of fluorescent enzymatic biosensors is the photobleaching of fluorescent dyes
over time. The unexpected photobleaching can reduce the sensitivity and stability of the
biosensor, making it less reliable over extended periods of time [74]. The bleaching process
can be accelerated by exposure to light, temperature changes, and other environmental
factors. In addition, the design and optimization of fluorescent enzymatic biosensors can
be a complex and time-consuming process [75]. The choice of the fluorescent molecule, the
method of attachment to the enzyme or substrate, and the selection of appropriate detection
parameters all play important roles in determining the sensitivity and specificity of the
biosensor. The optimization of the parameters requires extensive experimentation and
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validation, adding to the cost and time required to develop and manufacture the biosensor.
Despite these limitations, fluorescent enzymatic biosensors remain a valuable tool for a
wide range of applications, including medical diagnostics, environmental monitoring, and
food safety testing. Current research and development in the field are focused on improving
the sensitivity, stability, and ease of use of these biosensors to make them more practical
and accessible for a variety of applications with the incorporation of nanomaterials and
nanotechnologies.
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3. Enzymatic Electrochemical Nanobiosensors

As discussed above, numerous biosensors have been developed so far using various
enzymes, particularly metalloenzymes, and electrochemical techniques. These enzymatic
biosensors have difficulty in highly sensitive diagnostics due to the intrinsic characteristics
of biomolecules, such as low activity and stability, and therefore have limitations in diagnos-
tics in real samples or harsh conditions. To overcome this limitation, in recent years, with
the introduction of nanomaterials or nanotechnologies, nanobiosensors that measure targets
in real samples or real environments with high sensitivity are being researched [76,77]. In
terms of electrochemical biosensors, nanomaterials and nanotechnologies are being studied
to accelerate enzymatic reactions and promote electron transfer or fabricate functional
conductive electrodes [25,78]. In one study, carbon nanomaterials and nanodiamonds
(ND) were employed to develop the Tyr-based amperometric nanobiosensor for detecting
small pollutant chemicals (Figure 4A) [79]. Here, as the electrode materials of an enzy-
matic electrochemical nanobiosensor, carbon nanotubes (CNTs), NDs, and starch were
used to develop a nanobiocomposite on a glassy carbon electrode (GCE). To fabricate
this, NDs combined with soluble starch (ND-SS) were prepared on the GCE first, and
then, the Tyr-trapped CNTs were anchored on the ND-SS using glutaraldehyde (Glu).
The developed nanobiocomposite provided enhanced load capacity for Tyr, improved
electron transfer efficacy from CNTs, and provided the biocompatibility for Tyr via the
introduction of ND-SS. Consequently, the redox signals from this nanobiocomposite-based
nanobiosensor during the detection of small pollutant chemicals (phenolic compounds)
exhibited sufficiently enhanced signals in various real water samples with a 2.9 nM limit
of detection (LoD) and long-term activity in an amperometric manner. In addition to this
study, there are some recent studies developing enzymatic nanobiosensors by introducing
nanomaterials to enzymes. For instance, a nanocomposite composed of an AuNP and
titanium disulfide (TiS2) nanosheet (NS) was developed and combined with uricase to
develop an amperometric uric acid nanobiosensor. Due to the synergistic effects of the
AuNP and TiS2 NS for increasing the redox signals produced from the enzymatic reaction
between uricase and uric acid, the developed nanobiosensor successfully detected uric
acid prepared with interfering molecules, such as ascorbic acid, urea, and glucose, and
detected uric acid dissolved in commercial human serum [80]. In another study, gold (Au)
and platinum (Pt)-decorated CNTs were proposed as the nanocomposite for the immobi-
lization of cholesterol oxidase (COx) to develop an enzymatic electrochemical cholesterol
nanobiosensor [81]. In addition to the metallic nanocomposite, other materials, such as
organic materials, are also being incorporated with metallic nanomaterials to develop
enzymatic nanobiosensors. In one study, polyaniline (PANI), a conducting polymer, was
combined with titanium dioxide (PANI@TiO2) and prepared on an indium tin oxide (ITO)
electrode using electrophoretic deposition to provide enhanced electron transfer kinetics for
xanthine oxidase (XOs) immobilized on the PANI@TiO2 electrode [82]. Using the enzymatic
activity of XOs for the detection of xanthine (Xn), Xn was detected sensitively with a 100
nM LoD and rapid response (within 10 s) using the DPV technique. Additionally, various
functional nanocomposite-based enzymatic nanobiosensors have been reported, such as
the use of magnetic NPs (MNPs) [83,84]. For instance, the MNP, Iron (III) oxide (Fe3O4),
encapsulated by polynorepinephrine (PNE), was developed and combined with GOx to
develop an enzymatic glucose nanobiosensor operable with a smartphone (Figure 4B) [84].
Due to the encapsulation of the MNPs by PNE, PNE increased the enzyme immobilization
efficiency doubly compared to bare MNPs for achieving improved enzymatic activity of
GOx for glucose detection. The developed nanobiosensor successfully and rapidly detected
glucose in human serum, blood, and commercially available glucose solutions using a
smartphone that supports the applicability of this nanobiosensor for point-of-care testing
(POCT) in broad industries. Moreover, the ability to recollect MNPs by a magnet can be
further utilized in biomedical applications.
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In addition to nanomaterial-assisted enzymatic electrochemical nanobiosensors, through
the development of electrodes with improved conductivity via nanotechnologies, various
novel enzymatic electrochemical nanobiosensors are also being studied. Nanotechnologies,
such as lithography, microelectromechanical systems (MEMSs), and nanoelectromechanical
system (NEMS), are being used to develop conductive functional electrodes [85,86]. For
instance, the enzymatic electrochemical glucose nanobiosensor was developed by combin-
ing reduced GO (rGO), GOx, a microfluidics chip, and a 3D-printed paper electrode [86].
This nanobiosensor measured the glucose in human sweat and blood via the enzymatic
catalytic reaction of GOx with glucose, and the utilized nanotechnologies offered high
conductivity for this enzymatic reaction and large surface areas for GOx immobilization.
This study suggested one approach for fabricating disposable nanobiosensors. In addition
to this, there was a study that used micro/nanoarrays composed of Au and zinc oxide
(Au-ZnO) nanocrystals developed as an electrode for the enzymatic detection of catechol
(Figure 4C) [87]. In this study, to fabricate the Au-ZnO nanocrystals, the zinc nitrate
(Zn(NO3)2) precursor was prepared on the ITO electrode, and then, the ZnO nanocrystals
were developed via a hydrothermal reaction. Next, through the electrodeposition of Au
on the ZnO nanocrystals, the Au-ZnO nanocrystals were finally developed on the ITO
electrode (Figure 4C), and laccase was immobilized on the Au-ZnO nanocrystals as a sens-
ing probe enzyme. The developed Au-ZnO nanocrystal-assisted nanobiosensor detected
catechol selectively and sensitively using the amperometry technique and also accurately
measured catechol in tap water and lake water. Additionally, along with the development
of smart devices, such nanotechnologies have the tremendous potential to develop flexi-
ble or wearable electrochemical nanobiosensors, which have received attention recently
in the field of biosensors, particularly for the development of flexible or implementable
conductive electrodes [88]. The development of wearable, flexible, or implementable
nanobiosensors can enable the measurement of small chemicals directly in the body instead
of using an in vitro solution. For the easy and simple fabrication of flexible electrodes as
enzymatic nanobiosensors, one research group developed a flexible enzymatic electrochem-
ical nanobiosensor composed of molybdenum disulfide (MoS2) NPs, an Au nanolayer, and
GOx to detect glucose (Figure 4D) [89]. Here, instead of relatively complex techniques, such
as lithography, electrochemical deposition, and the sputtering technique were employed
to fabricate the sandwiched structural nanofilm (Au/MoS2/Au) on the flexible polymer
electrode capable of providing a large surface area and facilitating electron transfer with
sufficient bendability with GOx immobilized on the Au/MoS2/Au nanofilm via a chemical
linker. The developed flexible nanobiosensor detected glucose with nanomolar sensitivity
and high selectivity while retaining its flexibility. In another example, a bendable electrode
composed of the silver nanowire (AgNW) and electropolymerized polymers was developed
to be used for the noninvasive detection of lactate in human sweat [90]. In addition to this,
the 3D printing technique, which has recently attracted attention in various scientific fields,
is also being applied to develop novel enzymatic electrochemical nanobiosensors [91]. As
discussed in this section, numerous enzymatic electrochemical nanobiosensors have been
studied through the introduction of nanomaterials or nanotechnologies with functional
enzymes to detect small chemicals. Such studies are expected to contribute to the develop-
ment of enzymatic electrochemical nanobiosensors for POCT application in a simple and
rapid detection manner in the near future.
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4. Enzymatic Fluorescent Nanobiosensors

Similar to enzymatic electrochemical nanobiosensors, enzymatic fluorescent nanobiosen-
sors have gained significant attention in recent decades due to their high sensitivity and
selectivity, as well as their capability to monitor analytes or targets in real time. With the
integration of nanomaterials or nanotechnologies in fluorescent biosensors, the sensitive
and selective detection of analytes or targets is allowed, while enzymatic reactions enhance
the specificity and accuracy of the detection. One of the general approaches to developing
enzymatic fluorescent nanobiosensors is the immobilization of fluorescent NPs on spe-
cific enzymes, which can result in fluorescent excitation through an enzymatic reaction
between targets and enzymes. One study utilized silica-functionalized carbon dots to
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achieve multi-color imaging detection of DA [92]. In this study, a bioprobe was fabricated
using silica-functionalized carbon dot-immobilized laccase enzyme, and the bioprobe was
coated on optical fibers via the dip-coating method (Figure 5A). In the presence of DA,
since the laccase enzyme contained in the bioprobe facilitates an oxidation reaction in
which the DA is oxidized, DA is transformed into dopaquinone. Then, photoinduced
electron transfer 12 occurs between the bioprobe and dopaquinone, with the carbon dots
acting as electron donors and dopaquinone as acceptors. As a result, photoluminescence
quenching of the bioprobe occurs, and DA can be quantitatively detected with a linear
range of 0 to 30 µM. In addition, the developed bioprobe showed selectivity to DA only,
as shown by the highest quenching efficiency compared with other interferants, such as
metal ions, amino acids, macromolecules, and neurotransmitters. Among the several nano-
materials, the metal–organic framework (MOF) has attracted considerable attention from
researchers in the biosensor field [93,94]. The MOF has unique properties and advantages
in biosensing compared with other nanomaterials, such as (i) enabling target binding with
probe molecules via π-π stacking [95], (ii) high surface area with porosity [96], (iii) easy
functionalization and tailoring by controlling the ratio of metal ions in the MOF [97], and
(iv) stability [98]. For example, organophosphorus pesticides (OPs), which can bind with
AChe resulting in the breakdown of neurotransmitters, were detected using a MOF-applied
nanobiosensor [99] (Figure 5B). Herein, the Au nanocluster (AuNC)-modified zeolite-like
imidazole framework structure (ZIF) composite (AuNCs@ZIF) was developed as fluores-
cence material. The AuNCs@ZIF emitted intense fluorescence because ZIF-8 restricted the
movement of the AuNCs, inhibited the nonradiative decay, and activated the radiation
channel. The combination of AChE and choline oxidase (CHO) can hydrolyze ACh to
generate H2O2, which can degrade the structure of ZIF and diminish the fluorescence of
AuNCs@ZIF. Furthermore, the OPs can limit the activity of AChE, resulting in a decrease in
the generation of H2O2, a weakening of ZIF degradation, and a slow fluorescence recovery.
As a result, a “turn-on” fluorescence mode was developed, and the detection of OPs was
achieved with a 0.4 µg/L LoD. As briefly mentioned in Section 2.2, artificial enzymes
composed of nanomaterials that can act as enzymes in the presence of an analyte have
been developed. These artificial enzymes are called nanozymes, and numerous studies
reported several types of nanozymes. For example, the MOF, which is fabricated by modu-
lating synthetic methods to combine the advantages of natural enzymes and nanomaterials,
has a similar catalytic function to natural enzymes [100]. The MOFs are very flexible to
biomimetic design and can accommodate a variety of enzymes. For instance, the “armor-
like” exoskeleton of MOFs around enzymes can transport small molecules selectively while
guaranteeing the stability of enzymes [101]. Since the nanozymes composed of MOFs can
be easily tuned and can detect the target small molecules, several nanozymes that mimic ox-
idase, peroxidase, catalase, and hydrolase have been developed [102–104]. As an example,
the flower cluster morphology of dicopper (II) complexes (Cu-TPP MOF) was synthesized
to detect DA (Figure 5C) [105]. Significantly, by imitating the active sites of a binuclear
Cu (II) metal center coordinated by six nitrogen-containing coordination units in natural
catechol oxidase, the Cu-TPP MOF demonstrated a high potential for simulating natural
biological enzymes. Additionally, applying the flower cluster morphology, the surface
area of Cu-TPP increased, which resulted in a change of contact between the DA and the
substrate that was significantly enhanced. Cu-TPP MOF was utilized as a mimic of catechol
oxidase in the presence of H2O2 to catalyze the oxidation of DA, producing the equivalent
catechol derivative, o-quinone intermediate. Dihydroxynaphthalene was then used as an
indicator to react with o-quinone, and a fluorescent signal was promptly generated. Even-
tually, the DA detection using Cu-TPP MOF with a 2.5 nM LoD was achieved. Similarly,
metal oxide- or carbon-based NPs have been utilized as nanozymes [106]. For instance,
mercury metal was detected using the peroxidase-like property of polyvinylpyrrolidone Ag
NPs [107]. The catalytic activity of synthesized Ag NPs oxidized the o-phenylenediamine
(non-fluorescence reagent) to 2,3-diaminophenazine, a high-fluorescence reaction product.
In addition, since only mercury (II) ions among the heavy metals inhibited the catalytic
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reaction, the fluorescence intensity was quenched in the presence of mercury (II) ions.
Accordingly, mercury (II) ions were detected with a linear range of 20–2000 nM and an
8.9 nM LoD.

In addition, through the integration of microfluidic technology and enzymatic reac-
tions, microfluidic-assisted fluorescent enzymatic biosensors have been reported to detect
specific molecules or analytes in a sample [108]. The enzymatic reactions in microfluidic
systems can be facilitated by immobilizing the enzyme onto a surface, such as a microfluidic
channel wall or a microbead, or by incorporating the enzyme into the fluid stream. Once the
enzyme is immobilized or introduced into the fluid stream, the sample is introduced into
the microfluidic system, and the enzyme catalyzes a reaction with the target analyte [109].
With the incorporation of nanomaterials in microfluidic devices, various enzymatic fluo-
rescent biosensors have been developed and offer faster response times, higher sensitivity,
and the ability to analyze small sample volumes. For instance, a 3D paper-based analytical
device composed of carbon dots was developed to analyze saliva samples (Figure 5D) [110].
To detect glucose and lactate, fluorescence from the carbon dots was used to quantify the
H2O2 generated during the enzymatic oxidation of the analyte. The carbon dot dispersion
had a blue emission under UV light in the absence of H2O2, but the intensity was reduced
in the presence of H2O2 and HRP, allowing the measurement of glucose and lactate via the
quenching of fluorescence.
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of bioprobe by DA, Reprinted with permission from ref. [92]. Copyright © 2021, Elsevier B.V.,
(B) Schematic Diagram of the Mechanism for the Detection of OPs, Reprinted with permission from
ref. [99]. Copyright © 2021, American Chemical Society, (C) Schematic illustration of the sensing
process of Cu-TPP MOFs toward DA (top), UV vis absorption spectra at 460 nm, fluorescence
excitation spectra at 460 nm, and emission spectra at 487 nm for the final product aqueous solution
(bottom left), and time-resolved photoluminescence emission decay spectra of Cu-TPP MOF with
and without DA, Reprinted with permission from ref. [105]. Copyright © 2021 Elsevier B.V., and
(D) Illustration of the proposed mechanism of carbon dots fluorescence quenching when reacting
with glucose in the presence of GOx and HRP or lactate in the presence of lactate oxidase and HRP.,
Reprinted with permission from ref. [110]. Copyright © 2020 Elsevier B.V.

In summary, enzymatic fluorescent nanobiosensors have emerged as a promising tool
for the sensitive and selective detection of analytes or targets in real time. The integration of
NPs or nanotechnologies into fluorescent biosensors has allowed for sensitive and selective
detection, while enzymatic reactions have enhanced the specificity and accuracy of detec-
tion. The immobilization of fluorescent NPs to specific enzymes is a general approach used
to develop enzymatic fluorescent nanobiosensors. Nanomaterials, such as the MOF, have
unique properties and advantages in biosensing. In addition, artificial enzymes composed
of nanomaterials, nanozymes, have been developed, which can mimic natural enzymes and
possess a high potential for simulating natural biological enzymes. Nanotechnologies, such
as microfluidics with NPs, enable the fabrication of novel fluorescent enzymatic biosensors.
These advances in the development of enzymatic fluorescent nanobiosensors will provide
a promising platform for the sensitive and selective detection of various analytes or targets
for various applications in areas such as medical diagnostics, environmental monitoring,
and food safety.

5. Conclusions and Future Perspectives

The precise detection and quantification of small molecules serve a vital role in various
disciplines, including healthcare, environmental monitoring, and food safety. Enzymatic
biosensors have shown exceptionally high sensing capabilities, which can be attributed to
the specificity with which enzymes react with relatively small chemical molecules. In addi-
tion, enzymatic biosensors have various advantages over enzyme-free or non-enzymatic
biosensors, including high specificity and sensitivity, low detection limits, and a broad
detection range. To develop enzymatic biosensors, electrochemical and fluorescence tech-
niques have been used to detect small molecules, offering high sensitivity, selectivity, and
specificity. Moreover, through the incorporation of nanotechnologies, enzymatic biosensors
have seen considerable performance improvements, which have led to the development of
enzymatic nanobiosensors that have enhanced sensitivity and selectivity for the detection
of small molecules [111–116] (Table 1). The development of enzymatic nanobiosensors has a
wide range of potential applications, including but not limited to medicine, the monitoring
of the environment, and food safety. In this review, interdisciplinary information on the de-
velopment of enzymatic nanobiosensors for small molecule detection, including commonly
used enzymes, electrochemical/fluorescence approaches, and electrochemical/fluorescent
biosensors, was discussed. In addition, this review provided a comprehensive overview of
the development of innovative electrochemical and fluorescent enzymatic nanobiosensors
for the detection of small molecules.
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Table 1. The representative electrochemical/fluorescent enzymatic nanobiosensors illustrated in this
review and the other enyzamtic nanobiosensors using Surface-enhanced Raman spectroscopy (SERS),
Surface plasmon resonance (SPR), and colorimetric techniques.

Sensing
Technique Enzymatic Reaction Nano-Assistance Target LoD Ref.

Electrochemical

Tyrosinase
reaction

Carbon nanotubes
Nanodiamonds

Phenolic
compounds 2.9 nM [79]

Cholesterol oxidase
reaction Carbon nanotubes Cholesterol 0.5 µM [81]

Glucose oxidase
reaction

Polynorepinephrine
grafted on magnetite

nanoparticles
Glucose 6.1 µM [84]

Laccase
reaction

Gold–Zinc oxide
micro/nanoarrays Catechol 25 nM [87]

Glucose oxidase
reaction

Glucose oxidase/Gold/
Molybdenum disulfide/ Gold

nanofilm
Glucose 10 nM [89]

Fluorescent

Laccase
reaction

Silica-functionalized
carbon dots Dopamine 41.2 nM [92]

Acetylcholinesterase and
choline oxidase

reaction

Au nanoclusters modified
zeolite-like

imidazole framework

Organophosphorus
pesticides 1.79 nM [99]

Catechol oxidase
reaction

Pyrazolate-based
porphyrinic metal–organic

framework
Dopamine 2.5 nM [105]

Peroxidase
reaction

Polyvinylpyrrolidone stabilized
silver

nanoparticles
Mercury (II) ion 8.9 nM [107]

Glucose oxidase and
lactate oxidase reaction Carbon dots Glucose

Lactate
2.6 µM
0.8 µM [110]

SERS

Peroxidase-
mimicking reaction

Silver nanoparticles/metal
organic framework Cholesterol 0.36 µM [111]

Glucose oxidase-
like reaction

Silver/gold
nanoparticles Glucose 50 nM [112]

SPR

Glucose oxidase
oxidation

Polystyrene nanoparticle with
Manganese

dioxide
Glucose 3.1 pM [113]

Acetylcholinesterase
reaction

Molybdenum disulfide/gold
nanoparticle multicore fiber Acetylcholine 14.28 µM [114]

Colorimetric

Uricase, glucose
oxidase, choline
oxidase reaction

Magnetic nanoparticles
Uric acid
Glucose
Choline

0.34 µM
0.59 µM
0.20 µM

[115]

Glucose oxidase
reaction

Acrylamide based-copolymer
hydrogel

H2O2
Glucose

8.9 µM
1.6 mM [116]

While enzymatic nanobiosensors have shown great promise for the detection of small
molecules, there are still some limitations that need to be addressed. One major challenge
is the stability and reproducibility of these nanobiosensors, particularly when they are
exposed to complex biological or environmental samples [117]. Another limitation is the
potential interference from other molecules in the sample, which can affect the accuracy
and specificity of the nanobiosensors [118]. Additionally, the integration of nanomaterials
into enzymatic biosensors normally requires a complex and expensive process, requiring
specialized equipment and expertise. Molecularly imprinted polymers (MIPs) have the
potential to overcome the limitations of enzymatic biosensors and provide an alternative
means of analysis. Compared to enzyme-based devices, MIPs offer superior chemical
stability, cost-effectiveness, and ease of fabrication, making them an attractive option
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for various analytical applications [119,120]. Despite these challenges, recent studies
and development in the field of enzymatic nanobiosensors promise to overcome these
limitations and improve their performance. Advancements in nanomaterial synthesis and
fabrication techniques, as well as the development of new enzyme technologies, are likely
to lead to the development of more stable, selective, and sensitive nanobiosensors in the
future. Additionally, the integration of machine learning and artificial intelligence may
help to overcome some of the challenges associated with interference from other molecules
and improve the accuracy of small molecule detection [121]. Moreover, the integration
of different nanotechnologies, such as nanofabrication and microfluidics, can facilitate
the fabrication of advanced enzymatic nanobiosensors. This integration can enhance the
performance and enable multiplex detection of small molecules [58,122]. The progress in
the development of enzymatic nanobiosensors will have a significant impact on various
fields and lead to the improvement of human health and safety.
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80. Öndeş, B.; Evli, S.; Şahin, Y.; Uygun, M.; Uygun, D.A. Uricase based amperometric biosensor improved by AuNPs-TiS2
nanocomposites for uric acid determination. Microchem. J. 2022, 181, 107725. [CrossRef]

81. Haritha, V.S.; Kumar, S.R.S.; Rakhi, R.B. Amperometric cholesterol biosensor based on cholesterol oxidase and Pt-Au/ MWNTs
modified glassy carbon electrode. Mater. Today Proc. 2022, 50, 34–39. [CrossRef]

82. Thakur, D.; Pandey, C.M.; Kumar, D. Highly Sensitive Enzymatic Biosensor Based on Polyaniline-Wrapped Titanium Dioxide
Nanohybrid for Fish Freshness Detection. Appl. Biochem. Biotechnol. 2022, 194, 3765–3778. [CrossRef] [PubMed]

83. Carinelli, S.; Fernández, I.; Luis González-Mora, J.; Salazar-Carballo, P.A. Hemoglobin-modified nanoparticles for electrochemical
determination of haptoglobin: Application in bovine mastitis diagnosis. Microchem. J. 2022, 179, 107528. [CrossRef]
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Abstract: Proteolytic enzymes are one of the important biomarkers that enable the early diagnosis
of several diseases, such as cancers. A specific proteolytic enzyme selectively degrades a certain
sequence of a polypeptide. Therefore, a particular proteolytic enzyme can be selectively quantified
by changing detectable signals causing degradation of the peptide chain. In addition, by combining
polypeptides with various functional nanomaterials, proteolytic enzymes can be measured more
sensitively and rapidly. In this paper, proteolytic enzymes that can be measured using a polypeptide
degradation method are reviewed and recently studied functional nanomaterials-based proteolytic
biosensors are discussed. We anticipate that the proteolytic nanobiosensors addressed in this review
will provide valuable information on physiological changes from a cellular level for individual and
early diagnosis.

Keywords: proteolytic biosensors; enzymatic biosensors; matrix metalloproteinase (MMP); caspase
family; protease

1. Introduction

Accurate and early diagnosis is essential for various diseases to reduce the fatality rate
and increase the recovery rate [1–3]. To this end, there is an urgent need for biosensors that
precisely and sensitively measure potential biomarkers such as proteins or nucleic acids.
In particular, high-performance biosensors have been actively developed to effectively
treat infectious diseases such as SARS-CoV-2 and to help prevent transmission [4–10].
Among various biomarkers, protein could be used as an accurate diagnosis biomarker
since proteins are end products produced by the central dogma process, unlike nucleic acid
biomarkers, which have inaccuracies due to post-transcriptional and post-translational
processes [11,12]. In general, sandwich immunoassay is the most typical protein detection
method using an antigen–antibody binding reaction [13–17]. This immunoassay-based
measurement method, represented by enzyme-linked immunosorbent assays (ELISAs),
has the advantage of being able to selectively detect various proteins, and the results
can be intuitively viewed because the results can be confirmed with the naked eye using
an enzyme-substrate reaction. However, at least two antibodies are required to measure
the target protein, and colorimetric reactions with labeling enzymes are required to confirm
the signal. Due to these disadvantages, there are also severe limitations in that it is cost-
ineffective, labor-intensive, and time-consuming. In addition, the detection accuracy of the
biosensor could be reduced owing to the complicated process.

Among numerous protein biomarkers, there are many enzymatic proteins, including
matrix metalloproteinase (MMP) and the caspase family, with proteolytic prop-
erties [18–23]. Some of the proteolytic enzymes have the particular property of recognizing
and degrading specific peptide sequences. Using this property, many proteolytic biosensors
have been developed without using an antigen–antibody reaction [24–26]. Compared to
immunoassay-based biosensors, proteolytic biosensors have numerous advantages. For
example, since the proteolytic biomarker is measured by a specific peptide degradation
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reaction, there is an advantage in the reduced cost compared to using multi-antibodies,
and the measurement time is shortened because of the simple peptide-cleavage reaction
step. In addition, since the peptide degradation reaction is composed of just one step,
it is easy to induce a reaction at the intracellular level and in vivo system. In particular,
developing nanobiosensors using multifunctional nanomaterials has also been actively
studied [27–31]. Nanomaterials have a wide surface area, high reaction rate, and ease of
immobilizing various biological materials. Therefore, they have a wide range of applica-
tions in the biomedical field, including biosensors. In addition, it is possible to simply
check the diagnosis results by improving the measurement sensitivity by using various
characteristics (optical, electrical, and mechanical properties, etc.) of nanomaterials. In
this review, we will investigate proteolytic biosensors integrated with recently announced
nanotechnology. In addition, we will discuss the prospects and complementary points of
proteolytic biosensors in the field of disease diagnosis.

2. Proteolytic Enzymes
2.1. Serine Proteases

Nearly one-third of all proteases can be classified as serine proteases. Serine proteases
are a large family of protein-degrade enzymes that play a crucial role in processes such
as apoptosis, blood coagulation, and inflammation [32–34]. Serine proteases are broadly
dispersed in nature and found in all cellular metabolisms. Proteases can be grouped into
four major clans, which are the SB clan (subtilisin), the PA clan (chymotrypsin), and SF and
SC clans that contain various proteases. Approximately 75% of human serine proteases are
part of the PA clan. The PA serine proteases can be divided into three subgroups: the trypsin-
like serine proteases, which cleave peptide substrates after positively charged arginine and
lysine residues; chymotrypsin-like serine proteases, which cleave after large hydrophobic
amino acids, including leucine and alanine; elastase-like enzymes, which cleave substrates
after hydrophobic residues. In particular, the neutrophil elastase family, which is related
to the immune response, is part of this subgroup [35]. This serine protease family plays
an important role in the control of intracellular and extracellular activities. For example,
several serine proteases are collected inside granules attached to proteoglycans, avoiding
leakage into the cytoplasm and communicating with their cellular objectives [36]. On the
other hand, serpins, which were first recognized for serine protease inhibition, inhibit their
target protease via a unique suicide mechanism, blocking the protease into an irreversible
state [37]. Generally, serine proteases are endoproteases that degrade polypeptide bonds
by hydrolysis within a polypeptide chain.

2.2. Cysteine Proteases

Cysteine proteases (cathepsins) have been known to be involved in many physiological
processes, such as regulation of proteolytic cascades, cytokine maturation, expression of
proteins, and antigen presentation from the cell surface [38–40]. In addition, cysteine pro-
teases have been understood to be involved in numerous pathologies for a long time [41–43].
Cysteine proteases are synthesized as preproenzymes and produced as lysosomes, where
they provide their function of protein hydrolysis. After the removal of signal peptides,
the molecular mass of these proteases is within the range of 20–35 kDa. Typically, they
are involved in precursor protein activation, such as proenzymes and prohormones, bone
remodeling, MHC-II-mediated antigen presentation, keratinocytes differentiation, and cell
reproduction and apoptosis. In the case of the proteolytic mechanism, Cys25 and His159
form the active site for full catalytic activity. The imidazole group of the histidine polarizes
the SH group of the cysteine and enables deprotonation, and a thiolate–imidazolium ion
pair is produced. The thiolate anion attacks the carbonyl carbon of the peptide bond to be
cleaved, and a tetrahedral intermediate is produced. These cysteine proteases are closely
related to several fetal diseases. For example, cathepsin K could be a major target in bone
syndromes such as osteoporosis [44,45]. In addition, lots of cancers and arthritis correlate to
the expression and activation of cysteine cathepsins [46,47]. Furthermore, the inhibitors of
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cysteine proteases are highly effective and specific molecules that inhibit cancer progression
with fewer adverse effects [48].

2.3. Matrix Metalloproteinase (MMP) Family

Matrix metalloproteases (MMPs) are a zinc-dependent endopeptidases family that has
a similar structure and the capability to decompose every part of the extracellular matrix
(ECM) [49–51]. The MMP enzyme essentially consists of extracellular matrix remodeling
proteases. Using this important physiological role, they have extensive proteolytic activity
and contribute to diverse physiological and pathological processes, such as cancer, chronic
wounds, cardiovascular diseases, chronic inflammation, and others. MMPs are universal
multi-domain enzymes, with 23 MMPs identified in humans (MMPs 1–3, 7–17, 19–21,
23–28) [52–55]. The structure of MMPs composes of a propeptide that keeps the inactive
state (pro-MMPs) by blocking the interaction between the active site and the substrate by
a cysteine switch. The catalytic domain (active site) is characterized by the existence of a Zn-
binding site, where the Zn ion is organized by three histidines and a glutamate, resulting in
a linker peptide of varying lengths and a hemopexin-like domain. Besides the extracellular
matrix (ECM), MMPs are engaged in a number of inter- and intracellular activities and
contribute to functional networks, systematically cooperating with other biomolecules. In
addition, MMPs are implicated in specific pathological processes; this could lead to the
significant application of MMPs as potential biomarkers for the prognosis of disease and
early diagnostic approaches with detailed and useful information for effective therapy.

3. Extracellular Detection of Protease for Diagnosis Using Nanotechnology
3.1. Fluorescence-Based Detection

Proteases released outside the cell can provide important signals that inform the
detailed status of the cell. Thus, extracellular proteases could be one of the important
biomarkers for disease diagnosis, and it is necessary to measure them precisely and rapidly
for effective diagnosis and therapy. Fluorescence-based biosensors using fluorescent materi-
als, including organic dye and fluorescent nanoparticles, have been widely used to measure
extracellular proteases by using the phenomenon in which fluorescence signals are con-
verted by specific reactions between proteases and substrates. Renault et al. showed a novel
protease-sensitive fluorescent probe based on the covalent-assembly approach [56]. The
protease-sensitive fluorescent probe was designed to be degraded by the targeting enzyme
(penicillin G acylase (PGA)) to develop a detectable pyronin fluorescent molecule under
physiological conditions through the in situ structure of unsymmetrical pyronin AR116. In
addition, c-nucleophile (C-Nu) attached to the pyronin precursor can be screened for the op-
timization of fluorescent signal generation for sensitive protease measurement. Zhang et al.
developed an ultrasensitive and rapid thrombin biosensor composed of trifunctional pro-
tein (Figure 1a) [57]. This particular trifunctional protein consists of three functional parts:
a thrombin cleavage site (TCS), far-red fluorescent protein (smURFP), and hydrophobin
(HGFI). HGFI plays a role in attaching the multi-well plate of the trifunctional proteins,
and the TCS is a bridge between the plate and the fluorophore. Once the thrombin cleaves
the TCS, a red fluorescent signal can be measured with proportional signal intensity to the
thrombin concentration. The detection range of this proteolytic biosensor is from 1.02 aM to
0.01 mM, and the limit of detection (LOD) is 0.2 aM within 20 min. Since the above two pro-
teolytic sensors measure biomarkers based on fluorescent emission, the detection results
can be known easily and simply, and the sensitivity is also excellent (aM level). However,
there is a limitation in that the measured biomarkers must have proteolytic properties.

For proteolytic detection, fluorescence resonance energy transfer (FRET) is a repre-
sentative analytical method, which is a distance-dependent fluorescent energy-transfer
phenomenon between the donor and the acceptor [58]. If the distance between the donor
and acceptor is below 10 nm, the FRET will show and the signal from the acceptor is re-
leased, whereas the donor fluorophore is recovered if the distance is above 10 nm. Therefore,
distance is a major factor in regulating the FRET phenomenon. In this FRET system, the
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cleavable peptide sequence, which is a degradable site by a specific protease, can be an es-
sential part of determining the distance between the donor and the acceptor. Zhang et al.
exhibited graphene oxide (GO)-assisted fluorescence biosensors for the detection of the
human immunodeficiency virus (HIV) protease [59]. Fluorescent-labeled peptide molecules
are covalently attached to the surface of GO. Fluorescein is effectively quenched by the
FRET effect on GO. Once the HIV protease cleaves the peptide substrate, the fluorescence
signal is recovered, proportional to the protease level. The authors claimed that HIV-1
protease could be measured at as low as 1.18 ng/mL in a rapid and accurate manner. Brown
et al. revealed a FRET-based biosensor for the detection of the 3-chymotrypsin-like cysteine
protease, which is highly related to SARS-CoV-2 [60]. For the FRET effect, the authors
used an eCFP (Em: 434 nm) and Venus (Em: 528 nm) pair, connected to the cleavable
peptide by a cysteine protease. In addition, it was applied to the high-throughput screening
platform for several new inhibitors of SARS-CoV-2. The screening recognized 65 inhibitors,
with 20 most active inhibitions of SARS-CoV-2. The aforementioned protease biosensors
successfully measured the virus-related protease for the diagnosis of viral infection by
using the FRET effect in a simple and highly sensitive manner. FRET-based biosensors
have the advantage of measuring target proteases simply and sensitively because they
induce changes in fluorescence signals with a single peptide degradation reaction. On the
other hand, in the case of virus diagnosis, since nucleic acid biosensors can show relatively
accurate diagnostic results for viral diseases, protease biosensors are not yet commonly
used diagnostic methods.

Except for virus-related protease detection, other particular proteolytic enzymes,
including the MMP family and trypsin, have been measured by integrating the FRET
phenomenon. Zhang et al. developed a multiplex fluorescence biosensor for the simul-
taneous detection of multiple protease activities, such as MMPs and a disintegrin and
metalloproteinases (ADAMs) (Figure 1b) [61]. Conventional multiplex biosensing plat-
forms consist of an individual array of different biomarkers, whereas the developed multi-
plexed nGO−peptide sequence biosensor was fabricated by multiple fluorophore-labeled
peptides on an nGO sheet. Using this platform, they found the specific combinations of
biomarkers for cancer diagnosis (MMP-9, ADAM-10, and ADAM-17) with joint entropy
and programming. Li et al. displayed a sensitive and simple trypsin assay by using stable
fluorescent polydopamine nanoparticles with the integration of protamine, which induced
the quenching effect (Figure 1c) [62]. Due to the proteolytic effect of trypsin on protamine,
the aggregated polydopamine nanoparticle and protamine were degraded, and the fluo-
rescent signal was recovered. An increase in the fluorescent signal was exhibited with the
concentration of trypsin (0.01 to 0.1 mg/mL). In addition, this biosensing system showed
good practicability in human serum and trypsin inhibitor screening. Xu et al. developed
a FRET-based turn-on fluorescent biosensor for trypsin detection based on carbon dots as
a donor and Au nanoparticles (AuNPs) as an acceptor [63]. Compared with traditional
quantum dots (QDs) and fluorophores, carbon dots have advantages for biosensing applica-
tions, such as high photostability, water solubility, and low toxicity. Trypsin-specific peptide
sequences (Arg-Cys-Phe-Arg-Gly-Gly-Asp-Asp, RCFRGGDD) were covered AuNPs via
the Au-SH bond. Due to the negatively charged ASP-covered AuNPs, the AuNPs were
dispersed, and the carbon dot could not emit the fluorescent signal. In the trypsin-degraded
peptide sequence, the AuNPs were aggregated, and the carbon dots could recover their
fluorescent emission. This system could measure trypsin as low as 0.84 ng/mL with high
selectivity. Bui et al. presented the protease-to-DNA converting biosensor to provide the
protease activity to be transformed to generating specific DNA sequences [64]. Cy3-labeled
peptide-DNAs are attached onto QD donors as the input gate. Once trypsin cleaves the
peptide sequence, the donor QD emits its fluorescent signal and the DNA-Cy3 complex
interacts with a tetrahedral output gate, resulting in Cy5 emission via the FRET effect.
As such, in order to improve the sensitivity and simplicity of the proteolytic biosensor,
the FRET phenomena are applied as a potential sensing strategy. Since the FRET-based
biosensor for measuring proteolytic enzyme can sensitively change the fluorescence signal

66



Biosensors 2023, 13, 171

with a simple degradation reaction, it is possible to measure a small amount of proteolytic
enzyme in a time-and cost-effective manner. In contrast, since FRET is only possible when
the donor’s emission wavelength and the acceptor’s excitation wavelength overlap, there is
a limitation to the combination of fluorescent materials. In addition, it may not be suitable
for developing a multiplex biosensor that needs to measure multiple proteases at once for
precise diagnosis.

On the other hand, the combination of fluorescent materials can induce a change in
fluorescence property with plasmonic nanomaterials, whose surface plasmon properties
can transfer absorbed optical energy into the fluorescence emission of proximal fluorescence
molecules. This phenomenon is called metal-enhanced fluorescence (MEF), which substan-
tially boosts the fluorescent signal [65]. This enhancing effect can be applied to proteolytic
biosensors with similar strategies to a FRET-based analytical system. Choi et al. developed
simple MEF-based proteolytic biosensors composed of DNA, peptide sequence bifunc-
tional AuNPs, and fluorophore (fluorescein isothiocyanate; FITC) levels (Figure 1d) [66].
As the optimal distance of the MEF effect is about 8 nm between the AuNP and FITC, the
quenching state is induced as the length of a single-stranded DNA (ssDNA) is 7~8 nm and
the peptide sequence is smaller than the ssDNA. When the peptide sequence is degraded
by caspase-3, the optimal distance of the ssDNA will show the MEF effect corresponding
to the caspase-3 level. Using this biosensing system is possible for the simple (one-step
proteolytic reaction) and rapid (<1 h) detection of caspase-3 as low as 10 pg/mL. This
simple and sensitive detection system can also be applied to measure intracellular caspase-
3. Lucas et al. exhibited MEF-based trypsin biosensors using Ag nanoparticle-modified
nano-slivered 96-well plates and FITC-labeled YeBF protein [67]. The authors claimed up to
11,000× signal enhancement for fluorophores due to the effective coupling or enhancement
volume region of the silver surface. This biosensing system achieved a detection limit of
1.89 ng of enzymes (2.8 mBAEE activity units). In addition, no washing steps were needed
in this MEF system because of the use of the low quantum yield fluorescent label, resulting
in a very low background signal of the detached fluorophore. Compared to FRET-based
proteolytic biosensors, MEF-based biosensors have the advantage of excellent sensitivity
due to the enhanced fluorescent signal. However, it is important to maintain an accurate
distance between the donor and the acceptor (around <10 nm); hence, it is difficult to
induce the MEF effect in proteolytic enzymatic detection.

3.2. Colorimetric Detection

Besides fluorescence-based biosensors, color change is another optical biosensor where
one can observe the target proteolytic protein intuitively and easily with the naked eye. For
example, lots of pregnancy tests and SARS-CoV-2 test strips have been widely used for
simple diagnosis [68–71]. Change in the absorbance peak is one of the distinguished phe-
nomena for color change. For the induction of a significant change in color or absorbance
peak, AuNPs have been utilized because their absorbance property depends on their size
and the degree of aggregation. Specific peptide sequences, which can be dissociated by
proteolytic enzymes, can be applied to the colorimetric biosensor with AuNPs. Liu et al.
developed a colorimetric biosensor for the measurement of protease activity by the growth
of AuNPs [72]. Cleavage of the specific peptide against β-secretase induces the exposure of
an amino-terminal Cu2+- and Ni2+-binding (ATCUN) motif. This ATCUN peptide can seize
Cu2+ and, thus, weaken the oxidation effect of ascorbic acid, which induces the reduction
of HAuCl4 into AuNPs. Using this strategy, β-secretase was measured as low as 0.1 nM by
monitoring the color change of AuNP and ascorbic acid consumption with UV/vis spec-
troscopy. Creyer et al. showed a particular gold−silver core−shell nanoparticle structure
for dramatic color change by the cleavage reaction between the GCGKGCG dithiol peptide
and trypsin (Figure 2a) [73]. As a result, the degree of aggregation and the absorbance
peak shift can be correlated with trypsin concentration with high linearity (R2 = 0.99). The
detection limit of trypsin was 0.47 nM. Liu et al. demonstrated a colorimetric protease
assay using two separate biological reactions based on proteolysis-responsive transcription
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(Figure 2b) [74]. MMP-2-mediated proteolysis triggers the in vitro transcription of RNAs,
which induces the aggregation of DNA-functionalized AuNPs by a complimentary binding
reaction. This proteolysis-responsive transcription sensor showed a sensitive detection
result, as low as 3.3 pM of MMP-2. Moreover, other protease biomarkers, such as thrombin
and the hepatitis C virus, could also be measured with the test strip format for smartphone
analysis. Feng et al. developed a label-free peptide-AuNP biosensor for the measurement
of the SARS-CoV-2 main protease (Mpro), which is one of the potential targets for the
development of drugs [75]. The specific peptide sequence for the SARS-CoV-2 Mpro in-
duces the aggregation of AuNPs by electrostatic interaction. Once the Mpro degrades the
peptide, the AuNPs are dissociated and the absorbance peak is blue-shifted, resulting in
a clear color change. Moreover, the electrode-modified peptide can be aggregated with the
AuNPs, and the proteolytic event can induce a change in the electrochemical signal. In the
colorimetric and electrochemical sensing systems, the detection limits were 10 and 0.1 pM,
respectively. Ling et al. proposed a nanocellulose-based colorimetric biosensor for the
facile detection of human neutrophil elastase [76]. Due to its crystallinity, high surface area,
and biocompatible properties, nanocellulose can be utilized as an efficient sensing trans-
ducer. Through a deep eutectic solvent treatment, cotton cellulose nanocrystals are formed,
and they modify specific peptides for the human neutrophil elastase. The sensitivity of
this colorimetric sensor is around 0.005 U/mL. The authors claimed that it could provide
a sensitive and convenient sensor platform applicable for point-of-care protease detection.
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Figure 1. Fluorescence-based biosensors for extracellular protease detection. (a) Schematic diagram
of the multi-well-plate-based thrombin biosensors composed of trifunctional protein, including
a far-red fluorescent protein smURFP, hydrophobin HGFI, and a thrombin cleavage site. This figure is
adapted with permission from Ref. [57] (© 2020 WILEY-VCH). (b) Schematic diagram of the graphene
oxide-based multiplexing biosensor for multiple proteases, ADAM-10, ADAM-17, and MMP-9. This
figure is adapted with permission from Ref. [61] (© 2020 American Chemical Society). (c) Fluorescent
polydopamine nanoparticles for a sensitive and simple trypsin assay via the hydrolysis of protamine
by trypsin. This figure is adapted with permission from Ref. [62] (© 2021 Elsevier B.V.). (d) MEF-based
DNA detection system using a plasmonic Au-assisted MEF effect by CRISPR-Cas12a reaction. This
figure is adapted with permission from Ref. [66] (© 2021 American Chemical Society).
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3.3. Electrochemical Detection

Besides the optical biosensing approaches for protease biomarker detection, electro-
chemical measurement has been developed using specific peptides and the corresponding
proteases. Xia et al. proposed a novel protease biosensor by altering a homogeneous assay
into a surface-bound electrochemical analysis (Figure 2c) [77]. A streptavidin-covered
electrode functionalizes the biotin-specific peptide–biotin complex for streptavidin–biotin
coupling chemistry. The repeated formation of streptavidin−biotin−GDEVDGK−biotin
aggregates provides an insulating layer, thus reducing the electron transfer of ferricyanide.
If the peptide sequence is cleaved by caspase-3, the resulting products are distributed
into a bulk solution and electron transfer is increased. Therefore, the amplification of the
electrochemical signal is achieved with the simple principle of substrate-induced strep-
tavidin assembly. Zhang et al. developed a thiol-sensitive electrochemical probe for the
measurement of the SARS-CoV-2 main protease, targeted by a short probe mimicking its
substrate [78]. In the probe–protein interaction, a specific fluorescent molecule interacts
with the free thiol groups on the target protein, producing a fluorescence and electro-
chemical signal proportional to the target concentration. The LOD of the SARS-CoV-2
main protease was 1 pM, whereas the clinically required LOD was around 182 pM. The
authors claimed that this analytical method could measure the virus protease in clinical
SARS-CoV-2-infected patient samples in a simple one-step reaction and in a reagent-less
fashion. Shi et al. revealed a label-free electrochemical biosensor for the sensitive detection
of MMP-2, with signal amplification using a proteolysis-triggered transcription method
(Figure 2d) [79]. The authors utilized RNA polymerase to transduce and amplify the
proteolysis reaction by MMP-2 into multiple RNA productions that can be bound by the
complementary DNA probes modified on the Au electrode. By integrating the G4/hemin
complex, this RNA polymerase-assisted electrochemical biosensor facilitates the highly
sensitive detection of MMP-2, with a wide dynamic range from 10 fM to 1.0 nM and 7.1 fM
LOD value. Eissa et al. developed a specific peptide sequence-functionalized magnetic
bead biosensor for the detection of Staphylococcus aureus using dual colorimetric and electro-
chemical analyses [80]. The peptide-magnetic bead complex is immobilized on the screen
printed Au electrode. The protease released from Staphylococcus aureus degrades the specific
peptide, and the color of the Au electrode changes due to the dissociation of the magnetic
bead. In addition, the protease can be detected by monitoring the change in the peak
current of square wave voltammetry within 1 min. The LOD value of this electrochemical
assay was 3 CFU mL−1, and it was tested with a spiked milk and water sample.

3.4. Others

Because the peptide-cleavage reaction can change various output signals, includ-
ing fluorescence and electrochemical readouts, other simple and sensitive biosensing
approaches have also been researched. Among them, bioluminescence resonance energy
transfer (BRET)-based biosensors are similar to the sensing mechanism of FRET. Weihs et al.
developed a red-shifted BRET biosensor for the measurement of plasmin activity [81].
Conventional BRET-based proteolytic biosensors use the blue-shifted BRET system, which
suffers from background signals due to light absorption and scattering in plasma samples.
To overcome this limitation, the authors applied a red-shifted RLuc8.6 luciferase instead
of Renilla luciferase Rluc2. As a result, the proposed biosensor exhibited up to a 5-fold
increase in sensitivity for plasma samples as low as 11.90 nM within 10 min. In addition,
they also presented the real-time-on-chip detection of thrombin activity by integrating the
BRET phenomenon [82]. The real-time-on-chip is composed of a compact microreactor
and a reusable glass chip with a mixer, an incubation channel, and a detection chamber.
This compact chip platform provides a minimum of handling steps, which can reduce the
handling error for the precise measurement of thrombin. This sensitive chip can detect
thrombin as low as 38 µU/µL in human serum within only 5 min, which is 90% faster than
conventional assays.
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Figure 2. Colorimetric- and electrochemical-based biosensors for extracellular protease detection:
(a) schematic diagram of the colorimetric biosensors using a plasmonic gold–silver core–gold nanopar-
ticle aggregate for the measurement of trypsin activity. This figure is adapted with permission from
Ref. [73] (© 2022 American Chemical Society). (b) Schematics of the smartphone-based colorimetric
detection of MMP-2 using a modular combination of proteolysis-responsive transcription and nucleic
acid-modified AuNPs. This figure is adapted with permission from Ref. [74] (© 2021 American
Chemical Society). (c) Schematic diagram of the electrochemical protease biosensor composed of
a streptavidin-modified Au electrode with a biotin–peptide–biotin complex as a caspase-3 substrate.
This figure is adapted with permission from Ref. [77] (© 2021 American Chemical Society). (d) Label-
free electrochemical detection of MMP-2 by proteolysis-triggered transcription strategy on a Au
electrode. This figure is adapted with permission from Ref. [79] (© 2021 Elsevier B.V.).

Surface-enhanced Raman spectroscopy (SERS) could also be a potential sensitive
biosensing method for protease detection. Due to the proportional signal intensity to
the distance between the Raman dye and SERS-active substrates, the peptide-cleavage
event can induce a dramatic change in SERS signals. Choi et al. revealed a SERS-active
platform consisting of an Ag-coated hollow polypyrrole (hPPy) nanohorn with a specific
peptide sequence [83]. To maximize the SERS signal, Ag is electrodeposited on both sides
of the hPPy nanohorn structure. Using this core/double-shell nanohorn substrate, the
Raman signal of the peptide-functionalized AuNPs is significantly improved, and caspase-3
can be sensitively measured, with a wide detection range from 10 pg/mL to 10 µg/mL.
Wei et al. developed O-GlcNAc transferase (OGT) biosensors by integrating SERS tags
and a magnetic bead complex [84]. The SERS tags and magnetic bead complex are linked
to the two ends of the peptide by thiolated and biotin residues. In the presence of OGT,
peptide glycosylation protects the peptide from the cleavage reaction by proteinase K,
resulting in more SERS signals from the left Raman tags on the surface of magnetic beads.
This system can sensitively detect OGT as low as 0.1 nM, ranging from 10−10 to 10−7 M.
Besides optical analytical methods, a giant magnetoresistive spin-valve (GMR SV) sensor
has been developed for the detection of cysteine protease [85]. Magnetic nanoparticles are
immobilized on the surface of GMR SV using a cysteine-protease-specific peptide. This
magnetic field measurement approach can detect papain, one of the cysteine proteases, as
low as 4 nM in only 3.5 min.
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4. Intracellular Detection of Protease for In Situ Monitoring
4.1. In Vitro Proteolytic Analysis at a Cellular Level

As described in Section 3, since extracellularly released proteases can be biomarkers
of specific diseases, the development of sensitive and selective biosensors is necessary for
the accurate and early diagnosis of several diseases. In addition to measuring extracellular
protease in vitro, it is also possible to measure intracellular proteases quantitatively and
qualitatively. As illustrated above, as measuring proteases does not involve complex
reactions such as antigen–antibody reactions, intracellular proteases can be measured in
a simple manner and in real-time. Because intracellular proteases, similar to extracellular
proteases, are important biomarkers for determining the state of cells, many researchers
have studied intracellular protease biosensors using specific peptide degradation.

For the detection of intracellular proteases, fluorescence-based analytical methods have
been mainly utilized using the distance-dependent FRET phenomenon. In particular, there
have been virus-infected cells that are enabled to measure virus-related proteases in real-
time to diagnose viral infection. Guerruiro et al. exhibited a genetically-engineered turn-on
fluorescent biosensor containing a cyclized green fluorescent protein (GFP)-conjugated
cVisensor with a specific peptide sequence for adenoviral protease detection [86]. Structural
distortion of circular permuted superfolder-GFP is cyclized by Nostoc punctiforme DnaE.
This in situ live cell biosensor works to restore the deformation by the peptide-cleavage
reaction and emits the fluorescent signal of GFP. This label-free sensing system can detect
adenovirus 2 days post-infection, faster than conventional plaque-forming assays that
require 14 days. Dey-Rao et al. developed a live cell-based fluorescence biosensor to
evaluate the intracellular function of the SARS-CoV-2 main protease and its inhibitor [87].
The authors designed it to express a red fluorescence protein (RFP) biosensor unless the
SARS-CoV-2 main protease cleaves the peptide and to facilitate the loss of the fluores-
cence emission of RFP. Inhibition of the main protease function provides the synthesis of
working RFP, resulting in the recovery of fluorescence. In addition, GC376, which is the
pan-coronavirus’s main protease inhibitor, shows effective inhibition of the intracellular
CoV2 main protease. The authors claim that this intracellular sensing system can offer
an extremely efficient high-throughput screening system for the SARS-CoV-2 main protease.
Guerreiro et al. developed GFP-based switch-on split fluorescent biosensors to examine vi-
ral infection [88]. Through the protein distortion, which is composed of GFP11 embedment
distortion (SNR 6.0) or GFP11 cyclization (SNR 3.5), GFP is split and cannot be assembled
for the fluorescent emission. Once adenovirus- and lentivirus-promoted proteolysis cleaves
the peptide sequence, this intracellular biosensor shows the fluorescent signal in live cells
after 24 h post-infection with a high signal-to-noise ratio of up to 97. Gerber et al. revealed
a live cell-based luminescent biosensor for the verification of SARS-CoV-2 infection using
recombinant SARS-CoV-2 proteases [89]. This luminescent-based assay applies the cleav-
age of specific peptide linkers, which are degraded by the main protease of SARS-CoV-2,
allowing viral infection to be measured within 24 h in the multi-well plate format for
high-throughput analysis. The authors claim that the developed luminescent SARS-CoV-2
reporter live-cell-based biosensor can demonstrate the comparative quantitation of the
SARS-CoV-2 virus and the titration of neutralizing antibodies.

Besides virus-related protease detection, other intracellular proteases have also been
measured with specific peptide-cleavage reactions in live cells. Luo et al. showed the
highly sensitive and precise detection of MMP-2 activity using a rolling circle transcription
assay-integrated proteolytic reaction (Figure 3a) [90]. The proteolytic reaction induces the
activation of the bacteriophage T7 RNA polymerase (T7 RNAP) and produces long RNA
chains, including tandem G-quadruplexes (G4s). As a result, the activity of MMP-2 can be
transduced into multiple fluorescent signals from G4s RNAs. For verification of the sensing
principle for cell imaging, six distinct cell lines with different MMP-2 expression levels were
employed, and they indicated different signals for the MMP-2 expression levels. Braun et al.
exhibited a cell-surface-displayable biosensor for MMP-14 detection (Figure 3b) [91]. The
cell-surface biosensor consisted of two scFv domains; one was blocked against MG2P fluo-
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rescent dye, and another was scFv, a connected specific MMP-14 cleavable sequence. Once
the cell-surface MMP-14 degrades the peptide bridge, the blocker is dissociated, and the flu-
orogen (MG2P) is bound to the scFv domains. Subsequently, the MMP14–fluorogen (MG2P)
complex is activated, and the fluorescence signal is generated. This switch-on cell-surface
biosensor was enabled to measure the activity of MMP14, as well as location and temporal
dynamics. Xu et al. developed a multi-color fluorescent polydopamine nanobiosensor
for the multiple sensing of cancer-related proteases in living cells, such as urokinase-type
plasminogen activator (uPA), cathepsin B (CTB), matrix metalloproteinase-2, and matrix
metalloproteinase-7 (MMP-7) [92]. The polydopamine nanoprobe is functionalized by the
four different peptide sequences with different fluorescent dyes. Due to the quenching
effect of the polydopamine nanoprobe, the four fluorescent dyes cannot emit a signal. If
the polydopamine nanoprobe is intracellularly delivered into the cancer-related cells, the
intracellular protease can particularly cleave each peptide, allowing the recovery of the
fluorescent signals. Due to the multiplexed intracellular detection, this sensing system
can evaluate the stages of tumor progression and provide early and multiple diagnoses of
cancers. Peyressatre et al. exhibited a cyclin-dependent kinase 5 (CDK5) kinase activity
biosensor for the diagnosis of neurodegenerative pathologies, including glioblastoma and
neuroblastoma [93]. The authors developed a CDK5-specific fluorescent peptide biosensor
through the selection of peptide sequences from the CDK5 substrate. The quantification of
CDK5 kinase activity can be measured on treatment with ATP-competitive inhibitors in
both cell extracts and the living cell environment by time-lapse fluorescence microscopy.
These kinds of intracellular biosensing systems can facilitate the evaluation of the functional
status of intracellular proteases in several cancers and neurodegenerative pathologies by
real-time monitoring. The intracellular biosensing method can also be applied to floating
cells, such as immune cells, for monitoring endogenous metabolic processes during the
immune response. Sun et al. developed a genetically programmed fluorescent itaconate
biosensor (BioITA) for the immediate monitoring of itaconate dynamics, which is an anti-
inflammatory program of the innate immune response in living macrophages [94]. The
authors succeeded in monitoring the itaconate progress by stimulating lipopolysaccha-
rides in living macrophages. In addition, through the BioITA, the response and changing
itaconate level in activated macrophages could be observed by the injection of an adeno-
associated virus (AAV) with spatiotemporal resolution. Hassanzadeh-Barforoushi et al.
utilized microfluidic channels for the measurement of released proteases from single cells
using capillary force-assisted separation (Figure 3c) [95]. For the isolation and easy and
reliable capture of a small number of cells (~500 single cells), the capillary-stoppage method
was applied to the microfluidic channel by shearing with air and sheathing with FC-40
oil. Key parameters, including single-cell encapsulation efficiency (38.8%) and droplet
volume evaporation rate (10%) in 48 h, were achieved in the microfluidic platform, and
the manipulation of droplet composition through controlled gradient generation were
studied. Based on the separation of nanoliters at the single-cell level, the authors employed
a simple FRET-based biosensor for the monitoring of secreted MMP-2 activity. The authors
claim that this microfluidic platform offers a rapid, simple, and single-cell-level detection
method without engineering expertise. Zhong et al. developed an in situ ratiometric
SERS nanoprobe for the intracellular imaging of proteases (MMP-2) in different cancer
cells for sensitive detection (Figure 3d) [96]. Due to the advantages of the SERS analytical
method, such as high sensitivity, resistance to photobleaching and quenching, and trivial
autofluorescence, SERS-based visualization using the 2-naphthalenethiol (NT)-labeled Au
nanoprobe was applied to measure MMP-2 activity in single living cancer cells. Upon the
internalization of the Au nanoprobe into cancer cells, the proteolytic cleavage of the peptide
sequence resulted in the dissociation of the 2-NT molecules, and the Raman signal was
decreased. Live cell imaging results showed that the MMP-responsive nanoprobe differenti-
ated normal breast cells from breast cancer cells and also differentiated two different breast
cancer cell lines with different malignant properties. Cheng et al. developed a selective
in vivo imaging and inhibition system against SARS-CoV-2 infection. This amphiphilic
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assembly system consists of aggregation-induced emission (AIEgen), self-assembly, spacer,
and main protease-responsive and cell-penetrating peptide domains. The degradation of
this amphiphilic assembly by the main protease from SARS-CoV-2 induces aggregation
with increased fluorescence and mitochondrial interference of the infected cells. As a result,
this system can perform the selective bioimaging and treatment of SARS-CoV-2-infected
cells [97].
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responsive rolling circle transcription assay (PRCTA) by integrating protease-responsive RNA poly-
merases and rolling circle transcription. This figure is adapted with permission from Ref. [90] (© 2020
American Chemical Society). (b) Plasmid-based cell-surface fluorescent biosensor for measurement of
the location and activity of MMP-14. This figure is adapted with permission from Ref. [91] (© 2018
Springer). (c) Microfluidic capillary biosensor for quantifying secreted protease activity at the single
cell level. This figure is adapted with permission from Ref. [95] (© 2020 Elsevier B.V.). (d) SERS
imaging of intracellular MMP-2 activity with the ratiometric SERS Nanoprobe. This figure is adapted
with permission from Ref. [96] (© 2020 Elsevier B.V.).

4.2. In Vivo Proteolytic Analysis for Bioimaging

Proteolytic cleavage-based biosensing strategies can be applied to in vivo imaging
using optical probes such as fluorescent molecules. Yim et al. developed ear inflammatory
biosensors by measuring the short-wave infrared (SWIR) otoscope (Figure 4a) [98]. Cys-
teine cathepsin proteases, which are upregulated in the inflamed state by immune cells,
are released from the otitis media (middle ear infection). The fluorescent probe is linked
to the quencher (6QC-ICG) through the cleavable peptide, and this probe is emitted into
the lysosome by the latent lysosomotropic effect in acute otitis media. As a result, middle
ear infection shows a clear fluorescent emission with a 2.0 signal-to-background ratio.
Moore et al. demonstrated a novel detection method for in vivo periodontal inflammation
by measuring gingipain proteases released by P. gingivalis [99]. For the transduction of
a specific peptide cleavage into the signal, the activatable photoacoustic and fluorescent
molecular probe, which consisted of a dye-conjugated peptide, [Cy5.5]2[APRIK], was uti-
lized as an imaging agent for gingipain proteases. The sensitivity of this in vivo biosensor
showed 5-fold photoacoustic and >100-fold fluorescence enhancement, with 1.1 nM and
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4.4 × 10−4 CFU/mL LOD. In addition, the photoacoustic imaging of the gingipain protease
probe was demonstrated in the subgingival pocket of porcine mandibles and the murine
brain due to the check on the biological relationship between gingipain and Alzheimer’s
disease. Xiang et al. exhibited a DNA/peptide/PNA triblock copolymer for in vitro ATP
imaging and in vivo tumor imaging (Figure 4b) [100]. The sensing system is composed
of a rationally designed peptide nucleic acid (PNA)–peptide–PNA triblock copolymer,
which can be divided by tumor-overexpressed cathepsin B. The cathepsin B-activatable
probe is in double-stranded form, which is the Cy5-labeled DNA aptamer strand and the
quencher (BHQ2)-labeled short complementary DNA strand. The cathepsin B-induced
activation of the probe enables tumor cell-specific molecular imaging by the folding of the
aptamer with binding ATP, and the fluorescence signal is recovered. This ATP sensing-
based fluorescence imaging probe can selectively measure the cathepsin B protease in
tumor cells both in vitro and in vivo. Kang et al. developed a chronic wound evaluation
platform by integrating a fluorophore–peptide quencher into a maleimide-functionalized
polyethylene glycol–diacrylate (PEG-DA) hydrogel [101]. Using the in vivo fluorescence
imaging method, a high level of MMP-2 and MMP-9 was clearly demonstrated on the
chronic wound site. The authors claim that this simple protease sensor can be applied
to indicate the severity of the wound to the surgical doctor and other medical staff by
providing the patch format of a fluorescence sensor. Liu et al. reported a noninvasive
diagnostic platform of common pulmonary diseases by measuring the activation of hu-
man neutrophil elastase (Figure 4c) [102]. This imaging probe consists of a QD–human
neutrophil elastase-specific peptide substrate fluorescent dye for the induction of the FRET
effect. This system showed both the in vitro and in vivo detection of human neutrophil
elastase, with 7.15 pM in aqueous solution, and clear imaging in lung cancer and acute
lung injury mouse models. Using this sensor could differentiate pulmonary patients from
the healthy with the minimization of environmental interference of the fluorescence.
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Figure 4. In vivo proteolytic analysis of intracellular proteases for bioimaging: (a) Schematics of the
fluorescence-guided detection of otitis media (OM) using a protease-cleavable biosensor. This figure
is adapted with permission from Ref. [98] (© 2020 American Chemical Society). (b) PNA-assisted
DNA aptamer sensor with peptide for cathepsin B-activatable ATP detection. This figure is adapted
with permission from Ref. [100] (© 2021 Wiley-VCH). (c) FRET-based neutrophil elastase biosensor
for in vitro detection and in vivo imaging using the peptide substrate, QDs, and organic dyes. This
figure is adapted with permission from Ref. [102] (© 2020 American Chemical Society).
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5. Outlook and Conclusions

In this review, proteolytic enzymes that can be used as biomarkers for diagnosing
various diseases have been briefly demonstrated, with the latest research trends showing
the integration of functional nanomaterials. As mentioned above, proteolytic enzymatic
biosensors have various advantages over immunoassays represented by ELISA. First,
the measurement process of proteolytic biosensors is simpler than ELISA. Compared to
multiple antigen–antibody reactions (two or more separated reactions), proteolytic enzymes
can be measured using only a peptide degradation reaction. In addition, it is cost-effective
and time-saving as the complexity of the measurement can be reduced. Unlike ELISA,
one of the advantages is that the additional labeling step of the signaling molecule is
not required after the biological reaction (i.e., antigen–antibody reaction) of the target
biomarker. Finally, false-negative and false-positive signals caused by antibody instability
can also be reduced. However, while most proteins have their specific antibodies, there
is a limitation that only proteolytic biomarkers with specific enzymatic properties can be
measured. This is a major disadvantage that reduces the versatility of the sensor.

Recently, CRISPR-based DNA and RNA biosensors have been actively studied for
sensitive and simple detection. These analytical methods are based on random single
nucleic acid degradation reactions if the target DNA/RNA lets the CRISPR complex acti-
vate, similar to the strategies of proteolytic enzymatic biosensors. Since the decomposition
reactions of peptides and nucleic acids are irreversible, these kinds of sensors cannot be
reused. Paradoxically, the non-reusability of the biosensor could be an advantage, namely,
as a disposable sensor, because it can improve accuracy by reducing errors due to the
reduction of biological reactions due to the regeneration of sensors. In addition, a system
for measuring multiple biomarkers is essential for the accurate and early diagnosis of
diseases. From this point of view, the proteolytic sensor can easily apply a multiplex system
because the peptides that each proteolytic enzyme degrades are different. Furthermore,
integration with the CRISPR sensor enables the simultaneous measurement of various types
of biomarkers, such as DNA, RNA, and other proteins, on one platform. This will provide
not only the accurate diagnosis of the disease mentioned above but also detailed disease
information, for example, the progress of the disease and the prognosis after treatment.

Studies measuring the activity of proteolytic enzymes can be applied to various
biomedical fields besides in vitro diagnosis. For example, it can be used for real-time
in vivo imaging using intracellular and extracellular proteolytic enzymes. In addition,
when proteolytic enzymes are used with therapeutic drugs and nanoparticles, they can be
used for the development of nanotheragnosis, which can be treated and diagnosed at the
same time. For instance, since the MMP family are typically highly expressed in various
cancers, it will be possible to develop nanotherapeutics with high potential by inducing
drug release through peptide degradation events while detecting them in the body. In this
way, it is believed that in combination with various nanotechnology, it will be possible to
secure a platform technology that can simultaneously perform various functions while
improving measurement sensitivity. In addition, proteolytic biosensors could be applied to
toxicological and pharmacological screening systems. For example, sentrin-specific pro-
tease 1, which is related to many diseases, including cancers and cardiovascular diseases, is
measured for the identification of anti-cancer agents that have toxic effects [103]. Another
example is the SARS-CoV-2 main protease inhibitors screened using a proteolytic-based
biochemical high-throughput screening (HTS) system. These screening platforms are feasi-
ble for simple and sensitive tests for drug screening and pharmacological applications [104].
Proteolytic enzymatic biosensors are expected to be used more actively in the field of early
diagnosis of diseases in the future, and it is expected to be widely used for basic biological
research, in vitro model systems with sensitive analysis platforms at the cell level, and
other biomedical fields such as drug delivery and in vivo imaging.
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Abstract: Recent developments of point-of-care testing (POCT) and in vitro diagnostic medical
devices have provided analytical capabilities and reliable diagnostic results for rapid access at or near
the patient’s location. Nevertheless, the challenges of reliable diagnosis still remain an important
factor in actual clinical trials before on-site medical treatment and making clinical decisions. New
classes of POCT devices depict precise diagnostic technologies that can detect biomarkers in biofluids
such as sweat, tears, saliva or urine. The introduction of a novel molecularly imprinted polymer (MIP)
system as an artificial bioreceptor for the POCT devices could be one of the emerging candidates
to improve the analytical performance along with physicochemical stability when used in harsh
environments. Here, we review the potential availability of MIP-based biorecognition systems as
custom artificial receptors with high selectivity and chemical affinity for specific molecules. Further
developments to the progress of advanced MIP technology for biomolecule recognition are introduced.
Finally, to improve the POCT-based diagnostic system, we summarized the perspectives for high
expandability to MIP-based periodontal diagnosis and the future directions of MIP-based biosensors
as a wearable format.

Keywords: molecularly imprinted polymer; point-of-care test; biomolecule; oral disease; wearable device

1. Introduction

Molecular diagnostics point-of-care (POC) is a technology belonging to the field of
personalized healthcare and refers to clinical pathology tests for the diagnosis of disease [1].
Generally, it has been used to enhance the therapeutic effect by enabling an immediate
test next to the patient, which was tested in the field of immunology and clinical chem-
istry [2]. POC devices are a type of in vitro diagnostic (IVD) medical device, designed for
the purpose of diagnosing various diseases to determine prognosis, evaluating health status
by medical treatment effect and even preventing disease [3]. The market growth for IVD
devices can be attributed to the increasing proportion of the geriatric population and techno-
logical advancement in diagnostics [4]. Recently, during the COVID-19 pandemic, growing
interest in public healthcare has rapidly boosted up rapid testing kits, anticipating the
development of various types of devices with market expansion. Although the expensive
cost of product development may defer research demand for POC testing (POCT), some
progressive technologies are continuously introduced by merging existing portable sensing
platforms in line with recently developed bioelectronic devices with suitable configurations
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in medical diagnosis applications [5–7]. One aspect of bioelectronics is the application
of physicochemical signal transducers to detect substances at the molecular level and
recognize interactions through signal processing. Biosensors used in POCT encompass
a wide range of topics for the detection of analytes, various types of receptors, such as
enzymes, antibodies, antigens, proteins at the interface of biological molecules and sensors.
Therefore, since the POCT can be performed in close proximity to the location where the
patient is being treated, emerging technologies as a potential alternative may replace the
conventionally used laboratory-based diagnostic testing, including different combinations
of components for sample handling and recognition elements. Thus far, the recent trend
in the integration of diagnostic devices has moved to cost-effective programable tools for
rapid and sensitive detection of biomarkers in biofluids, such as sweat, tear, saliva and
urine [8–10]. However, many biomarkers in biological samples (i.e., biological fluids) are
often present at very limited concentrations, coexisting with unwanted interfering species.
Therefore, the detection of biomarkers usually requires highly qualified antibodies for
sensitivity detection techniques together with sampling purification. To analyze one type of
biomarker, enzyme-linked immunosorbent assay (ELISA) is a widely used immunological
assay in diagnostic research [11], which provides quantitative data on specific proteins
in serum samples. Despite its high specificity and low limit of detection (LOD), some
drawbacks still arise from relatively long procedures with moderate reliability or expensive
bioassay kits’ specified protocols, depending on the primarily designed binding affinity for
different targets [12].

In this context, as a rational synthetic strategy and biomimetic design in the field of
biotechnology, molecularly imprinted polymers (MIPs) have been revisited in response to
the continuous demand for rapid, accurate and cost-effective analytical platforms. MIPs,
crosslinked polymer matrices with molecular recognition sites formed by synthesizing in
the presence of a target template, have received immense attention to guarantee affordable
detection modules for target molecules for decades [13–15]. Historically, although viewed
as an old material system, the MIP technology has progressed with a renewed field of
research and expanded the area by combining emerging nanomaterials and advanced
detection techniques with new applications [16–18]. Specifically, MIPs can be considered
synthetic chemocavities or antibodies, as tailor-made artificial receptors that recognize and
bind target molecules with high selectivity and chemical affinity [19–21]. The MIP matrices
can be synthesized simply by polymerization of monomers forming a complex with target
molecules, in which a relatively weak bonding was set between the template molecules
and crosslinked monomers. In detail, starting with the prepolymer/template mixture,
the spatial arrangement of MIPs can be determined by several well-known interactions,
such as hydrogen bonds, Van der Waals forces, hydrophobic interactions and electro-
static interactions [22–24]. Subsequently, after the removal of template molecules from
the crosslinked polymeric matrices, copious cavities with specified chemical end groups
can be easily crafted, depending on complemental templates defined by size, shape and
chemical functionality. Indeed, a large number of results on MIP techniques have reported
newly developed molecular imprinting strategies with small molecules, such as sugars,
steroids, pesticides, epitopes and amino acid derivatives [25–27]. These previous elaborated
works have demonstrated the reliable capabilities of MIPs in highly targetable recognition
systems on specific molecules, used in chemical sensors, analytic separations, solid-phase
extractions, drug delivery systems, catalysts and library screening methods [28–30].

Having been progressively specialized in the field of biotechnology, MIPs were success-
fully commercialized for the solid phase of drugs and pesticides for an extraction toolbox
to rebind small molecules toward improved sample refinement of chromatographic analy-
sis [31,32]. In addition, molecular imprinting for other larger-scale substances in particular
is also considered a candidate for expandible technology and remains under development
with plenty of potential. Biomacromolecules, including antibodies, viruses, proteins, en-
zymes, nucleic acids and even living cells, can readily be imprinted in precisely designed
polymer matrices with the help of other interfacial molecules or additives. However, the
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biomacromolecule approaches in the MIP system will confront serial problems with less
reliability in the sophisticated capturing process because the classical bulk methodologies
for target templates may fail to precisely recognize the protein target molecules. The lack
of accessibility lies primarily in the intrinsic properties of protein molecules themselves.
Complete rebinding may be difficult due to imprinted sites that differ from the original
conformation by irreversible structural reconfiguration during polymerization [33]. In
other words, templated proteins embedded in the polymerized matrix can be partially
immobilized with strong physical bonds in the crosslinked polymeric network during
the template removal step, which provides fewer rebinding sites [34]. Thus, improved
techniques are needed, especially in protein imprinting processes, to prevent irreversible
entrapment in 3D polymeric networks. Hence, the large number of uncontrolled interaction
sites by the imprinted proteins may lead to cross-reactivity on the originally provided cavi-
ties along with non-specific adsorption. Biomacromolecule recognition systems have now
become a new growing research area in MIP approaches, and the control of the biological
environment associated with an appropriated function (i.e., artificial recognizable antibody)
requires further development in practical use and biomedical diagnostic applications [35].

In view of the above, the MIP-based pseudo-immunoassays may be developed and
may strengthen the biosensing capability and related POCT to measure the concentration
of small and macromolecules with the help of specialized ‘artificial antibodies’ to antigen
counterparts [36]. Thus, an enhanced accuracy of MIP-based POCT will accelerate the
molecular diagnostic and has critical potential to play an important role in analytical tests
in various fields with different macromolecular targets for more accurate results. For
now, commonly used biosensors are mostly based on the detection of antigen–antibody
interactions, which are evaluated and quantified with respect to each proposed transducing
mechanism [37–39]. Moreover, most antibodies used are proteins, which are physically,
chemically and biochemically unstable for use in a medical-grade immunoassay. Therefore,
healthcare devices based on MIP-technology-based POCT may provide suitable access for
specific patients by providing reliable results from artificial antibody-integrated biosensors
(i.e., MIP-based testing). The MIP-based biosensing platform can be robust, sensitive and ac-
curate to enable label-free detection of biomolecular analytes. Such beneficial embodiments
will meet endless supply demands in the segmental market to develop MIP technology,
leading to an integration of cost-effective portable POCT with an expansion of the overall
industrial progression.

In this review, we will highlight the recent progress of MIP technology, particu-
larly with a wide range of examples of POCT-based biomarker detection. Because the
biomolecules used in developing diagnostic POCT are generally complex in nature, integrat-
ing the test kits (i.e., cartridges) with appropriate antibodies requires a highly sophisticated
coupling between the two components [40]. We believe that the existing problems of POCT
can be solved by utilizing novel MIP technology through the sensitive detection of biomark-
ers in the sampling of biological fluids extracted from sweat, tears and urine, and directly
allowing the detection of biomolecules [41–43]. However, to be commercialized for POCT,
the MIP-based biosensors must overcome several challenges related to non-specific rebind-
ing, cross-reactivity, acceptable analytical performance and practical use models. Moreover,
due to continuous exposure to the fluid of interest simultaneously with other biological
components, the biosensors targeting analytes may need recalibration to correct for signal
responses over time. On this issue, at the end of this review, we will also suggest wearable
POCT devices and advanced MIP-based technology to determine periodontal diagnostics
by identifying oral fluid-based biomarkers for precision oral medicine. Since periodontitis
is a complex and multifactorial disease, prognostic progression is hardly detected, subject
even to chronic conditions [44]. The discovered biomarkers that cause oral disease can
be molecularly imprinted on conductive polymer surfaces. With easy accessibility from
saliva sampling, the MIP-based periodontic diagnosis to improve POCT-based diagnostic
systems is still under investigation for clinical application, which will be an important field
of study and highly beneficial for overall public healthcare.
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2. MIPs for Biomolecule Recognition: Concepts of POCT and Synthetic Approaches
2.1. Concepts of the MIP-Technology-Based Portable POCT Devices

The most important feature for MIP-enabled biosensors is the comparability that can
be integrated with the existing systems, which provides high recognition ability [45]. The
persistent durability allows MIPs to be used in various types of POCT applications, depend-
ing on the types of samples to be tested, as presented in Figure 1. Benchtop-scale POCT
devices, incorporating MIP-based biosensors, are poised to transform the healthcare device
platforms. Conventional biosensors combining biological elements have been produced
in a form of chips, disposable strips, cartridges or electrodes in the application of POC
devices [46,47]. However, in certain situations, the diagnostic devices have some limitations
in new classes of POC devices [48]. For example, the short shelf life of biomolecular im-
mobilized biosensors is less cost effective for manufactured products because they should
be refrigerated in transport and storage [49]. Another potential issue might cause the
low activity of biomolecular functions under harsh chemical conditions in some cases of
biofluids or sampling, such as extreme changes in pH, saline or highly reactive solvents in
certain treatment controls for the POCT devices [50], which critically affect the performance
of biosensors by fundamental degradation of the disease-specific biomarkers [51]. Besides,
although conventionally used bioreceptors are suitable for achieving selectivity, multiple
processing with technical difficulties and delicate interface control are required in the
implementation onto biosensors [52]. Since the immobilization of recognition sites is essen-
tial to transduce the signals for the operation of biosensors, advantageous materials and
alternative strategies will be needed to resolve the shortcomings linked with conventional
biomarker integration while achieving selectivity. By the aforementioned motivations, MIP
techniques have been progressed for biosensor applications with carefully contrived design.
The MIP-based biosensor can be considered an artificial antibody-integrated polymeric
active layer that readily sustains stability in challenging testing chemical environments,
such as high-temperature limits up to ~300 ◦C [53,54]. Since general proteins are usually
denatured in irreversible forms higher than ~80 ◦C [55,56], MIP-based biosensors are more
stable in storage and even suitable for applications requiring a high-temperature range.
In the scene of biomolecule imprinting with low-cost materials, by taking advantage of
the MIP technique to mimic biological sensing elements, such as antibodies and biorecep-
tors [57], a variety of single-target biosensors can be developed for diagnostic biosensors
and assays for POCT devices [58]. Because the MIP-enabled biosensors extracted out the
biological antibodies or other elements, the desired receptor surface can be tailored for
relatively high selectivity and specificity. Compared to the biosensors integrated with
natural antibodies, MIP-based biosensors have exhibited a comparable or even decreased
limit of detection (LOD) with signal-to-noise enhancement and improved stability resulting
in potential use for biosensing platforms [59]. The continued progress of MIP technology
holds great potential with innovative key aspects of inexpensive, rapid and sensitive de-
tection for desired POCT systems, providing other opportunities in demanding medical
environments.
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example of natural biorecognition system; enzyme–substrate complex (left) and antigen–antibody 
reaction (right); the biomimetic functional similarity of the MIP biosensing system is comparable to 
natural antibodies. (d) Various types of immunoassay-based benchtop-scale POCT devices. 
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design of the MIP material system in protein detection by the intrinsic conditions of tem-
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synthetic strategies for protein-based MIPs have been extensively developed to improve 
the selective recognition capability, named by bulk, suspension, emulsion and epitope 
imprinting, depending on the materials mainly featured [63–65]. As one synthetic process 
for protein-based MIPs, the so-called bulk imprinting polymerization is the most com-
monly accepted method with apparent advantage of the simplicity of the processing 
scheme. In designing bulk imprinting, by using the crosslinker and the functional mono-
mer, protein molecules can be imprinted entirely on the growing polymer matrix with 
randomly distributed configuration, and subsequent extraction of the templates from the 
MIPs complete the process with high yield performance. Finally, for the collected MIP 
powders, the mechanical grinding process separates the bulk-imprinted polymers into the 
form of micron-scale particles or beads. This sequential process suggests a viable route to 
produce a large number of bulk MIP particles that can be used in several commercial ap-
plications [66]. However, for a typical bulk MIP system, a random free diffusion of the 
templates (i.e., small molecules) was subjected to the formation of microcavities in the 
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Figure 1. A new class of benchtop-scale POCT devices utilized by MIP-based biosensors for precision
diagnostic technology to detect biomarkers in biofluids. (a) The four types of representative human
biofluid reflecting health conditions; tears, saliva, sweat and urine. (b) Schematic illustration for
fabricating the molecular imprinting system that contains the biorecognition sites and (c) the example
of natural biorecognition system; enzyme–substrate complex (left) and antigen–antibody reaction
(right); the biomimetic functional similarity of the MIP biosensing system is comparable to natural
antibodies. (d) Various types of immunoassay-based benchtop-scale POCT devices.

2.2. Biomolecule Imprinted Polymers Based on Bulk Imprinting Techniques

At the beginning of the development of synthetic process for MIPs, target-oriented
techniques, capable of recognizing and binding biomacromolecules (e.g., proteins), have
been introduced along with practical use in numerous applications, including clinical
diagnostics [60], drug delivery systems [61], proteomics and environmental analysis [62].
Despite the widespread research work on MIPs, there have been some limitations in the
design of the MIP material system in protein detection by the intrinsic conditions of tem-
plated proteins, such as size, complexity and structural instability. Recently, however, the
synthetic strategies for protein-based MIPs have been extensively developed to improve
the selective recognition capability, named by bulk, suspension, emulsion and epitope
imprinting, depending on the materials mainly featured [63–65]. As one synthetic process
for protein-based MIPs, the so-called bulk imprinting polymerization is the most commonly
accepted method with apparent advantage of the simplicity of the processing scheme. In
designing bulk imprinting, by using the crosslinker and the functional monomer, pro-
tein molecules can be imprinted entirely on the growing polymer matrix with randomly
distributed configuration, and subsequent extraction of the templates from the MIPs com-
plete the process with high yield performance. Finally, for the collected MIP powders,
the mechanical grinding process separates the bulk-imprinted polymers into the form of
micron-scale particles or beads. This sequential process suggests a viable route to produce a
large number of bulk MIP particles that can be used in several commercial applications [66].
However, for a typical bulk MIP system, a random free diffusion of the templates (i.e., small
molecules) was subjected to the formation of microcavities in the densely networked MIP
structures [67]. Therefore, bulk imprinting is adaptable for imprinting for small molecules
because the adsorption/release of templated molecules is easily expected and represents
relatively fast and reversible interactions, which add value to the small-molecule imprinted
matrix as multiple-time reusable assay in cost-effective benefits [68]. On the other hand, a
limited synthetic condition for the bulk-imprinted biomacromolecules has been reported
due to partially trapped templated molecules in the polymer chains, commonly featured
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with a complex distribution in the mixed state prior to the polymerization. Such drawback
lies in the limited diffusion rate of biomacromolecules from the nature of bulk MIP manufac-
turing system. Consequently, low diffusion rates attenuate the quality of MIPs with lacking
accessibility on the rebinding sites. Moreover, the mechanical grinding process as a final
stage is strictly controlled to maintain the original integrity of the prepared samples, that is,
damages of the recognition sites reduce the adsorption capacity of the bulk MIP system.
Although crushing films into smaller dimensional microparticles notably expands binding
recognition sites, the irregular shapes and sizes of the resulting bulk MIP particles lead to
less reliable signal detection for accurate biosensing of biomacromolecules with high preci-
sion [69]. Thus, to avoid the instability of protein-imprinted bulk MIPs, one key parameter
can be the homogeneous combination between template sizes (i.e., the large size of proteins)
of the incorporated monomers by careful design to provide protein recognition sites with
high reproducibility. The nanoscale protein-imprinting polymer in uniform 3D bulk scale
is inevitable for an improved binding site accessibility, meeting quality requirements for
biosensor application on the appropriate analytical performance [70]. The advances of
protein-imprinting technique have also expanded to direct construction of micro/nanoscale
surface-imprinted MIP systems on planar surfaces with the development of combinatorial
materials composition, which has suggested novel sensing mechanisms in various types
of signal transducing systems [71]. In competition with the bulk MIP technique, other
strategic templating processes have been introduced as alternative methods to resolve the
problems with diffusion limitations, uniform features and improved selectivity.

2.3. Biomolecule-Imprinted Polymers Based on Surface Imprinting Techniques

As an effective way of integrating biomolecule-imprinted polymer into biosensor
systems, newly developed surface imprinting techniques have been directly applied to
transducing elements, such as chemically derived electric signals [72–74]. By the advanta-
geous feature of the surface MIP system, the increased specific binding sites are exposed
only on the surface of the polymer matrix for effective recognition, which thus acceler-
ates mass transfer and accurate rebinding capacity (i.e., adsorption/desorption efficiency).
To generate a protein-imprinted polymeric surface, a suitable monomer selection for the
templates is a crucial factor in the rational design through high affinity of chemical com-
position for the advanced surface MIP system. Similar to the bulk MIP system, since the
binding strength and stability between monomer and template depend on non-covalent
weak forces, such as hydrogen/hydrophobic or electrostatic interactions, designing a tem-
plate/monomer complex on the active surface area to effectively recognize the rebinding
biomolecules is necessary. As shown in Figure 2, the interactions between proteins and
monomers for constructing protein-imprinted polymers (i.e., artificial receptor formations)
on the electrically conductive surface can be classified into several types: (i) formation
of a prepolymerized complex on the electrode; (ii) sequential electropolymerization of
functional monomers after template physisorption; and (iii) immobilization of the target
protein using a complemental linker. As an easily accessible process, protein–monomer
mixtures were introduced onto electrode surfaces using drop casting [75], spin casting [76]
and spray coating [77]. After that, the prepolymerized complex was crosslinked under spe-
cific electrosynthesis conditions, and the templated protein could be extracted by physical
or chemical methods to form steric cavities, constructing a surface-MIP recognition system
(Figure 2a). On the other hand, Figure 2b represents another developed surface imprinting
method that induces spontaneous adsorption of proteins to the electrode surface to increase
templated cavities. The templates (i.e., proteins) built on the electrode surface can be
imprinted by physicochemical interactions following the electrosynthetic process, in which
the configured specific cavities are mostly on the surface of the MIP matrix. During this
electropolymerization approach, the isoelectric point (pI) of the protein can be considered
an important factor in designing sophisticated MIP–protein complexes. As an inherent
property of proteins (i.e., amphiphilicity), the pI is usually defined by the pH value of a
solution, at which the net charge is zero [78]. Thus, the electrostatic behavior of proteins
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with pH is subtle in the process because when the pH of a solution is higher than the pI
value, the surface of the protein becomes predominantly negatively charged, resulting in a
repulsive force on the same charged molecules. In contrast, in the case of lower pH of the
solution than the pI value, the protein surface can be positively charged. However, under
conditions with a pH value close to the pI, the attractive force prevails between the proteins
by balancing the negative and positive charges, leading to the aggregation or precipitation
of the protein [79,80]. To resolve this problem, the surface-MIP approach using a sacrificial
carrier was demonstrated. By the fact that the aggregated form of proteins can lead to
inadequate sensing properties in MIP-based biosensor systems, the formation of covalently
immobilized proteins prior to electrodeposition of functional monomers on the electrode
surface could obviously enhance the sensing performance for target proteins (Figure 2c).
As one clear demonstration, the sequential molecular imprinting process of specific protein
binding sites for selective recognition system in the surface-MIP structure is as follows [81].
First, the electrode surface could be chemically modified via a 4-ATP/DTSSP linker system
and immobilized with a target protein (CDNF). After electrochemical polymerization with
functional monomers, selective molecular cavities could be formed simply by the S–S bond
cleavage process. This experimental approach implies that target protein immobilization
can be facilitated by a simple combination of conventional chemistries (i.e., linkers such as
self-assembled monolayers, SAMs) to create more uniform specific binding sites with finely
tuned affinity [82–84], instead of random electropolymerization from the protein/monomer
mixture. Notably, in this case, the optimized thickness of the surface-MIP film was pre-
cisely controlled during the electropolymerization process not to exceed the height of the
immobilized target protein, which is the most important factor in avoiding irreversible
entrapment of proteins in the imprinted polymer matrix [85].
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recognition cavities. In an appropriate design concept, the selective rebinding site can be generated
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includes the formation of the pre-polymerization complex (a), the template physisorption (b) and the
immobilization of the target protein (c).

86



Biosensors 2022, 12, 136

2.4. Electrosynthetic Strategies for Biomolecule-Imprinted Polymers

As described in the previous section, direct electropolymerization has proved to be
an efficient technique to construct surface-imprinted MIPs by the adequate combination
of monomers and templates [86–88]. More importantly, the selection of biomolecular tem-
plates has not been limited within an allowed experimental condition and is ready to be
applicable to state-of-the-art electropolymerization strategies on the electrically conductive
electrode surfaces, such as RNAs, DNAs, peptides, aptamers, antibodies, proteins, viruses,
bacteria and even living cells [89–96]. A suitable choice of monomers and templates plays a
key role in the molecular design of electrodeposition techniques with delicate modulation
of parameters for the MIP-enabled conducting polymer matrix. Thus, synergistic influences
on surface MIPs have been evaluated as a result of highly specified analytical performance
in the biosensing platforms [97,98]. As reported earlier, the main parameters for electrosyn-
thetic process can be summarized as follows [99]: (i) voltage or current of applied potential;
(ii) potential scan rate and periodic potential pulses during deposition cycles; and (iii) the
restriction of electrical density on the electrode. Therefore, the electrosynthesis of conduc-
tive polymers in the surface-MIP system highly depends on the series of optimization by
a control of the surface morphology, density and film thickness to tune the capability of
charge transfer passing through the electrode [100]. Figure 3a represents a typical process of
electropolymerization for protein-imprinted polymers. In the protein-imprinted polymer-
ization step of the electrosynthesis process, the stacking monomer layers and boundaries
define the shape of the complemental recognition sites according to the size of biomolecules,
such as proteins with embedded functional groups. Thus, sequentially designed processing
steps with tailored compositions can be important to define the exposed areas of the cavities
and controlled distributions of biomolecules prior to the electrodeposition of monomers.
Such electroactive monomers on a prepared electrode surface to be grown as an electrically
conductive polymeric matrix should be carefully selected according to the electrosynthesis
conditions because there are many combinatorial options with other binding assistant chem-
icals, including phenol, o-aminophenol, o-phenylenediamine, aminophenyl boronic acid,
scopoletin, aniline, pyrrole, 3,4-ethylene dioxythiophene, 2,2′-bithiophene-5-carboxylic acid
and dopamine, as previously reported [101–104]. For example, as illustrated in Figure 3b, a
variety of combinations has been demonstrated by using o-phenylenediamine (o-PD) on
template proteins for the surface-MIP integration [105,106]. Moreover, based on a computa-
tional approach, Raziq et al. recently demonstrated that o-PD could be a reasonable choice
for biologically active MIPs compared to a set of molecules, such 3,4-ethylenedioxythiophen
(EDOT) and dopamine (DA), in binding to the SARS-CoV-2 viral protein [107]. Looking
into the detailed performance, the Glide empirical scoring function (GScore) values for
the scoring binding pose of other monomers (i.e., o-PD, dopamine and EDOT) docked to
SARS-CoV-2 nucleoprotein (ncovNP) were similar, in the ranges of −25.2 and −29.5 kJ
mol−1, confirming that they could form stable pre-polymerized complexes with ncovNP.
As a result of the quantum chemical calculation, the H-bond interactions on the ncovNP
molecules adjunct with NH2 groups were determined decisively; the o-PD monomer was
found to be a superior option compared to other monomers. This computational mod-
eling approach can be highly useful and expanded to the advanced designing of MIPs,
especially for the electrosynthetic process, because the molecular reaction and energy
startup guidance based on the predominant parametric assumptions might be derived
without repetitive control experiments [108]. In the biomolecular imprinting field, this
high-end computational approach may be advantageous in rapid development in choosing
correct parameters between the template and functional monomer to realize MIP-based
biosensors, yielding highly selective recognition sites by scrutinizing the critical interaction
energies [109]. By doing this, the electrosynthetic strategies for viral-protein-based MIPs
(i.e., SARS-CoV-2) can contribute to producing a new concept of POCT devices to fully
utilize the electrically operational transducers [110], which is under development with the
popularly introduced small-scale device integrated with microchips for the wearable or
skin-attachable format [111]. We will discuss this in more detail in the following sections.
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Figure 3. (a) Representative electroactive monomers used for implementation of the MIP-based
biorecognition system; chemical structures of each functional monomer are listed as follows: phenol,
o-aminophenol, o-phenylenediamine, aminophenylboronic acid, scopoletin, aniline, pyrrole, 3,4-
ethylenedioxythiophene, 2,2′-bithiophene-5-carboxylic acid and dopamine. (b) Schematic illustration
of the ncovNP–MIP system to form multiple non-covalent bonds between ncovNP and cavity.
Reproduced with permission from [80]. Copyright Elsevier, 2020.

3. Transducing Systems and Practical Approaches for MIP-Based Biosensors
3.1. Mass Sensing Approaches

To date, MIP-based quartz crystal microbalance (QCM) sensors have been regarded as
one of the most promising sensing techniques and have been developed as an analytical
method to detect various biomolecules, such as DNA, peptide and viral protein [112–114].
In a typical configuration of a QCM-based sensor, an AT-cut quartz wafer with metal elec-
trodes on either side is coupled with an oscillator circuit that drives the QCM to resonate at
an its intrinsic frequency. According to the basic principle of QCM operation, an analyte
adsorbed on the electrode surface causes a change in the fundamental resonant frequency
of the crystal, which precisely determines the mass of the adsorbed analyte, that is, the
resonant frequency is decreased depending on loaded mass [115]. Because MIP membranes
contain specific molecular recognition sites with size, shape and chemical features com-
plementary to the desired target molecule, the combination of a QCM sensor and MIP
membrane with artificial receptors can selectively recognize target molecules in complex
biological samples and minimize cross-sensitivity with sufficient susceptibility (Figure 4a).
Therefore, as biomolecules are adsorbed into the cavity of the MIP membrane, the fun-
damental resonant frequency gradually decreases in the MIP-based QCM sensor system
(Figure 4b). The technical parameter for imprinting small molecules or metastable biologi-
cals lies in the selection of functional monomers and appropriate solvents for MIP synthesis.
For example, small molecules are stable in organic solvents, whereas biomolecules are
unstable and can be denatured under similar conditions [116]. Therefore, many efforts have
been made to construct water-soluble polymer systems, such as hydrogels for imprinting
biomolecules [117,118].
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Figure 4. (a) A conceptual design for an MIP-based QCM sensor capable of selective adsorption
of target molecules. (b) Frequency change in QCM transducer according to mass change due to
binding between the target molecules and artificial receptors formed on the MIP membrane. (c) A
synthetic strategy to prepare hydrogel-based MIPs for BHb protein adsorption. Reproduced with
permission from [119]. Copyright The royal society of chemistry, 2014. (d) Frequency response
of polyacrylamide-based MIPs to BHb and BSA protein. Reproduced with permission from [119].
Copyright The royal society of chemistry, 2014. (e) Schematic illustration of a molecular imprinting
process using template stamp coated with influenza virus. (f) Frequency changes of MIP- and NIP-
based QCM sensor at different concentrations of H1N3 influenza A virus; the inset shows a change in
the frequency according to virus concentration (r2 = 0.98). Reproduced with permission from [114].
Copyright The royal society of chemistry, 2013.

As illustrated in Figure 4c, a conceptual demonstration was performed as a QCM-based
diagnostic system using molecularly imprinted hydrogels to detect bovine hemoglobin
(BHb) [119]. By the optimized synthesis condition for the hydrogel-based MIP membrane
with specific binding capacity, three distinct types of the acrylamide functional monomer
were utilized, such as acrylamide (AA), N-hydroxymethylacrylamide (NHMA) and N-
isopropylacrylamide (NiPAm). The graph in Figure 4d describes the gradual QCM-based
frequency shifts through the sequential immersion process in BHb, SDS/AcOH and bovine
serum albumin (BSA) solutions; the molecular weight of BSA and BHb corresponds to 66.5
kDa and 64.5 kDa, respectively. The degree of cross-selectivity for non-target proteins (i.e.,
BSA) revealed the recognition site formation (i.e., cavities) with protein complemental to
the target (i.e., BHB) in a hydrogel-based MIP system. In the BHb-imprinted MIPs formed
by AA, NHMA and NIPAM-based matrices, an apparent decrease in resonant frequency by
the BHb adsorption process was confirmed without changes in additional BSA proteins.
In particular, as a hydrogel-based MIP system, the detection performance for BHb was
correlated with the degree of hydrophilicity and increased in the order of polyNHMA,
polyacrylamide and polyNIPAM. Consequently, the high selectivity of NHMA–MIP for the
BHb protein was observed by the presence of a hydroxyl group in the cavity architecture.
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Although AA-based MIP was equally selective for both BHb and BSA proteins, the absence
of hydroxyl groups in the cavities derived a relatively weak ability to distinguish between
cognate and non-cognate proteins.

As another outstanding example of QCM-based biomolecules detection system, Figure 4e
shows the selective capture of infectious influenza A (i.e., H1N3, H1N1, H5N3, H5N1 and
H6N1 viruses) by combining MIPs and QCM-based gravimetric transducer [120]. To prepare
the MIP-based QCM sensor, a delicate sequential process was used utilizing an MIP precursor
solution containing functional monomer, cross-linking agent and a photoinitiator. The MIP
solution was spin-casted on an Au electrode, and then a stamp coated with the template (i.e.,
virus stamp) was pressed onto the spin-coated MIP prepolymer film. In this experimental
scheme, acrylamide (AMM), methacrylic acid (MAA), methylmethacrylate (MMA) and N-
vinylpyrrolidone (VP) were used as functional monomers. In the following, MIP prepolymer
film incorporating virus particles was polymerized under a UV light source with 254 nm
wavelength overnight, and the template (i.e., virus) was extracted by denaturing the virus
from the polymeric network by using 10% hydrochloric acid. As a result, the limitation of
selective recognition of virus subtypes was dramatically enhanced due to the addition of
the VP monomer. The specificity and sensitivity for the template were further improved by
controlling the ratio between the different monomers and the cross-linking agent.

Figure 4f shows a response curve for the QCM-based MIP sensor capable of detecting
the H1N3 influenza A virus over time. The calibration curve showed that the logarithmic
relationship between frequency and virus concentrations responds to mass changes in a
linear form (r2 = 0.98). When equilibrium is reached between the MIP membrane and the
surrounding solution, the MIP signals increase at least 5-fold compared to non-imprinted
polymer (NIPs) signals. In the case of NIPs, it is desirable that specific binding to the
target molecule be restricted, but this is not achievable in practice due to unpredictable
and non-specific adsorption or physical influences between the NIP membrane and the
target molecule. Accordingly, the QCM sensing system integrated with an MIP membrane
that contains a memory effect from the template molecules (i.e., recognition sites) provides
high affinity to the target virus in a reproducible manner for more reasonable molecular
detecting tools. In this way, the MIP-coated QCM sensor can be expected in the next
generation of molecular sensor platform to support diagnostic POCT to evaluate small
proteins, artificial enzymes or viruses.

3.2. Electrochemical Sensing Approaches

For the MIP-based biosensors, to evaluate the complemental interactions between the
analytes and cavities (i.e., receptors) formed on the electrode surface, the analytical signals
should be transduced and converted into a quantitative range of values [120]. On this, we
first focus on the electrochemical sensing approach, which is quite suitable for MIP-based
biosensors with various types of electrode configurations to validate a rebinding of the
analytes [121]. Due to ease of access, biomolecule analytes can be measured quantitatively,
combined with external redox materials in the solution-type tests. The measured value
changes are originated from the Faraday current, corresponding to the redox reactions
on the MIP-based electrode in cyclic voltammetry (CV) or differential pulse voltammetry
(DPV) [122]. By well-known basic fundamental ideas, the mechanism, caused by the
diffusion of the redox probe, is usually understood in specific operating conditions for
the MIP-based electrochemical sensors [123,124]. For example, the physical docking of
analytes (e.g., viruses, small molecules and proteins) into the surface cavities can generally
block the diffusion of the redox probe on the MIP electrode surface in amenable chemical
reactions [125,126].

Figure 5 illustrates the basic concept of electrochemical transduction on MIP-based
sensors. The sensing procedure requires sequential steps, including rebinding of the target
analytes on the MIP electrode and washing to remove the non-specific binding elements.
Using voltammetry test, the detection of analytes on MIP-based electrochemical methods
can be performed to evaluate the current density according to the potential range for
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waveform techniques (e.g., differential pulse, square wave, linear sweep or staircase) [127].
On the basis of this technical support, the advantages of the voltammetry test for MIP-
based biosensors are prompt analyses to determine the selectivity and sensitivity of the
engaged analytes by electrochemical reacting on the electrode within a given concentration
range. Among the voltammetry test, the DPV technique is the most acceptable technique
for MIP-based biosensors, with relatively simple implementation and a low level of noise
by the capacitive current. Amperometric sensing approach by measuring the generated
current at the sensing electrode surface with respect to a fixed time interval can be an
effective method at a constant single-potential step, known as the chronoamperometric
technique. This amperometric method directly reflected the measured current with the
concentration of the analytes at a constant applied potential; therefore, the analytes are
detected by the facilitation of the built-in MIP electrode. The signal-changing value collected
from the amperometric device is of an apparent reading gauge, interfaced with the MIP-
based electrode, since the mass transfer rate was delivered from the signal-changing
value by electrochemically active analytes. Electrochemical impedance spectroscopy (EIS)
is a sensitive characterization method of collecting the electrical signals from chemical
responses, in which the time response with the chemical systems was susceptible based
on low-amplitude alternating current and voltages over a range of frequencies. Therefore,
the quantitative values can be obtained by this technique, but the chemical mechanisms
for the localized conditions at the electrode surface and electrolyte solution would be
more complicated depending on the analytes [123,127]. However, the EIS system covers
a wide range of MIP-based sensing matters as an effective analytical tool to find analytic
characterization for biosensor transductions. The following Table 1 summarizes recently
presented works on electrochemical sensors that detect various molecules.
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Figure 5. The basic concept of the electrochemical transduction on the MIP-based sensors using
voltammetry test; the sensing procedure requires typical sequential steps, including the removal
of the templates and rebinding of the target analytes on the MIP electrode. An electrochemical
analytical method can be selected depending on the electroactive property of the analytes, which can
be categorized either through direct detection (i.e., direct electrochemical readout) of the analyte or
indirect detection (i.e., indirect electrochemical readout) using a redox probe, such as [Fe(CN)6]3/4−.
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3.3. Practical Uses of MIP-Based Biosensors: Urgent Demand and Immediate Contribution

Disposable POC diagnostic devices have supported the patient-centered healthcare
system. With rapid signal acquisition, some device platforms are convenient and cost
effective in assisting clinicians and patients with reasonable diagnostic coverage. However,
in some cases, these diagnostic devices have inevitable limitations, such as short shelf
life to keep the sensors refrigerated in transport and storage because of the antibodies
and receptors embedded in the disposable kits. Another potential issue can concern the
chemical conditions when performing analyte detection by changing the conditions of
pH, saltwater or highly reactive organic solvents, as previously described. Notably, as an
innovative artificial ‘plastic’ receptor, the MIP-based POC diagnostic platform offers high
stability and can be stored at room temperature, operating in challenging physical and
chemical environments to expand its applications.

As one example of the disposable POC diagnostic platform, Figure 6a illustrates re-
cently reported MIP-based biosensor by utilizing a typical three-terminal electrode, in
which the MIP working electrode was prepared by an electrochemical synthesis and plated
with a porous membrane (PVA hydrogel) to impregnate PB (Prussian blue) redox probe.
In this configuration, endogenous cortisol levels were detected from the sweat sampling.
In this approach, a cheap screen-printed electrode (SPE) was covered with a porous MIP
membrane containing a PB redox probe. This biosensor can readily detect the exposed
cortisol analytes in sweat upon fingertip palpation through a specific rebinding on a cortisol-
imprinted polymeric membrane (i.e., PVA hydrogel). The MIP membrane was found to be
sensitive to the amperometric method by providing engraved cavities from the PB probe.
Compared to the previous methods, such ‘touch/incubate/detect’ protocol is innovative
in the development of the POC device, highlighted by rapid detection time (~3.5 min) in
quantifying cortisol levels simply from a fingertip based on the current changes (Figure 6b).
Since cortisol is linked to mental health, monitoring cortisol levels will be an important indi-
cator of early detection of psychological conditions. The highly permeable liquid-absorbing
porous membrane, according to a capillary reaction of sweat, can be extended to other
examples of MIP-based biosensors to instantaneously collect other secreted biofluids from
the human body [134,137,138]. Besides, the authors also demonstrated the expandability
of MIP-based biosensors to a conformal epidermal-integrated patch by tracking changes
in cortisol levels during on-body exercise, showing excellent performance after repeated
use (60 cycles) for real-time cortisol monitoring (Figure 6c). The recent development of
healthcare systems already moves to skin-attachable devices or even implantable electronic
circuits [139–141], and thus, MIP-based biosensors will be able to be securely integrated
with other platforms for potential application to meet the required high selectivity.

The worldwide pandemic situation by an infectious coronavirus disease (COVID-
19), caused by the SARS-CoV-2 virus, accelerated the realistic MIP-based biosensing
system [107,136,142]. Since rapid detection by using an MIP-based electronic device pro-
vides an easily accessible and stress-free approach, a portable electrochemical biosensor
can obviously be useful for POC tests when molecularly imprinted with a SARS-CoV-2
nucleoprotein (i.e., ncovNP-MIP). As an example, a synthetic recognition element inte-
grated biosensor for selective detection of ncovNP was recently reported, as presented in
Figure 6d [143]. In their demonstration, the MIP-based COVID-19 sensor showed linear
responses to the cavities from ncovNP in the apparent concentration range of 2.22–111 fM
in the lysis buffer; within the measured values, LOD and LOQ were valued as 15 and
50 fM, respectively. In this straightforward approach, the ncovNP-imprinted biosensor
could transduce the signals from the specific rebinding of the ncovNP in nasopharyngeal
swab samples collected from COVID-19-positive patients. This demonstration implies that
the MIP-based virus sensors have a great potential to extend their application to other
infectious mutant viruses for rapid diagnostic tools as POCT kits [144]. Referring to the
recently reported COVID-19 POCT with a detection performance within ~2 min (LOD:
~5 fg mL−1), it may be an efficient assessment to simply measure current changes through
optimized settings in the MIP-integrated electrode [136].
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Reproduced with permission from [133]. Copyright Wiley–VCH, 2021. (b) Schematic diagram of
MIP-based cortisol sensor based on ‘touch/incubate/detect’ protocol. Reproduced with permission
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As a similar MIP approach in this categorized application, MIP-based POCT out-
performs commercially used antibodies for a biosensor platform by revealing an im-
proved detection capability with lower viral loads during an extended infection period
(Figure 6e) [138]. By a designed polymerization process with SARS-CoV-2, precise molec-
ular imprinting could be successfully performed for the receptor-binding domain (RBD)
region by mimicking the spike glycoprotein (i.e., target), as described in Figure 6f. A SEM
image in Figure 6g shows the surface morphology of the crafted nanoMIPs (i.e., nanoparticle-
featured surface imprinting). In this experiment, a solid-phase imprinting process was used
to promote intimate chemical interactions between the template and functional monomers
with stoichiometric chemical moieties during the immobilization process (Figure 6h). For
detecting SARS-CoV-2, the nanoMIP was combined with fluorescent polymeric nanoparti-
cles (FPNs) to visualize the virus recognition capability simply by using a dot blot assay,
as shown in Figure 6i; these FPN-integrated MIPs yielded significantly brighter signals
(i.e., 10,000 times higher level) than other samples [145]. The measured areas coated with
nanoMIP film are shown as follows: (i) positive controls for SARS-CoV-2 spike protein; (ii)
and (iii) a SARS-CoV-2 capture region; (iv) negative control with virus culture medium
only; v) reference control. The imaged dot blot arrays were able to selectively detect
SARS-CoV-2 and reported a low LOD value of 5 fg mL−2. By further selectivity evalua-
tion, the SARS-CoV-2-imprinted biosensing platform only recognized SARS-CoV-2 spike
glycoprotein in the dot blot assay, whereas no responses with the human coronavirus
spike glycoprotein (299E, HKU1, OC43) were detected. Supported by a reliable scale-up
manufacturing process, this manipulated nanoMIP platform may give rise to an impact on
the regular diagnosis for quick check-up of COVID-19 in hospitals, drive-through sites or
at home, as an effective POCT kit. Indeed, the progressive type of nanoparticle-based MIPs
(i.e., nanoMIP for a single species) could extend their POCT applications to other target
molecules, such as enzymes or proteins, because the system provides more selective and
specific rebinding sites for high accuracy in diagnostic testing.

Figure 6i displays a novel MIP-based POCT device for protein recognition based on
an immune-polymeric membrane used to isolate C-reactive proteins (CRPs) from serum
samples. In their approach, the cavities structured in the MIP-integrated membrane were
combined with a confined fluidic flow, interlocked on a defined electrode array. In particular,
the biosensing performance was evaluated by the separation principle in a critically aligned
configuration of CRPs on the working electrode, as drawn in Figure 6j. By this setting,
the impedance changes were detected directly on the applied current, responding to the
CRP rebinding reaction in the MIP-integrated membrane. Rapid detection of CRPs was
evaluated within 2 min, starting with incubation of serum samples. Their biomimetic
immuno-membrane manifests several advantages in the MIP-based biosensor technology
by rendering receptors as biological sensing elements. Therefore, the electrochemical
detection method is compatible with the structured MIP membrane that is addressed in the
defined sensing area. With regard to its high compatibility with microfabrication processes,
it is possible that other advanced techniques can be applied to 3D nanoporous vertical
channels to engineer high specificity.

4. Concept of Oral POCT to Detect Diseases: Novel Detection in Salivary Biomarkers

The advantage of the user-friendly POCT as a wearable form is perfectly fit for new
diagnostic concepts by detecting small molecules from the collected biofluid sampling,
since that process does not require specialists or complicated treatment with medical
equipment [134]. As is well known, saliva includes tremendous biomarkers, including
substances secreted from salivary glands, external substances, microorganisms and blood-
derived compounds, reflecting oral diseases or systemic diseases [146–148]. However,
given the low concentration of biomarkers in saliva, effective detection can easily lead to
false signals by contamination of external factors [149]. However, the continuous interest in
molecule sensing from saliva has extended the research area in wearable device applications,
from which in situ saliva analysis has been rapidly developed. Thus, several intuitive ideas
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have been suggested to minimize the contamination of saliva sample, divided mainly into
a mouthguard platform for direct measurement of biomarkers from saliva in the oral cavity
or external sensing with a microfluidic system as IVD devices. In this final section, we
summarize the recent development of wearable oral biosensing devices for detecting a
set of biomarkers in saliva and conclude with the proposal of MIP-integrated biosensing
platform as a promising approach in the same categorized study.

Biosensors mounted on mouthguards are straightforward as one good example of
the POCT approach. Recently, as shown in Figure 7a, Kim et al. presented an integrated
wireless mouthguard to sense salivary metabolites based on an amperometric sensing
platform to detect uric acid (UA) in diluted saliva for smart healthcare monitoring [150].
The amperometric enzyme electrode is the oldest platform since the first introduction of
the glucose biosensor by Clark in 1962. Briefly, the detection of ion presence on solution
based on electric current or changes in electric current has been called ‘amperometry’. As
addressed in Section 3.1, an amperometric biosensor induces a current proportional to the
concentration of the substance to be detected. In line with this electrochemical approach
for a practical wearable device, the wireless mouthguard biosensor was integrated with a
Bluetooth-enabled circuit board, built on flexible PET (polyethylene terephthalate) substrate.
A biosensor embedded as a wearable mouthguard was firstly demonstrated by utilizing
an SPE transducer in a flexible format and mounted in mouthguard preform [151]. In
detail, they used a simple chemical modification on the commonly used screen-printed
working electrode by electropolymerized oPD and simultaneous crosslinking of the uricase
enzyme. Therefore, a soft mouthguard was facilitated for continuous monitoring of UA in
saliva. The wearable device was configured with an amperometric transducer and coupled
by wireless communication systems (i.e., Bluetooth), which were readily integrated into
a system on chip as a singular product. The saliva sample could be collected from the
mouth for real-time sensing, and the current signals were extracted in the continuous
operation for 4 h in the monitoring process with 10 min intervals with a stability of the
electrochemical response of 300 mM UA. Within the optimized experimental condition,
they reported a current response of every 0.5 s at a 2 Hz frequency with a sensitivity of
2.45 mA mM−1. Accordingly, the result from the wireless mouthguard type salivary UA
sensor enabled the transfer of data measured from real-time detection. This new concept of
biosensors offered an attractive electrochemical sensing platform with high sensitivity and
selectivity. The ‘in mouth’ mounting in the human body still requires a critical assessment
of biocompatibility with less toxic materials that are essential for the realization of wearable
electronic devices [152].

As a similar approach presented in Figure 7b, a customized mouthguard-type biosen-
sor was also introduced by Arakawa et al. [153]. This wearable oral POCT, so-called ‘cavity
sensor’, was produced on a plastic substrate (i.e., polyethylene terephthalate glycol, PETG)
to be a mountable oral cavity for non-invasive saliva analysis. The presented biosensor
consisted of Pt, Ag/AgCl and glucose oxidase (GOD) electrodes, immobilized by poly
(MPC-co-EHMA) (PMEH) for glucose monitoring. With these configured electrodes, the
output current produced by glucose oxidation at GOD was measured by the amperometric
method as a function of the concentration of H2O2. The characteristic sensing performance
in artificial saliva was set for 1.0 wt% PMEH matrix with an electrode surface area of
16.8 mm2 to measure the glucose, showing high selectivity in current output only for
glucose, compared to other saliva analytes, 100 mM L−1 of galactose, sorbitol, fructose,
mannitol and xylitol solution. Moreover, this GOD-based biosensor exhibited high sensitiv-
ity in PBS and artificial saliva ranging from 0.05 to 1.0 mM L−1 under a wireless condition
in continuous real-time data collection. Therefore, advanced oral biosensors will be helpful
in non-invasive monitoring systems for diabetic patients. Although there may be differ-
ences in glucose levels between blood and saliva samples, a personalized POCT device for
glucose sensing can be a promising approach for further development into a nontoxic and
safe mouthguard-type platform [154].
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Another alternative to in vivo oral monitoring devices has been introduced to estimate
sodium intake. As illustrated in Figure 7c, Lee et al. presented a novel biosensor with a
customized dental brace composed of a biocompatible elastomer that can measure sodium
ion concentration in direct contact with the oral cavity [155]. The active electrode for the
biosensor was fully embedded in a microporous structured elastomer (i.e., Soma Foama 15,
SF15) to package an integrated circuit system equipped with stretchable interconnects. Thus,
the hybrid form of bioelectronic device enabled conformal contact with intraoral tissues.
Owing to the high permeability based on the breathable SF15 membrane, the sodium ion
sensor is perfectly suited for detecting sodium intake in the oral cavity with high selectivity
and sensitivity. By optimizing impedance matching to the circuits incorporated with the
porous membrane, real-time quantification of sodium intake was realized for wireless data
transfer. This sodium sensor in the oral cavity showed clear changes of electrical signals as a
function of the sodium concentration ranges, such as 10−4, 10−3, 10−2, 10−1 and 1 M, under
in vitro experimental condition, demonstrating high sensitivity and selectivity; the level of
output voltage was also compatible with the result from in vitro experimental detection
capability. In particular, soft electronics with user-friendly interface can take advantage of
favorable physical properties to actively collect information about not only sodium intake
but also dietary habits and health management [156].

In general, the geometry of the oral cavity varies from person to person. Thus, an
externally configured sensing element may be preferred when direct contact in the mouth is
limited due to the lack of teeth or the discomfort that would permit using biosensors [157].
As proof of concept, a biosensor-embedded pacifier was designed for wearable oral POCT
devices to monitor the glucose concentration levels in saliva, as shown in Figure 7d [158].
In this demonstration, the pacifier made from nontoxic silicone served a useful function
as a fluidic saliva collector, integrated with an SPE-based biosensor for electrochemical
detection, in which an amperometric circuit was connected with a miniaturized wireless
data transfer module. Since the presented POCT device contained a saliva-fluidic channel
(i.e., biofluid reservoir), this unique design helped the biosensor operation by soaking
the exposed working electrode in unidirectional saliva flow without any suction pressure,
allowing the sensor to detect glucose based on the glucose oxidase modified PB transducer.
The electrochemical method with functional electrode offered good selectivity for glucose
with no responses to 200 µM of UA and 20 µM of ascorbic acid (AA) and without any
interfering crosstalk from substances left in the mouth. When the sensitivity was scanned,
the current changes in glucose concentration in artificial saliva exhibited a well-defined
ranged concentration between 0.1 and 1.4 mM. The PB-oxidase electrode proved to be
suitable for monitoring glucose concentration by monitoring the correlation between blood
and saliva glucose before and after food intake. Aside from the instability of the enzyme-
based electrode and incomplete sterilization with each use, the only minor limit of the
pump-free pacifier-based sensing platform was the delayed duration of saliva collection
time to reach the exposed working electrode with signal stabilization. However, assisted
by this progressive work, additional study on the choices of effective design and more
efficient instrumentation of microfluidic channels will pave the way for a viable route for
the development of wearable oral POCT.
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Figure 7. Concept of non-invasive biosensing platforms mounted in the oral cavity for real-time
monitoring by wireless communication to detect molecules (middle left image). (a) A mouthguard
integrated with a wireless circuit board for monitoring salivary UA and the chemically modified SPE
sensor for electrochemical detection. Reproduced with permission from [150]. Copyright Elsevier,
2015. (b) Customized glucose biosensor mounted on a plastic retainer with a detection range of
0.05–1.0 mM L−1 in artificial saliva. Reproduced with permission from [153]. Copyright Elsevier,
2016. (c) A wireless electronic device mounted on a retainer with a permeable porous membrane
that detects sodium ions. The graphs show clear changes in the electrical signals according to
sodium concentration based on in vitro and in vivo experiments. Reproduced with permission
from [155]. Copyright National academy of sciences, 2018. (d) A pacifier-type glucose biosensor for
external monitoring of saliva collected without any pump through the fluidic channel. Reproduced
with permission from [158]. Copyright American Chemical Society, 2019. (e) Scheme of α-amylase
imprinted biosensing platform on Au-SPE electrode to quantify the concentration range of 6.0× 10−6–
0.6 mg mL−1 through the electrochemical method. Reproduced with permission from [83].

In this section, we have discussed various approaches for salivary biomarker detecting
biosensors and PCOT devices in a wearable format. As a similar but slightly different
approach, MIP technology as artificial receptors is ready to be combined together with
the intraoral POCT devices and amperometric molecular recognition system. Although
it has not yet been reported in this field of research, when the MIP system can be directly
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applied to a biosensing system, especially in an oral disease monitoring system, it could
have far-reaching implications and clearly stand out by resolving some drawbacks with im-
proved performance. Since some approaches on the protein-based MIP on the SPE surface
have been reported previously for detecting salivary protein as a combinatorial result of
the electrochemical method [159–161], it is easily possible to transform the strategies on the
bioactive electrode preparation and the selection of suitable materials for nontoxic packag-
ing. A recent α-amylase imprinted biosensor is a representative example of stress-related
healthcare monitoring for potential POCT (Figure 7e). In this case, a typical amperomet-
ric transducer was used for the ranged quantification of the α-amylase concentration by
the utilization of Au-SPE electrodes, at which the surface of the working electrode was
electropolymerized with conductive pyrrole and α-amylase. With an accurately controlled
Au surface using a cysteamine self-assembled monolayer, the α-amylase template was
effectively immobilized. In this MIP process, the biomarker (i.e., α-amylase) can leave
behind highly specific cavities after the removal of the templates in the polypyrrole ma-
trix on the electrode (refer to Section 2.4). Next, a typical electroanalysis was conducted
using one of the pulse techniques, that is, square wave voltammetry (SWV) [162]. In this
discriminated sensing, the MIP biosensor to capture a specific molecule from oral biofluid
represented outstanding performance in the α-amylase concentration range from 6.0× 10−6

to 0.60 mg mL−1 in buffer solution with high sensitivity (LOC < 3.0 × 10−4 mg mL−1 ).
Due to the nature of the MIP-based sensing system [163], it showed high sensitivity and
selectivity through the rebinding process only on target biomolecules in human saliva
and in a buffer solution containing other biomarkers. Conclusively, this MIP biosensor
exhibited analytical capabilities as a promising candidate for diagnostic POCT devices
when integrated with sophisticated electrodes and a real-time wireless system [83].

5. Conclusions and Outlook

Due to the outbreak of COVID-19, there has been an increasing interest in technology
and product developments in the field of molecular diagnostic POCT with the highest
accuracy and rapid identification. From a long-term perspective, significant technological
progress for on-site medical treatment will persist, and a new format of POC devices and
related techniques will be introduced to the market due to the change in work methods
caused by the COVID-19 and the generalization of telecommuting. In this context, this
review discussed and summarized the engineering innovations of POCT devices equipped
with MIP-based biosensing systems. In particular, the integration of MIP-based electro-
chemical biosensors with POCT-based diagnostic systems can be expected to be adaptable
in IVD devices for an accurate and selective detection of biomarkers caused by various
diseases, not only for viral proteins.

Up to date, there has been a large set of advances in developing various types of MIP-
based POC devices in biomedical diagnostics for emergency assessment. The detection
of biomarkers at trace levels in biofluids using the MIP-based biosensing device may
provide highly qualified artificial receptors for biologically specific and selective recognition
together with an easy manufacturing process. Therefore, with the strong demand for non-
invasive and rapid evaluation, the use of MIP-based biosensors offers new opportunities
in disease identification and risk-resolving assessment by managing the fundamental
preservation of disease-specific biomarker-imprinted cavities in POC devices, free from
shelf life, cost effectiveness and storage issues. In addition, in the categorized research
field, the detection of biomarkers in periodontology remains limited overall. Artificial
antibody-based approaches highlighted in this review imply great potential in dental care
and medicine. Because chronic immune-inflammatory responses to microbial biofilms
formed in the oral tissue or dental implanted surface are in systemic conditions, such as
cardiovascular disease, diabetes or gastrointestinal diseases, the detection of the secreted
biomarkers will be important guidelines for oral and other systemic diseases, including
identifying SARS-CoV-2 in saliva [164]. Advances in electrochemical biosensing platforms
with appropriate transducing systems have recently accomplished remarkable innovations
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in interfaced wearable electronics with biomarker assessment [110]. As a future direction,
our suggested examples highlight MIP-integrated devices in oral biomarker detection and
their validation for clinical POCT to advance precision medicine. This suggests that the
potential of collecting clinical outcomes from wearable biometric interfaces relevant to
chronic prognosis will benefit public health.
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Abstract: The interest in biodegradable pressure sensors in the biomedical field is growing because
of their temporary existence in wearable and implantable applications without any biocompatibility
issues. In contrast to the limited sensing performance and biocompatibility of initially developed
biodegradable pressure sensors, device performances and functionalities have drastically improved
owing to the recent developments in micro-/nano-technologies including device structures and
materials. Thus, there is greater possibility of their use in diagnosis and healthcare applications. This
review article summarizes the recent advances in micro-/nano-structured biodegradable pressure
sensor devices. In particular, we focus on the considerable improvement in performance and func-
tionality at the device-level that has been achieved by adapting the geometrical design parameters
in the micro- and nano-meter range. First, the material choices and sensing mechanisms available
for fabricating micro-/nano-structured biodegradable pressure sensor devices are discussed. Then,
this is followed by a historical development in the biodegradable pressure sensors. In particular, we
highlight not only the fabrication methods and performances of the sensor device, but also their bio-
compatibility. Finally, we intoduce the recent examples of the micro/nano-structured biodegradable
pressure sensor for biomedical applications.

Keywords: biodegradable electronics; pressure sensors; MEMS (microelectromechanical systems);
NEMS (nanoelectromechanical systems); biomedical engineering

1. Introduction

A pressure sensor is a device that can transduce mechanical pressure to an electrical
or optical signal. It has gained considerable attention from various traditional industries
such as automotive [1,2], aviation [3–5], and manufacturing industries [6–9] since it can
help in controlling the system stability and process flow. Recently, owing to the advances in
materials science, mechanical engineering, and fabrication technologies, the pressure sensor
can be implemented with various materials and dimension, enabling its application in a
wide range of emerging academia disciplines and industrial fields, such as robotics [10–17],
artificial intelligence [18–21], and smart factory [22,23]. Among them, the use of pressure
sensors in the biomedical engineering field is one of the representative promising applica-
tions of this technology because it can help to measure the pressure of the target tissue and
organ that is essential for wide range of disease diagnosis and therapy (Figure 1a,b) [24–29].

Conventionally, bio-implantable pressure sensors have been made of materials being
able to permanently exist in human-body with bio-compatibility. However, these types of
devices require secondary surgical extraction after clinical use, and it intrinsically accompa-
nies the risk, cost, distress, and pain for the patient [30]. In this regard, biodegradable (or,
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equivalently, bioabsorbable and bioresorbable) pressure sensor has recently received lots
of attention from researchers because it can be degraded and disappear in human body
spontaneously by bio-fluids after specific period [31–34].
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body [24]. (b) Relevant pressure ranges for in vivo pressure monitoring for diagnostic applica-
tions [29].

Earlier developed biodegradable pressure sensors were partially composed of biodegrad-
able materials with a simple structure [35,36]. However, owing to the recent developments
in materials science, mechanical and electrical engineering and fabrication technologies,
biodegradable pressure sensors have recently become fully biodegradable with high scal-
ability [37,38]. In particular, as the device is designed to exploit micro-/nano-structures,
it can not only be manufactured in a miniature dimension making it easier to implant,
but it also shows great improvement in performance when used for precise detection
of bio-signals and diseases [30,39,40]. As a result, fully biodegradable and miniaturized
pressure sensors with improved performance in terms of high sensitivity, fast response
time, stability, and reliability have been realized, and this has made biodegradable pressure
sensors usable in diagnosis and healthcare applications.

Even though there has been a sudden spurt in progress on these sensors, however,
there has been less reports to summarize and review the recent progress and knowledge re-
garding the micro-/nano-structured biodegradable pressure sensors and their applications.
Here, this review paper introduces the latest progress in the development of micro-/nano-
structured biodegradable pressure sensors. We first introduce recent developments and
libraries in biodegradable materials for the micro-/nano-structured biodegradable pressure
sensors; in particular, materials are classified as wet and dry transient materials, depend-
ing on the degradation conditions. Next, we introduce details about the performance-
enhancement in the biodegradable pressure sensor exploiting the micro-/nano-structure.
Especially, we focus on the characteristics, performance, and fabrication methods of these
sensors. Finally, the practical applications of the micro-/nano-structured biodegradable
pressure sensor in biomedical engineering are introduced. We review the reports on the
feasibility of the developed micro-/nano-structured biodegradable pressure sensors for
healthcare and diagnosis of disease in wearable and implantable biomedical applications
without any biocompatibility issue.

2. Transient Materials

To develop biodegradable electronics with a transient performance (Figure 2), ap-
propriate selections of materials should be considered from the viewpoint of electronic
components (e.g., conductors, semiconductors, insulators, encapsulations, and substrates).
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These materials are required to satisfy designated dissolution rates, electrical/mechanical
properties, and other demands depending on the desired application of the device. In the
following sections, we summarize the various types of inorganic and organic biodegradable
materials that are commonly utilized in recent research on transient electronic devices. The
materials are classified into two parts namely wet and dry transient materials, according to
their degrading mechanisms.
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Figure 2. Examples of transient electronics. Red arrows indicate the elapse of time. (a) Optical
images of Si diodes, Si/MgO/Mg transistors, Mg/MgO inductors and capacitors, and Mg resistors
and interconnects on a silk substrate [32]. (b) Photographs of ZnO thin film transistor arrays and
mechanical energy harvester arrays on silk substrate [41]. (c) Optical images of an array of solar cells
on a dry transient CDD substrate [42].

2.1. Wet Transient Materials
2.1.1. Conductors

Alkaline earth metals including magnesium (Mg) and calcium (Ca) along with transi-
tion metals such as molybdenum (Mo), tungsten (W), iron (Fe), and Zinc (Zn) are considered
as potential conductors for transient devices owing to their high hydrolysis/dissolution
rates, easy fabrication process, and their biocompatibility along with their intrinsic electrical
conductivity [32,43–47]. Mg and Fe are the most promising candidates that could be used
as in vivo conductors in electronic devices because of their high biocompatibility [48,49].
These inorganic materials are essential to keep the human body healthy and functioning
properly. According to the National Institute of Health (NIH), the recommended dietary
allowance (RDA) values of Mg and Fe are 310–420 mg and 8–18 mg each for adults older
than 19 [50,51]. In other words, when these metals are taken in or absorbed in the right
amount they have no side effects on the human body. Thus, Mg, Mg alloy, and Fe are
widely used as materials for bioresorbable implants such as vascular stents [44,48]. In
general, the aforementioned biodegradable metals can dissolve in an aqueous solution and
produce metal cations. Then, the metal cations may form metal hydroxides or metal oxides
via hydrolysis as described in the following reaction procedures [43,52–56]:

Mg + 2H2O→ Mg(OH)2 + H2

Fe + 2H2O→ Fe(OH)2 + H2

Zn + 2H2O→ Zn(OH)2 + H2

2W + 2H2O + 3O2 → 2H2WO4

2Mo + 2H2O + 3O2 → 2H2MoO4

Figure 3a illustrates the degrading behavior of the aforementioned metals. The dis-
solution rates in simulated body fluids of Mg, Fe, Zn, W are ≈0.05–0.5, ≈0.02, ≈0.005,
≈0.02–0.06 µm/h, respectively [43]. Each material shows different dissolution kinetics
and distinctive advantages. In certain cases, specific electronics must disintegrate as soon
as they start to react, whereas others are required to maintain their shapes and functions
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until the targeted time. Hence, appropriate materials should be selected for the transient
devices depending on the aim of the reaction and the operating time. For instance, metals
based on Mg have relatively high dissolution rate; hence, they would require encapsulation
to reduce the rate of disintegration [57]. Moreover, methods to control the dissolution
rate of Mg have been studied such as alloying with aluminum (Al) (e.g., AZ31B Mg alloy,
Mg-Al-Zn alloy) or coating with biocompatible ceramics such as Ca-P or MgF2 [58–60]. For
example, the electrical dissolution rate of AZ31B Mg alloy is three times lower than Mg.
By contrast, transition metals such as Mo have relatively low dissolution rate; hence, they
can delay disintegration upto the targeted time and function normally in vivo without any
encapsulation [43,52].
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Figure 3. Examples of wet transient materials. (a) Optical images of metal dissolution behavior [43]
(Mg, AZ31B Mg alloy, Zn, W, and Mo). Red arrows indicate the elapse of time. (b) Transmission-mode
laser diffraction phase microscopic (DPM) image of Si NMs (∼100 nm-thick) at various times of
immersion in phosphate-buffered solution (1 M, pH 7.4) at physiological temperature (37 ◦C) [61].
Black arrows indicate the elapse of time. (c) The chemical reaction for degrading mechanisms of
Mg and Si in water [32]. (d) Optical images of a ZnO thin film transistor at various instants during
the dissolution consisting of ZnO (active materials), Mg (electrodes, contacts, and interconnects),
and MgO (gate and interlayer dielectrics) [41]. (e) Illustration and structures of biodegradable
polymer (PDPP-PD) semiconductors on biodegradable cellulose substrate [49]. (f) Schematic process
of water-triggered transient battery dissolution [62].

2.1.2. Semiconductors

Semiconducting materials are essential in most electronic devices, such as transistors,
sensors, diodes, power harvesting devices [63–65]. However, traditional semiconducting
materials when used for transient electronics are limited by their toxicity and rigidity [66].
For instance, gallium arsenide (GaAs) is a traditional compound semiconducting material
that is widely utilized in microcircuits owing to its distinct advantage in increased electron
mobility. However, several studies have demonstrated the acute and chronic toxicity of
GaAs and the damage caused by GaAS to the lungs, reproductive organs, and kidneys of an-
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imals after inhalation exposure [67–69]. Therefore, transient semiconducting materials are
still challenging and are many studies have been conducted to overcome these drawbacks.

Inorganic Materials

Among the various semiconducting materials, silicon (Si) is one of the most common.
Bulk Si is usually considered to be non-degradable; traditional devices have been fabricated
as thick wafers so that the integrated circuits do not decompose for several hundred
years [53,70]. However, when its structure is scaled down to the nanoscale, it could be fully
biodegraded in aqueous solutions or biofluids (Figure 3b). Furthermore, the compatibility
of Si with widely used fabricating processes such as photolithography is an advantage
in utilizing it for transient devices. Hwang et al. reported the dissolution property of a
single-crystalline Si nanomembrane (Si NM), on a silicon-on-insulator wafer with a lateral
dimension of 3 µm × 3 µm and a thickness of 70 nm, in phosphate-buffered saline (PBS;
pH of 7.4). The dissolution rates at room temperature (25 ◦C) and body temperature (37 ◦C)
were 2 nm/day and 4.5 nm/day, respectively [32]. These rates could vary in the range of
0.5–624 nm/day depending on the crystallinity, morphology and doping level of Si or on
the surroundings such as the ambient temperature or composition of the solution [71]. In
general, Si undergoes hydrolysis to produce orthosilicic acid (Si(OH)4) as described in the
following reaction (Figure 3c) [32,72].

Si + 4H2O→ Si(OH)4 + 2H2

Besides Si NM, dissolution behavior and biocompatibility of other semiconducting
materials such as amorphous silicon (a-Si), polycrystalline silicon (poly-Si), alloys of silicon
and germanium (SiGe), and germanium (Ge) have also been investigated. By measuring
the thickness of a patterned array of squares (3 µm × 3 µm × 100 nm) of each material,
the dissolution rate of a-Si, poly-Si, SiGe, and Ge in buffer solutions (pH 7.4, 37 ◦C) are
investigated as 4.1, 2.8, 0.1, and 3.1 nm/day, respectively. Compared to poly-Si, the
dissolution rate of a-Si is accelerated owing to its low-density structure, which facilitates
diffusion of aqueous solutions [52].

In addition, semiconducting oxides including zinc oxide (ZnO) are alternatives to Si
owing to their high carrier mobility and outstanding transparency in the visible wavelength
range. Furthermore, as ZnO shows degrading behavior in aqueous conditions, it is used as
a semiconducting material in transient electronics. ZnO involves hydrolysis to form zinc
hydroxide (Zn(OH)2). For example, a 200 nm-thick ZnO completely disappeared in DI
water at room temperature within 15 h (Figure 3d) [41]. Furthermore, ZnO can be dissolved
in ammonia (pH of ~7.0 and ~9.0) and NaOH solutions (pH of 7.0 and ~9.0). Following
are the chemical reactions of ZnO during dissolution in DI water, ammonia, and NaOH
solution [73]:

ZnO + H2O↔ Zn(OH)2

ZnO(s) + 2H+ → Zn2+ + H2O

ZnO(s) + 4HN3·H2O→ Zn(NH3)
2+
4 + 2OH− + 3H2O

ZnO(s) + 2OH− → ZnO2−
2 + H2O

Zhou et al. reported that ZnO was visibly etched in about one hour in horse blood
serum. This indicates that if a ZnO wire is trapped in a blood vessel or in the body, it would
dissolve into Zn ions that could be absorbed by the surroundings and become a part of
the nutrition of the body. Notably, Zn ions are needed every day for the human body to
function properly [73].

Organic Materials

Polymer materials are also widely used as semiconducting material for transient
devices because of their soft texture, flexible mechanical properties, low cost, and their
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suitability for large-scale production. These polymers could be categorized into synthetic
and natural based polymers.

First, several synthetic biodegradable polymers such as poly(diketopyrrolopyrrole-p-
phenylenediamine (PDPP-PD) and 5,5′-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2′-bithiophene
(DDFTTF) are currently utilized in the fabrication of soft electronics [74]. Diketopyrrolopyr-
role(DPP) is a precursor of many synthetic polymers. Its monomer originated from a natural
resource and hence, would also be degradable [49,75,76]. The PDPP-PD is a semiconducting
polymer synthesized by a condensation reaction between diketopyrrolopyrrole-aldehyde
(DPP-CHO) and p-phenylenediamine, under catalysis, using p-toluenesulfonic acid (PTSA).
The chemical structure formula of PDPP-PD is illustrated in Figure 3e. PDPP-PD is fully
disintegrable and biocompatible based on reversible imine chemistry. Under neutral-pH
conditions, the imine bond (–C=N–) preserves a stable conjugated linker; however, it can be
easily hydrolyzed by adding a trace amount of acid. A device consisting of this conjugated
polymer degraded completely within 30 days in a pH 4.6 buffer solution [49]. DDFTTF
is a robust small-molecule p-channel semiconducting material that indicates outstanding
device performance. Bettinger et al. reported that a DDFTTF layer that was exposed in
a citrate buffer delaminated in less than two days; thus, the device lost its functionality,
irreversibly [34].

Natural polymers such as indigo and melanin are also utilized owing to their excellent
biocompatibility. Indigo is an intrinsically ambipolar organic semiconducting material
with a bandgap of 1.7 eV and high electron and hole mobilities of 1 × 10−2 cm2/V·s [77].
Because of the natural existence of indigoids (derivatives of indigo), which have good
semiconducting performance, low toxicity, and chemical stability, indigo is one of the
most promising candidates for biocompatible semiconducting materials [78]. Eumelanins
are a subclass of melanins. They exhibit excellent biocompatibility along with biodegrad-
ability via free radical degradation mechanisms. Furthermore, eumelanin can serve as a
biocompatible electrode in high-density charge storage devices due to its unique properties.
For instance, they show a hybrid ionic-electronic conduction behavior by the self-doping
mechanism which is hydration-dependent [79,80].

2.1.3. Insulators, Encapsulations, and Substrates

Other important transient materials for electronic components are insulating materials
that can isolate conductors and semiconductors [32,41]. In addition, substrate materials for
most biodegradable electronics or devices, in thin geometry, should be suitable for handling
and integrating all necessary components. The lifespan of transient electronic devices
depends highly on the dissolution behavior of bioresorbable materials, which make up the
device. Therefore, in some cases, encapsulation layers are necessary to enable stable and
programmable operation of the devices by protecting the active layers from direct contact
with the ambient aqueous environments, thus preserving the electrical functions of the
devices [44,55,81]. Several inorganic/polymer materials have been widely adopted for this
purpose. In general, oxides and nitrides of Si, Mg, and some polymers are used as insulators,
encapsulations, or substrates for transient electronics owing to their bioresorbability and
compatibility with the vacuum deposition processes and photolithography [39,53,82].

Yu et al. reported a fully bioresorbable, thin, flexible neural silicon electronic array,
which could record electrophysiological signals in vivo. This embodiment uses SiO2 for
gate dielectrics, a tri-layer of SiO2/Si3N4/SiO2 for encapsulation, and a 30 µm-thick flexible
sheet of poly(lactic-co-glycolic acid) (PLGA), a bioresorbable polymer, as the substrate. SiO2
and Si3N4 dissolve at a rate of ~8.2 nm/day and ~5.1 nm/day, respectively, in biofluids at
pH 7.4 and temperature 37 ◦C; PLGA completely dissolves within 4 or 5 weeks in biofluids
at 37 ◦C [81]. SiO2, SiNx, and MgO are consumed by hydrolysis according to following
reaction procedures [32,83]:

SiO2 + 2H2O→ Si(OH)4

Si3N4 + 6H2O→ 3SiO2 + 4NH3
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MgO + H2O→ Mg(OH)2

MgO, specially, is widely used as an encapsulating oxide layer in implantable devices
such as endovascular bioresorbable stents, to control the rate of degradation of the active
agents, owing to its adequate biocompatibility [44]. The dissolution kinetics of MgO
was investigated concerning the Mg2+ and H+ concentration. For example, a solution
where pH is larger than 7 at room temperature leads to a maximum dissolution rate [84].
Moreover, thermoplastic polyesters such as PLGA and water-soluble polymers including
poly(vinyl alcohol) (PVA) are commonly used biodegradable polymers for medical implants
and drug delivery systems [39,85,86]. As PGLA and PVA have the advantages of price,
easy access for use, and easy fabrication, they have been used in a variety of devices for
biomedical and biotechnology applications such as surface-mediated drug delivery and
tissue engineering [87–89]. For instance, PLGA is used as a substrate for organic thin-film
transistors, whereas PVA is used as the gate dielectric of the transistors [34]. In addition,
natural silk fiber is also considered as a promising material for substrates or encapsulations
owing to their outstanding mechanical robustness, biocompatibility, flexibility, ease of
processing, and programmable biodegradability from minutes to years [49,66,90]. For
example, Tao et al. reported a fully dissolvable wireless heating device operating in vivo to
provide the necessary thermal therapy of trigger drug delivery. Here, an Mg resistor, an
MgO dielectric layer, and an Mg coil are deposited onto a silk substrate. Further, all the
layers were encapsulated in a silk overcoat, which could be used to adjust the lifespan of
the device [91].

Besides the aforementioned biomedical applications, energy harvesting devices such
as batteries that utilize the transient behavior of some materials have been studied (see
Figure 3f) [62,92].The term “transient” here could be considered to mean that even though
certain parts of the materials continue to exist, individual parts of the device could break
apart and these devices do not function properly any longer. For example, Fu et al. worked
on a transient battery that consisted of vanadium oxide (V2O5) as cathode, polyvinylpyrroli-
done (PVP) as separator, sodium alginate (Na-AG) as battery encasement, and aluminum
(Al), copper (Cu) as current collector [62].

2.2. Dry Transient Materials

In addition, materials that can spontaneously degrade in dry conditions or whose
deterioration can be be triggered by a certain stimulus have been studied. They are called
‘dry transient materials’, whereas wet transient materials are materials that degrade when
submerged in an aqueous solution or biofluid. Therefore, dry transient materials have the
advantage of being suitable for use in a broad range of operating environments without the
requirement of microfluidics. In general, they are utilized in encapsulations and substrates
for integrating active electronics within transient devices. Beyond these characteristics, in
the case of stimuli-triggered transient materials, they can provide further benefits, such as
the control of the dissolution rate and the lifespan of the system, by triggering condition.
Conversely, the dissolution rate of a wet transient device could be only determined by the
materials selected and the fabrication procedure.

Cyclododecane (CDD) is a dry-degradable material, which disappears completely
through sublimation when continuously exposed to air. Owing to its sublimating nature, it
can be applied as a transient layer to protect fragile or sensitive surfaces. As CDD has a high
vapor pressure of 0.1 hPa at 20 ◦C so it could sublimate adequately at room temperature,
and has a low melting point (60.8 ◦C) as shown in Figure 4a. The sublimation rate of
CDD could be affected by several conditions. For example, the rate is about 1.3 µm/h in
the absence of ventilation, whereas it increases to 4.6 µm/h under ventilation (under air
velocity at 1.9 m/s). In addition, it could be effectively tuned by adding 3–15% w/w of
titanium dioxide nanoparticles (TiO2 NPs, 10 nm of average diameter). This leads to an
increase in sublimation enthalpy owing to the reduction of mesoscale extension of volatile
molecular layers, resulting in reduced rate of mass loss. For example, the CDD samples

113



Biosensors 2022, 12, 952

doped with 8% TiO2 NPs are approximately twice as thick as those of pure CDD after 500 h
of sublimation [42].

In addition, poly(phthalaldehyde) (PPA) is an acid-sensitive metastable polymer,
which has a low ceiling temperature (Tc = −43 ◦C); therefore, it can be easily synthe-
sized with various end-groups and it rapidly depolymerizes upon backbone bond cleav-
age [93,94]. Hernandez et al. demonstrated photo-triggerable or photo-degradable transient
electronics fabricated on a cyclic PPA (cPPA) substrate with a photo-acid generator (PAG)
as additive (Figure 4b,c). The electronics were disintegrated by stimulating the PAG/cPPA
substrates with a UV source. The rates of transience were controlled by regulating the
PAG concentration and the irradiance of UV light. To include UV light sensitivity, 2-
(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (MBTT) were utilized for PAG
additives. When exposed to a UV light with maximum wavelength of 379 nm, the MBTT
formed a highly reactive Cl· radical that extracts a hydrogen atom from ambient environ-
ment to form hydrochloric acid (HCl). Figure 4c illustrates the photoinduced disintegration
mechanism of MBTT/cPPA substrate along with the electronics [93].

Park et al. reported the development of thermal-triggered transient electronics con-
sisting of Mg electrodes and wax coatings, which contain triggerable-encapsulated acid
microdroplets on acid-sensitive cPPA as substrate (Figure 4d,e). When exposed to sufficient
heat (~55 ◦C), the device broke down rapidly as the protective wax coatings melted and
released the encapsuled acid microdroplets. Rapid destruction due to the acidic depoly-
merization of cPPA can be induced using cPPA substrates. The overall mechanism of the
Mg electrode degradation and cPPA substrate depolymerization are shown in Figure 4d.
Furthermore, the destruction time can be controlled by tuning the thickness of the wax
protection layer, acid concentration, and trigger temperature [94].

Depending on the materials used and the structure of devices, the range of the de-
grading temperature is controllable. Si NM electronics integrated with sufficiently thin
and high-temperature degradable poly-α-methylstyrene (PAMS) was also suggested by
Li et al. (Figure 4f–h). The PAMS layer releases volatile monomers (α-methylstyrene)
when it is heated up to ~250–300 ◦C. The degradation mechanism of PAMS is illustrated in
Figure 4h. Assuming that the PAMS layer would decompose completely to its monomers,
the maximum pressure in a confined space could be estimated using the ideal gas law
as follows:

P =
nRT

V
=

( m
M
)

PT
V

=
ρRT
M

where n, m, and M is the mole, mass, and molecular weight of the monomer, respec-
tively. Here, density ρ = 1.075 g/cm3, gas constant R = 8.31 Pa·m3/mol·K, temperature
T = 573 K, and M = 118.18 g/mol. In a confined space, the maximum gas pressure could be
P = 43.34 MPa. The pressure from these gas products causes a high stress (~23 kPa) on the
Si NM layer, which suffers a displacement of up to 11.9 µm (see Figure 4g). This distortion
in the layers, results in a functional degradation of the device [95].

Owing to the advantages of each of the aforementioned materials, devices that inte-
grate both dry and wet transient materials have been studied. For example, Camposeo
et al. presented a dry-wet transient device in photonics, based on fully organic components.
It consists of a water-soluble compound layer such as PVA on CDD as the sublimating
substrate [96]. In conclusion, by utilizing the dry transient materials for some components
of the device which operate outside of the body with bioresorbable materials for the in vivo
part, a fully degradable sensor for healthcare monitoring can be developed.

114



Biosensors 2022, 12, 952
Biosensors 2022, 12, x FOR PEER REVIEW 9 of 34 
 

 

Figure 4. Examples of dry transient materials. (a) Microscopic images showing the time sequence of 

disintegration behavior of an array of transistors due to a sublimation of the supporting substrate 

of CDD [42]. Optical images (b) and mechanism with chemical structure (c) of UV light-triggered 

transient material [93]. (d) Illustrations and chemical structures of the disintegration process, and 

(e) optical images of the transient behavior of 55 °C heat-triggered transient device [94]. (f) Sche-

matics of device structure failure and (g) FEA analysis image of stress distribution on SiO2 layer 

surface of 330 °C heat-triggered transient device. (h) Degradation mechanism of PAMS [95]. 

Owing to the advantages of each of the aforementioned materials, devices that 

integrate both dry and wet transient materials have been studied. For example, Camposeo 

et al. presented a dry-wet transient device in photonics, based on fully organic 

Figure 4. Examples of dry transient materials. (a) Microscopic images showing the time sequence of
disintegration behavior of an array of transistors due to a sublimation of the supporting substrate
of CDD [42]. Optical images (b) and mechanism with chemical structure (c) of UV light-triggered
transient material [93]. (d) Illustrations and chemical structures of the disintegration process, and
(e) optical images of the transient behavior of 55 ◦C heat-triggered transient device [94]. (f) Schematics
of device structure failure and (g) FEA analysis image of stress distribution on SiO2 layer surface of
330 ◦C heat-triggered transient device. (h) Degradation mechanism of PAMS [95].
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3. Mechanism, Development, and Applications of Biodegradable Pressure Sensors
3.1. Mechanisms

Biodegradable pressure sensors can be classified, on the basis of their working princi-
ple, into piezoresistive, piezocapacitive, piezoelectric and piezo-optical sensors. A piezore-
sistive pressure sensor is a sensor that indicates a change in pressure applied to the resistor
by a change in the resistance as an electrical signal (Figure 5a) [97–99]. The mechanism of
the piezoresistive type is associated with two main factors. One mechanism is the resistance
change by the deformation of a resistor. When an external physical force is applied to the re-
sistor, the dimension of the resistor changes according to Poisson’s ratio and is determined
by the material of the resistor [100]. The other mechanism utilizes the changing resistivity
of the resistor material, such as the conductive particle–polymer composite. When a force
is applied to the conductive particle–polymer composite, the effective resistance value is
lowered as the inter-particle spacing between the conductive particles is reduced and the
contact area is increased to improve the electrical path (i.e., percolation effect) [101–103].
Typically, piezoresistive pressure sensors have the following advantages: low cost, simple
structure and working principle, and a relatively easy fabrication process. They are one
of the most widely used pressure sensors [104]. Based on the aforementioned advantages,
piezoresistive pressure sensors have been widely used in many applications such as auto-
mobiles, medical and home appliances, industrial and aerospace instruments [105–108]. In
spite of its many advantages, the piezoresistive type pressure sensor has the disadvantages
of relatively slow response time, low durability, cross-talk between temperature and strain
as the resistance changes, and higher power consumption than other types of sensors [109].
To develop a high-performance pressure sensor, piezoresistive pressure sensors are being
actively investigated, through the use of micro-/nano-structures and material designs, to
maximize the deformation and the porosity of the resistor.
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Figure 5. Schematic illustration of various mechanisms for biodegradable pressure sensors.
(a) Piezoresistive type. (b) Piezocapacitive type. (c) Piezoelectric type. (d) Optical type.

The piezocapacitive pressure sensor measures the change in the capacitance (C) as
electrical signal when pressure is applied to the device (Figure 5b) [110]. The capacitance is
dependent on the dielectric constant (ε), the distance between the conductor plates (d), and
the area of the conductor plates (A).

C = ε
A
d

Generally, when a force is applied perpendicularly to the conducting plates of the ca-
pacitor, the distance between the plates decreases, the accumulated electric charge between
the conductor plates increases and the capacitance value changes. The capacitive pressure
sensors present a non-linear response as the sensitivity drops towards high pressure, owing
to decreased compressibility at high pressure [111]. The piezocapacitive pressure sensors
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have the advantage of low hysteresis, good repeatability, fast response times, and insensitiv-
ity to temperature changes. In general, capacitive pressure sensors have been widely used
in traditional industries such as automobiles and robots. Recent advances in microstruc-
tures, materials, and process design have made it possible to develop high performance
piezocapacitive sensors that are small, light, and flexible. Therefore, recent capacitive
pressure sensors can also be used in the healthcare and wearable devices [112–119].

Figure 5c is a schematic of the mechanism of working of the piezoelectric pressure
sensor [110]. Piezoelectric effect is produced by a change in the arrangement of ions in
the noncentrosymmetric structure of piezoelectric materials or the molecular structure
of a polymer and its orientation (defined as “re-arragement of the material charges”)
when the dynamic pressure is applied. The electric charge can be measured as a voltage
proportional to the applied pressure. Piezoelectric pressure sensors have the advantage
of high frequency and fast response time which are very important in the automotive
industry and aerospace fields [120]. However, it is difficult to measure static pressure
because the output signal generated from the piezoelectric materials has a characteristic
that the voltage gradually drops to zero in the case of constant pressure. Traditionally,
piezoelectric pressure sensors have been developed using inorganic materials with high
piezoelectric performance such as lead zirconate titanate (PZT). However, PZT, it has the
property of toxicity and hence is not considered to be biocompatible. Although organic
piezoelectric materials have recently attracted considerable attention use in biocompatible
pressure sensors, this material often does not have a comparable piezoelectric output
compared to inorganic piezoelectric materials due to intrinsically insufficient, normal or
shear, piezoelectric effects. To improve the piezoelectric output of the organic pressure
sensor, several research groups have attempted to design micro and nanostructures. For
example, Curry et al. reported an organic nano-fiber based piezoelectric pressure sensor.
The developed sensor exploits the aligned nanofiber of poly(L-lactic acid) (PLLA) that can
maximize the piezoelectric performance with high flexibility based on the high alignment
parallel to the input stress [121–123].

One of the other representative biodegradable pressure sensors for biomedical appli-
cation is an optical type that measures the change of intensity or peak wavelength of the
input light when pressure is applied (Figure 5d) [24]. Owing to its immunity to electro-
magnetic interference, the optical pressure sensor can be used to monitor pressure during
an MRI scan or RF ablation procedure. The sensor also has other advantages such as the
absence of potentially hazardous voltage, low weight, small size, high sensitivity, and large
bandwidth. In addition, light intensity based sensors have the characteristic that they are
very insensitive to temperature changes because the measurement and reference detectors
are equally affected by the temperature and have very low hysteresis and repeatability
errors. In particular, since the output signal of the optical type pressure sensor can be made
sensitive to micro-/nano-scale changes, the device can be easily miniaturized and used in
several applications that can adapt the micro-/nano-structures for the higher performances.
In this regard, the miniaturized pressure sensor of the piezo-optical type is suitable for
the medical field. The Fabry–Perot interferometer (FPI), using the interference of light
reflected between two parallel glass plates, and the Fiber Bragg grating (FBG) using the
principle that light propagating in an optical fiber reflects part of the light in a periodic
grating, are widely used in medical applications to measure pressure in the blood vessels,
lung pressure, bladder, brain, bone, and joint pressure [24,124–126].

3.2. Development of Various Biodegradable Pressure Sensor Devices

Based on the aforementioned pressure sensing mechanism, biodegradable pressure
sensor technologies utilizing biodegradable (or bioresorbable, equivalently) materials
have recently attracted considerable attention in the biomedical field, especially in bio-
implantable applications. To adapt the biodegradable pressure sensor to biomedical ap-
plications, it is fundamentally important to have high sensitivity and fast response times
to accurately measure pressure in the targeted bio-pressure range. In addition, a high
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flexibility for measuring the pressure on a curvilinear body, and power efficiency, sta-
bility, and reliability characteristics to reduce power consumption are also important.
Although there are various studies to satisfy the above-mentioned requirements, studies
using micro-/nano-structures are receiving a lot of attention especially because of their
superiority in terms of their miniaturization and reproducibility. In this section, we will
introduce the latest technologies for various high-performance biodegradable pressure
sensors using micro-/nano-structures technology.

3.2.1. Biodegradable Piezoresistive Pressure Sensor

The first biodegradable piezoresistive pressure sensor was a piezoresistive porous
foam using a multi-walled carbon nanotube (MWCNT)-Poly (glycerol sebacate) (PGS)
(Figure 6a) [127]. The developed sensor was basically a composite of PGS, a biodegradable
material, and MWCNT, which is conductive, as pressure sensing material. In this sensor,
the MWCNT-PGS composite deforms according to the pressure, and inter-particle spacing
decreases resulting in a change in resistance (percolation effect). Since the developed
composite material has a microporous structure inside, it can easily cause mechanical
deformation with respect to the applied pressure, thus high sensitivity can be expected
(Figure 6b) [127]. One advantage of this method is that the sensitivity can be a design
factor. The micro-porous density can be adjusted by the hydrolytic degradation time of
the MWCNT-PGS composite, and the sensitivity can be adjusted from 0.12 ± 0.03 kPa−1 to
8.00 ± 0.20 kPa−1 (Figure 6c) [127].
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Figure 6. Biodegradable resistive pressure sensors. (a) Optical image of the piezoresistive foam
sensor (inset: multi-walled carbon nanotube (MWCNT)-Poly (glycerol sebacate) (PGS). (b) Scanning
electron microscope (SEM) image of the MWCNT-PGS foam. (c) Pressure-current response curve of
the MWCNT-PGS foam device black), and its transition in the PBS solution (red) [127]. (d) Schematic
illustration of bioresorbable pressure sensors protected with a thermally grown silicon dioxide (t-
SiO2) nano-layer. Inset: cross-section across the diaphragm revealing the air cavity and silicon (Si)
trench located underneath. The cross-sections across the strain gauge (red inset) and non-strain gauge
(blue) regions showing the tri-layer composition. (e) Responses of the fabricated device (red) and
commercial sensor (blue) to time-varying pressures in in vitro evaluations. (f) Comprehensive results
from continuous in vitro operation over a period of 22 days (variations in pressure sensitivity within
±1.5%) [30].
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The material-based piezoresistive pressure sensor has advantages such as a simple
fabrication process and structure. However, in this method, the deformation of the material
containing the conductive fillers easily reaches the saturation state in the range of higher
pressures; hence, the resistance change according to the pressure is very non-linear, and
there are limitations in performance such as operation range. To improve the performance
of the sensor, researchers have recently conducted a study on designing biodegradable
materials in the shape of micro-/nano-structures [30,39,40].

A piezoresistive pressure sensor using a typical micro-/nano-structure was fabri-
cated [39]. The developed device has a structure comprising a silicon cavity, a thin PLGA
membrane, and a strain gauge. When pressure is applied, the PLGA membrane is bent into
the Si substrate cavity. At this time, strain is applied to the Si nanomembrane strain gauge in
the PLGA membrane, and the resistance changes. In order to maximize the sensitivity, the
Si nanomembrane (NM) was placed on the clamp of the PLGA. To implement the proposed
idea, a device was fabricated using microfabrication and transfer methods [39]. To charac-
terize the piezoresistive performance of the device, the device was placed in a syringe filled
with artificial cerebrospinal fluid (CSF) at physiological temperature (37 ◦C). The pressure
was manually controlled by moving the plunger part of the syringe with the hands. The
sensitivity of the device was 83 Ω/mmHg (622.55 Ω/kPa−1) [39]. The biodegradability
of the device was also tested by placing the device in a poly(dimethylsiloxane) (PDMS)
chamber filled with an aqueous buffer solution of pH 12 at room temperature. In the
test, the Si NM and SiO2 components dissolved within 15 h, and the nanoporous silicon
disappeared within 30 h [39].

Although the research on the piezoresistive pressure sensor using micro-/nano-
structures greatly improved the performance, it is also necessary to improve the lifetime of
the device in order to be able to use these devices in bioimplantable applications. When
actual biofluids come into contact with active materials, water permeates through the
material of the device or the interface between materials which leads to the deterioration in
the performance of the device. Therefore, these functional lifetime issues must be resolved
to meet clinical needs. Initially, passive polymer layers were added to delay the time during
which the biofluids and the active area are in contact. However, biodegradable polymers
such as PLGA have the limitations of poor stability because the hydrophilic nature of the
material causes swelling and water permeation, which causes premature fracture, buckling
and/or dissolution in materials in the active area. In a more recent study, a method that
uses a thermally grown silicon dioxide (t-SiO2) layer was reported. A t-SiO2 layer has a
low decomposition rate (rates of several hundredths of a nanometre per day) and can serve
as a defect-free biofluid barrier in a wide area, resulting in a longer functional lifetime. A
piezoresistive silicon pressure sensor with t-SiO2 as encapsulation was facbricated using a
silicon on insulator (SOI) wafer (Figure 6d) [30]. Since the developed device also consisted
of an Si NM resistor and a Si cavity similar to the previous device, the pressure could be
measured through the change in the resistance of the Si NM. In vitro evaluations that mimic
the thermodynamic conditions inside (artificial CSF; pH 7.4 at 37 ◦C (physiological temper-
ature)) the device show that comparison of the voltage responses of the sensor with the
measured pressures of a commercial sensor reveal a linear correspondence (Figure 6e) [30].
In the reliability test, the functional lifetime of the device was maintained up to 22 days,
and the sensitivity showed a reliability of ±1.5% (Figure 6f) [30].

Although the t-SiO2 can increase the functional lifetime by encapsulating the device,
the rate of degradation of the device is very slow (10−3–10−1 nm/day) [40]. It has a
timespan in years which is much longer than clinically relevant operational requirements
required to achieve complete dissolution of the t-SiO2 layer. Therefore, the researchers
conducted a study to reduce the physical lifetime of the device, while continuing to have
the required functional lifetime, and an encapsulation method combining the thin, lightly
doped micromembrane of monocrystalline Si (Si MM) and natural wax was developed.
The lightly doped Si MM is impermeable to water and is very thin; thus, the functional
lifetime is improved, and the physical lifetime is also relatively shortened. Therefore,
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a piezoresistive pressure sensor, taking the different lifetimes into consideration, was
fabricated. This device is mechanically stable and its lifetime is appropriately controlled
using an Si MM encapsulation on the pressure-sensing part and covering the other part with
natural wax [40]. The fabrication method for the device begins with fabricating the lightly
doped Si MM that acts as a biofluid barrier. Then, using the conventional semiconductor
processes, such as photolithography and etching, the Si MM, Si NM, and Mg substrate
are patterened, and the components are assembled with the PLGA. Finally, the surface of
device excepted the sensing area is covered with wax for the device-encapsulation. For
the encapsulation, a natural wax material, with excellent lifetime, using Beeswax (CB01)
and Candelilla wax (CB10) was also developed. Various ratios of the wax mixtures were
tested to identify the optimal natural wax for encapsulation, and CB32 (ratio of Candelilla
wax to Beeswax: 3:2) was identified as the best as it prevented water from penetrating
into the device for more than 22 days [40]. Another advantage of the developed sensor is
that there is little change in characteristics due to device biodegradation. Earlier pressure
sensors based on a similar principle showed a change in the membrane thickness, due to
degradation of the encapsulation layer with time, which results in a performance change
such as a change in sensitivity. However, the fabricated device was designed considering a
mechanical neutral line, minimizing the change in performance resulting from degradation
of the encapsulation layer [40].

3.2.2. Biodegradable Piezo-Capacitive Pressure Sensor

The Bao group focused on a capacitive biodegradable pressure sensor that exploits
the microstructured dielectric material. The material used as the dielectric was PGS. In
general, elastomers having a smaller mechanical modulus exhibit greater viscoelasticity;
thus, their mechanical response is relatively slow. However, PGS has a relatively high
mechanical modulus of ≈1 MPa, and the viscoelasticity can also be controlled during the
manufacturing processes, such as through reaction, curing temperature and time. The
microstructure which is a square pyramidal structure of the PGS helps to achieve a high
performance as a pressure sensor. This square pyramidal structure of the PGS has a large
mechanical deformation and the fast response time because of the structure having an air
layer inside [47,118,119,128–130]. In practice, the fabricated device shows a high sensitivity
and fast response time. In the pressure ranges of p < 2 kPa and 2 kPa < p < 10 kPa, the sen-
sitivity was 0.76 ± 0.14 kPa−1 and 0.11 ± 0.07 kPa−1, respectively. Moreover, the response
time was approximately 100–200 ms [47]. In vitro, the biodegradation studies of the device
were also performed for 7 weeks in an incubation filled with PBS solution (pH 7.4) at 37 ◦C.
The device consisted of PGS (dielectric layer), polyhydroxybutyrate/polyhydroxyvalerate
(PHB/PHV, substrate layer), PVA (Adhesive layer), and iron-magnesium (Fe-Mg, electrode).
After 7 weeks, the weight of the device remains at about 85% of its initial value. Fe-Mg of
the device was dissolved for the first time, but both PGS films and PHB/PHV was not fully
dissolved. These materials require a duration of at least a few months to fully dissolve [47].

A two-axis pressure sensor integrating pressure and strain and a simple pressure
sensor was developed using biodegradable material. The sensor was designed to measure
pressure in the vertical direction and the strain in the horizontal direction to distinguish
between the two physical stimuli, independently. The developed two-axis pressure sen-
sor also employs a capacitive mechanism. The pressure sensing and strain sensing was
performed by measuring the capacitance between two electrodes while varying the dis-
tance between two different electrodes and by varying the overlapped area, respectively
(Figure 7a) [131]. To fabricate the proposed two-axis sensor, a pressure sensor and a strain
sensor are stacked together and then combined using a UV-curable, biodegradable polymer
(poly (octamethylene maleate (anhydride) citrate); POMaC) [132]. The pressure sensor
consists of a square pyramidal microstructure of PGS and a pair of Mg electrodes to de-
tect pressure with high sensitivity. The varying overlapped electrode areas for the strain
sensor were fabricated by designing separate thin-film comb electrodes with soft polymer.
Figure 7b shows the strain response of the fabricated device for five consecutive cycles.
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The applied strain is 0–15%, and the capacitance of the device changes between 3.5 and
7 pF [131]. The device shows negligible hysteresis. Figure 7c shows the pressure response
characteristics for six consecutive linear loading–unloading cycles. In the pressure range
from 0 to 100 kPa, the capacitance of the device changes between 3.5 and 11.5 pF, and the
device shows the negligible hysteresis [131].
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Figure 7. Biodegradable capacitive pressure sensors. (a) Schematic illustration of an integrated
strain and pressure sensor. (b) Strain and capacitance-response in loading-unloading cycle (5-cycle).
(c) Cyclic test of pressure and capacitance-response (6-cycle) [131]. (d) Schematic illustration of a
biodegradable pressure sensor based on nano-fibrous dielectric. (e) SEM image of the polylactic-co-
glycolic acid (PLGA)-polycaprolactone (PCL) layer (Scale bar, 10 µm). (f) Pressure and capacitance-
response curve of the device [133]. (g) Schematic illustration of a biodegradable, flexible and passive
arterial-pulse sensor. Inset: equivalent circuit of the device (left). (h) Flexible design of the pressure-
sensitive region of the device. (i) Optimal design of the inductor coil (asymmetrical; the top coil turns
clockwise, whereas the bottom coil turns anticlockwise) [134].

In addition to the microstructured dielectric approach, there is also a method to con-
struct the nanostructured dielectric layer using composite nanofiber membranes (CNMs). A
typical method for fabricating the CNMs is the electrospinning process. The electrospinning
process is to continuously draw out fibers from a viscous polymeric solution through rapid
solvent evaporation using an electric field. The advantage of this approach is that it can
produce fibers with very thin diameters of a few micrometers or nanometers. In addition,
it has the advantages of excellent flexibility, porosity, lightweight and compatibility with
the printing process. This method has been actively used to fabricate the active layer of
the strain sensor and the dielectric layer of the pressure sensor. CNMs using biodegrad-
able composite polymer (poly(lactic-co-glycolic acid)-poly(caprolactone); PLGA-PCL) as a
dielectric material for the biodegradable pressure sensor was reported (Figure 7d) [133].
CNMs can have very low mechanical modulus because they have a considerable number
of air pores owing to the fiber network inside (Figure 7e) [133]. The fabricated sensor has
a sensitivity of 0.863 ± 0.025 kPa−1 in a specific pressure range (0 < p ≤ 1.86 kPa) and
high detectivity (1.24 Pa at 10 mgf) (Figure 7f) [133]. In addition, this sensor has a low
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pressure-detection value of 1.24 Pa, and good average response and recovery times of
251 ms and 170 ms, respectively. In vitro the biodegradation studies of the device were also
performed for 18 days in an incubation filled with PBS solution at 37 ◦C. After 14 days,
the weight of the device remains about 40% of its initial weight. The device continued to
degrade until 18 days [133].

Thanks to the emergence of micro-/nanofabrication, various biodegradable mate-
rials have come to be fabricated with high designability and scalability, and it enables
the development of wireless biodegradable pressure sensors exploiting various passive
biodegradable components. The biodegradable wireless pressure sensor can be fabricated
by combining a variable capacitive sensor (C) and an inductor (L). This LC combination will
have a resonance frequency, and the change in resonance frequency caused by an external
stimulus can be measured by an external secondary coil connected to the impedance ana-
lyzer wirelessly. A wireless pressure sensor was fabricated by building a simple LC circuit
using microstructured biodegradable materials, metal alloys (iron-zinc alloy; Fe-Zn) and
polymers (polylactic acid; PLA, polycaprolactone; PCL) [64]. The Fe-Zn alloy was designed
to promote the corrosion of Zn. This is because pure Zn decomposes slowly in a biological
environment. The microfabricated coil acts as an inductor, and the two microplates and
air cavity act as a capacitor. The principle of wireless measurement of the sensor is that
when pressure is applied to the sensor, the distance between the plates decreases, so the
capacitance value changes. The phase and magnitude of the RF signal with respect to
the resonant frequency can be measured [64]. The performance of the fabricated sensor
was evaluated in a sealed chamber. The resonant frequency signal of the sensor, which
depends on the applied pressure, was measured in wireless manner in air and in a saline
(0.9% NaCl in deionized water) environment. When the applied pressure was increased,
the resonant frequency significantly decreased. In the pressure range of 0–20 kPa, the
resonant frequency shift of the device is −39 MHz/kPa and −35 kHz/kPa in air and saline,
respectively [64]. In vitro the biodegradation studies of the Fe-Zn were also performed
for 300 h in 0.9% saline (NaCl, pH 6.8) at 37 ± 0.5 ◦C. The degradation rate was divided
3 stages. The degradation rate of stage 1 (between 0 and 72 h), 2 (between 84 and 180 h),
and 3 (after 200 h) was 0.15 mg/h, 0.05–0.1 mg/h, and under 0.04 mg/h, respectively [64].

Recently, the functional lifetime of a biodegradable wireless pressure sensor has been
extensively studied. Lu et al. attempted to increase the functional lifetime by encapsulating
the device with silicon nitride (Si3N4) micromembranes and natural wax in the wireless
sensor [135]. The thin micromembranes (2 µm), Si3N4, help to use the mechanical properties
of the flexible top electrode. In practical, the bioresorbable water barrier structures, Si3N4
micromembranes and natural wax, prevent water permeation and ensure stable operation
electrode [135]. The rate of degradation of the Si3N4 and wax are 4.5–30 nm per month
and 10 µm per month, respectively. In addition, there were attempts to reduce the sensor’s
parasitic capacitance (Cp) and increase the sensitivity as well as the functional lifetime
of the sensor. The sensor was designed by removing a part of the bottom electrode from
the existing parallel plate capacitor structure, creating an additional trench around the
cavity, and adding wax to the edge between the two electrodes. This design reduced
the Cp by relaxing the overlap between the top and bottom electrodes, which is one of
the main sources of Cp, and increased the sensitivity by increasing the deformation. A
sensor designed in this manner can reduce noise compared to the capacitance sensor
built with an intuitive approach. As a result of measuring the applied pressure and the
resonant frequency over time, using the external coil in vitro environment, the performance
of the sensor was found to be similar to the performance of a clinical standard device
used for measuring intracranial pressure (ICP) monitoring electrode [135]. In vitro the
biodegradation studies of the device were also performed for 44 days in PBS solution
at 37 ◦C. The device consisted of Mg, PLGA, Si3N4, Zn, and wax. Over a period of
44 days, the device was gradually dissolved. After 44 days, leaving only the Si3N4 and
the wax. The degradation rate of Si3N4 and wax are 4.5–30 nm/month and 10 µm/month,
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respectively. The full degradation of the device materials will require a duration of at least
a few months [135].

Recently, a cuff-type biodegradable wireless piezocapacitive pressure sensor having
high flexibility has been studied (Figure 7g) [134]. The sensor consists of a capacitive
pressure sensor, which detects the applied pressure by observing changes in the electrical
fringe field. Owing to the microstructure of pyramidal dielectric, the device deformation
causing the fringe field, and the change in capacitance are easily generated, when an
object comes into contact and a pressure is applied. The sensor was also made with soft
encapsulation material, a biodegradable polymer (POMaC) and comb-designed metal
electrode, so that the device could have a flexible configuration (Figure 7h). In particular,
the developed sensor was designed to have a micro-bilayer structure as the coil (Figure 7i).
The micro-bilayer coil structure is favorable to obtain a lower resonant frequency owing to
the high mutual inductance. This causes the signal to undergo a lower attenuation within
the body, resulting in a longer operating distance of the wireless sensor. Moreover, this
design can provide a larger frequency shift for a given applied pressure, which means
higher sensitivity. The device was made entirely of biodegradable materials, including
PGS, POMaC, PHB/PHV, PLLA, and Mg [134].

3.2.3. Biodegradable Piezoelectric Pressure Sensor

With the recent development of piezoelectric biodegradable materials, it has become
possible to realize biodegradable piezoelectric pressure sensors. A piezoelectric pressure
sensor based on β-glycine-chitosan (β-Gly/CS) microfilm, a biodegradale organic material,
with a noncentrosymmetric polar structure was fabricated (Figure 8a) [136]. This β-Gly/CS
microfilm was fabricated by embedding grown bio-organic glycine crystals (β-glycine)
inside a chitosan polymer used as a matrix material (i.e., self-assembly). The fabrication
method using the self-assembly makes the unstable β-glycine with a piezoelectric coefficient
(d16 = 174 pmV−1) uniform and thermodynamically stable, making it possible to act as
a piezoelectric film (Figure 8b) [136]. To fabricate the piezoelectric pressure sensor, a
simple solvent-casting method is employed. The sensor was fabricated by depositing Au
electrode using a hard mask on both sides of the β-Gly/CS microfilm fabricated earlier.
The fabricated piezoelectric pressure sensor was characterized using a vibration system
(S50018) to measure the performance of the output voltage of the device. Under dynamic
vibration, the device stably generated the open circuit output voltage with a fast response
time (<100 ms). In particular, the measured sensitivity of the sensor was 2.82± 0.2 mV/kPa
in the pressure range of 5–60 kPa (Figure 8c).

To increase the sensitivity in a specific pressure range of the biodegradable piezoelectric
pressure sensors, Curry et al. fabricated a biodegradable piezoelectric pressure sensor
based on stretched poly(L-lactic acid) (PLLA) microfilm (Figure 8d) [122]. Stretched PLLA
microfilm was fabricated using PLLA, a biodegradable polymer approved by the Food and
Drug Administration (FDA) [137,138]. In particular, they developed the high performance
PLLA piezoelectric film through thermal annealing, mechanical stretching, and cutting
processes. Thermal annealing and mechanical stretching of the PLLA microfilm helped
form the piezoelectric property in the PLLA film because these methods could create a 45◦

alignment of the carbon-oxygen double bonds (C=O) that intrinsically have the piezoelectric
property [139,140]. Then, by cutting the film with a 45◦ angle along the stretching direction,
the optimized PLLA piezoelectric film is fabricated. To complete the fabrication of the
piezoelectric pressure sensor, Fe and Mg alloy electrode is deposited on both sides of
the PLLA microfilm using an electron beam evaporator. Then, Mo wires are placed on
each surface of the electrode and it is encapsulated within the PLA layers. Finally, it was
enclosed using biodegradable PLLA glue and a thermal bag sealer. Figure 8e shows the
optical image of the fabricated device. Figure 8f shows that the output voltage increased as
the applied pressure was increased from 0 kPa to 18 kPa. The evaluated sensitivity was
about 0.12 V/kPa in the range of 0 kPa < p < 2 kPa, and a sensitivity is about 0.013 V/kPa
in the range of 2 kPa < p < 18 kPa [122]. In vitro the biodegradation studies of the device

123



Biosensors 2022, 12, 952

were also performed in the buffered solution at an accelerated-degradation temperature of
74 ◦C. The device consisted of biodegradable materials (PLA [141], Mo [142], and PLLA),
and completely degraded after 56 days [122].
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Figure 8. Biodegradable piezoelectric pressure sensors. (a) Design of β-glycine-chitosan (Gly/CS)-
based flexible biodegradable piezoelectric pressure sensor. (b) Optical microscope image of the
β-Gly/CS film. (c) Piezoelectric sensitivity of the sensor as a function of applied pressure [136].
(d) Schematic illustration of a biodegradable piezoelectric PLLA pressure sensor. (e) Optical image
of the fabricated device (5 mm × 5 mm and 200 µm thick). (f) Pressure-response curve generated
by a poly (L-lactic acid) (PLLA) sensor. Inset shows output voltage signals from different input
pressure [122]. (g) Schematic illustration of a biodegradable nanofiber-based piezoelectric pressure
sensor. (h) SEM image of piezo-PLLA nanofibers (Scale bar, 40 µm) (inset: the flexible fabricated
device). (i) Comparison of calibration curves for a biodegradable sensor using stretched, bulk
piezo-PLLA film (black) and a PLLA nanofiber film (red) [123].

To improve the piezoelectric response of PLLA, the same research group attempted
to fabricate a PLLA nanofiber film (Figure 8g) [123]. The PLLA nanofiber film was made
of nanofiber PLLA material using a rotating drum. The rotating drum aligned the crystal
domains of the PLLA nanofibers and improved the piezoelectric properties because of
the uniform and scalable unidirectional polarized structure that was created. Figure 8h
shows the orientation of the crystal domains inside 4000 rpm electrospun PLLA nanofibers,
and the inset shows the flexibility of the sensor. Moreover, Figure 8i shows a 1.8 times
higher piezoelectric response of the PLLA nanofibers film compared to the stretched
PLLA microfilm.
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3.2.4. Biodegradable Optical Pressure Sensor

A measurement method using resonant peak positions in the reflection spectra is
one of the representative methods of biodegradable optical pressure sensors. Shin et al.
fabricated a biodegradable optical micro-pressure sensor using the principle of Fabry–Perot
interferometers (FBI) (Figure 9a) [143–146]. To measure the pressure using the sensor, a
tunable laser source illuminates the sensor through a PLGA optical fiber. A photodetector
measures the resonator signals corresponding to the thickness of Si slab microcavity, the
volume of which changes depending on the applied pressure (Figure 9b) [143]. The
amorphous silica layer (thickness: ~200 nm), the Si slab microcavity (thickness: 10 µm),
and t-SiO2 layer (thickness: ~250 nm) serve as glass, which can reflect the light, a resonator,
and a passivation film, respectively. For in vitro evaluations, the FPI based biodegradable
pressure sensor is immersed in PBS (pH 7.4). In the PBS solution, the device shows a
sensitivity of −3.8 nm/mmHg with an accuracy of ±0.40 mmHg in the pressure range
of 0–15 mmHg (Figure 9c) [143]. The lifetime of the device is also evaluated. For the
evaluation of the functional lifetime, the sensor was immersed in PBS at 37 ◦C for 8 days.
The device did not show any significant degradation in performance.
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Figure 9. Biodegradable optical pressure sensors. (a) Schematic illustration of a biodegradable
Fabry–Perot interferometers (FBI) pressure sensor (top). A cross-sectional view of the sensor in-
tegrated with two optical fibers (bottom). (b) Optical image of a PLGA fiber and the device.
(c) Pressure-peak wavelength-response curve for the device (red) compared with simulation re-
sults (blue). (d) Schematic illustration of a biodegradable photonic crystal structure (PCs) pressure
sensor. (e) SEM image of microcavities of PCs. (f) Pressure–wavelength response of the device (red)
compared with simulation data (blue) [143].

The same group further fabricated a sensor that measures pressure using microcavities
through photonic crystal structures (PCs) [125,147–149] that is a periodic structure in the
nanometer range (Figure 9d) [143]. The sensor with nanostructures of PCs on a flexible
diaphragm yields sharp resonance peaks with a high Q factor. When pressure is applied
to the sensor, the size of the nanostructure changes, and then the resonance peak shifts.
The nanostructures of PCs also make wireless measurements possible, it can reduce the
possibility of problems such as infection [143]. The principle of this pressure sensor is that
when the pressure increases, the grating size of the PC microcavities in SI NM increases; the
grating size of PC microcavities in SI NM increases with the increased pressure, resulting
in the increase in the resonant wavelength. The fabrication process of the sensor consists
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of fabricating SOI-A with PC microcavities and SOI-B with silicon trench via e-beam
lithography and deep reactive-ion etching (DRIE), respectively, and combining with PDMS
between SOI-A and SOI-B (Figure 9e). In particular, PDMS is transformed into silica by
calcination [143]. In in vitro evaluation, the environment has a tunable laser source, tilt stage
(chamber), circulator, and photodetector. The sensor has a sensitivity of 1.9 pm/mmHg and
an accuracy of±0.64 mmHg in the wide range of pressure (0 to 100 mmHg) (Figure 9f) [143].

3.3. Biomedical Applications

Attempts have been made to apply the developed pressure sensors to practical biomed-
ical applications. This section introduces the biomedical applications using biodegradable
pressure sensor such as ICP, blood pressure, tendon, and intra-abdominal pressure.

3.3.1. Application for Intracranial Pressure (ICP) Monitoring

In the body, ICP monitoring is necessary to diagnose diseases such as traumatic brain
injury, aneurysms, brain tumors, hydrocephalus, stroke, and meningitis. Tests on animals
(rat model), using developed microstructured Si piezoresistive biodegradable pressure
sensor, were conducted in Section 3.2.1 [39]. In the rat model, the initial piezoresistive-type
biodegradable pressure sensor was connected to a wireless transmitter with a potentiostat
through a degradable wire [39]. The wireless transmitter was used to measure pressure
after surgery; it was protected using a head protector, allowing the rat to freely move
around [39]. In in vivo evaluation, to measure ICP, the sensor was mounted on the top
of the skull. A comparative test of the clinical intracranial pressure sensor (Integra Life
Sciences, Princeton, HJ, USA) transplanted in parallel with a biodegradable pressure sensor
encapsulated with polyanhydride showed stable results for three days [39]. Further, in vivo
observation of the changes in ICP as a function of time in the Trendelenburg and reverse
Trendelenburg positions were made. Trendelenburg position and reverse Trendelenburg
position are associated with accumulation and depletion of blood in the brain, respectively.
ICP increases in Trendelenburg position (30◦ head-down) as compared with the supine
position, and decreases in reverse Trendelenburg (30◦ head-up) [39].

Biodegradable resistive pressure sensors focused on the encapsulation (t-SiO2 nanolayer
for device-protection) in Section 3.2.1 also showed highly stable results in the in vivo test,
using a male Lewis rat model [30]. For the ICP monitoring, a flank squeeze (contract, re-
lease), Trendelenburg position (flat, 30◦ head-up, down), and a mannitol infusion (dose: 2 g
per kg weight) were performed. In the flank squeeze test, the ICP increased up to 20 mmHg
in the contract, and decreases below 10 mmHg in the release. In the Trendelenburg position
test, the ICP decreased below 7 mmHg in the head-up, and increased above 9 mmHg in
the head-down. For mannitol infusion in the saphenous vein, the ICP decreased from 8
to 1 mmHg after intravenous drug infusion. In addition, the fabricated sensor device also
collected the varying ICP continuously for 18 days. The device shows the stable functional
lifetime as a signal at 18 days after surgery (red: bioresorbable sensor; blue: commercial
sensor). Over a period of 25 days, the response of the sensor showed an absolute accuracy
within ±2 mmHg, baseline drift within ±1 mmHg, and negative drift of ~3 mmHg [30].

The biodegradable wax-encapsulated piezoresistive pressure sensor was also tested
for ICP measurement [40]. The procedure for implantation consisted of exposing the skull
area, opening a craniotomy defect, attaching a sensor using dental cement over the defect
and commercial bioresorbable glue (COSEAL surgical sealant) on the edge, and sealing
the cavity. At this time, the opening of the skull ensures contact with the cerebrospinal
fluid (CSF) to enable ICP monitoring. The in vivo sensor was tested for Trendelenburg
position (30◦ head-down) and reverse Trendelenburg position (30◦ head-up), compressing
and releasing the rat’s flank for a short period (<3 min). Baseline and sensitivity drift
of the sensor through the flank contracting and releasing was measured on 0, 7, 14, and
21 days postsurgery. Baseline and sensitivity showed a variation of ±1.0 mmHg and 2.1%
of 15.0 Ω mmHg−1 over 3 weeks, respectively [40].
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In addition to the resistive type, there was also an in vivo evaluation of the rat model
for the optical FPI type biodegradable pressure sensor (Figures 9a and 10a) [143]. The
implantation procedure, which was approved by the Institutional Animal Care and Use
Committee (IACUC) of Northwestern University, consisted of drilling a small defect hole
inside the skull, and implanting the sensor inside, putting a film of PLGA with a hole in
the center (dimensions, 5 mm × 5 mm × 10 µm; hole diameter, ~400 µm) on the top, and
bonding the PLGA film and the skull by applying a layer of bioresorbable glue to form
an airtight seal on the intracranial cavity. The hardened glue helps to prevent changes in
the sensor–fiber alignment due to shear or slanting effects during and after implantation
(Figure 10b) [143]. In in vivo testing, the sensor measured the ICP by squeezing and holding
the rat’s flank. Figure 10c shows the optical spectra and pressure calibration curves obtained
from the FPI pressure sensor. For contracting the flank, the sensor’s ICP was measured in
the range 3–13 mm Hg, and the sensitivity was 3.1 nm/mmHg [143].
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Figure 10. Application of biodegradable pressure sensor for the intracranial pressure (ICP) monitor-
ing. (a) Cross-sectional schematic illustration of the device setup for animal-test. (b) Photograph of a
bioresorbable FPI sensor implanted in the intracranial space of a rat for monitoring ICP. (c) Pressure
calibration curve obtained from a bioresorbable FPI pressure sensor [143].

A study on the biodegradable wireless sensor for ICP monitoring was also conducted.
The biodegradable wireless piezocapacitive pressure sensor with wax encapsulation, in-
cluding an LC circuit (primary coil), was tested in vivo [135]. The implantation procedure
includes sterilization of the head, creation of craniectomy over the head, and implantation
of a bioresorbable sensor over the skull. Applying dental cement (Fusio Liquid Dentin)
and curing under ultraviolet light fixed the implant on the skull and made the sensor
airtight [135]. In the animal test, the ICP was increased by 5–10 mmHg for 15 s by gripping
the rat’s flank by hand, under anesthesia, and then released. When measuring the ICP,
the body temperature of the rat measured using a rectal probe was 35.5 ◦C. A result of
the ICP monitoring in rats for 4 days after implantation shows a stable functional lifetime.
The readout system consists of a single turn coil (external secondary coil) connected to
an Agilent E5062A or Agilent portable N9923A vector network analyzer (VNA), and the
real and imaginary parts of the S-matrix element S11 were measured by setting the VNA
to reflective mode. At this time, the variable resonance frequency of the LC circuit was
measured between 309 and 312 MHz [135].

3.3.2. Application for Pressure of Blood Vessels, Tendon, and Intra-Abdominal

In addition to the ICP, the biodegradable pressure sensor can be utilized to measure
the pressure of other tissues, for various in vivo applications, such as the pressure of blood
vessels, tendon, and intra-abdomina. Cardiovascular diseases are the leading cause of
premature death worldwide today, and hypertension has been defined as the main risk
factor and leading cause of cardiovascular diseases. It is important to detect hypertension
and continue monitoring before too much damage occurs. Measurement of the carotid-
femoral pulse wave velocity (cf-PWV) is currently the “gold standard” for measuring
aortic arterial stiffness which is directly related to hypertension, and is a reference in
the international cardiology/hypertension treatment guidelines [27]. A biodegradable
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piezocapacitive pressure sensor with a pyramid microstructured dielectric is suitable for
cardiovascular monitoring such as arterial tonometry and cf-PWV measurement due to its
high sensitivity and fast response time [47]. To measure the cf-PWV, the arterial pulse wave
and an electrocardiogram (ECG) were recorded simultaneously for time reference. At this
time, the sensor was first attached to the adult’s neck (carotid artery) and then to the groin
(femoral artery). The cf-PWV (v) was measured by dividing the time delay (t) between the
feet of the carotid and the femoral pulse signals by the distance (d) between the neck and
the groin. The measured cf-PWV is 7.5, a result typically obtained in healthy subjects [47].

After injury to the tendons, ligaments, and joints, body tissues such as the hard
tissues (bones) and soft tissues (tendon, skin, muscle) undergo changes in their native
biomechanical properties to repair themselves. The purpose of surgery and rehabilitation is
to restore tissues to their pre-injury function. Monitoring the biomechanical characteristics
of the repair site in real time can be a diagnostic tool that can predict the healing process
for personalized rehabilitation. The level of strain and strain rate of tissues during the
rehabilitation are the most important parameters that can characterize the biomechanical
properties and healing stage of soft tissues. An implantable sensor should be able to
measure the typical tendon strains (<10%) without interfering with the natural movement
of the tendon. In addition, it should be possible to measure the pressure applied to the
repaired area that directly affects the healing profile [131]. The previously developed
sensor (Figure 7a) that can measure strain and pressure independently without interfering
with each other is suitable for this biomedical engineering application [131]. For in vivo
testing, three Sprague Dawley rats were treated in accordance with the regulation of the
animal care and use committee of Veteran Affair palo Alto Health Care System Research
Administration. The sensor was implanted into the subcutaneous paravertebral pocket
under isoflurane inhalation anaesthesia (Figure 11a). Figure 11b shows the signals of
pressure (top) and strain (bottom) successfully recorded 3.5 weeks after sensor insertion
for pressure and strain detection. The strain and pressure were measured using a E4980A
Agilent Precision LCR meter to measure the sensor capacitance in the vertical and horizontal
directions, respectively. The sensor could distinguish between strains as small as 0.4% and
the pressure exerted by the salt particles (12 Pa) without interfering with each other [131].

Failure after reconstructive surgery, including microsurgical anastomosis, may occur
due to the formation of haematoma or thrombosis in the artery or vein. To ensure successful
recovery after the surgery, it is important to measure blood vessel movement. Therefore,
it is important to detect failure such as anastomosis early by monitoring the surgical site.
Using the developed flexible cuff-type biodegradable piezocapacitive pressure sensor
(Figure 7g), an in vivo testing was performed to wirelessly observe the movement of blood
vessels [134]. This sensor measured the pulse rate of the femoral artery in Sprague Dawley
rats (300–350 g, male; ENVIGO) in compliance with the regulation of the animal care and
use committee of Veteran Affair Palo Alto Health Care System Research Administration.

The implantation procedure was performed under isoflurane inhalation anaesthesia.
The sensor was wrapped around the femoral vessel and mounted on the abductor muscles
with sutures. As we mentioned in the above section, this biodegradable sensor device can
detect the vessel movement wirelessly. For the wireless sensor testing, the coil structure of
the device was placed on a groin fat pad. Wireless measurement is performed by inductively
coupling the implanted sensor coil structure with an external reader coil connected to a
vector network analyzer. The reader coil measures the ∆ f0 value of the LCR resonator
through the scattering parameter S11. A pulse rate of 3.47 beat per second (b.p.s) was
recorded (Figure 11c). Using this sensor, an occlusion test (femoral artery was blocked for
1 min and then released) was further performed; this test mimicked early clot formation in
the vessel by placing two nylon sutures in the femoral artery on either side of the sensor
and applying tension (which slows the blood flow through the artery and reduces the
extension of the artery diameter). From the experimental results, it was clearly confirmed
that the blood vessels have different movements during tension and release, and a pulse
rate of 4.29 b.p.s was recorded (Figure 11d) [134].
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Figure 11. Other biomedical applications of the biodegradable pressure sensor. (a) Optical
image of animal-test (rat model) implanted with the biodegradable strain and pressure sensor.
(b) Measured pressure (top) and strain (bottom) signal recorded 3.5 weeks after sensor implanta-
tion [131]. (c) Optical image of an animal-test (rat model) implanted with a biodegradable and flexible
arterial-pulse sensor. (d) ∆ f0 measured on the femoral artery displaying an average pulse rate of
4.29 b.p.s. [134].

It was confirmed that the piezoelectric pressure sensor with the stretched PLLA could
detect the breathing pattern by measuring intra-abdominal pressure [122]. The in vivo test
was performed under the approval of the Connecticut Health Center’s IACUC. A sensor
coated with a very thin medical glue is inserted into a small incision (8 mm) made under
the diaphragm of the rat in the abdomen. Small Mo/PLA wires from the sensing patch
were connected to an external charge amplifier circuit connected to an oscilloscope, through
a sutured wound, to measure the voltage. The respiration of rats under normal anesthesia
after resting them for 15 min after surgery was monitored. Signals generated in the mice
were completely suppressed after euthanasia due to an overdose of anesthetics. When the
signal was alive, a frequency of ~2 Hz and ~0.1 N/cm2 (~1 kPa) were measured. The sensor
also detected abnormal respiration with a lower frequency and greater pressure until the
animal died after an anesthetic overdose [122].

3.3.3. Biocompatibility

Biocompatibility can be defined as the compatibility between a material and biological
system [150]. Therefore, biocompatibility of the devices through all stages of the life cycle
is essential. In previous studies of biodegradable pressure sensors, immunohistochemistry
(IHC), complete blood count (CBC) and blood chemistry, and histopathology studies
were conducted. Immunohistochemistry is an immunostaining method that uses the
reaction between antigen and antibody to identify substances present in cells or tissues.
After implantation of the microstructured Si piezoresistive type sensor, comprehensive
studies on the IHC of brain tissues several times (2, 4 and 8 weeks) prove that the by-
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products of the sensor and dissolved device in the space within the skull are biocompatible
through the absence of an inflammatory response in confocal fluorescence microscopy
(CFM) images [39]. CFM images were double-immunostained for glial fibrillary acidic
protein (GFAP) (red) to detect astrocytes and ionized calcium-binding adapter molecule
1 (Iba1) (green) to identify microglia/macrophages (dashed line is the implant site). This
indicates that there is no concentrated aggregation of glial cells at the implantation site for
all time ranges and no apparent response of brain glial cells. The astrocytosis and microglial
activity on the cortical surface are within the normal range [39].

The CBC is a blood test used to evaluate overall health and detect a wide range of
disorders. A blood chemistry test is a blood test that measures specific chemical content
in a sample of blood. This can help make sure that certain organs are working well and
locate disorders if any. Figure 12a shows the results of CBC and blood chemistry for the
biodegradable resistive pressure sensor protected with t-SiO2 nanolayer (Figure 6d) [30].
The CBC (left in Figure 12a) shows no significant difference between implanted and control
mice over five weeks in the average counts of white blood cells (WBC), red blood cells
(RBC), platelets (PLT), and in the levels of haemoglobin (HGB) and hematocrit (HCT). Blood
chemistry (right in Figure 12a) shows that the blood levels of enzymes and electrolytes fall
within the confidence intervals of control values. Normal levels of alanine aminotransferase
(ALT), cholesterol (CHOL), triglyceride (TRIG), phosphorus (PHOS), blood urea nitrogen
(BUN), glucose (GLU), calcium (CAL), albumin (ALB), and total proteins (TP) indicates the
absence of disorders in the liver, heart, kidney, bone and nerve and good overall health.
Control data were provided from a mouse supplier (grey) or collected from 22–24 mice
(cyan) [30].
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Figure 12. Studies of biocompatibility of biodegradable pressure sensors. (a) Results of the complete
blood count and blood chemistry tests for the mice implanted with the biodegradable resistive
pressure sensor. (b) Histopathologic evaluation of the biodegradable resistive pressure sensor in
various tissue [30].

Histopathology is the diagnosis and study of diseases of the tissues, and involves
examining tissues and/or cells under a microscope. Histopathologic evaluation of tissues
obtained from a control mouse and a mouse implanted with the device protected with
the t-SiO2 nanolayer (Figure 6d) for five weeks showed absence of an inflammatory re-
sponse, ischaemia/tissue necrosis, and architectural/histologic abnormalities indicating
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no significant changes within major organs such as the brain, spleen, heart and kidney
(Figure 12b) [30,151].

4. Summary and Outlook

This paper highlights the recent advances in micro-/nano-structured biodegradable
pressure sensor devices through discussions on material options, sensing mechanisms,
device design, biocompatibility aspects, and biomedical applications. Various classes of
materials including conductors, semiconductors, and insulators are summarized. The
materials are categorized into wet and dry transient materials based on certain aspects in
the biodegradation mechanisms; the materials are, generally, degraded based on hydrolysis
in wet conditions, but a few materials can be spontaneously degraded in dry conditions or
when triggered by a certain stimulus, resulting in wider material selection and utilization
at the device level. Pressure sensing mechanisms, including piezoresistive, piezocapacitive,
piezoelectric, and optical, were also introduced. The general theory of each mechanism
is not only reviewed, but the structural strategy to improve device performances, such as
sensitivity, response time, stability, and reliability, is also discussed in detail. An in depth
review of micro-/nano-structured biodegradable pressure sensors that demonstrates their
excellent pressure sensing performances, based on physical phenomena induced by the
associated miniaturized structure is presented (Table 1).

Table 1. Summary of characteristics of biodegradable pressure sensors.

Ref. Key Features Mechanism Key Structure Target Sensitivity
(Pressure Range) Functional Lifetime

[127] Ultra sensitivity
(8 kPa−1) Resistive

MWCNT-PGS,
Nanocomposite,

Morphology and Porosity
E-skin

8 kPa−1

(0 < p < 8.5 kPa)
(In a PBS solution)

N/A

[39] Multi Si sensors Resistive Si-Nanomembrane
Intracranial pressure;

Intra-abdominal
cavity; Leg cavity

622.55 Ω/kPa
(0 < p < 10.67 kPa) 3 days (In vivo)

[30] Long-Functional lifetime
(25 days) Resistive Si-Nanomembrane,

t-SiO2 layer Intracranial pressure
0.98 Ω/kPa

(0 < p < 5.33 kPa)
(In vivo)

Fine on day 18;
4 mmHg drifts on

day 25
(In vivo)

[40]
Fast dissolution of Si MM
barrier; Wax edge barrier;

Warning indicators
Resistive Si-Nanomembrane Intracranial pressure

118.51 Ω/kPa
(0 < p < 13.87 kPa)

(In vitro)
3 weeks (In vivo)

[64] Wireless; RF Capacitive Zn/Fe bilayer conductor Implantation
application

39 kHz/kPa
(0 < p < 20 kPa)

(In saline)
86 h (In saline)

[47] Microstructured pyramid;
Sensing array Capacitive PGS pyramid structure

of dielectric
Cardiovascular

pressure

0.76 ± 0.14 kPa−1

(0 < p < 2 kPa)
N/A

0.11 ± 0.07 kPa−1

(2 < p < 10 kPa)

[134]
Microstructured pyramid;

Contact/Non-contact
mode; Wireless

Capacitive PGS pyramid structure
of dielectric Arterial pulse N/A N/A

[133] Nanofibers Capacitive PLGA-PCL nanofibers E-skin

0.863 ± 0.025 kPa−1

(0 < p < 1.86 kPa)
N/A

0.062 ± 0.005 kPa−1

(1.86 < p < 4.6 kPa)

[37] Wireless Capacitive Mg Coil & electrode Orthopedic
application

−45.00 ± 3.75
kHz/kPa

(0 < p < 26.66 kPa)
(In vitro)

8 h (In vitro)

[135]
long-Functional lifetime

of Wireless sensor
(4 days)

Capacitive Mg Coil Intracranial pressure
1500.12 kHz/kPa

(0 < p < 4 kPa)
(In vitro)

4 days (In vivo)
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Table 1. Cont.

Ref. Key Features Mechanism Key Structure Target Sensitivity
(Pressure Range) Functional Lifetime

[131]

Microstructured
pyramid;

Strain and
pressure sensor

Capacitive PGS pyramid structure
of dielectric

Orthopedic
application

0.7 ± 0.4 kPa−1

(0 < p < 1 kPa)
3.5 weeks (In vivo)

0.13 ± 0.03 kPa−1

(5 < p < 10 kPa)

[122]
Maximal piezoelectric

output of PLLA;
bilayer

Piezoelectric treated PLLA Intra-abdominal
cavity

~0.12 V/kPa
(0 < p < 2 kPa)
~0.013 V/kPa

(2 < p < 18 kPa)

4 days (In PBS)

[123] Bilayer Piezoelectric PLLA nanofiber film Intra-abdominal
cavity N/A N/A

[136] Organic
piezoelectric material Piezoelectric β-Gly/CS film E-skin 2.82 ± 0.2 mV/kPa

(5 < p < 60 kPa) N/A

[143] Compatibility with MRI
Wireless Optical

Si-Nanomembrane;
PC-microcavities;

t-SiO2 layer
Intracranial pressure

23.25 mm/kPa
(0.40 < p < 1.73 kPa)

(In vitro)
7 days (In vitro)

We discussed the recently developed micro-/nano-structured biodegradable pressure
sensors including their concept, fabrication, and performances. Finally, we also introduced
real cases showing the feasibility of the developed micro-/nano-structured biodegradable
pressure sensors for diagnosis of disease and healthcare in wearable and implantable
biomedical applications without any biocompatibility issues. Despite of the recent devel-
opment in biodegradable pressure sensors, there are still some issues, such as sensitivity,
operating range, and controllability of biodegradability, essentially to be improved for
accurate pressure monitoring of various tissues and organs. In other words, regarding there
are huge recent demands for healthcare and diagnosis of diseases in early stage through
the pressure sensing of diverse tissues and organs, such as intracranial pressure [152–157],
intraocular pressure [158–163], heartbeat [164–166], and bladder pressure [167–170], we
expect that the high-performance biodegradable pressure sensors will be much more
important for diverse biomedical applications in the future.
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Abstract: Multicellular tumor spheroids (MCTs) have been employed in biomedical fields owing to
their advantage in designing a three-dimensional (3D) solid tumor model. For controlling multicellu-
lar cancer spheroids, mimicking the tumor extracellular matrix (ECM) microenvironment is important
to understand cell–cell and cell–matrix interactions. In drug cytotoxicity assessments, MCTs provide
better mimicry of conventional solid tumors that can precisely represent anticancer drug candidates’
effects. To generate incubate multicellular spheroids, researchers have developed several 3D mul-
ticellular spheroid culture technologies to establish a research background and a platform using
tumor modelingvia advanced materials science, and biosensing techniques for drug-screening. In
application, drug screening was performed in both invasive and non-invasive manners, according
to their impact on the spheroids. Here, we review the trend of 3D spheroid culture technology and
culture platforms, and their combination with various biosensing techniques for drug screening in
the biomedical field.

Keywords: MCTs; ECM; drug screening; anticancer drug; 3D spheroid culture technology; culture
platform; biosensing techniques

1. Introduction

Cancer is currently widespread and is the cause of many deaths, regardless of gender
and age. Unlike other diseases, cancer is believed to have a variety of causes, such as
genetics, environmental factors, and acquired factors. Remarkably, factors that induce
the formation of cancer are closely linked to intracellular interactions, creating an in vivo
microenvironment. A tumor microenvironment (TME) consists of tumor cells; tumor
stromal cells including stromal fibroblasts, endothelial cells, and microglia; immune cells
such as macrophages and lymphocytes; and non-cellular components of the extracellular
matrix such as collagen, fibronectin, hyaluronic acid, and laminin [1–6]. At the heart of
the TME are tumor cells, which control the functions of both cellular and non-cellular
components through complex signaling networks, using non-malignant signals to control
them. As a result of this crosstalk, tumorigenesis and responses to multidrug resistance are
linked [7,8]. Non-malignant cells in the TME are known to promote tumorigenesis at all
stages of cancer development and metastasis [9–11]. In addition to the growth of the cancer,
secondary tumors that develop in areas of the body that are far from the primary cancer
are called “metastasis” [12–14]. The development of metastasis is a series of processes in
which cancer cells leave the primary site, circulate through the bloodstream, withstand the
pressure of blood vessels, and escape from combat with immune cells, i.e., as enemies, to
the new cellular environment at the secondary site. Although metastasis is the major cause
of cancer treatment failure and death, it is still poorly understood.

Researchers are currently studying cancer mechanisms and drug resistance using
three-dimensional (3D) cell culture [15,16]. The existing two-dimensional (2D) culture
system has enabled better understanding of complex cell physiology, and it can be used as
the basis for biotechnology. However, 2D culture has a disadvantage that it cannot reflect
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cell-to-cell or cell-to-matrix interactions, and cell-matrix components that are important
for differentiation, phagocytosis, and cell function in vivo [17–19]. Cell population pro-
duced through 3D culture systems exhibit characteristics that are more compatible with
complex in vivo conditions [20]. Cultivation through 3D culture models not only leads
to behaviors closer to natural conditions, but also exhibits novel and unexpected results
on the tumorigenesis mechanisms [21]. The current trend is to utilize multi-cell culture
rather than single-cell culture to simulate the microcellular environment and ensure cell
interactions. Three-dimensional multicellular spheroids (MSCs) are gaining considerable
attention in the biomedical field as they can simulate the interaction between cells and
the environment of the extracellular matrix by emulating the structure and function of
cellular tissues. In addition, multicellular tumor spheroids are used as 3D tumor models
for anticancer drug screening due to their similar metabolic and proliferation gradient
distribution to tumor tissue in vivo [22,23].

Therefore, multi-cultured cells in a 3D environment can serve as a cost-effective multi-
drug screening platform for drug development and testing with in vivo mimicking models.
This reduces the use of the existing animal clinical models and creates opportunities to
evaluate the effects of drugs directly on humans. In terms of engineering, the configuration
of a platform capable of realizing 3D cancer spheroids, appropriate cytotoxicity testing,
and drug-screening methods should be considered in clinical cancer research [24]. In
implementing 3D spheroids, factors such as appropriate material, cell adhesion strength,
nutrient uptake, size, and extracellular matrix (ECM) components should be reflected,
considering the TME. However, in terms of not harming 3D cells, difficulties persist in the
process of cytotoxicity evaluation and drug screening using optical and electrochemical
viability analysis kits and assays. In this review, a platform using a 3D multicellular
spheroid was considered (Figure 1). First, the 3D cell culture technology was investigated
to understand the technology being applied, and the series of processes in manufacturing
the 3D co-culture spheroids using various methods was confirmed. In addition, the current
trend of biosensing techniques was identified by discussing drug screening and cytotoxicity
evaluation methods.
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2. 3D Cell Culture Technology

Unlike the 2D cultures, which grow by attaching to the bottom as a monolayer, 3D cell
culture refers to cells aggregated and expressed as a single tissue or form. Moreover, the
3D-cultured cells are attached to an artificially created ECM environment to interact with
or grow with the surrounding environment. Therefore, unlike 2D cell cultures, cell growth
in a 3D environment allows cells to grow in multiple directions rather than in a single
direction in vitro, which is similar to in vivo conditions [25–27]. Upon comparison, the 3D
cell culture exhibits several advantages: (1) A similar biomimetic model, which is more
physiologically relevant. (2) A 3D culture exhibits a high level of structural complexity
and maintains homeostasis for longer. (3) 3D models can indicate how different types of
cells interact. (4) 3D cultures can reduce the use of animal models. (5) They are a good
simulator for the treatment of disease groups including cancer tumors. The cell lines used
in incubating multicellular spheroids are listed as below (Table 1).

Table 1. Spheroid formation technologies and platforms for cancer cells.

Cell Line Culture Method Substrate Type Ref.

MCF-7, MDA-MB231 Hanging drop - [28]
BT474 Hanging drop - [29]
MCF-7 Hanging drop Poly(N-isopropylacrylamide) (p(NIPA)) [30]

MDA-MB-231 Rotary cell culture system - [31]
HGC-27 Rotary cell culture system - [32]

HeLa, MCF-7, HUVECs Porous scaffold PDMS/CMC/PEDOT/Pt composites [33]

PC3 Porous scaffold Cellulose nanocrystals/poly(oligoethylene
glycol methacrylate) [34]

DU 145, A549, MCF-7,
MDA-MB-231 Fibrous scaffold Core–shell silk fibroin/rice paper [35]

LNCaP Gel-based scaffold bQ13 (Ac-QQKFQFQFEQEQQ-Am) peptide [36]
MCF-7, A549, A2780, P19,

Panc02, UN-KC-6141 Hydrogel-based platform Poly dimethyl siloxane (PDMS) derivatives
(acoustic devices) [37]

MCF-7 Hydrogel-based platform ClO−/SCN−/carboxymethyl cellulose [38]
NIH3T3, HepG2, HUVECs Hydrogel-based platform PEG-SH/Gela-SH/Gly-Tyr/D-PBS/HRP [39]

A549, T24, Huh-7 Microwell-based platform Polystyrene slides/PDMS [40]

A549, MG-63, HLFs Microwell-based hydrogel
platform N-isopropylacrylamide (NIPAM) [41]

HepG2, HEK 293T Microarray-based platform Droplet microarray slides (DMA) [42]
HUVEC, MCF-7 Matrix-based platform Poly dimethyl siloxane (PDMS)/collagen [43]

PANC-1, PS-1, HMEC Matrix-based platform Polyurethane/fibronectin (FN)/collagen I (COL) [44]

2.1. Anchorage-Independent Approaches

Anchorage-independent 3D cell culture is a non-adherent cell culture system that is
collectively referred to as a liquid-based system [45]. This system maintains cancer cells
in a suspension to generate a self-assembly of tumor cells into a compact 3D aggregate
known as a tumor spheroid or a cancer spheroid. Its main feature is that it enables the
exchange of culture media to a certain point, although sophisticated handling is necessary
due to the absence of an anchorage system to seize tumor spheroids. There are two pivotal
liquid-based systems: (1) hanging-drop culture technology, (2) rotary-based culture system
using spinner flasks and rotation culture system (RCCS) [46–49].

2.1.1. Hanging-Drop Method

MCTs can be easily formed using non-adhesive cell culture methods such as the
hanging-drop method or centrifugation of cells in a suspension culture method [46,50],
in which the cells in the suspension culture medium are located at the bottom due to the
presence of a meniscus in the middle layer [51]. Conventional approaches to generate
cancer cell aggregation are hindered by variations in the cell number and spheroid size,
high-shear force, and their labor-intensive nature [52]. Recently, different microfabrication
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methods, including microfluidics and microwell, have exhibited the potential to form a
large number of well-organized spheroids. Zhao et al., (2019) first introduced a 3D-printed
hanging-drop dripper (3D-phd) device that enables long-term production of uniform
cancer spheroids (Figure 2) [28]. In addition to culturing MCF-7 and MDA-MB-231 human
breast cancer cells, this device performs a series of biomedical assessments, including
imaging analysis, gene expression mapping, and anticancer drug assays. They proved
that this device has some merits such as ease of design to perform 3D tumor migration
analysis and can extend to organ-on-chip engineering, as well as assessing the anticancer
drug efficiency on the co-culture spheroids. Some use the microfluidic technology, which
is useful owing to its simple operation and enables point-of-care testing. Through this
method, Park et al., (2020) devised a finger-actuated microfluidic device for spheroid
cultivation and analysis that facilitates programmed media exchange and media injection
for further analysis [29]. Different sizes of BT474 spheroids were generated after seven days
of growing and further analyzed in a LIVE/DEAD assay, indicating its spheroid growth in
a manipulated ECM-mimicking environment. The proposed microfluidic-based device can
be widely applied in biomedical laboratories by combining it with automated machinery.
For the formation of the MCTs, the manipulation of cell size uniformity and long-term
cultivation is difficult to control. To overcome this limitation, thermoresponsive copolymers
with a poly(N-isopropylacrylamide) (p(NIPA)) backbone were manufactured [30]. In this
study, small-size spheroids of human breast adenocarcinoma cells were generated up to
2000 cells per drop. This demonstrated the superior performance of an in vivo 3D cell
culture system. Through an immunofluorescence assay with the LIVE/DEAD analysis,
these spheroids exhibited suitable drug penetration, making it a proper model for future
drug-screening platforms. Hanging-drop is a conventional technology and has some
limitations: (1) drops may fall off by mistake and (2) large amount of cells cannot be
contained in one drop [53].
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Figure 2. (A) Designing 3D-printed hanging-drop derivatives to investigate multicellular tumor
spheroids. The device was printed for cancer spheroid formation on a 96/384 culture plate. Different
types of assays are performed: drug screening, 3D metastasis, spheroid transendothelial migration,
and spheroids merge/interactions. (B) Characterization of different cell lines cultured over two days
with varying ratios. Reprinted with permission from [28]. Copyright 2019, Springer Nature.
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2.1.2. Rotary Cell Culture System

The rotary cell culture system (RCCS) is a typical 3D cell culture system that involves
both suspension and anchorage-independent cells. It is designed as a bioreactor system to
simultaneously incorporate the ability to culture multiple types of cells with low turbulence
and high mass transfer of nutrients. Jiang et al., (2019) investigated human MDA-MB-231
breast cancer cells in the RCCS to examine microgravity on the ultrastructure [31]. They
aimed to determine the changes in the apoptosis, ultrastructure, and cycle progression
for seven days. Through this trial, they pioneered new mechanisms and methods for
preventing cancer cell metastasis and provided a deeper understanding of the treatment of
malignant tumors. Recently, the RCCS bioreactor has been widely accepted as a micrograv-
ity simulation device. In one study, Chen et al., (2020) manipulated human HGC-27 gastric
cancer cells cultured in an RCCS bioreactor system by simulating weightlessness [32]. Un-
der this system, the effects of simulated microgravity (SMG) on the RCCS bioreactor were
examined using liquid chromatography-mass spectrometry. Through this trial, the RCCS
proved the importance of SMG, which has a major impact on lipid metabolism in cancer
proliferation. This might be a novel target for treating gastric cancer disease. The RCCS
enables uniform size and morphology of the spheroids. However, if the rotational speed is
too high, the shear force becomes strong, which can affect the physiological response of the
cells [54].

2.2. Anchorage-Independent Approaches

Mimicking the tumor microenvironment in culturing 3D cancer spheroids is the
foremost consideration for guiding a successful 3D cell culture technology. Some studies
utilize biomaterials to confine and attach cells three-dimensionally, such as encapsulating
cells in hydrogels or growing cells in scaffolds [55–58]. Biomaterials are widely designed
to facilitate cell adhesion, differentiation, and proliferation. They may comprise natural
polymers, such as gelation, alginate, hyaluronic acid (HA), chitosan, and collagen or
synthetic polymers, such as polycaprolactone (PCL), poly-L-lactic acid, poly (ethylene
glycol) (PEG), polydimethylsiloxane (PMDS), and poly (lactic acid-co-caprolactone). A
liquid mixture of the ECM can also be added directly to the culture media or numerous
other ECM coating protocols can be employed to aid cell adhesion and stabilize cell
aggregation to from 3D spheroids [59].

2.2.1. Porous Scaffold

A porous scaffold exhibits the following characteristics: porosity, pore size, morphol-
ogy, which influences nutrient uptake for cell proliferation [60–63]. It has been widely
accepted as a biodegradable polymer-based scaffold in tissue engineering; therefore, it
needs to exhibit mechanical strength and flexibility [64]. Zhang et al., (2019) proposed a
scaffold-based 3D cell culture system exploiting conductive polymer [33]. The importance
of incorporating electroconductive material lies in its capability to sense electrochemical
signals in a 3D cancer spheroid in a promising biocompatible polymer-based scaffold. A
3D porous PDMS scaffold was utilized to provide a favorable environment for a 3D cell
culture. Then, a 3D PCP/Pt scaffold and PDMS scaffold were fabricated that exhibited
stability and effectiveness in the 3D cell culture and tissue engineering. These scaffolds per-
formed reactive oxygen species (ROS) monitoring of cancer cells, indicating great promise
for future biomedical research. Different applications of the porous scaffold have been
reported, which involved incorporating aerogel films and through pattering technology.
Or et al., (2019) exhibited aerogel films with covalently cross-linked cellulose nanocrystals
(CNCs) of designated dimensions and internal porous structures (Figure 3A) [34]. The
usage of aerogel films has some merits in accelerating diffusion and reaction kinetics as
a highly efficient catalyst matrix. Optimization of aerogel thickness and micropatterning
were performed, and confocal imaging of human prostate cancer epithelial (PC3) cells
showed its biocompatibility. In this work, they demonstrated an aerogel-based porous
scaffold for a successful 3D cell culture technology.
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Figure 3. (A) Cross-sectional SEM images of the fabricated aerogel composite films with its porous
3D scaffolds. (B) FE-SEM microscopy of silk fibroin (SF)/rice paper (RP) composites with differ-
ent concentrations indicating fibrous scaffolds. (C) Bright-field images of DU 145, MCF-7, A549,
and MDA-MB-231 stained with H&E (red) in SF scaffolds. Reprinted with permission from [34].
Copyright 2019, American Chemical Society; Reprinted with permission from [35]. Copyright 2020,
American Chemical Society.

2.2.2. Fibrous Scaffold

Fibrous type scaffolds are an attractive biomaterial in tissue engineering owing to their
ECM-mimicking structures, such as fibrous proteins, that exist in a native ECM [65,66].
Depending on the cell type, the fibrous scaffold can be manipulated to fabricate a suitable
TME through physical attachments. In its universal application, fiber-based scaffolds
can be fabricated into composite/hybrid scaffolds, microfluidic-based fibrous scaffolds,
nanofibrous structures, or electrospun fibrous scaffolds [67,68]. Fu et al., (2020) developed
silk fibroin (SF) scaffolds derived from silkworms in a fibrous protein in a cocoon. In
this study, SF-coated rice paper (RP) was fabricated, and it was prepared through a one-
step dip-coating protocol (Figure 3B,C) [35]. To prove its biocompatibility, human breast,
lung, and liver cancer cells were cultured on this platform, successfully demonstrating
spheroid formation. To confirm its cell viability assessment, MTT assay and cell staining
were performed, each demonstrating its potential for large-scale clinical application. Drug
sensitivity was also investigated.

2.2.3. Gel-Based Scaffolds

Gel-based scaffolds can be modeled directly into an unstructured molded tissue.
However, their stability is weak; therefore, they can be used with tissues under load
such as bones. Biomaterials for gel-type 3D cell culture are derived from natural and
artificially modified materials [69]. Since gels allow independent control of matrix and
ECM functionalization, Ashworth et al., (2020) demonstrated a self-assembling peptide gel
for designing the 3D cell culture [70]. By controlling stiffness through peptide concentration
and pH condition, the peptide gel was fully utilized with further experiments on culturing
breast cancer. An analysis of the results obtained through immunofluorescence staining
and quantitative reverse transcription polymerase chain reaction (qRT-PCR) indicated that
the peptide gel can be used to model the progression of breast cancer, independent of
the matrix microenvironment regulation. Some researchers reported a self-assembling
peptide, bQ13, that can be useful for obtaining the 3D culture of prostate cancer cells [36].
These self-assembled peptides have been known to help stabilize 3D culture and provide
a user-defined matrix that can be tailored with different experimental conditions [71].
Investigation of the rheological properties of the peptides proved its maintenance in an
ungelled state at a basic pH. Additional examinations of cell encapsulation and survival
through immunostaining showed a well-organized, non-polarized morphology within
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the prostate spheroids, indicating an attractive scaffold for further modification. Hence,
hydrogel scaffolds allow minimal damage to the spheroids and facilitate transport of
nutrients and water as compared to other porous and fibrous scaffolds.

3. Multicellular Cancer Spheroid Formation Platform

Through 3D cell culture technologies, 3D cell culture platforms have been developed
to recapitulate an in vivo microenvironment of solid tumors. Mimicking physiological
characteristics of the TMEs, such as tumor metastasis, angiogenesis, and tumor-stromal
interaction, enables researchers to achieve a cellular behavior closer to natural condi-
tions [72–74]. Further, 3D cancer spheroid models have received wide attention for their
potential applications in drug-screening assessments. Notably, 3D multicellular tumor
spheroids can be used in the investigation of the TME regulation of tumor physiology
and therapeutic obstacles associated with the proliferative and metabolic gradients in
a 3D spheroid context [75]. In molecular biology approaches, the genomic stability of
multicellular spheroids is superior to that observed in a 2D monolayer culture in terms
of gene expression, DNA, and RNA level [76]. Since the MCTs can exhibit sophisticated
in vivo solid tumor behaviors, researchers utilized a clinical drug-screening tool based on
the 3D MCTs formation platform.

3.1. Hydrogel-Based Platforms

Hydrogels are widely studied for bioengineering applications, such as regenerative
tissue engineering, 3D cell culture, and drug delivery, due to their ECM-mimicking struc-
tures [66,77–81]. The hydrogels exhibit 3D hydrophilic networks that show high water
content and are advantageous in transporting nutrients, oxygen, and other water-soluble
metabolites. In the formation of MCTs, an aqueous droplet or gel solution encompassing
spheroids are guided to reduce the number of preparation steps such as culturing cells,
maintenance, controlling cell aggregation, and delivery of reagents [82–84]. Recently, nu-
merous acoustofluidic devices have been devised to load a single type of cell into aqueous
droplets or to generate MTS assemblies of microchannels, an aqueous two-phase system
(ATPS) [85,86]. ATPSs allow simplified culture preparation, maintenance of cancer cells,
and aggregation of MCTs. In this way, Chen, Bin et al., (2019) developed a microfluidic
platform for synthesizing dextran/alginate (DEX/ALG) hydrogel spheres that enable tem-
plated fabrication of multicellular spheroids in an ATPS [37]. The principle of fabricated
acoustofluidic device lies in the following: (1) PEG- and DEX-enriched phases including the
gel-forming agent ALG are pumped into the device. (2) Amplified acoustic flow stream is
applied to the inner fluid with frequency control. (3) Droplets are cross-linked in a calcium
bath to fabricate a hydrogel and transferred to the suspension culture system where the
MTSs are formed. In order to culture mouse mammary carcinoma (EMT6) multicellular
spheroids for a lengthy duration, this platform ensured long-term cultivation, uniform
multicellular spheroids, and suspension culture conditions with growth factors to enable
further analysis of organoid development. However, using enzymes or light ligands on the
hydrogels is reported to be harmful to spheroid integrity [87,88]. To overcome these issues,
researchers implemented anions that are reversibly responsive luminescent nanocellulose
hydrogels for efficient formation and release of multicellular spheroids (Figure 4A–E) [38].
By mixing Eu(III) complex laden carboxymethyl cellulose (Eu(III) complex-CMC) and
2,6-pyridinedicarboxylic acid functionalized CMC (K-DPY-CMC), efficient regulation of
hydrogel formation and release of entrapped MCF-7 breast cancer spheroids was accessible.
The proposed hydrogels have a class of ClO−/SCN− reversibly responsive anions with
fluorescence activation/deactivation. First, addition of a ClO−-induced destruction of the
nanocellulose hydrogel network, accompanying fluorescent quenching. Upon addition of
SCN−, fluorescence hydrogel was recovered by cross-linking of ClO−/SCN− with precise
regulation. Further, the 2,5-diphenyl-2H-tetrazolium bromide (MTT)x assay was performed
to test in vitro cytotoxicity. Additionally, Fourier-transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), and a rheometer were implemented to optimize
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the concentration of the hydrogel. Upon formation of MCF-7 multicellular spheroids
(human breast cancer cells), it could be easily released through ClO−/SCN− regulation
and monitored in a time-dependent manner through fluorescence imaging. However,
there still exist some problems associated with the incomplete adherence of the spheroid
on the substrate and difficulties in regulating the cellular movement and cell density on
the outer membrane of the encapsulated cells [89]. Ramadhan et al., (2020) suggested
a redox-responsive hydrogel that enables self-wrapping co-culture [39]. Its mechanism
involves decomposition of hydrogels under mild reductive microenvironments, and the
peeling-off of a monolayer of cells cultured on a redox-responsive hydrogel surface that
self-folds to wrap other cell lines. The decomposition of a redox-degradable PEG-based
hydrogel can be controlled via the concentration of cysteine (CYs), indicating that the
detachment of cell membrane can be regulated. Optimization of the self-folding process of
a fibroblast cell line (NIH3T3) to warp liver hepatocellular carcinoma (HepG2) and human
umbilical vein endothelial cells (HUVECs) into higher-order microstructures. Since the
ECM component is crucial for 3D tumor formation, a collagen bead was added and the
result was remarkably favorable in that the size of the tumor increased gradually and the
necrotic area was diminished dramatically, indicating its enhanced spheroid cell viability.
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Figure 4. Morphology of the hydrogel platform after freeze-drying, investigated using scanning electron microscopy (SEM),
with the SEM images of Eu (III) complex and carboxymethyl cellulose (CMC) backbone (A), the formed colloidally stable
suspensions (CDEAC) (B), ClO−-added aqueous solution (C), and recovered state of the hydrogel upon addition of SCN−

(D). (E) Multicellular cancer spheroids of MCF-7 from the CDEAC hydrogel stained with Hoechst (Blue), Dio (green), and
CDEAC hydrogel (red). (F) Culture mechanism of the programmable assembly of spheroids with hydrophobic borders.
(G) Calculated activation intensity of the multicellular complex of Wnt-3a and GFP-labeled HEK spheroids. (Intensity of
GFP was estimated from at least 10 spheroids. ***, p < 0.001, one-way ANOVA). (H) Fluorescence microscopy of triple
spheroids with Wnt producer spheroid and Wnt reporter spheroids. Reprinted with permission from [38]. Copyright 2019,
Elsevier; reprinted with permission from [42]. Copyright 2020, Wiley Online Library.
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There still exist some issues with controlling cell aggregation and growth of multicel-
lular spheroid. However, there are advantages that offset those challenges in terms of its
diverse usage, biocompatibility, user-friendly suspension culture platform.

3.2. Microarray-Based Platform

Cells cultured in a micro-patterned array format are attracting tremendous attention
in screening drug candidates for toxicity and efficacy in clinical trials [90]. Recent studies
have proved that an in vitro microarray culture platform is an effective drug-screening
tool with reduced cost and time that dramatically reduces the need to perform animal
tests [91,92]. Moreover, 3D microarray culture platforms enable spheroid analysis in terms
of drug treatment response, cell–extracellular matrix, and cell–cell interactions in a high-
throughput manner. Thus, 3D microarrays provide an excellent alternative to conventional
2D plate-based assays [93–95]. Several methods have been developed to fabricate 3D
microarray platforms including surface patterning, soft lithography, cell printing, and
microfluidic-based application. The spatial position and morphology of the microarray is
important for successful cell aggregation, and for multicellular spheroids to form stable
co-cultures of multiple types of cells. To overcome these technical obstacles, different
controlled arrangements of the microarray-based 3D spheroid culturing method have been
reported.

The application of CO2 laser ablation in the fabrication of the microarray has provided
a considerably rapid and economical technique for generating multicellular spheroids
utilizing size-controlled microwells [96–98]. Wu et al., (2021) published a reproducible
U-shaped microwell array that facilitates high-throughput 3D tumor spheroid culture [40].
The size of the microwells is considered for precise manipulation of horizontal spacing
(dx) and vertical spacing (dy) of an array for preventing cell loss during cell seeding.
A549, Huh-7, and T24 multicellular spheroids were cultured in different sizes of the mi-
crowell, indicating the importance of optimization of the microwell size and seeding cell
amount from different cell lines. Following this method, a size-controlled MCTs microar-
ray culture platform was designed as an in vitro tumor-mimicking model to probe the
drug-screening target. Microwells arrays on hydrogel assays form an interesting research
topic as the 3D architecture of the array can be controlled. Dhamecha et al., (2021) sug-
gested thermoresponsive hydrogel microwell array platforms that facilitate stress-free
generation and isolation of the multicellular cancer spheroids [41]. In this assay, the poly
N-isopropylacrylamide-based hydrogel microwell array (PHMA) was used, enabling the
growth and aggregation of spheroids at 37 ◦C and convenient isolation of spheroids at
room temperature (25 ◦C). A549, HeLa, and MG-63 cancer cell lines with human lung
fibroblasts (HLF) were incubated in PHMA, forming multicellular spheroids with a spheri-
cal morphology with hypoxic cores. The swelling and de-swelling behavior of the PHMA
allowed detachment of spheroids at room temperature, indicating its potential as a dis-
ease modeling platform and for drug-screening assessments. Cui et al., (2021) used the
droplet-fusion technique to construct various multicellular structures in a miniaturized
high-density assay format (Figure 4F–H) [42]. The droplet microarray (DMA) platform
enables production of nanoliter droplet microarrays where the size, shape, and density of
droplets depend on the style of the hydrophilic patterns surrounded by the hydrophobic
barriers. The designed platform can cultivate and screen various types of cells in individual
nanoliter droplets as miniaturized TMEs [99]. Through the modulation of the size and
distance between the hydrophilic spots on the DMA, PROgrammable Merging of Adjacent
Droplets (proMAD) can be employed to generate 3D multicellular spheroids by fusing
multiple neighboring droplets of single spheroids. Thus, the proMAD method can be
applied to the pharmacokinetic field where high-throughput screening and generation of
hetero-type spheroids are required. Currently, graphene and its derivatives have shown
promise in improving cell adhesion due to rapid absorption of ECM materials [100,101].
Namely, Kim et al., (2020) developed a graphene-oxide (GO) microarray platform that
exhibited efficient cancer spheroid formation [102]. The HepG2 cells were cultured on this
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vertically coated GO platform, forming spheroids that grew from outside to inside. By
treating with different anticancer drugs, the spheroid sizes could be quantitively monitored
at various concentrations of the drugs.

Recently, researchers envisioned a novel platform to guide facile and highly repro-
ducible fabrication method to reliably generate MCTs. In numerous attempts to overcome
unwanted irregular spheroid growth, a customized microarray-based platform has been
fabricated, with its size and shape well-suited to multicellular spheroid growth.

3.3. Matrix-Based Platform

In the regenerative and tissue engineering field, bio-mimicking scaffolds are routinely
used to provide mechanical support for cell growth and tissue repair [103,104]. Biomateri-
als are derived from both natural materials and synthetic polymers with biocompatible
properties [105]. Some synthetic polymers and polysaccharides such as HA, chitosan,
alginate, poly(lactic-co-glycolic acid), and PEG have excellent physicochemical abilities and
can be fabricated with minimum variability [106,107]. To engineer tumor ECMs suitable
for cell adhesion, these biomaterials require further modification with integrin-binding
domains to guarantee MCT formation [108]. In contrast to synthetic polymers, natural
polymers such as collagen and Matrigel have been used in numerous approaches owing to
their inherent cytocompatibility [109]. Earlier versions of scaffolds were limited to low cell
numbers with slow processes and specific type of cells. At present, versatile techniques for
handling scaffolds with diverse shapes and various types of cells co-cultured or compatible
with tumor cell microenvironment have been developed [110]. In a previous study, a
platform with rapid self-assembly of cells and matrix material of various shapes using
microfabricated molds was introduced (Figure 5) [43]. Researchers have demonstrated that
various molds with dumbbell, cross-like, spherical, and cuboidal shaped cell morphologies
could be generated on this platform. Using this approach, different cell lines, such as breast
cancer, osteosarcoma, and endothelial cell lines, were cultured with a range of cell seeding
amounts. Non-spherical molds like dumbbell and cuboidal shapes retained their shape
even after elimination from the molds and during long periods of culturing. Additionally,
the shape of molds could be patterned to position numerous cell types in an accurate and
controlled way, indicating a significant role in tissue or organ implantation.
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Figure 5. (A) Fabrication process of the collagen matrix platform. (B) Cell consolidation and
shrinkage due to structural transformation and medium addition. (C) Creation of homogeneous co-
culture structure with different morphologies (dumbbells, cuboids, and crosses). (D) Heterogeneous
components formed by different cells at specific location of the molds. (E) Bright field and fluorescence
microscopy of MCF-3T3 (green) and HUVEC (red) co-cultured with MCF7. (F) Calculated radius
of a spheroid depending on cell type. (p-values: * < 0.01). Reprinted with permission from [43].
Copyright 2019, Elsevier.
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Matrix-based scaffolds could also be applied to multiple biomaterials to better mimic a
3D in-vivo tumor. For instance, polyurethane (PU) was used in the scaffolds with enhanced
long-term multicellular incubation involving cancer and endothelial cells [44]. The purpose
of the study was to mimic pancreatic ductal adenocarcinoma (PDAC), which is a deadly
disease. Two different compartments were organized: an inner tumor zone coated with
fibronectin (FN) for cancer cell growth and a surrounding stromal zone treated with
collagen I (COL) facilitating stellate and endothelial cell adhesion. Three types of cells were
successfully generated in vitro with the shape of the scaffolds varying according to their
usage and target cell lines. Zhang et al., (2020) illustrated cross-linked nanofibrous-type
scaffolds with the usage of alkaline phosphatase (ALP) and carboxylesterase (CES) [111].
Two biomaterials were guided in a designated manner to induce coexistence of nanofibrils
and vesicles, followed by the generation of nanoaggregates, resulting in the cross-linked
scaffolds.

Overall, synthetic polymers have certain limitations in recapitulating precise structure
and composition of ECM, which leads to inflammatory responses induced by the implan-
tation of the fabricated materials. Native biopolymers derived from ECM have excellent
biocompatibility and generally facilitate regenerative response after engraftment. However,
they have limitations such that the recreation of the nanostructure of native ECM using
single or multiple biopolymers is difficult.

4. Biosensing Methods to Assess Drug Efficacy in Multicellular Spheroids

Multicellular spheroids are used in drug screening tools as an in-vitro spheroid model
for the selection and identification of drug candidates [112]. Because MCTs are superior
to other 2D culture cells in producing physiological conditions of tumors, such as oxygen
mobility, nutrients, and drugs, they have been subjected to a more sophisticated model of
in-vivo drug testing assessments. Furthermore, drug delivery could be administered to
MCTs models with a facile clinical evaluation [113,114]. Since drug uptake and diffusion
were accurately replicated in 3D multicellular models, MCTs could be applied to drug
penetration analysis. Different approaches have been developed to assess drug-screening
platforms, such as immunofluorescence, fluorescence activated cell sorter (FACS), ab-
sorbance assay, electrochemical detection (ECD), and optical coherence tomography. In this
study, the abovementioned tools are classified into two types: invasive and non-invasive
measurements, depending on the characteristics of each measurement. In this section,
various biosensing tools that have been used to assess the efficacy of drugs in multicellular
cancer spheroids are discussed (Table 2).

Table 2. Drug-screening methods for multicellular cancer spheroids.

Cell Line Anticancer Drug Screening Tools Ref.

MCF-7, HeLa, Caco-2 5-fluorouracil, cetuximab,
panitumumab Immunofluorescence [115]

HT-29 Perifosine Immunofluorescence [116]

HT-29 Carboxyl-modified polystyrene
nanoparticle Immunofluorescence [117]

Human breast cancer cell line
(MCF-7 and MDA-MB-231) Copper(II)-tropolone complex Cell viability assay [118]

MCF7, MDA-MB-231, SKBR3,
MCF12A Preussin Cell viability assay [119]

MCF-7 PLGA-MnO2 nanoparticles Cell viability assay [120]

HCT-116 Doxorubicin Electrical impedance spectroscopy
(EIS) [121]

Human neuroblastoma and
glioblastoma (SH-SY5Y, U-87MG) Curcumin

Electrochemical detection
(Cyclic voltammetry, Differential

Pulse Voltammetry)
[122]

HCT-116 Immersion media (glycerol and
ScaleView-A2) Optical coherence tomography [123]

MCF7 Paclitaxel Optical coherence tomography [110]
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4.1. Invasive Sensing Methods

In invasive screening, conventional analyses have been used for drug-screening mea-
surements to evaluate drug toxicity. For instance, invasive screening could be introduced
to MCTs monitoring in two approaches: immunofluorescence and cell availability assays.
Inevitably, damage arises in these drug-screening assessments, influencing the overall re-
sults of drug-screening experiments. Additionally, invasive screening necessitates fixation
of cells, addition of toxic reagents, and the breakdown of cell populations into separate
cells.

4.1.1. Immunofluorescence

Immunofluorescence is a worldwide tool that facilitates vivid and cellular monitoring
in biological studies [124,125]. The monitoring mechanism involves using specific antibod-
ies that are chemically compatible with fluorescent dyes. Once conjugated to antigen–dye
complexes, these labeled antibodies bind to cellular antigens, which can be visualized in a
fluorescence image. This technique is useful to demonstrate target antigens in tissues or
circulating fluids, assisting diagnosis and monitoring of life-threatening disorders. Because
cancers are chronic diseases worldwide, several studies using an immunofluorescence
assay have been reported. In a previous study, an acoustic droplet-based microarray plat-
form was engineered to facilitate screening of patient-derived spheroids [115]. For rapid
and precise screening of cultivated human samples, MCF-7, HeLa, and Caco-2 cells were
stained with calcein and PI. Additionally, fluorescence 3D modeling was performed for clin-
ical demonstration of patient-derived spheroids. Through immunofluorescence analysis,
protein expression was visually provided comparing before and after drug treatments. In
drug-screening analysis, the drug penetration assessment is an indispensable component to
confirm the efficacy of anticancer drugs. Machálková et al., (2019) performed drug penetra-
tion analysis on spheroids by laser scanning confocal microscopy and matrix-assisted laser
desorption/ionization mass spectrometry imaging [116]. Human colorectal carcinoma
(HT-29) cells were cultured, forming multicellular spheroids. Thereafter, the cells were
treated with perifosine drug. d, drug distribution was confirmed, and the spheroid regions
were colocalized with apoptosis, proliferation, and metastatic features. In modeling NP
penetration for drug delivery, it is necessary to mimic tumor microenvironments, allowing
specific interactions between the ligands on the surface of carrier and tumor cells [66].
Cutrona et al., (2019) demonstrated uptake and transport of NPs in spheroids using an au-
tomated confocal microscopy (Figure 6A,B) [117]. Profiling HT-29 multicellular spheroids,
quantitative analysis was performed to observe penetration of synthetic NPs. The morphol-
ogy of 4 days of HT-29 spheroids was observed through β-catenin, TGN46, actin, and nuclei
staining, followed by Z-stack confocal imaging. Above all, the penetration studies of drug
screening illustrated therapeutic target across tumor cells in vivo. Immunofluorescence
analysis allows fast monitoring and precise quantification for drug screening at cellular and
molecular levels. However, immunofluorescence assays have limitations such as staining
compact spheroids with a dye unable to penetrate to the inner cells. Basically, staining
protocols necessitate fixation steps that results in unavoidable death of target spheroids.

4.1.2. Cell Viability Assay

When cancer cells proliferate or die, they emit specific biomarkers [126–128]. In drug
screening, cells treated with toxic compounds undergo two phenomena: proliferation
stops or necrosis arises, and apoptosis, which leads to cell death [129]. Basically, necro-
sis refers to swelling cells and bursting membranes emitting inner cellular components,
caused by toxic chemicals or sudden physical stress [130]. In case of apoptosis, cells con-
tract, DNA breaks down into specific fragments, and cells eventually die after a series
of processes such as breakdown by blood cells [131]. Various cell-based assays, such as
tetrazolium reduction assays (MTT, MTS, XTT, and WST-1), lactate dehydrogenase assay
(LDH), Cell Counting Kit-8 (CCK-8), hematoxylin and eosin (H&E) assay, and terminal
deoxynucleotidyl-transferase-mediated dUTP nick-end labeling apoptosis assays [132–137],
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have been reported. Fundamentally, cell viability assays are based on detecting cellular
components using reagents, dyes, and a series of reduction-mediating electrons. All of
cell viability assays require incubation of a proper reagent with an estimated number of
viable cells to label fluorescent byproducts that can be visualized through a plate reader.
In one study, anticancer activity of copper (II)–tropolone complex was investigated in
breast multicellular spheroids [118]. MCF7 (breast adenocarcinoma) and MDA-MB-231
(triple-negative breast adenocarcinoma) multicellular spheroids were generated, and a cyto-
toxicity assay, the MTT assay, was performed to determine the anticancer effect of Cu(trp)2
in comparison with the conventional drugs of cisplatin (CDDP) and doxorubicin. The IC50
values of Cu(trp)2 were four- and sevenfold lower than IC50 values of CDDP on MCF7
and MDA-MB-231 cells, indicating the anticancer effect of Cu(trp)2. LDH assays have also
been used in breast cancer studies profiling a cytotoxic effect of preussin drug derived
from the marine-sponge-associated fungus (Figure 6C–F) [119]. The anticancer effect of
preussin at concentrations of 50 and 100 µM on MCF7, SKBR3, and MCF12A cells resulted
in approximately 100% LDH release compared to control groups. Since LDH released
from damaging cells, the amount of LDH release correlated to drug efficacy of preussin.
In addition, Murphy et al., (2021) suggested a drug delivery model incorporating with
manganese dioxide nanoparticles (MnO2 NPs) to design controlled oxygen production and
promote nature killer cell function [120]. To increase biocompatibility, MnO2 nanoparticles
were encapsulated to poly(lactic-co-glytic), forming PLGA-MnO2 NPs. The cytotoxicity of
proposed NPs was analyzed using the MTS assay on MCF-7 multicellular spheroids. In
this assay, PLGA-MnO2 NPs exhibited significantly enhanced biocompatibility compared
to PEG-MnO2 NPs. In diverse approaches, cell viability assays successfully quantified
drug efficacy in a detailed and precise manner.
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Figure 6. (A) Schematic illustration of transport assay for sensing NP drug uptake and penetration.
(B) Confocal microscopic images showing spheroids at different stages of the NP uptake wave at Z-
stacks. LDH cell viability assay for evaluating cytotoxic effect of preussin at different concentrations of
0 µM, 50 µM, 100 µM, and STS (1 µM) on (C) MCF7, (D) MDA-MB-231, (E) SKBR3, and (F) MCF-12A
cells. (* p < 0.05; ** p < 0.01). Reprinted with permission from [117]. Copyright 2019, Wiley Online
Library; Reprinted with permission from [119]. Copyright 2019, MDPI.

4.2. Non-Invasive Sensing Methods

Recently, cytotoxic assessments of drug candidates in a non-destructive manner were
designed to exhibit precise drug screening results [138]. Non-invasive measures should
be cell-friendly and non-toxic to cells, making them ideal for determining anticancer
drugs’ effects. Likewise, measuring spheroid viability via non-invasive screening has
been considered as an alternative to conventional colorimetric assays. In general, non-
invasive methods do not affect the internal or external cellular environment and allow
normal physiological metabolism; thus, it is possible to monitor and evaluate the original
appearance of the cell. Ultimately, methods that omit the destructive pretreatment steps
can be an excellent index that can clearly reflect the cells in the living organism.

152



Biosensors 2021, 11, 445

4.2.1. Electrochemical Biosensing

Recently, an ECD method with a fast and sensitive technique was considered as
a drug-screening tool [139–141]. When an ECD system is electrically stimulated, the
chemical response of the stimulus can be observed, which measures an analyte electro-
chemically. The electrochemical reaction involves oxidation/reduction via movement
of electrons. Depending on the type of electrical signals and regulation factors, various
electrochemical measurements exist, such as linear sweep voltammetry, cyclic voltammetry,
differential pulse voltammetry (DPV), chronoamperometry, chronopotentiometry, elec-
trochemical impedance spectroscopy (EIS), and electrical impedance tomography. The
electrochemical signal intensity is proportional to the cell population, indicating cell vi-
ability. Dong et al., (2020) demonstrated monitoring of MCTs in a parallelized wireless
sensing system (Figure 7D–F) [121]. An EIS-based platform was devised to continuously
measure the size and viability of cancer microtissues for 90 h. The cancer microtissues were
treated with different concentrations of doxorubicin (0.1, 1, and 10 µM), which is widely
known as a chemotherapeutic agent. The diameter and cell viability were decreased with
increasing concentration of doxorubicin in HCT-116. Some researchers have applied the
hybrid function platform to MCTs by increasing the electrochemical signal intensity. In
one study, a gold-nanostructure-based platform was designed to detect curcumin, which is
known as a natural anticancer compound in a brain cancer model (Figure 7A–C) [122]. On
this platform, a neuroblastoma (SH-SY5Y) and glioblastoma (U87-MG) were co-cultured to
form spontaneous multicellular spheroids without any treatment. Comparing the toxicity
assessments of DPV and CCK-8, the electrochemical method proved to be more sensitive
(29.4%) with a low concentration of curcumin (30 µM). Spheroids were also monitored for
a long time, enabling real-time, non-invasive analysis of potential drug candidates.

Electrochemical detection analysis proved its precision and rapidness without dam-
aging the cellular components, making it an excellent method for monitoring spheroid
viability. Preparation steps are minimized such that only the electrochemical device and
a live sample are required for the analysis. Above all, live multicellular spheroids can be
preserved before and after electrochemical detection. Since the redox reaction is a sudden
response, optimization of external components is required.

4.2.2. Optical Coherence Tomography-Based Biosensing

Optical coherence tomography (OCT) refers to a technique capable of imaging an
entire spheroid with a high resolution and millimeter-scale penetration depth, in addition
to providing physiological and morphological cues about the spheroid [142,143]. It allows
label-free imaging, using the intrinsic contrast lens to analyze a sample in a non-destructive
manner, thereby enabling clinical cancer research. The OCT technology can be used to
analyze the pharmacokinetic response of drug candidates and can be applied to determine
the microenvironment and vascular interactions of tumors [144,145]. OCT provides tissue
morphology at much higher resolutions than other imaging models such as MRI and
ultrasound. The impermeable region of inner spheroid biology can be investigated through
the OCT analysis. Confocal microscopy can be used to examine multicellular spheroids
through greater depth of imaging. Hari et al., (2019) used this method to conduct refractive
index measurements of human colon cancer (HCT116) spheroids [123]. The aim of this
research was to study the presence of hypoxia in oxygen-poor cores of the spheroids,
which have been known to play an important role in tumor proliferation. The core of the
HCT116 spheroids showed debris of stained cell components after sufficient maturity. This
study demonstrated the spheroid imaging of hypoxia that could be a future target for the
drug-screening analysis. In other cell lines, ovarian cancer cell (OVCAR-8) was applied
to visualize 3D structures and monitor necrotic zones within the MCTs (Figure 7F) [146].
In this study, a swept-source optical coherence tomography platform was fabricated, and
OCT images were obtained. Mathematical models were employed to calculate growth
kinetics of the spheroid size and necrotic tissues. The root-mean-square error (d)used an
indicator to evaluate mathematical models, and lower scores showed better performance.
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Remarkably, the Boltzmann model proved facile performance as it had the lowest RMSE
and AIC score for the growth kinetics of multicellular ovarian tumor spheroids. This
result demonstrated OCT for potential drug-screening development for cancer research.
Recently, the OCT has been employed not only to determine the tissue structure, but also
tissue dynamics. It can be used to assess the necrotic tissue dynamics in multicellular
spheroids, which is crucial to investigate the drug efficacy response [147,148]. Two OCT-
based methods were reported, such as logarithmic intensity variance (LIV) and OCT
correlation decay speed analysis (OCDS), a technique that quantifies and visualizes tissue
dynamics (Figure 7G) [110]. Further, human breast adenocarcinoma (MCF7) multicellular
spheroids were visualized using OCT, and two methods were used to evaluate the tissue
dynamics. First, the LIV methods indicated that necrosis occurred at the center due to
lack of nutrient uptake, which is consistent with the necrotic process of a solid tumor. The
gradual increase in the OCDS plots demonstrated that the necrotic response became more
intense. After paclitaxel drug treatment, the indicators of the necrotic process occurred at
the outer region of the spheroids, which was investigated through following analysis.

Overall, OCT allows non-invasive and in-depth analysis tumor imaging. However,
some limitations exist in that measurable depth is limited and application samples are
restricted.
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Figure 7. (A) Schematic diagram of a real tumor-mimicking Co-culture spheroid model. (B) DPV signal graph of the
brain tumor model treated with varying concentrations of curcumin. (C) Calculated live cell percentage derived from the
electrochemical signal peak (Ipa) from (B) and CCK-8 results indicated in a bar graph. (Student’s t-test, N = 3, * p < 0.05,
** p < 0.01, *** p < 0.001). (D) An overview of the wireless impedance-based sensor platform that was connected to a PDMS
microfluidic device. (E) Normalized ∆Vc,Norm values of 0.1, 1, and 10 µM doxorubicin samples and standard medium
conditions (control). ∆VC indicates evaporation-compensated voltage shift. (F) Validated ATP measurements of cancer
spheroids after 96 h of incubation. The cell viability values were based on the control samples (the error bar indicating mean
absolute errors, N = 2). (F) Schematic of the OCT system for 3D imaging of the spheroid. (G) Cross-sectional drug toxicity
evaluation of the MCF7 spheroids. The upper panel shows the fluorescence images and the lower panel shows the results
obtained through the OCT intensity microscopy. Reprinted with permission from [122]. Copyright 2020, Wiley Online
Library; Reprinted with permission from [121]. Copyright 2020, American Chemical Society; Reprinted with permission
from [146]. Copyright 2021, Optical Society of America; Reprinted with permission from [110]. Copyright 2020, Optical
Society of America.
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5. Conclusions

Through the studies discussed above, we categorized 3D multicellular spheroid
formation into two main categories: “3D cell-culture technology” and “multicellular cancer
spheroid formation platform.” Three-dimensional cell culture refers to cells aggregated in
a fluidic external cue or attached to an ECM-mimicking microenvironment. Compared to
conventional 2D cell culture methods, it exhibits better tissue structure complexity and
maintains numerous types of cell interactions. The 3D cell culture can be achieved through
two approaches: anchorage-independent and anchorage-type approaches. The former
allows effective nutrient uptake through high surface, and the latter enables stable cell
growth in ECM-mimicking biomaterials. To fabricate real tumors, multicellular spheroids
are adopted in the culture technology and platforms are employed to evaluate anticancer
drug efficiency.

With the advent of 3D multicellular screening platforms, pharmacokinetic analysis of
the MCTs can be realized. These platforms offer biologically similar in vivo structures of a
solid tumor that can be conjugated to investigate complex mechanisms of tumor response
to drugs that are not compatible with the 2D culture platform. Furthermore, they could
be economically and ethically superior to 2D platforms as they simultaneously enable
screening in bulk and reduce the frequency of animal model usage. Advancements in
material science and drug-screening methods facilitate in-depth examination of the 3D
culture platform. It is predicted that in the future, advanced biosensing tools will be
developed to better evaluate drug efficacy and toxicity. Moreover, various applications are
expected to be available for drug discovery, oncogenesis research, tissue engineering, and
cell physiology, and to augment biomedical industry productivity.

Through the development of MCT generation platform and biosensing techniques,
it enables accurate simulation of physiological response of tumor cells, allowing for in-
depth analysis of oncology study. With highly simulated cancer models, it is accessible
to track cancer cells and biological changes that regulate the behavior of tumors and
responsiveness to clinical drugs. Recently, patient-derived cancer organoid (PDO) models,
which are elicited from patient tumor tissues, have been an alternative to in vitro models
in the biomedical field. Combining three-dimensional cell culture techniques and PDO
models, patient-specific drug therapy will be secured and allow safe and efficient treatment,
increasing the possibility of survival in the future.
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Abstract: Artificial olfactory systems are needed in various fields that require real-time monitoring,
such as healthcare. This review introduces cases of detection of specific volatile organic compounds
(VOCs) in a patient’s exhaled breath and discusses trends in disease diagnosis technology develop-
ment using artificial olfactory technology that analyzes exhaled human breath. We briefly introduce
algorithms that classify patterns of odors (VOC profiles) and describe artificial olfactory systems
based on nanosensors. On the basis of recently published research results, we describe the develop-
ment trend of artificial olfactory systems based on the pattern-recognition gas sensor array technology
and the prospects of application of this technology to disease diagnostic devices. Medical technolo-
gies that enable early monitoring of health conditions and early diagnosis of diseases are crucial in
modern healthcare. By regularly monitoring health status, diseases can be prevented or treated at an
early stage, thus increasing the human survival rate and reducing the overall treatment costs. This
review introduces several promising technical fields with the aim of developing technologies that
can monitor health conditions and diagnose diseases early by analyzing exhaled human breath in
real time.

Keywords: artificial olfactory system; health monitoring; exhaled breath diagnosis; volatile organic
compounds; gas sensor; electronic nose

1. Introduction

The olfactory sense is the oldest human sense. Therefore, humans tend to analyze the
environment by sniffing [1]. Various studies have been conducted to mimic the sensory
cognitive mechanism, and research on sensor systems focusing on olfactory cognitive
models has attracted significant attention [2]. Sniffing is a complicated process as there
are over 400 species of olfactory receptor gene, and signals through various receptors are
comprehensively determined in the brain to provide information about smell and human
cognition [3]. The concept of an “artificial nose” is based on a technology that grasps
information about odors and uses them as data. In other words, it is an electronic system
technology that analyzes the state and composition of a substance through smell. Figure 1
shows the concept of an artificial nose system inspired by the olfactory perception pathway.
A biomimetic gas detection platform can be designed by constructing a nanosensor array
based on the olfactory receptor tissue and by combining a data processing technology
through pattern analysis of signal data.
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Figure 1. Concept of an artificial nose (e-nose) system based on the olfactory perception pathway.

Persaud et al. proposed the concept of using different types of sensors as arrays and
applying unique signal patterns to specific odors to enhance the selectivity, reliability, and
accuracy of gas detection systems [4]. The developed system was called an electronic nose
(e-nose). All corresponding technologies associated to this system are called e-noses. The
principle of the e-nose is similar to that of the human olfactory mechanism. That is, the
odor recognition is based on the reaction of the smell factor and olfactory receptors. The
e-nose reacts with odor substances using sensor unit devices instead of olfactory receptor
cells as receptors, and analyzes patterns using a computer instead of the brain [5].

In the 21st century, the e-nose technology has evolved significantly along with the
development of NT/IT technologies. Low-cost, high-performance sensor devices have been
developed on the basis of various nanobiosensor technologies, and the data processing
analysis technologies have been improved owing to the advent of artificial intelligence
(AI)-integrated technologies. The evolution of AI and big data processing technologies
has subsequently led to the development of high-level e-nose technologies that utilize
a large number of sensor arrays [6]. The current artificial-nose technology can sniff a
smell that cannot be smelled by humans using a sensor unit with a sensitivity of parts-
per-billion level [7]. Recently, this technology has been used in various fields such as
chemistry, medical care, food quality management, and military industry [8–11]. In the
case of conventional gas sensors, the information on the gas concentration level is acquired
by quantitatively analyzing specific chemicals. The e-nose sensors do not require such an
extensive process and have been increasingly used because of their simple structure that
recognizes patterns for only specific odors through a database.

This paper introduces several research cases that analyze the smell of breath exhaled
by humans using an artificial olfactory system; in many cases, an e-nose is used. When a
person is diagnosed with a certain disease, various volatile organic compounds (VOCs) are
produced in vivo owing to metabolic disorders or free radicals [12–14]. Such VOCs serve
as unique biometric data depending on the specificity, stage, and condition of the disease.
In other words, as the conditions under which VOCs occur depend on the particular
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disease and its various stages, they are classified as “fingerprints” of the disease conditions.
Therefore, the analysis of the exhaled gas can provide information on the physiological
and health status of an individual. This information can be used for the early diagnosis
of many diseases during the induction stage [15]. In this study, we describe the overall
concept of disease diagnosis using human respiratory gas, which has gained significant
attention in recent years. Furthermore, we describe the trend of human respiratory gas
analysis technologies used for diagnosing such diseases and analyze future scenarios of
human respiratory gas disease analysis.

2. Exhaled Breath Diagnosis

In conventional approaches, diseases were distinguished on the basis of the breath
of patients. Recent reports indicate that dogs that are trained to detect various drugs and
explosives by smell can also distinguish cancer patients from healthy people. The olfactory
analysis method is a natural approach that is characterized by many possibilities. The
current drunk-driving control technologies are based on the blood alcohol concentration
measurement, and human breath gas analysis methods are being actively researched. A
majority of this research is directed toward the analysis of respiratory diseases such as
lung cancer and asthma [16,17]. Once the relationship between a disease and breath gas
components is identified, the disease diagnosis based on the exhaled breath analysis is
expected to emerge as a future disease diagnostic method [18].

In general, the diagnostic methods using expensive analytical equipment by collecting
samples of patients’ blood, tissues, etc. require a time-consuming sample collection process
and a skilled operator owing to complex protocols. In addition, such methods can only be
performed in a limited number of places such as hospitals. In contrast, disease diagnosis
using the analysis of breathing gas can be easily performed by operators and users, and
the identification process of the analysis results can be verified in real time. Disease
diagnosis by analyzing breath gas is considered to be an innovative non-invasive diagnostic
method. Breath gas diagnosis has potential advantages over other diagnostic methods
such as blood sampling, urine sampling, biopsy, endoscopy, and imaging. First, it is a
completely non-invasive approach that allows the development of a user-friendly, simple,
and intuitive diagnostic platform [19]. Second, the sample collection in this method
is advantageous because it has superior processing when compared to serum or urine
sampling [20]. Finally, it is the most convenient method as it does not pose the problem of
bio-hazardous specimens within the current regulations.

Breath gas diagnosis is based on the physiological phenomenon of gas exchange occur-
ring in the alveoli. Human blood contains chemicals that reflect physiological phenomena
and metabolic conditions in the human body. Low-molecular organic compounds are con-
tained in the human exhaled breath through the lungs during the respiratory process and
are released out of the body [21]. The health conditions of the human body are reflected by
various VOCs contained in breathing gases that undergo various biological reactions [22].
Blake et al. [23] reported that various metabolic diseases and pathological conditions could
be observed in relation to the concentration increase of the aforementioned VOCs in the
exhaled breath gas. These are associated with the respiratory diseases, such as cardiovascu-
lar disease (CVD), diabetes, asthma, bacterial infertility and inflammatory disease, cancer,
COPD, and Alzheimer’s disease, as well as with other diseases, according to the results
of a recent breath analysis. In addition, a number of studies have been conducted on the
applicability of diagnostic technologies using these VOC gases.

Table 1 summarizes the biomarker VOCs for each disease that can be used for its
diagnosis and the currently used corresponding diagnostic methods. Although it cannot
be used as a replacement for the conventional diagnostic method, it has the potential to
serve as a portable diagnostic device capable of periodic self-diagnosis, which solves the
problems of location and equipment. Through an accurate and efficient analysis of specific
biomarker VOCs present in the breath, we demonstrate the possibility of developing a new
selective self-diagnosis platform.
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Table 1. Conventional measurements with the candidate group for biomarker volatile organic com-
pounds (VOCs) in exhaled breath gas by a diagnosable disease. A simple and efficient e-nose platform
that can distinguish VOCs in exhaled gas can be used as a selective self-diagnostic technology.

Disease Conventional Measurement Biomarker VOCs Ref.

Diabetes Glucose level
Clinical biomarkers Acetone [24]

Bacterial infection

Computed tomography (CT)
Gram stain

Microorganism culture
Morphological analysis

High isoprene

Ammonia
Hydrogen cyanide

Nitric oxide
Ethane
Pentane

[18,25–28]

Asthma

Spirometry
Peak expiratory flow
Lung function testing

Bronchoprovocation test

Acetone
Nitric oxide

Isoprene
Ammonia

[29,30]

COPD

Spirometry
X-Ray, CT

Peak expiratory flow
Lung function testing

Acetone
Ethane [31,32]

Cardiovascular
disease (CVD)

HDL & LDL cholesterol
High blood pressure
Clinical biomarkers

Obesity

Acetone
Pentane
Isoprene

[33,34]

Cancer
Clinical biomarkers

Biopsy
CT, X-ray, MRI

Acetone
Formaldehyde

Ethane
Pentane
Isoprene
Ethanol

[35–38]

2.1. Diabetes

Diabetes is an abnormal carbohydrate metabolic disease that is characterized by
hyperglycemic symptoms [39]. It is classified as either type 2 or type 1 depending on
the problems with insulin secretion or various degrees of peripheral nerve resistance to
insulin action [40,41]. Currently, the most widely applied diabetes diagnostic methods
include the fasting plasma glucose, oral glucose tolerance, and glycated hemoglobin [42].
Diabetes is a condition of abnormal blood sugar in patients, and the complications that
follow place a considerable burden on clinical and public health. Accordingly, an effective
intervention that detects the glucose abnormalities early and prevents progression from
prediabetes to diabetes is of utmost importance. Diabetes should be thoroughly managed
by the patient through a self-diagnosis. The primary self-diagnosis method is based on
glucose level measurement using existing blood collection methods [43]. Although the
low-cost diagnostic technology is currently in use, users’ reluctance to collect blood remains
to be addressed. If low-cost and efficient non-invasive diagnostic methods are developed
in the near future, it is expected to be an innovation in the health care market related
to diabetes.

Galassetti et al. [23] presented a correlation between ethanol and acetone in exhaled
breath, which is related to serum glucose levels. In the case of patients suffering from
diabetic ketoacidosis, a study showed that the acetone concentration in the exhaled gas
increases to hundreds of ppmv [44]. When the blood sugar levels remain high over long
periods of time, the fatty and amino acids are burned to produce energy. The ketone
body produced in the body is a 3-carbon ketone body derived from the oxidation of non-
esterified fatty acids, and is found in the state of hydroxyacetone (1-hydroxyacetone) and
1,2-propanediol (PPD) through acetoacetate decarboxylase [45]. The ketone bodies are

164



Biosensors 2021, 11, 337

stored in the blood and thus, lower the pH level. Therefore, glucose cannot be used as an
energy source for untreated diabetic patients. As a result, the ketone bodies are produced
as by-products and energy sources when fat is broken down instead of glucose. High
levels of ketones are produced as a result of low insulin levels in diabetic ketoacidosis [46].
Therefore, the exhaled acetone can be detected in patients with diabetic ketoacidosis and a
high-fat diet [25]. These research results can be used for developing a diabetes diagnosis
technology for acetone level monitoring in exhaled gas. The introduction of a simple and
low-cost measurement technology could enable its use in a wide range of selective testing
methods and reduce patient discomfort or pain during blood collection.

2.2. Various VOCs Derived from Inflammatory Diseases

In addition to diabetes, a few other diseases are expected to be diagnosed through
the analysis of VOCs in exhaled breath gas. In vivo immune responses that are caused
by bacterial infections or inflammatory reactions produce various types of VOC in the
body. The pathological problems can interfere with normal metabolism, and abnormal
chemical reactions can cause the detection of some VOCs in the exhaled gas [44]. By
detecting volatile chemicals such as ammonia, nitrogen oxides, and hydrogen sulfide,
the cause of pathological reactions can be analyzed and implemented in the diagnostic
technology [47]. Mathew et al. [46] reviewed various types of VOC caused by metabolic
processes in the body and metabolic disorders caused by various pathological reactions,
and suggested the possibility of the implementation of a breath diagnosis technology. The
level of ammonia (NH3) in breath gas can be used as an important biomarker. In the
human body, ammonia is produced during protein metabolism and is regulated through
the urea circuit owing to its toxicity [48]. In the case of liver and kidney problems, ammonia
levels increase [49]. In addition, bacteria such as H. pylori, which cause peptic ulcers from
the oral cavity to the duodenum, excrete ammonia gas and hydrogen sulfide through
metabolic processes [50]. Nitrogen monoxide and nitrogen oxide are important signaling
substances produced in the human body. Within the respiratory system, NO regulates
the tension of blood vessels and bronchi (promotes the expansion of blood vessels and
airways), promotes the coordinated beating of ciliated epithelial cells, and acts as an impor-
tant neurotransmitter of non-adrenergic, non-cholinergic neurons running in the bronchi.
Diseases related to inflammation can be mainly analyzed through the concentration of NO
in the breath [51–58]. Currently, a technology that can measure NO in the respiratory tract
using laser analysis sensors is being developed and used as a reference for diagnosing
inflammatory diseases [59].

Isoprene is a unit molecule that forms cholesterol and is involved in cholesterol
metabolism. Its concentration can be used as a sensitive and non-invasive metric for ana-
lyzing various metabolic effects in the human body [60]. Among the cholesterol metabolic
diseases, CVDs and hypertension are categorized as representative diseases with a very
high risk, and the patient needs constant management through periodic and voluntary
diagnosis [61,62]. The currently used self-diagnosis method is the patient family history
analysis and periodic monitoring of the blood pressure level [63,64]. Research on the
classification of exhaled breath components of patients based on various levels of VOC
other than hydrocarbons in the breath is being actively conducted [35]. The following infor-
mation is from a review by Mathew et. al. [46] for journal diagnostics in 2015. In the case
of hydrocarbons such as ethane and pentane, it is caused by oxidation of lipid components
in cells [65]. This component is found when a problem occurs in the metabolism of lipid
components, and is advantageously released through breath gas owing to its low solubility.
It is mainly associated with respiratory obstructive diseases caused by inflammation, such
as asthma, COPD, obstructive sleep apnea, and ARDS [66–70]. The hydrocarbon molecules
are biomarkers of oxidative stress, and pentane and ethane concentrations increase owing
to physical and mental stress [71–73]. It shows a significant difference in concentration
in sepsis or SIRS patients [70] and can be used in the diagnosis of inflammatory bowel
disease, sleep apnea, cancer, and ischemic heart disease [74–77].
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Asthma [78] and COPD [79], which are obstructive respiratory diseases, should be
detected early and prevented from worsening through rapid response. According to
the currently widely known medical manual, patients with active asthma need periodic
checkups every one to six months, depending on the severity of asthma. Asthma symp-
toms are diagnosed through equipment that detects lung function, such as spirometry,
in hospitals [80]. In addition, lung capacity indicators are periodically managed at home
using a personal peak flow meter (which approximately costs $20) [81]. On the basis of
pathological research results on the levels of various VOC biomarker substances, such as
NO, in the patient’s exhaled strain and hydrocarbons, research on inflammatory asthma
patients breathing diagnosis using breath gas analysis is actively underway [82–84].

2.3. Cancer

Conventionally, cancer diagnostics include genetic, epigenetic, proteomic, and gly-
comic biomarker screening, as well as some non-invasively collected biofluids [85–89]. In
the case of cancer, early detection may increase the chance of complete recovery [90]. If a
self-diagnosis technology enabling easy breathing gas analysis is developed, health and
medical expenses for cancer treatment can be reduced, and average life expectancy can
be increased. A malignant tumor, commonly known as cancer, is a disease wherein cell
mutations are caused by several risk factors to identify the cause, which leads to abnormal
cell growth and metastasis. It is reported that approximately 100 types of cancer affect the
human body.

Because the reactions of cancer cells in the body are complex, various types of VOCs
can be used as exhaled breath biomarkers. The first study on cancer diagnosis was con-
ducted for lung cancer, which is a malignant tumor of the lung tissue through direct gas
exchange. O’Neil et al. [91] conducted a study to select candidate groups of biomarker
VOCs through GC/MS by collecting breath samples from eight lung cancer patients. It
was found that among the 386 component gases that were detected with this technology,
45 components were at >75% occurrence level and 28 components were at >90% occur-
rence level. The research results were significant because they could distinguish between
normal samples and patient respiration gas using a classification process via a computer
program. Since then, many research results related to the analysis of biomarker VOCs that
are common in lung cancer patients have been published [92,93].

Phillips et al. published a study on biomarker VOCs produced by the intracellular
oxidative stress caused by breast cancer [94]. Oxidative stress is the process of oxidizing bio-
logically important molecular substances, including DNA and proteins, when an increased
amount of reactive oxygen species (ROS) is leaked into the cytoplasm in mitochondria [95].
This causes the decomposition of fatty acids and the peroxidation of lipids by abundant
oxygen radicals [96,97]. Breast cancer patients and control patients were classified using
SPSS treatment, and higher negative value (NPV) and lower positive value (PPP) were
derived, respectively, as compared with the results of the screening mammograms. Kumar
et al. published a selected ion flow tube mass spectrometry (SIFT-MS) analysis of exhaled
breath for VOC profiling of esophagogastric cancer [98]. In approximately 17 VOC species,
the concentrations of hexanoic acid, phenol, methyl phenol, and ethyl phenol differed
statistically from those in the positive control group.

Until recently, studies on exhaled breath gas analysis for various cancer disease models
and classified patient and control groups have been published steadily. If the integrated
analysis sensor array technology that can classify breathing gas samples according to the
composition of VOCs is used, a new concept diagnosis technology can be developed for
various disease models described above. Furthermore, if breath diagnosis technology is
deployed as a low-cost artificial-nose platform consisting of simple chemical sensor units, it
will be possible to design self-diagnostic devices that can be used by individuals in real time
at home. This technology could be an excellent innovation in health and medical industry.
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3. Nanosensor Array E-Nose for Exhaled Breath Diagnosis

The sensor array technology has recently been widely applied in disease diagnosis for
exhaled breath gas analysis because it is efficient for analyzing multiple VOCs, including
human breath gases [99]. Because exhaled breath gas samples have different compositions
of the compounds, their individual analysis using conventional devices, such as existing
analytical instrument GC-MS, is limited. The sample component profile can be patterned
and recognized using the nanosensor array technology. The artificial nose, which can
analyze the components of real-time breathing based on a simple system, is a novel
technology that can be used for disease self-diagnosis in healthcare. In terms of the
practical application and commercialization of e-nose sensors, low cost, ease of use, and
miniaturization are key factors. To meet these requirements, sensor technologies are being
developed based on the mechanisms derived from the unique characteristics of various
materials [100]. In this section, we discuss electrochemical sensors (metal oxide (MO)
nanomaterial-based e-nose sensors) and colorimetric sensors (metal-containing dye sensor
arrays and functional phage sensor arrays).

Table 2 summarizes representative nanosensor technologies that can be used for
diagnosis based on recent gas detection methods. We aim to introduce an electrochemical
sensor method and a technology to detect a small amount of gas mixture using a color
sensor. To detect various VOCs present in exhaled breath, artificial olfactory models
have been developed using a variety of nanosensor technologies that distinguish specific
gas molecules. These technologies are expected to be applicable to disease diagnosis in
the future.

Table 2. Gas sensor technology applicable to future disease diagnosis.

Measurement Target Sensor Type Sensing Materials Ref.

Lung cancer
Electrochemical sensor

Undoped SnO2, Co-SnO2, and Ni-SnO2 nanoparticles with
cyclic voltammetry and electrochemical impedance

spectroscopy/screen-printed electrode
[101]

Colorimetric sensor Colorimetric sensor array containing Lewis acid/base dyes
(metal–organic complex dye) [102,103]

Diabetes Electrochemical sensor

Co3O4 thin film with a cubic spinel phase with AC impedance
analyses/gold interdigitated electrode pattern [104]

Pristine SnO2 nanofiber (undoped) and Eu-doped SnO2
nanofibers (1, 2, and 3 mol% of Eu3+) with gold electrodes and

Pt wires
[105]

Ethanol in a VOC
mixture Electrochemical sensor

CeO2–TiO2 core shell nanorods with
Pt electrodes [106]

Pristine SnO2 and Yb-doped SnO2 hollow nanofiber (0.5, 1.0,
and 1.5 wt% Yb) with an Au electrode and a Pt wire [107]

Cancer cell culture Colorimetric sensor Functional M13 bacteriophage-based colorimetric sensor array [108,109]

3.1. Metal Oxide-Based Electrochemical Sensor Array for Disease Diagnosis

Metal oxide (MO) nanoparticles are promising candidates for sensor element design
owing to their remarkable physicochemical properties, adjustable surface properties, and
good stability [110]. These nanoparticles have a high density of trapped charged oxygen
species (O2−, O−, and O2−), creating a surface charged layer in the sensor element. When
the reacting gaseous molecules adsorb oxygen ions on an MO surface, they alter the surface-
trapped charge density [111,112]. The number of oxidation states used for gas sensing at the
parts-per-billion level can be controlled by the nanoparticle size, shape, and composition.
Many transition metal elements such as Fe, Co, Ni, Mn, Al, and Cu have been used as
dopants for improving the electrical and optical characteristics of MOs and for enhancing
their sensitivity to gases [113].
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Khatoon et al. [101] doped Co and Ni with tin oxide (SnO2) using a sol–gel method
and investigated it as a sensor material for e-nose development. (Figure 2a) They applied
an MO-based screen-printed electrode as the working electrode to determine the levels of
1-propanol and isopropyl alcohol in cyclic voltammetry. Furthermore, Ni-SnO2 and Co-
SnO2 were found selective to 1-propanol and isopropyl alcohol, respectively, among other
investigated VOCs (acetone, toluene, formaldehyde, 2-butanol, and ethyl acetate). Liu
et al. [114,115] developed various CeO2-based gas sensors attached with different MMnO3
(M: Sr, Ca, La, and Sm) sensing electrodes and conducted a comparative study for detecting
acetone gas. CeO2-MMnO3 compounds were prepared using a simple sol–gel method.
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sensor for lung cancer diagnosis. Data reproduced from Ref. [101]. Copyrights ACS 2020. (b) Diabetes
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Data reproduced from Ref. [116]. Copyrights ACS 2013.

Nanostructured materials with various morphologies, including nanorods, nanowires,
nanosheets, and nanofibers, have been developed for e-nose applications because their
large surface area-to-volume greatly facilitates the conversion of gas response into electric
signals. Srinivasan et al. [104] developed an acetone sensor using nanostructured Co3O4
thin films for the detection of diabetic ketoacidosis (DKA). The presence of acetone at
a trace level (1.8 ppm) in human exhaled breath signifies the presence of DKA from a
diagnostic perspective.

The acetone level of the exhaled breath air of type-2 diabetes mellitus patients ex-
ceeded 1.71 ppm, whereas that of type-1 diabetes patients was 2.19 ppm. It is known that
the concentration of acetone is directly proportional to metabolic disorders in humans. The
Occupational Safety and Health Administration states that the allowable human exposure
level of acetone is 1000 ppm in industries. Different nanostructured cobalt oxide sensing
elements were synthesized using a spray pyrolysis method at different deposition tem-
peratures (473 to 773 K) [117]. It was found that the nanostructured material was more
sensitive to acetone when analyzing different solvents such as acetone, EtOH, NH3, xylene,
toluene, and acetaldehyde. The sensor fabricated at 773 K exhibited a response of 235
toward acetone (50 ppm) at room temperature.

Furthermore, the sensor showed a limit of detection of 1 ppm, which is lower than
the minimum threshold level of DKA. Ren et al. synthesized four different Fe-doped
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TiO2 thin films on Ti plates using the microarc oxidation technique to measure the level
of ethanol gas [118]. The Fe-doped TiO2 thin films fabricated by introducing 0.5 mM
K4(FeCN)6·3H2O into 0.5 M Na3PO4 showed a better sensitivity to ethanol gas with a
response of 7.9. This value was significantly larger than the responses of other samples
(less than 5.2, at 275 ◦C) prepared with different formulations of K4(FeCN)6·3H2O and
Na3PO4. Li et al. synthesized pristine SnO2 and Er-SnO2 nanobelts using the thermal
evaporation method. When analyzing 100 ppm of various gases including formaldehyde,
ethanediol, ethanol, and acetone at temperature ranging from 150 ◦C to 260 ◦C, it was
found that the Er-SnO2 nanobelt was more sensitive to formaldehyde gas than other gases.
The experimental results revealed that the gas response of a single Er-SnO2 nanobelt device
was 9, with response and recovery times of 17 s and 25 s, respectively [119].

Wang et al. [120] also prepared SnO2 and SnO2/NiO electrospun nanofibers, which
were subsequently subjected to thermocompression and calcination processes. A fabricated
SnO2/NiO sensor was more sensitive to ethanol vapor than to other gases such as H2S, CO,
NH3, and acetone. A SnO2/NiO nanofiber exhibited a higher Ra/Rg value (27.5) than a
pristine SnO2 nanofiber (2.4) on sensing 100 ppm of ethanol and showed average response
and recovery times of 2.9 s and 4.7 s, respectively. Li et al. [121] synthesized porous
Nb2O5-TiO2 n–n junction nanofibers with different Nb molar ratios by electrospinning.

Choi et al. used detection sensors to demonstrate promising clinical applications for
diagnostic purposes through correlation analysis between exhalation components and spe-
cific diseases [116]. They utilized 1D fibers with uniformly applied platinum nanoparticle
catalysts on a porous tin oxide (SnO2) sensor material surrounded by layers of thin shells
(Figure 2b). When acetone gas was adsorbed on the surface of the material under study,
it was applied to a sensor for detecting acetone concentration at approximately 120 ppb,
which resulted in a change in the electrical resistance value. The developed nanofiber sen-
sor increased the resistance of the material by up to six times at a concentration of acetone of
1000 ppb, allowing the diagnosis of diabetes. According to another study, wherein trained
dogs diagnosed lung cancer, on average, toluene was detected approximately at an 80%
accuracy [122]. This sensor was found to detect toluene with an accuracy of approximately
70%. Active research is being conducted on using multisensor arrays for various-disease
diagnosis, such as lung cancer and diabetes. An increased number of research studies
related to the detection of VOCs based on electrochemical sensors via the change in the
resistance of MOs are being published.

3.2. Colorimetric Sensor Array for an Artificial Nose System

The pattern information for specific reactions can be stored in the fingerprint form
using metal-containing dye arrays that react at gas concentrations of hundreds of parts-
per-billion. This technique is called smell seeding, and a number of studies focusing on the
development of a personal chemical dosimeter for the detection, identification, and quan-
tification of environmental and workplace VOCs have recently been published [123–128].
Furthermore, studies have been published on the development of medical diagnosis tools
based on breath analysis. Rakow et al. fabricated a sensor array using the color transfer
phenomenon of metal-containing dyes such as metalloporphyrin, which is sensitive to
gas, and presented an artificial olfactory sensor model [129]. When there is a specific
odor, the structure of metalloporphyrins and the color change (Figure 3a) [130]. Using
2D-displayed array metalloporphyrins, a pattern-recognition e-nose that detects a wide
range of olfactants (including alcohols, amines, ethers, phosphines, phosphites, thioethers,
and thiols) and weakly ligating solvent vapors (arenes, halocarbons, and ketones) was
developed (Figure 3b) [130].
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Mazzone et al. [103] analyzed exhaled breath samples from lung cancer patients using
a colorimetric sensor array. The exhaled breath of 92 lung cancer patients and 229 control
patients was obtained via the chromaticity sensor array. (Figure 3c) The technique is further
expected to evaluate specific histologies of patients and to optimize them by incorporating
clinical risk factors [103]. Other technologies for pathogenic fungal identification and rapid
detection of bacteria have also been reported [131,132].

Kim et al. developed a superior chemical gas detection layer by simultaneously con-
trolling nanostructures and catalytic functionalization [133]. The nanostructures derived
from electrospinning act as highly dispersed ultrasmall catalysts. Electrospinning-derived
1D-dimensional MOs are nanomaterials with excellent advantages such as large surface-to-
volume ratios, high porosity, and high gas permeability, which are beneficial for building
chemical gas detection platforms. These materials are expanded to a variety of nanoarchi-
tectures derived from metal organic frameworks, graphene oxide, and polymer templates,
and they are used as a sensing sensor material [134–136].

Filamentous bacteriophage material is a functional bioreceptor with directed evolution
(DE) properties (the Nobel Prize in Chemistry 2018) [137]. Kim et al. developed a multi-
array sensor using a functional bacteriophage colorimetric sensor [138]. Phage-based
colorimetric sensors classify various VOCs that can be used as an e-nose platform.

Phage display technology, which is based on the principle of natural selection and
proliferation by mutation, can discover functional bio-reporter peptide sequences with
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selectivity for specific molecules [139]. Through a simple genetic manipulation, it is possi-
ble to produce a functional phage material for a specific bio-reporter peptide discovered
through phage display screening. The phage has ssDNA, which contains genetic infor-
mation. It is synthesized through biological reactions and can be mass-produced as a
bioreporter material with high-purity specific reactions. Oh et al. analyzed the bioreceptor
function of the functional bacteriophage and presented the results of optical colorimetric
sensor devices using the phage as a building unit (Figure 4) [110]. This single phage unit
has a uniform fiber shape of less than 1 µm and has liquid crystal characteristics. Thus,
a self-assembled nanostructure can be fabricated. This self-assembled phage structure
forms a microstructure with quasi-ordered pitches and scattered reflected light [140]. The
color of the phage structure changes according to the size and arrangement of the phage
bundles. The external stimuli caused by chemicals change the arrangement of the bundles
and change the color of the phage structure. These are used as a chemical gas sensor for
VOC classification [109], food origin analysis [141], environment monitoring [142], and
breath diagnosis [143]. Extensive research on the pattern-recognition integrated analysis
technology utilizing various color sensor arrays is currently underway. Various studies
have been published for the following five cell types: human hepatocellular adenocarci-
noma (SK-Hep-1), cervical cancer (HeLa), human colon cancer (HCT116), human non-small
lung cancer (NCI-H1299), and normal human embryonic kidney (HEK293); cells of these
types were incubated in minimum essential media (MEM) containing 10% fetal serum
culture [108]. Because each cell type produces a unique composition of VOCs, the three-
band optoelectronic sensors produce a unique color. The results of the unique color change
were obtained with 99.8% reliable data via 2D-linear discriminant analysis. The results of
this study suggest the possibility of developing an effective diagnosis technology through
further research.
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Figure 4. Colorimetric sensor system using an M13 bacteriophage as a functional biomaterial [109].
Peptide-based bioreceptor materials can secure various peptide sequences with desired functional
groups using the phage display technology. Filamentous bacteriophage material with a scale less
than 1 µm has approximately 2700 pairs of functional proteins on its surface. Hence, it can be used
as a highly sensitive bioreceptor material. The synthesis process is based on internal DNA genetic
information, and high-purity mass production is possible with simple genetic modifications. Phage
units produced by bacteria have the same structure of a certain size and, thus have liquid crystal
properties. A self-assembled structure can be produced using a bacteriophage as a unit, and it has
liquid crystal properties; therefore, a color matrix can be produced by creating light scattering at
regular distances formed by the structure. Based on the principle that phage self-assembled structures
change the surface structure in response to external stimuli, a highly sensitive colorimetric sensor
can be manufactured. This technique is referred to as the phage litmus.
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4. Signal Processing Technology Based on Olfactory Cognitive Mechanisms

An artificial olfactory sensor is composed of a gas sensor array, which consists of
multiple independent channels and an AI, which is an e-nose system that can detect
odors and quantitatively measure their types and concentrations. Fundamentally, signal
detection and data processing are required in the olfactory recognition mechanism. By
leveraging various sensor arrays to construct multichannel reporters, signal data processing
is required. An increasing number of signal receptors results in varying patterns of sensor
responses, and a systematic data analysis algorithm using a multisensor array allows for
trending classification. By utilizing the pattern analysis of the measurement data using the
sensor array, various diseases can be detected, and the influence of external environmental
factors (smoking, gender, age, etc.) can be minimized using the accumulated database. The
improved analysis algorithm for the accumulated data results in a high commercialization
potential of the artificial nose system. Table 3 summarizes various disease diagnosis
research cases through data processing using existing sensor arrays.

Table 3. Classification of disease groups through a data analysis algorithm using a sensor array.

Disease Sensor Data Process Ref.

Lung cancer Gold nanoparticle-based electrochemical sensor PCA [144]
Lung cancer
cell culture Cyranose® 320 LDA, PNN, KNN [145]

Lung cancer Cyranose® 320 SVM [93,146]
Lung cancer and COPD QCM sensor array PLS-DA [147]

Lung, breast, colorectal, and prostate cancers Electrochemical sensor single array PCA [148]
Pulmonary disease GC-MS/Chemo-nanoarray DFA [149]

Tuberculosis BH114-Bloodhound ANN [150]
Urinary tract infections BH114-Bloodhound ANN, PCA [151]

Brain cancer organoids Polymer-carbon black based electro-chemical
sensor array Normalized pattern [152]

Lung and gastric cancer, asthma and COPD FET sensor ANN, DFA [153]
Renal dysfunction Electrochemical sensor array PCA [154]

Gastric cancer Aeonose ANN [155]
Gastric cancer Metal–organic ligand-based nanosensor array DFA [156]

Pneumonia Cyranose® 320 PLS-DA [157]
Ear, nose, and throat infection Cyranose® 320 PCA [158]

Parkinson’s disease Nanosensor array KNN [159]
Head and neck cancer GC-MS PCA, SVM [160]

Human armpit body odor classification Tagushi gas sensors PCA [161]
Colorectal cancer GC-MS DFA [162]
Ovarian cancer GC-MS DFA [163]

Seventeen types of diseases Gold nanoparticle-based nanosensor array ANN, hierarchal clustering
analysis [164]

PCA; Principal component analysis; LDA; Linear discriminant analysis; PNN; Probabilistic neural network; ANN; Artificial neural
network; KNN; k-Neural network; SVM; Support vector machine; DFA; Deterministic finite automaton; QCM; Quartz microbalance;
PLS-DA; Partial least squares discriminant analysis; Cyranose® 320; a commercialized e-nose device, Cyrano Science, Pasadena, CA,
USA; BH114-Bloodhound; a commercialized gas sensor array, Leeds, UK; Aenose; a commercialized e-nose device, The eNose Company,
Zutphen, The Netherlands; FET; Field effect transistor.

4.1. Artificial Intelligence Data Processing-Based Multisensor Pattern Recognition

Multivariate analysis of gas mixture data is required for the analysis of sensor array
data. Principal component analysis (PCA) is a method that is often used for visually
distinguishing between the same sample groups in a plot. A PCA plot is a two-dimensional
picture of data from which the data maximum variance can be obtained. The intelligent
olfactory sensor can be implemented through advanced data processing techniques using
AI and machine learning (ML) with pre-processed data. The supervised learning methods
are mainly used to establish a functional relationship between the measurement space
and classification elements [165]. In the past decades, many learning methods have been
developed, for example, least squares regression (PLS), support vector machine (SVM),
artificial neural network (ANN), decision tree (DT), and K-nearest neighbor (KNN). Among
these, neural networks such as multilayer perceptrons (MLPs) have been widely used.
Recently, the deep neural network (DNN) has been developed as part of a broader family
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of ML methods based on artificial neural networks. The ML is currently the most common
application of AI and its principle is based on the automatic detection of patterns in data
and these patterns can be used for future pattern recognition. It has become possible
to derive new information by predicting or classifying collected data or by extracting
information from appropriate data [166,167].

Deep learning (DL) is also a branch of ML, and it is achieved through the ML based
on neural networks. A neural network is inspired by biology, as shown in Figure 5, and
it operates in the same way a biological brain solves problems with large units of axons
connected to neurons. With the introduction of the concept of dropout, the over-fitting
problem of neural networks was resolved, the accuracy was increased significantly, and
the DL technology was newly highlighted [168]. This significantly reduced the computa-
tional time owing to the advancement of GPU hardware. In addition, the accuracy was
considerably enhanced because accurate conclusions could be drawn through very fast
iterative learning with big data. Recently, DL algorithms based on convolutional neural
networks (CNNs) have shown excellent performance in various fields such as computer
vision [169]. In particular, the performance of DL was further improved by the newly intro-
duced ReLU activation function. The signal processing functions include sigmoid, tanh,
and ReLU. The ReLU is a function that returns 0 when the value less than 0 is returned,
and returns the same value when a value greater than 0 is found. The desired result can be
outputted by applying ReLU in the internal hidden layer and sigmoid returning 1 if the
value is greater than 0 in the output layer. This factor could be essential for the successful
implementation of an intelligent olfactory sensor intended for the application in medical,
environmental, and safety fields that require high performance based on big data [170–172].
Recently, several studies on the application of DL to intelligent olfactory sensors have been
reported [173].
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iterative learning through activation functions called Sigmoid, Tanh, and ReLU. By applying ReLU
to the inner hidden layer and by applying the sigmoid function in the last output layer, the accuracy
is significantly increased.
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4.2. Multimodal (MM) Analysis

To analyze the concentration of a specific gas accurately, the influence of other gas
components should be minimized. Several technologies are being developed for each
sensor to minimize the effects of gases other than the gas component under analysis.
However, few gases possess the same physical (mass, absorbance, etc.) and chemical
(adsorption degree, reaction, etc.) properties. The gas components with the same chemical
or physical properties cannot be separated using only a chemical or physical sensor. When
a gas is analyzed based on several chemical or physical sensors, some measurement errors
occur, and measurement sensitivity and reliability are not guaranteed.

By simultaneously analyzing measurement information of heterogeneous multimodal
(MM) sensors, such as sensors that analyze chemical or physical properties, gas components
that cannot be separated by the same type of the sensor method can now be separated. As a
result, the gas analysis specificity can be improved. The ultralow-concentration (ppt or less)
gases can be distinguished using MM information analysis based on measurement informa-
tion of various kinds provided by pattern recognition-based sensors and AI technologies.
The sensor-array that we introduced is also the multimodality concept. By arranging
various sensors with different characteristics, each single sensor unit can complement each
other against an external variable that cannot be distinguished. By extending the concept of
multimodality, multi-array sensors of physical, chemical sensors, biosensors, etc. enables
the identification of advanced information based on advanced discrimination.

The olfactory sensor technology is expected to develop into olfactory intelligence using
pattern recognition, AI, and MM analysis. Consequently, the measurement sensitivity,
accuracy, and reliability can be improved. Moreover, it is expected to develop into a future
technology that provides new functions, such as early diagnosis/warning.

5. Conclusions

Clinical diagnosis and post-treatment monitoring technologies based on respiratory
gas analysis have several advantages such as non-invasiveness, patient convenience, low
cost, and real-time analysis. For successful implementation and use as a self-diagnostic
device, this technology should be developed in the direction of miniaturization and sim-
ple sampling.

Organic compounds derived from the human body are indicators that assist with
disease diagnosis. Body odor, sputum, urine, sweat, breath, etc. are the sources of odor
required to analyze these organic compounds. Conductive polymer compounds with
different physicochemical properties can be used to analyze the channel-specific pattern
of electrical conductivity that changes depending on the type and concentration of gas
molecules. Alternatively, olfactory receptors can be immobilized directly on each channel to
provide specificity to gas molecules. In order for respiratory gas analysis to be established
as a clinical examination tool, an in-depth and extensive clinical study of respiratory gas
components and diseases should be conducted.

Olfactory sensors can be miniaturized and integrated using nanosensor technology,
and they possess the advantage of low production costs. Currently, research is being
carried out on the disease diagnosis analysis using various nanosensors. If a low-cost,
easy-to-use, and portable artificial olfactory sensor is implemented, it can be extended
and applied to all fields that require continuous monitoring. For the future development
of diagnostic sensor technology in the form of an artificial olfactory perception model,
multichannelling, miniaturization, weight reduction, low manufacturing cost, and sensor
network construction are essential. Additionally, for the development of clinically reliable
sensor array technology, a sensor element with high sensitivity as well as high selectivity
performance should be developed, and a consistent breathing gas sampling method should
be secured.

Advanced AI analysis methods such as DL are attracting significant attention because
of their widespread use to improve the accuracy of signal analysis and result prediction of
multichannel sensors in the future. Although the disease diagnosis using human breathing
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gas is still under development, a simple and convenient disease screening method using
breathing gas has been designed through continuous gas analyzer development, sensor
array technology development, and research on the relationship between human breathing
gas and diseases. It is expected that this technology will be applied to disease screening in
various forms, starting with the diseases.

Intelligent olfactory sensor technology holds potential for applications and services in
various industries including medical, environmental, and safety fields that were previously
impossible. In particular, the clinical equivalence and efficacy evaluation with existing
medical devices for early disease monitoring using intelligent olfactory sensors in the
medical field have been reported. Therefore, for the successful implementation of this
technology, it is essential to develop a new technology that combines MM sensors that
can provide high sensitivity, selectivity, and reliability with high-performance ML using
big data.
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Abstract: Doxorubicin (DOX) is widely used in chemotherapy as an anti-tumor drug. However,
DOX is highly cardio-, neuro- and cytotoxic. For this reason, the continuous monitoring of DOX
concentrations in biofluids and tissues is important. Most methods for the determination of DOX
concentrations are complex and costly, and are designed to determine pure DOX. The purpose of
this work is to demonstrate the capabilities of analytical nanosensors based on the quenching of the
fluorescence of alloyed CdZnSeS/ZnS quantum dots (QDs) for operative DOX detection. To maximize
the nanosensor quenching efficiency, the spectral features of QDs and DOX were carefully studied,
and the complex nature of QD fluorescence quenching in the presence of DOX was shown. Using
optimized conditions, turn-off fluorescence nanosensors for direct DOX determination in undiluted
human plasma were developed. A DOX concentration of 0.5 µM in plasma was reflected in a decrease
in the fluorescence intensity of QDs, stabilized with thioglycolic and 3-mercaptopropionic acids, for
5.8 and 4.4%, respectively. The calculated Limit of Detection values were 0.08 and 0.03 µg/mL using
QDs, stabilized with thioglycolic and 3-mercaptopropionic acids, respectively.

Keywords: quantum dots; doxorubicin; nanosensor; fluorescence quenching; Stern–Volmer constants;
anthracycline antibiotics; human plasma

1. Introduction

Doxorubicin (DOX) is an effective chemotherapeutic agent from the group of anthra-
cycline antibiotics (Figure 1), and has high activity against many types of cancer. It is one of
the commonly used agents in the treatment of different cancers types, including pediatric
cancer, leukemia, breast cancer, etc. [1]. However, the use of DOX has significant disadvan-
tages because it affects both cancer and healthy cells. DOX is highly cardiotoxic, cytotoxic
and neurotoxic. It causes cell death through multiple intracellular targets: DNA-adduct
formation, topoisomerase II enzyme inhibition, reactive oxygen species generation, histone
eviction, Ca2+ and iron hemostasis regulation and ceramide overproduction [2]. There are
several mechanisms of DOX-induced cardiotoxicity, among which oxidative stress, free
radical generation and apoptosis are the most widely reported [1]. The side effects are
often observed when the concentration of DOX exceeds a certain level in blood, so the
therapeutic range of DOX concentration in blood is narrow. For this reason, the continuous
monitoring of DOX concentrations in body fluids is important [3].

Biosensors 2023, 13, 596. https://doi.org/10.3390/bios13060596 https://www.mdpi.com/journal/biosensors
182



Biosensors 2023, 13, 596Biosensors 2023, 13, x FOR PEER REVIEW 2 of 15 
 

 
Figure 1. Doxorubicin structure. 

Number methods are known for quantitative DOX determination in body fluids 
and tissues. One way is to measure the DOX concentration by registering its own 
absorption in the visible spectral range. In this case, a thorough purification of the 
sample or extraction is necessary. Such sample preparation takes up to one hour and 
allows for DOX determination with a Limit of Detection (LOD) of ∼1.2 µg/mL DOX in 
plasma [3]. Spectrophotometric detectors are also used in tandem with high 
performance liquid chromatography and provide low DOX LOD values of 5–5000 
ng/mL in rat serum and tissues. Here, performing a sample extraction using a methanol-
chloroform mixture is also necessary. The method is able to determine the DOX 
concentration in both blood and tissues [4,5], as well as in gall and lymph [6]. The optical 
properties of DOX also allow its concentration to be determined on the basis of its 
emission. Thus, the DOX passage across the blood–brain barrier in the form of a low-
density lipoprotein receptor-targeted liposomal drug was studied by Pinzón-Daza et al. 
DOX concentrations can be determined based on its fluorescence, at excitation and 
emission wavelengths of 475 and 553 nm, respectively [7]. DOX concentrations as low as 
18 ng/mL in rabbit plasma were detected by capillary electrophoresis with in-column 
double optical-fiber LED-induced fluorescence detection using rhodamine B as an 
internal standard. Before analysis, rabbit serum samples were subsequently diluted 
twice with acetonitrile to precipitate the proteins. For electrophoretic separation, a 
borate buffer (15 mM, pH 9.0) containing 50% acetonitrile (v/v) was used [8]. 
Electrochemical methods are traditionally used for operative high-throughput detection. 
Differential pulse cathodic stripping voltammetry on a polished silver solid amalgam 
electrode in a specially designed micro-volume voltametric cell was used for the DOX 
determination with a LOD of 0.44 µM. The applicability of this method was verified 
through an analysis of spiked tap water samples and human urine [9]. The same authors 
developed differential pulse voltammetry on a polarized liquid/liquid interface 
impregnated with a ionic liquid polyvinylidenfluoride microporous filter with a DOX 
LOD of 0.84 µM. Due to the affection of some body fluids interfering compounds, this 
method must be preceded by a separation step. The ability of DOX to bind with DNA 
was used in a voltammetric DNA sensor using a glassy carbon electrode covered with 

Figure 1. Doxorubicin structure.

Number methods are known for quantitative DOX determination in body fluids and
tissues. One way is to measure the DOX concentration by registering its own absorption in
the visible spectral range. In this case, a thorough purification of the sample or extraction is
necessary. Such sample preparation takes up to one hour and allows for DOX determination
with a Limit of Detection (LOD) of ~1.2 µg/mL DOX in plasma [3]. Spectrophotometric
detectors are also used in tandem with high performance liquid chromatography and
provide low DOX LOD values of 5–5000 ng/mL in rat serum and tissues. Here, performing
a sample extraction using a methanol-chloroform mixture is also necessary. The method is
able to determine the DOX concentration in both blood and tissues [4,5], as well as in gall
and lymph [6]. The optical properties of DOX also allow its concentration to be determined
on the basis of its emission. Thus, the DOX passage across the blood–brain barrier in
the form of a low-density lipoprotein receptor-targeted liposomal drug was studied by
Pinzón-Daza et al. DOX concentrations can be determined based on its fluorescence, at
excitation and emission wavelengths of 475 and 553 nm, respectively [7]. DOX concentra-
tions as low as 18 ng/mL in rabbit plasma were detected by capillary electrophoresis with
in-column double optical-fiber LED-induced fluorescence detection using rhodamine B
as an internal standard. Before analysis, rabbit serum samples were subsequently diluted
twice with acetonitrile to precipitate the proteins. For electrophoretic separation, a borate
buffer (15 mM, pH 9.0) containing 50% acetonitrile (v/v) was used [8]. Electrochemical
methods are traditionally used for operative high-throughput detection. Differential pulse
cathodic stripping voltammetry on a polished silver solid amalgam electrode in a spe-
cially designed micro-volume voltametric cell was used for the DOX determination with
a LOD of 0.44 µM. The applicability of this method was verified through an analysis of
spiked tap water samples and human urine [9]. The same authors developed differential
pulse voltammetry on a polarized liquid/liquid interface impregnated with a ionic liquid
polyvinylidenfluoride microporous filter with a DOX LOD of 0.84 µM. Due to the affection
of some body fluids interfering compounds, this method must be preceded by a separation
step. The ability of DOX to bind with DNA was used in a voltammetric DNA sensor using
a glassy carbon electrode covered with electropolymerized Azure B film and physically
adsorbed native DNA. In optimal conditions, the DNA sensor provided a DOX LOD of
0.07 nM for commercial DOX formulations and on artificial samples mimicking the elec-
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trolyte content of human serum [10]. The modification of the glassy carbon electrode with
a vertically-ordered mesoporous silica-nanochannel film with electrochemically reduced
graphene oxide by a one-step electrochemically assisted self-assembly method allowed us
to reach a DOX LOD of 0.77 nM in human whole blood [11]. The application of rolling
circle amplification allowed us to develop an ultrasensitive electrochemical DNA sensor
with DOX@tetrahedron-Au as the electrochemical indicator, and reach a DOX LOD of
0.29 fM [12]. The application of surface enhanced raman spectroscopy for DOX detection
using silica nanoparticles covered with 10 nm think gold film allowed us to archive a LOD
of 20 nM in undiluted serum [13]. These methods for determining DOX concentrations are
complex and costly and/or need exhaustive sample preparation.

DOX has a fairly intense native fluorescence in the range of 540–660 nm (quantum
yield, QY is 4.39%) [14]. However, the optical properties of DOX (absorption and emission)
are sensitive to the form of DOX molecules in the solution, which in turn, depends on
plenty of factors, including DOX concentration, ionic strength, pH, additives and so on [15].
DOX, like other anthracyclines, has the propensity to form dimers and associates; DOX
fluorescence dramatically drops upon dimerization (QY~10−5) [16]. This makes trouble for
direct fluorescence-based DOX detection. There is a demand for the development of simple
nanosensors that enable the fast determination of analytes in solutions based on changes
in the properties of nanoparticles as they interact with analytes [17,18]. One example of
such a system is localized surface plasmon resonance technology (LSPR). This LSPR-based
biosensing system utilizes the sensitivity of the plasmonic frequency to changes in the local
index of refraction at the nanoparticle surface. Optimizing the nanoparticle material and
geometry alters the plasmonic properties towards sensitivity improvement [19,20].

An important property of DOX is the effective quenching of the emission of a large
number of luminophores, which allows for the use of quenching-based methods for DOX
detection. Different luminophores were used as emission turn-off probes, such as fluo-
rescent polyethyleneimine-functionalized carbon dots [21] and other carbon nanostruc-
tures [22,23], gold nanoclusters [24], and phosphorescent Mn-doped ZnS quantum dots
(QDs) [25], fluorescent Mn-doped ZnSe D-dots [26] and CdSe/ZnS QDs [27]. The DOX
quenching of nanoparticles fluorescence can be so efficacious that the DOX quenching of
QDs emission has been used for the detection of DNA [26] and analysis of telomerase
activity [27]. While characterizing the DOX—luminophore interaction, the authors mostly
focus on the quenching in model solutions, demonstrating perspectives for its application
in biofluids.

In this work, we use fluorescent alloyed semiconductor QDs, which are of particular
interest because they are photostable, homogeneous in size and properties and can form
a stable aqueous colloid. In addition, the possibility to select surface ligands to achieve
optimal interactions and improve the sensitivity of turn-off nanosensors is important and
useful [28,29]. The analytical application of the quenching of QD fluorescence is based
on changes in the emission intensity during the interaction between the nanosensors and
modulating molecules (quenchers). The quenching of QD probe fluorescence is the simplest
analytical method for DOX detection compared to other known protocols. Compared with
the carbon-based nanostructures mentioned above, semiconductor QDs have excellent
uniformity, high synthesis reproducibility, photo- and chemical stability, as well as well-
studied synthetic routs and emission mechanism. As QDs, we used alloyed CdZnSeS/ZnS
core/shell nanocrystals, covered with 3-mercaptopropionic acid (MPA) and thioglycolic
acid (TGA) (Figure S1 in Supplementary Material). Compared to traditional core/shell
QDs, alloyed QDs are characterized by a simple synthesis route and smaller size, while
maintaining narrow emission peaks and high emission QY, and the possibility to use
various surface ligands. The comparison of two QD samples with the same architecture
of a semiconductor core, but stabilized with different surface ligands, makes it possible to
determine the effect of the ligand on the sensitivity of QDs to emission quenching.
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2. Materials and Methods
2.1. Materials

Cadmium (II) acetate (99.995%), zinc acetate (99.99%), zinc stearate (technical grade),
elemental selenium (powder), elemental sulfur (powder), trioctylphosphine (90%), 1-
octadecene (90%), oleic acid (90%), MPA and TGA were purchased from Merck. All
other chemicals and solvents were of analytical grade and used without additional pu-
rification. In this work, we used Sindroxocin (50 mg, Actavis, Iceland), an antitumor
antibiotic whose active ingredient is doxorubicin hydrochloride (50 mg). It also contains
the following excipients: methyl parahydroxybenzoate (5 mg) and lactose monohydrate
(263.15 mg). Before analysis, 3 mg (corresponding to 0.5 mg of DOX) of the lyophilizate
was dissolved in 1 mL of Milli-Q water. From the resulting solution (500 µg/mL), solutions
with concentrations of 50, 5 and 1 µg/mL were obtained.

2.2. QD Synthesis and Hydrophilization

The alloyed QD synthesis was adapted from [30]. For hydrophilization, 25 µmol of
TGA or MPA were added to 50 µL of QDs aliquot in 1 mL of toluene. The following steps
were performed according to [30].

2.3. QD Characterization and Spectral Measurements

Absorption spectra were obtained with a Shimadzu UV-1800 spectrophotometer (Shi-
madzu, Kyoto, Japan). Emission spectra were recorded with a Cary Eclipse fluorescence
spectrometer (Agilent Technologies, Santa Clara, CA, USA) and multimode microplate
reader Synergy H1 (BioTek Instruments, Charlotte, NC, USA). The ζ-potential of the QDs
samples were determined via dynamic light scattering measurements using a Zetasizer
Ultra instrument (Malvern Instruments, Malvern, UK). A Libra 120 transmission electron
microscope (TEM) (Carl Zeiss, Jena, Germany) was used to take photomicrographs and
determine the size of QDs.

2.4. Quantum Yield Calculation

The relative QY of QD emission was calculated as described in [31], relative to fluores-
cent dye Coumarin 153 (ethanol solution, peak optical density 0.1, QY 53%). The excitation
and emission wavelengths of the QY measurement were 360 and 514 nm, respectively.

Φx = Φst
Ix

Ist

Ast

Ax

n2
x

n2
st

Φx—relative QY of the QDs sample;
Φst—the relative QY of the reference (coumarin-153);
Ix—is the integral fluorescence intensity of the QDs sample;
Ist—integral intensity of the reference (coumarin-153);
Ax—optical density of the QDs sample;
Ast—optical density of the reference (coumarin-153);
nx—the refractive index of the sample (water);
nst—the refractive index of the reference solvent (ethyl alcohol).

2.5. Optical Measurements

In order to avoid the internal filter effect and maintain the same QD concentration
in the samples, all QD samples were brought to the same optical density equal to 0.1 at
excitation wavelength (λex = 360 nm). All experiments were performed in three repetitions
to evaluate the accuracy of the measurements.

2.6. Analysis Performance in Plasma Samples

Syndroxocin solution in Milli-Q (1000 mg/mL) water was used to determine the DOX
concentration in plasma. It was added to plasma to obtain DOX concentrations in the range
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of 0.5, 1, 5, 10, 50, 100 and 500 µg/mL. Plasma was incubated for 30 min at 37 ◦C. The
test was performed in a 96-well plate, and 50 µL of QDs colloid with an optical density of
0.1 was added to each well. Subsequently, 50 µL of spiked plasma was added to the QDs
colloid and measured immediately. To evaluate the stability of the quenching magnitude,
the incubation of DOX with plasma samples for 24 h was also performed.

3. Results and Discussion
3.1. Optical Properties of QDs

The nanosensor for DOX detection is based on QD fluorescence quenching. The most
probable quenching mechanisms are the Förster resonance energy transfer (FRET) and
photoinduced electron transfer (PIET). Therefore, to enhance quenching, it was necessary
to obtain QDs with a fluorescence peak overlapping with the absorption band of DOX
(Figure S2) [32,33].

CdZnSeS/ZnS QDs (λem = 540 nm) (Figure 2) were synthesized and transferred into
water by the ligand exchange process according to the procedure described by Drozd
et al. [30]. TEM images show a size of about 10 nm (Figure S3). As hydrophilizing agents,
two mercaptoacids with a different carbon chain length—TGA (two carbon atoms) and MPA
(three carbon atoms)—were used (Figure S1). After TGA coverage, the zeta potential of QD
is—76 mV, and for MPA it was—46 mV. The emission QY for QD@TGA and QD@MPA was
calculated as 0.55 and 0.60, respectively.
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Figure 2. Absorbance and fluorescence (λex = 360 nm) spectra of QDs stabilized with 3-
mercaptopropionic acid (QD@MPA) and thioglycolic acid (QD@TGA).

It is important to note that in most cases, studies were performed with pure DOX
hydrochloride, while chemotherapy often uses DOX formulations with excipients, which
can affect the efficacy and accuracy of assays. In this work, we used the pharmaceutical
formulation Syndroxocin, which contains Doxorubicin hydrochloride (50 mg), methyl p-
hydroxybenzoate (1 mg) and lactose monohydrate (50 mg). To control the possible effect of
lactose on QDs emission, we added lactose (5 mg/mL) to the QD solutions and compared
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the optical properties. The results show that no changes in the QD fluorescence intensity
and spectra shape were observed, so we can conclude that lactose has no effect on QDs
fluorescence (Figure S4).

3.2. Optical Properties of DOX

DOX has a characteristic wide absorption peak at 450–550 nm (λmax = 480 nm) and
fluorescence spectra with three distinct peaks at 560, 594 and 638 nm. DOX molecules in
solutions can be presented in different forms, which are reflected in their spectral properties.

As can be seen from the 3D fluorescence spectra (Figure 3), there is no shift in the DOX
emission maxima when excited with the light of different wavelengths and when the DOX
concentration is changed. At the same time, there are notable changes in the ratio of peaks
when the DOX concentration increases. These effects are related to the dimerization of
DOX as well as the inner filter effect. Thus, DOX undergoes dimerization with increasing
concentration. An increase in the absorption intensity at 415–540 nm indicates the formation
of aggregates [16].
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3.3. Influence of QDs on the DOX Fluorescence

Various possible mechanisms of the interaction between QDs in the excited state and
DOX molecules have been suggested, including FRET and PIET. Since the emission spectra
of QDs and the absorption spectra of DOX overlap (Figure S2), we assume that FRET is
the main reason for QD emission quenching. Because both QDs and DOX are emissive,
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the mutual influence of QDs and DOX molecules on each other’s fluorescence should
be checked.

To examine the possible effect of QDs on DOX, fluorescence spectra were recorded
for a series of DOX and QD-DOX solutions with an increasing concentration of DOX and
a fixed concentration of QDs (Figure 4). It was shown that the fluorescence intensity of
DOX concentrations < 50 µM is lower than the fluorescence intensity of QDs at a peak
near 540 nm. This suggests that at DOX concentrations around or above 50 µM, the
contribution of DOX to the total fluorescence intensity of QD-DOX solutions will be very
significant. A DOX concentration < 18 µM practically does not contribute to the total
QD-DOX fluorescence.

At the same time, when QDs are added to the DOX solution, the fluorescence spec-
tra of DOX are almost unchanged. However, at high concentrations (>50 µM), a slight
quenching of the fluorescence in the presence of the QDs occurs, which may be due to the
inner filter effect. This effect is clearly seen from the comparison of the intensities of the
fluorescence of the DOX, QD@MPA + DOX and QD@TGA + DOX solutions at increasing
DOX concentrations (Figure 4c). The shape of the DOX spectrum has not visibly changed,
indicating that there are no changes in the molecule.

3.4. QDs Fluorescence Quenching by DOX

Since the DOX concentration used for chemotherapy is large (244 mg per square
meter) [34], we studied a wide range of DOX concentrations. To determine the magnitude
of QDs fluorescence quenching with DOX, 0–920 µM (0 to 500 µg/mL) DOX concentrations
(Table S1) at fixed QDs concentration were used. The comparison was made for QDs coated
with TGA and MPA to find the more sensitive QDs (Figure S1). Since quenching is based on
the adsorption of DOX on the QD surface, the modifying surface layer can play a key role.
The obtained dependences of QDs emission intensity from DOX concentrations are pre-
sented in Figure 5a,b. It is possible to see two different ranges; at low DOX concentrations
(<50 µM), there is the quenching of QDs emission, and at the range > 100 µM of DOX, an
approximately stable emission intensity is observed due to the increasing contribution of
DOX fluorescence. For the evaluation of the quenching of QDs fluorescence, Stern–Volmer
plots were built and Stern–Volmer constants were evaluated (Formula (1)).

I0

I
= 1 + kSV [DOX] (1)

I0 and I—fluorescence intensity in the absence and presence of DOX, [DOX]—concentration
of the DOX [mol/L], kSV—Stern–Volmer constant [L/mol]. The deviation of the Stern–Volmer
plot from liner dependency suggests that several processes accompany quenching and that the
nature of quenching may combine both static and dynamic interactions (Figure 5b) [35].

The plots are linear for a DOX concentration of 0–50 µM, which corresponds to the
range in which there is no significant DOX fluorescence effect on the total emission of
QD-DOX solutions. The value of the Stern–Volmer constants was calculated at 0.074 M−1

for QD@TGA and 0.039 M−1 for QD@MPA. The quenching for QD@TGA in the presence of
DOX is about two times more effective than that for QD@MPA. Two reasons, both related to
the surface ligand size, can cause such a difference. The smaller size of the TGA molecules
provides a better interaction of the quenching agent on the QD surface with the emissive
semiconductor core. On the other hand, the smaller size of the TGA molecule makes the
hydrophilic ligand layer on the QD surface more dynamic, opening up more opportunities
for DOX interactions with the QD surface.
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plots (b); insert (b): calculation of Stern–Volmer constants for 0–50 µM DOX.

3.5. Determination of DOX in Human Blood Plasma

DOX is usually determined in patients’ blood, plasma or urine. The intrinsic feature
of DOX as an anthracycline antibiotic is its ability to bind with DNA and other compounds.
The determination of DOX concentration can be inaccurate due to its elimination from
the sample with biomaterials. Therefore, for DOX determination, it is important to use
biofluid samples that are as unaltered as possible. To determine the feasibility of analysis
in biological fluids, the matrix effect of plasma on QDs fluorescence was tested. For this
purpose, 50 µL of plasma was added to 50 µL of the QDs colloid in the well of a microtiter
plate. As a result, a slight change in the fluorescence intensity can be seen due to the inner
filter effect of the serum components and the change in the pH in comparison with the
previous experiment, which was performed in Milli-Q water (Figure 6) [36].

Freshly prepared Syndroxocin solutions were used for the spiking plasma experi-
ments. Incubation at body temperature and stirring were carried out in order to uniformly
distribute DOX over the plasma components and obtain an equilibrium of possible interac-
tions. The Corning Costar 96-well plate was chosen as the plate with the least adsorbing
effect for bio-objects. The 96-well plate also allows you to build a calibration curve and use
the test for multiple samples at once. The fluorescence spectra show that the concentration
of DOX in the plasma affects the QDs fluorescence. Moreover, the fluorescence intensity of
TGA-stabilized QDs decreases more than that of MPA-stabilized QDs as well as DOX in
water solutions (Figure 7). Consequently, TGA-stabilized QDs are more sensitive to DOX in
plasma, but their dependence on concentration is not sufficiently uniform throughout the
DOX concentration range. Nevertheless, QD@MPA shows a more uniform dependence of
fluorescence quenching on DOX concentration, which may be due to the increased stability
of QD@MPA relative to QD@TGA over a wide range of pH [37].
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To reveal the dependence of the QDs fluorescence intensity decrease on the DOX
concentration, we plotted the fluorescence quenching profiles and Stern–Volmer plots
(Figure 8). The DOX concentration range was chosen taking into account DOX dosing
recommendations. The linear range of DOX concentrations was 0–184 µM (corresponding
to 0–100 µg/mL), with a Stern–Volmer constant of 0.011 M−1 for QD@TGA and 0.010 M−1

for QD@MPA, so that the fluorescence reduction values could be determined accurately.
The better linearity of Stern–Volmer plots in plasma (R2 = 0.977 and 0.9809 for 0–184 µM of
DOX) compared to Stern–Volmer plots in aqua solutions (R2 = 0.9634 and 0.9765 for a more
narrow DOX concentration range of 0–50 µM) may result from the increased stability of
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QDs coatings with TGA and MPA in more alkaline media, and thus the uniform interaction
of DOX with the QD surface [38]. A DOX concentration of 0.5 µM in plasma was reflected
in a decrease in the fluorescence intensity of QDs, stabilized with thioglycolic and 3-
mercaptopropionic acids, for 5.8 and 4.4%, respectively. To calculate the Limit of Detection
(LOD) values, two approaches were used. The calculated instrumental LOD value by
Formula (S1) was 4.0 ng/mL for QDs@TGA and 1.2 ng/mL for QDs@MPA, because of
the low deviation in the QDs emission intensity measurements. So, we used an approach
based on the standard deviation of response in the presence of DOX (Formula (S2)), and
obtained more realistic DOX LOD values of 0.06 µg/mL for QDs@TGA and 0.02 µg/mL
for QDs@MPA.
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Since plasma has been found to affect QDs fluorescence quenching, we decided to try
diluting the plasma by a factor of 10 when preparing the samples. The results showed that
the dilution resulted in a significant change in QDs sensitivity due to a dramatic decrease
in the DOX concentration. Therefore, undiluted plasma was used for further studies.

Because the half-life of DOX in the human body varies between 30 and 150 h [39],
DOX is prescribed in several cycles. Each cycle consists of several days with an injection of
DOX until therapeutic blood concentrations are achieved [40]. Thus, there is a period of
DOX accumulation until the next injection in one cycle. Therefore, in order to simulate a
round in the intrinsic cycle, we analyzed the spiked plasma with different concentrations of
DOX plasma samples after incubation for 24 h. QDs fluorescence quenching in the presence
of DOX was preserved even after this long incubation period (Figure 8), indicating the high
affinity of DOX with the QDs surface and stability of the obtained equilibrium between
the DOX and plasma components. The Stern–Volmer plot has liner dependence in the area
of 0–184 µM. The Stern–Volmer constants were 0.017 M−1 for QDs@TGA and 0.012 M−1

for QDs@MPA.
Due to the fact that after 24 h, the Stern–Volmer constant values experienced minor

changes, but the plots’ linearity was better, we assume that both static and dynamic
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interactions may have played a contribution. The LOD values for DOX detection after
24 hours incubation in plasma were calculated by Formula (S2), and it was 0.08 µg/mL for
QDs@TGA and 0.03 µg/mL for QDs@MPA.

4. Conclusions

The ability of DOX to quench the fluorescence of alloyed CdZnSeS/ZnS QDs was
used to develop turn-off fluorescence nanosensors for DOX determination in human blood
plasma. The quenching depends on the concentration of DOX in the solution. By comparing
the magnitude of quenching for two samples of QD covered with mercaptoacids (TGA and
MPA), the effect of surface hydrofilic ligands was shown:

The QDs covered with shorter carbon chain TGA are more sensitive to DOX presence
both in aqua solution and in plasma. The smaller ligand predetermines slightly less
reproducibility of QD fluorescence intensity values. With longer carbon chain MPA, the
dependence of fluorescence on the DOX concentration has smaller coefficients of variation.
The quenching system was also implemented in blood plasma. In this case, the blood
sample preparation only consists of obtaining plasma and does not need any additional
purification. It is interesting to mention our unexpected discovery that the magnitude of
QD fluorescence quenching is higher in plasma than in aqua, resulting in about a double
increase in Stern–Volmer constants, as well as additionally increasing the plasma long
incubation with DOX. The quenching of QDs fluorescence in the DOX-spiked plasma has a
linear dependence in the range of 0–200 µM.

DOX calculated LOD values for fluorescence turn-off nanosensors were 0.08 µg/mL
for QDs@TGA and 0.03 µg/mL for QDs@MPA, respectively (we used 24 h DOX incubation
with plasma before assay). The suggested format using undiluted plasma without any sam-
ple preparation and lengthy complex analysis methods opens the way for routine studies
of DOX transformation in the patient’s body and the selection of individual chemotherapy
protocols. An easy-to-use nanosensor has been developed and could become a mean-
ingful tool for medical applications, as it can be used as an indicator for chemotherapy
protocol correction.

The developed nanosensor can be used to monitor the concentration of DOX in patients
through cycles of chemotherapy in order to optimize the cytostatic dose. Potentially, the
developed nanosensor (after appropriate studies) can be used for the detection of other
anthracycline cytostatics, as they are able to bind to the surface of the nanosensor and
quench its emission. The issue of selectivity is not a limiting factor for nanosensors in
biofluids, since the chemotherapy regimen and the particular drugs are known for each
patient. The lack of selectivity for specific anthracycline antibiotics can be a problem,
for example, in the analysis of hospital wastewater. In this case, the properties of the
nanosensor must be optimized for each specific task.
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//www.mdpi.com/article/10.3390/bios13060596/s1, Figure S1: Formulas of (a) Thioglycolic acid
and (b) 3-mercaptopropionic acid; Figure S2: An overlap between the QDs fluorescence spectrum
(red) and DOX absorption spectrum (blue); Figure S3: Fluorescence spectra of QDs stabilized with 3-
mercaptopropionic acid (A) and thioglycolic acid (B) with and without lactose; Figure S4: Fluorescence
spectra of QDs stabilized with 3-mercaptopropionic acid (a) and thioglycolic acid (b) in X10 diluted
plasma, spiked with DOX; Table S1: Correspondence of DOX concentration in µg/mL and µM (DOX
Molecular Weight 543.5).
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Abstract: L-Fucose is a monosaccharide abundant in mammalian glycoconjugates. In humans,
fucose can be found in human milk oligosaccharides (HMOs), mucins, and glycoproteins in the
intestinal epithelium. The bacterial consumption of fucose and fucosylated HMOs is critical in the
gut microbiome assembly of infants, dominated by Bifidobacterium. Fucose metabolism is important
for the production of short-chain fatty acids and is involved in cross-feeding microbial interactions.
Methods for assessing fucose concentrations in complex media are lacking. Here we designed and
developed a molecular quantification method of free fucose using fluorescent Escherichia coli. For this,
low- and high-copy plasmids were evaluated with and without the transcription factor fucR and its
respective fucose-inducible promoter controlling the reporter gene sfGFP. E. coli BL21 transformed
with a high copy plasmid containing pFuc and fucR displayed a high resolution across increasing
fucose concentrations and high fluorescence/OD values after 18 h. The molecular circuit was specific
against other monosaccharides and showed a linear response in the 0–45 mM range. Adjusting data
to the Hill equation suggested non-cooperative, simple regulation of FucR to its promoter. Finally, the
biosensor was tested on different concentrations of free fucose and the supernatant of Bifidobacterium
bifidum JCM 1254 supplemented with 2-fucosyl lactose, indicating the applicability of the method
in detecting free fucose. In conclusion, a bacterial biosensor of fucose was validated with good
sensitivity and precision. A biological method for quantifying fucose could be useful for nutraceutical
and microbiological applications, as well as molecular diagnostics.

Keywords: biosensor; Escherichia coli; fucose; GFP; gene regulation

1. Introduction

L-Fucose is an important monosaccharide that exerts functional roles in multiple
biological processes [1]. L-Fucose is a deoxy hexose sugar characterized by missing a
hydroxyl group at C-6 [1]. It is commonly present in mammalian mucins, human milk
oligosaccharides (HMOs), and glycoconjugates of the intestinal epithelium [2,3], such as
glycolipids, N-glycans, and O-glycans. In these glycoconjugates, fucose is usually found at
terminal positions in α- linkages (such as α1-2, α1-3, α1-4, and α1-6; [4]). The main enzyme
responsible for these fucosylations is α-1,2-fucosyltransferase (Fut2), which is expressed in
epithelial cells and links fucose to the terminal β-D-galactose of mucosal glycans [5].

Fucose is abundant in the gastrointestinal tract (GT) and influences the complex
microbial ecosystem that inhabits there. Several microorganisms are equipped with α-
fucosidases targeting all existing fucose linkages [6–8]. Therefore, gut microbes can release
fucose from dietary glycans, which is used as a microbial carbon source [9]. In addition,
fucose may promote the growth of beneficial bacteria in the gut, such as Bifidobacterium
and Bacteroides [10]. Fucose is finally a common exchange molecule involved in multiple
microbial cross-feeding interactions [11–13].

In addition to serving as an energy source for some microbes, fucose is involved in
diverse metabolic pathways, including the regulation of quorum sensing and suppression
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of virulence genes in pathogens [14,15]. Detecting low levels of free fucose in biological
samples could be a valuable indicator of infection or inflammation [16]. Some pathogens
can use fucose as a signaling molecule regulating pathogenesis [17]. Fucose and fucose-
containing oligosaccharides usually act as a decoy, preventing the binding of some viral and
bacterial pathogens [18]. High levels of fucose in urine have been associated with cirrhosis
and certain types of cancer [19,20]. Finally, loss of function mutations of fucosyl-transferase
Fut2 have been associated with Crohn’s disease [21].

Free fucose is usually quantified by HPLC [22–25] and enzymatic assays with L-
fucose dehydrogenase [19,26]. Recently, lectin-based microfluidic detection assays have
been developed [27,28], as well as fluorescence-based assays with probes and electro-
chemical sensors [20,29]. Shin et al. [30] developed a molecular biosensor for quantifying
2-fucosyllactose (2FL) in breast milk samples. Their circuit contained a constitutive α-
fucosidase expressed in an E. coli strain mutant for lactose consumption. Therefore, the
detection of 2FL and emission of fluorescence were coupled to cell growth and 2FL degra-
dation [30].

Bacterial biosensors are genetically modified organisms that detect an input, usually
a substance or the changes in the concentrations of a specific molecule, which are sensed
and internally translated into a genetic output that emits a quantifiable signal [31,32].
Bacterial biosensors are usually constructed of transcription factors and their corresponding
promoters. The most common outputs are fluorescent proteins such as Green Fluorescent
Protein (GFP). An excellent candidate to develop a bacterial biosensor is Escherichia coli, a
model widely used in biotechnological research and development since its genome and
metabolic pathways are fully known [30,32,33]

Escherichia coli K12 can use multiple sugars as a carbon source for its growth, including
fucose [34,35]. Fucose can induce the expression of genes allowing its transport and
metabolism, a genetic system known as the fucose regulon. It consists of six genes: L-fucose
permease (fucP), L-fucose isomerase (fucI), L-fuculose kinase (fucK), L-fuculose phosphate
aldolase (fucA), L-1,2-propanediol oxidoreductase (fucO) and the transcription regulator of
the regulon (fucR) [36,37]. These genes are clustered into three operons, fucPIK, fucA (which
is transcribed in a clockwise direction), and fucO (which is transcribed counterclockwise).
FucR is an activator [37], which is induced by fuculose 1-phosphate, an intermediate
molecule from fucose metabolism. FucR also shows positive autoregulation [38].

In this study, we used the fuc molecular system for developing a method of quantifying
free L-fucose, using FucR and the fuc promoter triggering the induction of sfGFP in E. coli.
We first compared the detection of fucose in high- and low-copy plasmids with or without
fucR. The best system was evaluated for specificity, and calibration curves were obtained at
low (0–3 mM) and high concentrations (0–50 mM) with good resolution. The biosensor was
successfully applied to quantify fucose in bacterial supernatants. This molecular biosensor
could be further studied to quantify free fucose in complex biological samples with good
resolution and specificity.

2. Materials and Methods

Mediums, reagents, and sugars. Miller Luria-Bertani (LB) liquid and agar medium was
obtained from Merck (Boston, MA, USA) and autoclaved at 121 ◦C for 15 min. Minimum
medium MM9 was prepared with KH2PO4 (15% w/v), NaCl (2.5% w/v), Na2HPO4 (33.9%
w/v), and NH4Cl (5% w/v). These reagents were obtained from Sigma Aldrich (St. Louis,
MO, USA). The liquid medium ZMB was prepared according to Medina et al. [39]. Solid
media contained 1.5% w/v agar. Carbohydrates used were L-fucose, 2-O-fucosyllactose, 3-
O-fucosyllactose, and sialic acid (Neu5ac), which were kindly donated by Glycom (Hørshol,
Denmark). Mannose, glucose, galactose, and lactose were obtained from Sigma Aldrich
(St. Louis, MO, USA). Carbohydrate solutions were prepared with Milli-Q water and then
filtered with Millex-gv filters (0.22 µm).

Plasmid construction. The in-silico plasmid construction was carried out in the Snap-
Gene program, obtaining all the constructs and the primers (Table 1). Fucose biosensors
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were created in a high copy plasmid backbone (pTAC_sfGFP ColE1) and a low copy
plasmid backbone (pTAC_sfGFP SC101). The high copy plasmid contains an ampicillin re-
sistance gene as a selection marker and superfolder GFP (sfGFP) as a reporter molecule [40],
while the low copy plasmid contains a chloramphenicol resistance and sfGFP controlled by
pTac. These plasmids were a kind donation from Dr. Tal Danino (Columbia University).
The fucose-induced promoter (pFuc) was synthesized as a gBlock from Integrated DNA
Technologies, Inc. (IDT), including the PstI and EcoRI restriction sites at the 5′ and 3′ ends,
respectively. The sequence was obtained from the E. coli K12 MG1655 genome, specifically
from the fucose fucPIK operon [38]. Both DNA fragments were digested with the PstI-HF
and EcoRI-HF restriction enzymes for 1 h at 37 ◦C, gel purified, and ligated with T4 DNA
ligase at room temperature for 1 h (New England Biolabs, Inc., Ipswich, MA, USA). The
resulting plasmids were named pFUC_sfGFP_colE1 and pFUC_sfGFP_SC101.

Table 1. Plasmids used in this study. These plasmids were used to transform bacteria that did not
metabolize fucose as a carbon source. BL21 and DH5α colonies were obtained for these plasmids.

Plasmids Antibiotic Description

1 Pfuc sfGFP_ColE1 Ampicillin
High-copy plasmid colE1 with
fucose promoter and sfGFP with an
ampicillin resistance gene.

2 Pfuc sfGFP_SC101 Chloramphenicol
Low-copy plasmid SC101 with
fucose promoter and sfGFP with a
chloramphenicol resistance gene.

3 Pfuc+FucR1_colE1 Ampicillin

High-copy plasmid colE1 with
transcription factor FucR, fucose
promoter and sfGFP with an
ampicillin resistance gene

Cloning of FucR. Later, the transcription factor gene (fucR) was obtained from the
genome of E. coli K12 MG1655 by PCR with the primers 5′-tctcatACCGGTacgcccgcc-3′

and 5′-ctatCCCGGGtcaggctgttaccaaagaag-3′. These primers contain restriction sites for
the enzymes AgeI and XmaI. PCR reactions were performed with Q5 high-fidelity poly-
merase (New England BioLabs, Ipswich, MA, USA) using manufacturer instructions.
Exceptions were an annealing temperature of 70 ◦C and an extension time of 20 s, us-
ing 0.5 µM of the primers and 1 U of polymerase Q5. PCR products were recovered
from a 1% agarose gel with the Zymoclean Gel DNA Recovery Zymo research kit (Irvine,
CA, USA). The pFUC_sfGFP_colE1 plasmid containing the fuc promoter was digested
with the same enzymes and amplified with the primers 5′-TGAcgctagaactagtggatcc-3′

and 5′-tcagACCGGtagaccgagatagggttgag-3. PCR products were recovered (FucR and the
fucose-induced promoter in the high-copy plasmid (Table 1)). Digestions were carried out
for 16 h at 37 ◦C with AgeI-HF and XmaI enzymes following manufacturer instructions
(New England Biolabs; Ipswich, MA, USA). Digested plasmids and fragments were ligated
with a T4 DNA ligase (New England Biolabs; Ipswich, MA, USA) at room temperature for
16 h.

Bacterial transformations. All plasmids were transformed into chemically competent
E. coli strains. Plasmids were stored in DH5α, and biosensors were produced in the BL21
strain. Two microliters of ligation mixture or Gibson Assembly Master Mix were added
to 50 µL of cells and incubated on ice for 30 min. Heat shock was performed at 42 ◦C
for 50 s, followed by 2 min on ice. One ml of SOC media was added, and the bacteria
were incubated at 37 ◦C with shaking at 200 rpm for 1 h. The transformation volume
was plated onto LB agar plates with the corresponding antibiotic. Single colonies were
picked and cultured in LB media with the antibiotic for stock preparation and miniprep.
Carbenicillin was used at 100 µg/mL, and chloramphenicol was prepared in ethanol at
25 µg/mL. Correct insertion of genes of interest was verified through plasmid sequencing
at Macrogen Inc (Seoul, Republic of Korea).
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Fluorescence kinetics. Four colonies were selected per plate and cultured in 2 mL of
LB-antibiotic broth with 200-rpm agitation for 16 h at 37 ◦C. Filtered fucose (100 mM) was
used to prepare 200 µL triplicate reactions with decreasing monosaccharide concentrations,
inoculated at 1% w/v with fresh LB-antibiotic medium. All kinetics were performed on
black with transparent bottom Nunc™ F96 MicroWell™ 96-well polystyrene plates (Thermo
Scientific, Waltham, MA, USA)), in a Synergy H1 Biotek multi-plate reader (Winooski, VT,
USA). Growth curves were monitored for 24 h with agitation, measuring OD600 and
fluorescence every 30 min with excitation at 485 nm and emission at 510 nm. The Gen5 3.09
software was used for absorbance and fluorescence measurements and data analysis.

B. bifidum culture and fucose quantification. B. bifidum JCM 1254 was inoculated in de
Mann Rogose Sharp (MRS) broth supplemented with cysteine 0.05% for 48 h in an anaerobic
jar at 37 ◦C with an anaerobic GasPak EZ patch (Becton Dickson, Franklin Lakes, NJ, USA).
Cells were centrifuged at 12,000× g for 1 min after 48 h and resuspended in reduced mZMB
broth [39] with no carbon source. B. bifidum was then cultured at 4% w/v in 5 mL of mZMB
supplemented with 2FL (81 mM) or with 3FL (20.4 mM) for 40 h under anaerobic conditions
as above. Supernatants were recovered at 0, 12, 16, 20, 24, and 40 h. All supernatants
were filtered with Millex-gv 0.22 µm filters (Sigma Aldrich, St. Louis, MO, USA), and pH
was adjusted to 7 using NaOH 1 M. Supernatants were later analyzed using thin layer
chromatography (TLC) in parallel to biosensor detection. Standards of fucose, 2FL, 3FL,
lactose, galactose (all at 1% w/v), and B. bifidum supernatants JCM1254 were used. TLC
DC-Fertigfolien ALUGRAM Xtra Silica Gel 0.20 mm plates were used (Macherey-Nagel,
Allentown, PA, USA), with 1 µL of each sample. A run solution was prepared with 50%
v/v of n-butanol and 25% v/v of acetic acid in distilled water. Two ascents were performed
to improve resolution. A staining solution was prepared with 0.5% w/v naphthol and 5%
v/v sulfuric acid in ethanol.

Statistical analysis. All curves represent the average of triplicates, and the standard
deviation is shown. Statistical analyses, including linear regressions, were performed in
GraphPad Prism 9. To determine the sensitivity of the regulation and potential cooperativity,
the Hill equation for an activator was fitted to fluorescence/OD values [41]. Hill equation
parameters were minimized to experimental data using Solver in Excel. β is the maximum
expression rate, K represents the dissociation constant, [S] is the substrate concentration
and n is the Hill cooperativity coefficient [42].

d (F/OD)

d t
=

βKn

Kn + [s]n
(1)

3. Results
3.1. Biosensor Properties and Functions

The three plasmids constructed in this study are shown in Table 1 and depicted in
Supplementary Figure S1. The reporter gene sfGFP is controlled by pFuc and is a marker of
selection that gives resistance to antibiotics. Low- and high-copy plasmids were evaluated.
The transcription factor gene fucR was also cloned upstream of pFuc, with constitutive
expression. The plasmids were used for chemical transformations of the BL21 and DH5α E.
coli strains and tested with increasing fucose concentrations.

E. coli BL21 transformed only with pFuc displayed good behavior with increased F/OD
ratio to higher fucose concentrations (Figure 1A). This molecular system did not fluoresce
with 0 mM fucose, suggesting a tight control (Figure 1A). Interestingly, the cloning of fucR
and pFuc into the high copy plasmid increased fucose detection values by nearly 50%, with
good resolution and increasing F/OD ratios in response to higher fucose concentrations in
BL21 (Figure 1C). The low-copy plasmid biosensor (SC101) emitted smaller fluorescence
values than high-copy plasmids (Figure 1B; p < 0.0001 at 50 mM fucose). The three plasmids
transformed in E. coli DH5α generated F/OD curves that did not correlate well with fucose
concentrations (Figure 1D–F).
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Figure 1. Fluorescence kinetics of different E. coli biosensors in response to increasing fucose concen-
trations. (A) E. coli BL21 containing pFuc_sfGFP_colE1; (B) E. coli BL21 containing pFuc_sfGFP_SC101;
(C) E. coli BL21 containing pFuc_FucR1_colE1; (D) E. coli DH5α containing pFuc_sfGFP_colE1; (E) E.
coli DH5α containing pFuc_sfGFP_SC101; (F) E. coli DH5α containing pFuc_FucR1_colE1. Kinetic
curves were performed in triplicates.

3.2. Comparison of Biosensor Specificities

High-copy biosensors with pFuc and pFuc+FucR in BL21 were preliminary evaluated
for non-specific cross-detection of other monosaccharides. The system with only pFuc
showed a crossed response with galactose, irrespective of its concentration (Figure 2A).
This result is in part explained by the vigorous growth on galactose (Figure 2E). Low
concentrations of glucose and mannose (5 and 10 mM), but not higher, also triggered GFP
production (Figure 2B,D). Sialic acid appeared not to induce GFP expression (Figure 2C).
These results indicate that the sole inclusion of the pFuc promoter is insufficient to provide
a specific response to fucose.

Interestingly, the inclusion of the transcription factor increased biosensor specificity
(Figure 3). No positive F/OD values were obtained in the presence of galactose, glucose,
sialic acid, or mannose (Figure 3). Specificity to these carbohydrates was highlighted by the
good growth the biosensor showed in these sugars, with no fluorescence emitted (Figure 3).
Finally, rhamnose is another 6-deoxyhexose sugar that could interfere with fucose sensing.
A small crossed response was observed for rhamnose, indicating the molecular system
needs further improvements in its specificity (Supplementary Figure S2).
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Figure 2. Specificity tests of E. coli BL21 containing pFuc_sfGFP_colE1. (A) F/OD rations in the
presence of increasing concentrations of galactose; (B) glucose; (C) sialic acid; (D) mannose; (E) growth
curves (OD values) of this strain in the presence of increasing concentrations of galactose; (F) glucose;
(G) sialic acid; (H) mannose. Kinetics and growth curves were performed in triplicates and are
presented as average ± SD.

Figure 3. Specificity tests of E. coli BL21 containing pFuc_FucR_colE1, using sfGFP as a reporter.
(A) F/OD values in the presence of increasing concentrations of galactose; (B) glucose; (C) sialic acid;
(D) mannose; (E) growth curves (OD values) of this strain in the presence of increasing concentrations
of galactose; (F) glucose; (G) sialic acid; (H) mannose. Kinetics and growth curves were performed in
triplicates and are presented as average ± SD.

3.3. Calibration Curves

The biosensor E. coli BL21 pFuc + FucR high copy (colE1) was evaluated in a range of
0 to 3 mM of fucose to assess its performance under low concentrations (Figure 4). Even at
0.4 mM fucose, the system generated a measurable output (Figure 4A). It can be observed
that from 15 h and after, fucose concentrations were well differentiated, with a positive
linear correlation between fucose amounts and F/OD values (Figure 4B). Applying a linear
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regression to these parameters (Supplementary Table S1), the best correlation (higher R
squared value) was obtained at 15.5 h (Figure 4B, Supplementary Table S1).
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Figure 4. (A) Standardized F/OD values of E. coli BL21 pFuc + FucR at different concentrations
of fucose for 24 h, in the range of 0–3 mM fucose. All values are presented as average ±SD; n = 3.
(B) Calibration curves of F/OD vs. fucose concentration for the E. coli BL21 pFuc+ FucR biosensor
from 0 mM to 3 mM for 20 h. Numbers on the right indicate time points (h).

3.4. Sensitivity of the E. coli BL21 pFuc+FucR colE1 Biosensor

The behavior of the biosensor was later evaluated in a broader range to be used for
measurements of free fucose, from 0 mM to 45 mM (Figure 5A). As expected, increasing
F/OD values were obtained. These data were used to determine the regulatory parameters
of the Hill equation ([42]; see methods). F/OD values at 15.5 h were used to fit experimental
data to the equation. Modeling results indicate a Hill coefficient value n of 1, which suggests
that FucR regulates its promoter via simple non-cooperative regulation. This suggests that
FucR binds only one fucose molecule upon binding its DNA. K is a dissociation constant,
and a small value was obtained (5 mM). K indicates the affinity of FucR for its promoter,
representing the concentration of fucose required to activate 50% of the maximal response.

3.5. Measuring Fucose in the Supernatant of B. bifidum JCM1254

Finally, the biosensor was used to measure fucose concentrations from a bacterial
supernatant (Figure 6). B. bifidum can ferment HMOs, especially 2FL and 3FL, as carbon
sources. This microorganism displays extracellular α1-2 and α1-3 fucosidase activities,
releasing free fucose in the medium and allowing the bacterium to use lactose [29]. The
bacterium was cultured anaerobically for 40 h in a medium supplemented with either 2FL
or 3FL. Samples were taken regularly (Figure 6) and incubated with the E. coli biosensor.
OD and fluorescence measurements were taken for 24 h at an interval of 30 min.
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Figure 6A shows normalized F/OD values of the supernatants obtained from B. bifidum
growing on 2FL. Supernatants from time points at 12–24 h generated low but increasing
F/OD values in time (Figure 6A). A strong fucose signal was detected at 40 h. These results
correlated well with a visual assessment of carbohydrates in TLC (Figure 6E), where a
strong band with the same migration as fucose was observed. Finally, no major differences
in growth were observed for the biosensors using the supernatants from multiple time
points, suggesting they were not inhibitory.

In the case of B. bifidum supernatants with 3FL, a similar result was observed compared
to 2FL (Figure 6B). The released fucose concentration at 40 h was lower than in 2FL
(Figure 6B), and the supernatant sample at 24 h also showed a significant fluorescent
output. Similar to 2FL supernatants, only the 40 h sample showed a strong fucose band in
the TLC, which correlated with fluorescence data.

At 15.5 h of incubation, the biosensor incubated with the 2FL supernatant at 40 h
presented a normalized F/OD value average of 8206.12, while for 3FL at 40 h was 3717.66
after 15.5 h. These values were used in a calibration curve obtained from the linear regres-
sion analysis (Figure 5A). The extrapolation of fucose concentrations in these supernatants
was 42.4 mM for 2FL and 6.47 mM for 3FL. These values correlated well with TLC band
intensity and appeared in the correct range compared with fucose standards of 1 and
10 mM (Figure 6E).
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Figure 6. Quantification of fucose in B. bifidum supernatants using the biosensor E. coli BL21 pFuc
+ FucR colE1. (A) Normalized F/OD values for supernatants after growth in 2FL; (B) Normalized
F/OD values for supernatants after growth in 3FL; (C) growth curves of the biosensors in the presence
of supernatants from B. bifidum grown in 2FL; (D) growth curves of the biosensors in the presence of
supernatants from B. bifidum grown in 3FL; (E) TLC analysis of B. bifidum supernatants. Standards
used were 1: galactose, 2: lactose, 3: fucose, 4: 2FL, 5: 3FL, at 1 mg/mL. 6–11: supernatants from 2FL
growth at 0 (6), 12 (7), 16 (8), 20 (9), 24 (10), and 48 h (11). 12–17: supernatants from 3FL growth at 0
(12), 12 (13), 16 (14), 20 (15), 24 (16), and 48 h (17). Lane 19 corresponds to 1 mM fucose, and lane 20
to 10 mM fucose. Kinetics and growth values shown correspond to average ± SD; n = 3.

4. Discussion

In this study, we constructed a biosensor for quantifying fucose in biological samples,
using a molecular promoter and transcription factor naturally occurring in E. coli and using
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sfGFP as output. E. coli is well characterized by its L-fucose utilization mechanism [36]. A
permease allows fucose entrance, and a feeder pathway allows L-fucose conversion into
lactate and 1,2-propanediol, generating NADH and FADH [35]. An intermediate in this
pathway, fuculose-1-phosphate, is the ligand recognized by the system regulator, FucR [37].
Therefore, our biosensor is expected to sense fuculose-1-phosphate and not directly fucose.
The system requires that any external fucose sensed be first metabolized to generate an
output.

Fucose is not among the most preferred carbon sources for E. coli, compared to glucose,
galactose, or arabinose [43,44]. It shows a slow growth in this substrate in minimal me-
dia [35]. Catabolic repression exerted by CRP on the fucose promoter is also complemented
with small RNA regulation via Spot42 [45]. The biosensor developed here is based on the
activation role of FucR, which binds its promoter in the presence of fuculose-1-phosphate
and allows the expression of sfGFP. We were able to determine in this study that FucR
displays simple regulation, showing no cooperativity and suggesting it acts as a monomer.
It is known that rhamnose appears to induce the operon [46], and fucose can also activate
the galactose galETK system in E. coli [43]. These findings indicate that crossed regulatory
responses of fucose and FucR are common in E. coli and might alter biosensor specificity.

Results in this study showed a high increase in specificity attributed to the presence of
FucR. pFuc alone showed little specificity, indicating that other molecules can still induce
leaky expression. The cloning of additional copies of FucR dramatically reduced crossed
regulatory responses, probably increasing the threshold of fucose activation and resulting
in a much tighter response. Finally, a much better resolution for strain BL21 compared
to DH5α could be explained by the mutation in the lon protease in BL21, which allows a
smaller reporter protein degradation and increased half-life [47].

The biosensor characterized showed a good linear response in the low concentration
range (0–3 mM) or higher (0–45 mM). Some applications of the biosensor are as a diagnostic
tool. Fucose is metabolized in the liver, and excess fucose is secreted in the urine [2,48].
A rare genetic disorder is fucosidosis, where fucose found in glycoconjugates cannot be
removed and accumulates in the body resulting in severe consequences [49]. Therefore,
quantifying fucose in urine could be of interest, especially since there is an increase in
fucose concentrations in certain liver diseases [19,50].

Another field of application of biosensors is in GIT and gut microbiome research [21].
The rapid quantification of HMOs in breast milk samples is desirable, especially fucosy-
lated molecules. Similarly, there is great interest in the enzymatic biosynthesis of these
molecules, which requires quantifying fucose [51]. Finally, several gut microbes display
α-fucosidase activities and use fucose as a carbon and energy source [6,9,52]. Bifidobacterium
and Bacteroides species are well known for their extracellular activities, which release fucose
from HMO, mucins, other glycoproteins, or glycolipids [3,10]. Therefore, free fucose can
be expected to be detected in GIT contents in mammals. Free fucose is also known to
participate in cross-feeding interactions, where the fucose released by one microorganism is
imported and used by another. This has been observed during the consumption of mucin
glycans and HMO, for example, between B. bifidum and Bifidobacterium breve [12,13,53].
Therefore, an accurate and inexpensive method for quantifying fucose could show how
this monosaccharide is shared between species. In this study, the developed biosensor
displayed a good performance in quantifying fucose derived from 2FL utilization by B.
bifidum and could be used in studying cross-feeding interactions.

5. Conclusions

A fluorescent quantification method of fucose was developed in this study in E. coli
with a high copy plasmid containing a reporter sfGFP, a fucose promoter, and FucR. The
biosensor showed good sensitivity and specificity, showing a linear response to increas-
ing fucose concentrations from 0 to 45 mM, a range within physiological concentrations.
A validation to quantify fucose in a bacterial supernatant during HMO utilization was
achieved. This method could be coupled to other enzymes (fucosidases, endoglycosidases,
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peptidases) to determine the concentration of fucosylated glycoconjugates. This assay
could be an important tool for clinical research (serum, urine), foods, bioprocessing in the
production of fucosylated glycoproteins, or detecting fucose in bacterial supernatants and
quantifying fucose in fecal samples or bioreactors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13030388/s1, Table S1. Linear regression of the calibration
curves obtained for 0 mM to 3 mM with a resolution of 0.4 mM at different incubation times; Figure
S1. Representation of the plasmids used in this study. A: pFUC_sfGFP_colE1 is a high copy plasmid
containing the fucose promoter controlling GFP expression and an ampicillin resistance gene; B:
pFUC_sfGFP_SC101 is a low copy plasmid containing the fucose promoter controlling GFP expression
and a chloramphenicol resistance gene: C: pFUC+FucR1_colE1 is a high copy plasmid containing
the fucose promoter controlling GFP expression, in addition to a cloned FucR encoding gene and an
ampicillin resistance gene. Internal arrows correspond to transcription units; Figure S2. Specificity
tests of E. coli BL21 containing pFuc_FucR_colE1, using sfGFP as a reporter, for rhamnose. A: F/OD
values in the presence of increasing concentrations of rhamnose; B: growth curves (OD values) of this
strain in the presence of increasing concentrations of rhamnose. Kinetics and growth curves were
performed in triplicates and are presented as average ± SD.
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