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Nanotechnology has a significant impact on everything in our daily life. Nanomaterial-
enabled sensors are being designed for highly sensitive and selective, fast response, inex-
pensive, and large-scale production with great reliability, multiplex-functionality, and high-
flexibility sensing applications. The demand for the production of rapid sensors for a wide
range of applications, namely health diagnostics, medical engineering, environmental anal-
ysis, food safety/quality control, and detection of toxic metabolites, is of increasing interest
for researchers the world over. The use of nanomaterials in biosensors is very promising
because they mediate current flow. Surface modification of the electrodes, based on vari-
ous novel nanomaterials (such as carbon nanomaterials, metal nanoparticles, nanofibers,
nanowires, and nanotubes, etc.), significantly increases the performance of the biosensors.
Chemical stability, high current density, and complex surface chemistry result in desirable
properties in nanomaterials for developing such sensors. Ultimately, this implementation
will enhance the sensor sensitivity and stability. The present Special Issue aims at present-
ing new research work on advanced nanomaterial-based biosensors, particularly in the
areas of new approaches to synthesizing, characterizing, and modifying nanomaterials for
detecting analytes of interest in environmental and medical sciences. This Special Issue
also summarizes the most recent findings and future challenges regarding biosensors.

In this collection, we combined five outstanding contributions focusing on different
aspects of the biosensing field, mostly highlighting the designing of nanomaterial-based
biosensors for diagnosing and treating cancers such as retinoblastoma and osteosarcoma.
It also highlights the practical design of nanoscale devices to detect alkaline phosphatase
quantitatively in clinical diagnosis. The various progress in the area of non-enzymatic sens-
ing of dual/multi biomolecules, developments in non-enzymatic glucose and H2O2 (NEGH)
sensing, multi-functionalized nanocarrier therapies for targeting retinoblastoma, galactose
functionalized nanocarriers, sensing performance, electrocatalytic mechanism, morphology
and design of electrode materials are also thoroughly reviewed. The biosensors, along with
their applications and the benefits of machine learning, innovative approaches to improve
the NEGH sensitivity, selectivity and stability in real-time applications, and challenges and
solutions in the field of biosensors, are also a major highlight of this Special Issue. A brief
summary of each accepted contribution is provided below to encourage the readers to go
through them and “visualize” the state of the art within the field of biosensing.

The most common type of metastatic cancer of the bones is osteosarcoma, which
largely affects children and young adults, but can attack older adults as well [1]. Nan-
otechnology offers groundbreaking solutions for diagnosing and treating osteosarcoma
through its applications in the clinical setting [2]. In a review published by Barani et al. [3],
the researchers discussed possible applications of engineered nanomaterials in osteosar-
coma diagnosis and treatment, which motivated them to develop new approaches to deal
with the challenges associated with it. The authors conclude by suggesting that some
nano polymeric materials are not very strongly cytotoxic, so it is likely that they will be
offered to humans in the coming years. Nanotechnology will therefore play a crucial role in
osteosarcoma diagnosis in the future. In the future, more powerful diagnostic techniques
such as multimodal imaging will be available with the development of technology.

Biosensors 2022, 12, 219. https://doi.org/10.3390/bios12040219 https://www.mdpi.com/journal/biosensors1
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Apart from osteosarcoma, retinoblastoma is also one of the rare types of cancer, and its
treatment, as well as diagnosis, is challenging, owing to mutations in the tumor-suppressor
genes and lack of targeted, efficient, cost-effective therapy, exhibiting a significant need for
novel approaches to address these concerns. Arshad et al. [4] examined recent advance-
ments and potential development areas in the realm of intraocular medication delivery and
diagnostic platforms using nanotechnology. In this review article, the authors have high-
lighted and reviewed various nanoparticles, muti-functionalized nanocarriers therapies
which include Surface-Modified Melphalan Nanoparticles for the Intravitreal Chemother-
apy of RB, Galactose Functionalized Nanocarriers, Hyaluronic Acid (HA) Functionalized
Nanocarriers, Folic Acid (FA) Functionalized Nanocarriers, etc. The review paper [4] fo-
cuses on numerous diagnostic and therapeutic strategies that use diverse nanomaterials.
The authors concluded that the barriers in the treatment of retinoblastoma and the killing
of healthy cells have been minimized via using biocompatible polymers such as ligands
and green synthesis-based metallic NPs, as well as bioactive nontoxic herbal flavonoid
constituent-based lipid nanoparticles. Emerging trends of multi-functionalization and
biocompatible ligands in anticancer therapy and diagnosis are opening a new era in over-
coming the barriers of conventional therapies via strategically improving the treatment and
diagnosis of retinoblastoma.

We currently know that non-enzymatic sensing has been a hot topic in research,
and most nanomaterial-based sensors are designed to detect single analytes. The develop-
ment of sensing elements for detecting glucose and hydrogen peroxide (H2O2) is important
in this regard. Non-enzymatic sensing is more economical and has a longer lifetime than
enzymatic electrochemical sensing, but it has several drawbacks, such as high working
potential, slow electrode kinetics, poisoning from intermediate species and weak sensing
parameters. Thatikayala et al. [5] comprehensively review the recent developments in
non-enzymatic glucose and H2O2 (NEGH) sensing by focusing mainly on the sensing
performance, electro catalytic mechanism, morphology and design of electrode materials.
Various types of nanomaterials with metal/metal oxides and hybrid metallic nanocompos-
ites are discussed. A comparison of glucose and H2O2 sensing parameters using the same
electrode materials is outlined by Thatikayala et al. [5] in order to predict the efficient sens-
ing performance of advanced nanomaterials. Recent innovative approaches to improve the
NEGH sensitivity, selectivity and stability in real-time applications are critically discussed
by authors, which have not been sufficiently addressed in the previous reviews. Finally,
the challenges, future trends, and prospects associated with advanced nanomaterials for
NEGH sensing are considered.

As an important DNA 3′-phosphatase, alkaline phosphatase can repair damaged DNA
caused by replication and recombination. It is essential to measure the level of alkaline
phosphatase to indicate some potential diseases, such as cancer, related to alkaline phos-
phatase. Wang et al. [6] designed a simple and fast method to detect alkaline phosphatase
quantitively. When alkaline phosphatase is present, the resulting poly T-DNA with a
3′-hydroxyl end was cleaved by exonuclease I, prohibiting the formation of fluorescent
copper nanoparticles. However, the fluorescent copper nanoparticles can be monitored
with the absence of alkaline phosphatase. Wang et al. [6] can detect alkaline phosphatase
with this turn-off strategy. The proposed method by Wang et al. is able to quantify the
concentration of alkaline phosphatase with the LOD of 0.0098 U/L.

Finally, in the last review article, the authors focus on electrochemical biosensors.
Electrochemical biosensors depict propitious diagnostic technology, which can detect
biomarkers in body fluids such as sweat, blood, feces, or urine. Singh et al. [7] review
the recent advances in electrochemical biosensors where they have highlighted various
machine-learning tools and techniques that are used for biosensing are discussed briefly
along with their applications and limitations such as Catalytic Biosensors, Affinity Biosen-
sors, etc. The various electrochemical biosensors that have been developed are reviewed in
detail by Singh et al. [7]. Presently, electrochemical biosensors are helping in combining
biology with electronics. The biosensors are becoming efficient, smaller, and cost-effective.
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In the future, the electrochemical biosensor will revolutionize the field of diagnosis, health
care, food security, and defense.
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Abstract: Osteosarcoma (OSA) is a type of bone cancer that begins in the cells that form bones. OSA is
a rare mesenchymal bone neoplasm derived from mesenchymal stem cells. Genome disorganization,
chromosomal modifications, deregulation of tumor suppressor genes, and DNA repair defects are
the factors most responsible for OSA development. Despite significant advances in the diagnosing
and treatment of OSA, patients’ overall survival has not improved within the last twenty years.
Lately, advances in modern nanotechnology have spurred development in OSA management and
offered several advantages to overcome the drawbacks of conventional therapies. This technology
has allowed the practical design of nanoscale devices combined with numerous functional molecules,
including tumor-specific ligands, antibodies, anti-cancer drugs, and imaging probes. Thanks to
their small sizes, desirable drug encapsulation efficiency, and good bioavailability, functionalized
nanomaterials have found wide-spread applications for combating OSA progression. This review
invokes the possible utility of engineered nanomaterials in OSA diagnosis and treatment, motivating
the researchers to seek new strategies for tackling the challenges associated with it.

Keywords: nanotechnology; bone diseases; drug delivery; nanocarriers; osteosarcoma; tumor-targeted

1. Introduction

Osteosarcoma (OSA) is the most common primary metastatic bone cancer in children,
young adults, and sometimes in elderlies [1]. Generally, OSA occurs in the proximal tibia,
distal femur, proximal humerus, around the knee, and axial skeleton [2,3]. Although the
axial skeleton is rarely affected, the aggressive axial skeleton of OSA has been associated
with substantially high morbidity compared with other primary tumors within the appen-
dicular skeleton [4,5]. The annual mortality rate of OSA was estimated to be 4.4 per million
for individuals <25 years old and 3.1 per million for all ages [6]. Genome disorganization,
aneuploidy with chromosomal modifications, deregulation of tumor suppressor genes, and
DNA repair defects are the most common characteristics of OSA [7].

At the time of diagnosis, a minority of patients present with metastatic OSA, mainly
involving the lungs [3]. Fortunately, an average of 35% of patients with localized OSA will
encounter distant recurrence [8]. Studies have shown that patients living in less affluent
communities experienced a higher risk of metastatic OSA at the time of diagnosis [9].

Biosensors 2021, 11, 55. https://doi.org/10.3390/bios11020055 https://www.mdpi.com/journal/biosensors5
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Clinicians routinely confirm OSA by the appearance of mixed radiodense and lytic lesions
of the metaphyseal bone [10]. Different imaging techniques, including X-ray computed
tomography (CT), magnetic resonance imaging (MRI), and positron emission tomography
(PET), are widely used for detecting primary and secondary OSA tumors [10,11]. Among
these techniques, CT is mostly preferred for skeletal system diseases, since MRI is not
sensitive to calcium-enriched bone tissues, and PET scanning has low spatial resolution [12].
In conventional CT, either CT contrast agents or bones generate a similar attenuation of X-
ray. Therefore, it is hard to differentiate bones from the surrounding OSA site accumulated
with contrast agents [13]. This minimizes the efficacy of CT as the recommended diagnostic
approach for OSA [14]. Current strategies of treating OSA patients include preoperative
chemotherapy, complete surgical resection combined with a high-dose chemotherapy
regimen [15,16]. The success rate of surgical resection against localized OSA is stated to be
less than 20%, although when accompanied by chemotherapy, it increases dramatically to
about 70% [17]. Chemotherapy has become the patients’ choice for OSA treatment; however,
systematic chemotherapeutics induce considerable cardiac and nephron-toxicity [18]. Thus,
the use of conventional chemotherapeutics for treating OSA patients is limited by their
unfavorable side effects [19]. In addition, poor response to chemotherapeutic regimens
might occur, due to the heterogeneity and the genomic complexity of OSA [20].

Nanotechnology is a burgeoning research field that has offered groundbreaking so-
lutions for the diagnosis and treatment of OSA [21]. In this regard, a wide range of
nanomaterials has been designed for the targeted treatment of OSA with the least cyto-
toxicity towards normal human cells [22,23]. As engineered nanomaterials, nanoparticles
(NPs) have wide-spread applications in OSA diagnosis and treatment [24,25]. This is
primarily due to their specialized structure, desirable efficiency of drug encapsulation,
and good bioavailability [26–28]. As promising nanocarriers, NPs can deliver various
chemicals, drugs, small molecules, peptides, nucleic acids, and even vaccines to the target
locations [29–31].

Previous studies have indicated that NPs enhance the delivery of chemotherapeutic
drugs to OSA cells overexpressing specific antigens or surface receptors [21,32]. PEGylated
gold NPs modified with doxorubicin were also more effective than doxorubicin alone for
OSA treatment [33]. Newly synthesized NPs loaded with multiple anti-cancer drugs have
shown a great advantage in systemic OSA therapy [34]. In addition, NPs possess excellent
spectral CT performance have emerged as alternative CT contrasting agents for OSA
diagnosis [14,25]. Other nanomaterial-based delivery systems, such as metal nanocages [35],
nanocomposites [36], nanocapsules [37], nanoliposomes [38], nanohydrogels [39], and
nanomicelles [40], have also provided several advantages over routine therapies for OSA.

Despite significant advances in the diagnosis and treatment of OSA, the overall sur-
vival of patients has been stagnant for over two decades [10]. Therefore, recent studies have
increasingly focused on improving therapeutic strategies for enhancing the diagnostic accu-
racy of OSA and combating its progression [41,42]. In this context, following our group’s ef-
forts to synthesize nanomaterials and to investigate their potential bio-applications [43–47],
we reviewed different nanomaterials applied for OSA Management.

2. Diagnosis of Human Osteosarcoma
2.1. Current Approaches for Diagnosis of OSA

Clinicians to identify OSA use several examinations. Some examinations are often
conducted to learn whether cancer has spread from, where it originated to another part
of the body or not, known as metastasis (metastases is the plural). As cancer cells break
away from the main tumor and join the bloodstream or lymphatic system, metastases most
generally grow. Fluids are transported across the body by these systems. This means that
the cancer cells can travel far from the original tumor and form new tumors when they
settle and grow in a different part of the body. When cancer cells from the main tumor,
usually in the abdomen or abdominal cavity, break off and expand in surrounding areas,
such as the liver, lungs, or bones, metastases may often also develop. Imaging tests use
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X-rays, magnetic fields, or radioactive substances to create pictures of the inside of the
body. Imaging tests are performed for a number of reasons, such as: (i) to help determine
whether cancer may be a suspicious area; (ii) to help determine whether cancer may have
started in another part of the body; (iii) to find out how far cancer has spread; (iv) to help
determine whether treatment is working; and (v) to look for signs that cancer may have
returned [48,49]. Today, the most trusted OSA diagnostic tools are imaging tests. The most
widely used tool for OSA diagnosis is bone X-ray, chest X-ray, computed tomography
(CT) scan, MRI scan, positron emission tomography (PET) scan or PET-CT scan, bone
scan, and biopsy which include core needle biopsy and surgical (open) biopsy [50–53].
For osteosarcoma, the guaranteed option for a specialist to determine whether a body
region has cancer is the biopsy method. In this approach, a small sample of tissue taken
for examination in a laboratory. A bone scanning process with a radioactive tracer may
also be done enough to see through the bones [54]. An MRI method can use with magnetic
fields to achieve precise pictures of the tissue and determine the size of the tumor. On the
other hand, using X-rays obtained from various angles, a CT scan takes photographs of the
inside of the body. These images can be combined by a computer into a detailed, 3D image
showing any anomalies or cancers [55–57].

Existing approaches to OSA diagnosis such as CT, X-ray, and MRI are limited by the
signal intensity and do not detect a small mass of tumors. Detection of tumors largely
depends on the visual resolution of the imaging method. Tiny tumors below 1 mm3

are unlikely to be identified by CT and MRI [58–60]. Scientists have investigated nano-
agents for contrast-enhancing imaging methodologies in past years. Due to their targeting
capacity and tumor aggregation, functional nanostructures can improve X-ray contrast and
detection sensitivity.

2.2. Nanomaterials for Diagnosis of Human Osteosarcoma

The nanotechnology approach can improve the diagnostic sensitivity of OSA. Thou-
sands of nanocarriers have reached the clinic, and there are hundreds of nanomaterials
proposals being tested by the Food and Drug Administration (FDA) [61,62]. The small size
of nanoparticles enables them to overcome biological barriers and reach greater therapeutic
effectiveness [63–65]. Nanotechnology has combined with the above-mentioned imaging
approaches for targeted imaging and can provide a clinical need for high sensitivity and
specificity (Figure 1). We have studied the latest state widely of the art of nanomaterials for
OSA diagnosis in the following paragraphs.

2.2.1. Single-Photon Emission Computed Tomography (SPECT)/CT Imaging

SPECT has been a cornerstone of the science of nuclear medicine. More recently,
in many clinical cases, the combination of the functional imaging available with SPECT
and the anatomical imaging of CT has gained more acceptance and been proved useful.
SPECT/CT imaging has shown outstanding penetration capacity and is more applicable
for deep tissue imaging and especially for OSA imaging [66,67]. A perfect option for the
therapeutic management and evaluation of malignant osteolysis could be the imaging and
therapy role of versatile nanomaterials [68]. Different forms of nanomedicines based on al-
bumin have been investigated for cancer therapy, guided imaging, and biosensors [69–71].
For example, an alternative to therapeutic navigation and monitoring of malignant oste-
olysis could be to leverage the imaging and therapy role of flexible nanomedicine. Chen
et al. reported the development of albumin-based gadolinium oxide nanoparticles loaded
with doxorubicin and conjugated with bone-seeking alendronate for targeted delivery
and therapeutic monitoring [68]. After radio labeling with 125I and SPECT imaging, the
authors observed a good distribution of NPs in the body. SPECT imaging also showed the
enhanced bone tumor accumulation and prolonged retention of NPs in bone cancer. On
the other hand, CT imaging and pathological examination showed that the combination
therapy in this study was effective. The finding of this study indicated that albumin-based
nanomaterials would provide a system for bone imaging and evaluation.
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Developing alternative medical strategies that allow real-time monitoring of drugs
and also imaging of tissue is an important nanomedicine approach. A high level of
control is provided by real-time magnetic resonance (MR) guidance of laser-induced
thermal therapy (LITT). Therefore, this method allows a minimally invasive alternative
for resistant focal metastatic intracranial tumors to be killed and treated [72]. In this light,
Zhou et al. demonstrated an integrated system for dual diagnosis and treatment of bone
tumors. The platform was based on bone-responsive polymeric vesicles with exceptional
SPECT/CT imaging ability and good antitumor efficiency [73]. The polymer vesicle is
self-assembled from poly(ε-caprolactone)67-b-poly((L-glutamic acid)6-stat-(L-glutamic acid-
alendronic acid)16) (PCL67-b-P(Glu6-stat-(Glu-ADA)16)) in water and without a co-solvent.
A combination of SPECT/CT and NPs perfectly monitored the distribution of the drug in
the bone cancer of in vivo model (rabbits). The study clearly shows the ability of polymer
vesicles for simultaneous imaging and successful treatment of malignant bone tumors,
offering an optimistic approach for imaging-guided cancer treatment.

In another study, Lu et al. reported enhanced OSA killing and CT imaging using
ultrahigh drug loading and NIR-responsive bismuth sulfide@mesoporous silica NPs. Here,
authors have prepared a core-shell of bismuth sulfide NPs and mesoporous silica (Bi2 S3
@MSN NPs) and then attached covalently to arginine-glycine-aspartic acid (RGD) peptide
(c(RGDyC)) [25]. The nanoplatform had a perfect sensitivity for OSA and accumulated in
cancer cells (10-fold more than peri-tumoral tissue) for better monitoring with CT imaging.

The current positive CT contrast agents (CTCAs) provide a good CT density value (CT-
DV) but accurate diagnosis of some diseases such as OSA is limited in this approach [74].
To solve this problem, Meng et al. developed an innovative strategy based on negative CT
contrast agents (NCTCAs) to reduce the CT-DV of OSA [74]. They synthesized ammonia
borane loaded-hollow mesoporous silica NPs modified with PEG for satisfactory diagnosis
of OSA. By reacting to the acidic medium of OSA, nanostructures can generate in situ H2
in OSA regions. This result showed a nearly 20-fold reduction in CT density in OSA.

Recently, a progressive type of CT called gemstone spectral CT (GSCT), has obtained
great attention. GSCT has a high capacity for material decomposition and monochromatic
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images to overcome the drawbacks of traditional CT [75,76]. Jin et al. prepared lutecium
(Lu)-based up-conversion nanoparticles (UCNPs, PEG–NaLuF4: Yb/Er). Lu-based UC-
NPs showed higher spectral CT performance than iohexol (contrast agent) and can be a
better spectral CT contrast agent for the diagnosis of OSA [14]. In vitro and in vivo GSCT
demonstrate nanoplatform experiments can provide greater diagnostic elucidation and
separate the OSA from the surrounding bones. Owing to the various X-ray amplification
properties of UCNPs and iohexol under different energy, iohexol failed to distinguish
between cancer bone and healthy bone. The findings thus indicate that the excellent
biocompatibility of Lu-based UCNPs has great potential for further clinical diagnosis of
skeletal system diseases.

2.2.2. Fluorescence Imaging

Fluorescence imaging is a form of a non-invasive imaging tool that can help to visu-
alize biological processes in a living organism. Images can be created using a variety of
techniques, including microscopy, spectroscopy, and imaging probes. The fluorescence
imaging approach measures emitted photons by laser-excited fluorescent probes. NPs
are usually attached to fluorescent dyes to imagine bone tissues by fluorescence imag-
ing [77–79]. A significant prognostic factor for bone tumor growth is lymph sarcoma [80].
Therefore, it is important to develop novel probes for non-invasive and early stages detec-
tion of metastatic lymph nodes (MLNs). To address this issue, Yin et al. developed a novel
matrix metalloproteinase-2 (MMP-2)-activatable probe constructed with a near-infrared
dye (Cy5), a quencher (QSY21), and a tumor-targeting peptide cRGD covalently linked
through a radionuclide (125I)-labeled peptide substrate for accurate detection of MLNs [81].
The probe produced MMP-2 concentration-dependent fluorescence near-infrared (NIR)
upon vicinity with activated MMP-2. The fluorescence radiation provided sensitive and
precise imaging of MLNs through optical and SPECT imaging techniques. Zhou et al. de-
signed and synthesized the two homologous forms of fluorescent probes CH1055-PEG-PT
and CH1055-PEG-Affibody that show extremely promising results for targeting imaging of
OSA and its lung organ metastasis, respectively. it’s found that the close to NIR-II imaging
quality of CH1055-PEG-PT is way superior thereto of CT for the first in vivo 143B tumor
imaging, and this probe-guided surgery for accurate surgery of 143B tumor [82].

2.2.3. Magnetic Resonance Imaging (MRI)

MRI is a technology for non-invasive imaging that generates accurate anatomical
images in three dimensions (3D). It is also used to track the identification, diagnosis, and
treatment of diseases. Due to the high sensitivity of MRI to the reflection of fluid in the
body, it provides image data and physiological information simultaneously. Generally,
MRI is used in conjunction with contrast agents [83–85]. In order to increase the speed
at which protons realign with the magnetic field, contrast agents (often containing the
element Gadolinium) can be given to a patient intravenously before or during the MRI. The
quicker the realignment of the protons, the brighter the picture. Mohanty et al. claimed
that in OSA, ferumoxytol NPs can increase MRI and monitor macrophage reaction to CD47
mAb (Figure 2) [86]. Their result showed that tumor-associated macrophages (TAMs) in
sarcomas are triggered by CD47 monoclonal antibodies (mAbs) and can kill cancer cells.

As new MRI contrast agents were developed by Pourtau et al. for bone metastasis
imaging, multi-functional maghemite NP-encapsulated polymersomes attached to an
antibody directed against human endothelial receptor 2 [87]. MRI displayed targeting
and improved retention of antibody-attached polymersomes at the tumor tissue after
administration in mice carrying bone cancer.
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2.2.4. Photo-Acoustic Imaging (PAI)

For the development of successful treatment strategies, detection of different types of
tumor remains is important. Ma et al. developed peptide-based probes for photo-acoustic
imaging (PAI) and targeted diagnosis of OSA [88]. Using phage display-based monitoring
on an OSA cell line (UMR-106), PT6 and PT7 (tumor-specific oligopeptides) were identified.
On tissue microarrays, the defined oligopeptides were capable of detecting clinical OSA
specimens and pegylated Au nanorods-oligopeptides (PGNR) were explicitly prepared
to target UMR-106 cells. More significantly, PAI showed that after systemic administra-
tion, both PGNR-PT6 and PGNR-PT7 could specifically attach to subcutaneous UMR-106
xenografts and increase the contrast of OSA pictures by 170% and 230%, respectively in
tumor-bearing mice.

2.2.5. Multimodal Imaging

A successful effort to increase the efficiency of diagnosis is the mixture of different
imaging techniques [89,90]. A key measure for tumor evaluation and treatment is the
invasion stage of tumor-draining lymph nodes (LNs) [91,92]. For more than one imaging
technique, multimodal imaging or multiplexed imaging refers to simultaneous signal
generation. For example, the use of optical, magnetic, and radioactive reporters to be
detected by SPECT, MRI, and PET could be combined. For accurate tumor imaging of OSA,
each approach can be combined to create multimodal imaging. In this background, Xu et al.
proposed an integrative MRI/NIR/SPECT approach based on 99mTc-labeled gadolinium
oxide NPs for improved OSA and tumor-draining lymph node (LN) identification [93].
Nanoplatform with complementary strengths of each modality correctly located OSA
tumors. They showed that nanoprobe could be applied in an OSA model with perfect
resolution and good sensitivity imaging of lymphatic drainage. In addition, in clinical
practice, the nanoprobe can increase the efficacy of the system for nodal resection and
tumor staging.

Wang et al. developed a practical dual-modality MR/CT probe for in vivo imaging
of OSA [42]. The protein-directed synthesis approach provided an effective alternative
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to the chemistry-based method. Bovine serum albumin (BSA) is attached to gadolinium
NPs (GdNPs) and then iodinated using the chloramine-T procedure. The iodinated BSA-
GdNPs (I-BSA-GdNPs) showed a strong coefficient of X-ray attenuation and great drive
for MRI. The I-BSA-GdNPs were intravenously injected into orthotopic OSA-bearing rats.
Aggregation and retention of NPs in tumors enabled dual-modality and non-invasive
imaging. The dual-model, long-circulating I-BSA-GdNPsnanoprobe scan be applied for
image-guided surgery and drug delivery application.

3. Nanomaterials for the Treatment of OSA

Advancements in nanotechnology have made it possible to deliver the drug to various
diseases including OSA. The enhanced surface area and high stability of nanosystems
are responsible for improving the bioavailability and drug release profile. Moreover,
the hydrophilic and hydrophobic drugs can be incorporated at the same time for the
treatment and diagnosis [94]. Nanoparticulate drug systems mainly include polymeric NPs,
dendrimers, micelles, liposomes, carbon-based nanovehicles, and metallic NPs. However,
most existing and advanced NPs for OSA are made of various kinds of materials.

3.1. Polymeric Nanocarriers

Polymers have always been in the highlight because of biocompatibility and biodegrad-
ability. Most of the current research is being focused on the delivery of drugs, peptides,
genes, etc. by polymeric vehicles [95]. In OSA, polymeric NPs have been very much in de-
mand for effective targeting. In a current study, nanostructures vehicles were designed with
poly (ester amide) to deliver Apatinib (Apa) to enhance the survival rate and inhibit the
recurrence of the OSA. Due to its encouraging anticancer activity, Apatinib (Apa), a highly
selective VEGFR2 inhibitor, attracts considerable attention, particularly in combination
therapy clinical trials. VEGF receptor 2 (VEGFR2) inhibitors targeting tumor angiogenic
pathway have been widely used in the clinical cancer treatment. The NPs accumulated
at the target site and induced apoptosis to significantly enhance the OSA therapy [96].
Another study focused on the chitosan-based nanocarriers for the treatment of OSA. Polox-
amer modified trimethyl chitosan was constructed into NPs and later, encapsulated with
methotrexate (MTX) for the accumulation in the cancer cells. Methotrexate (MTX), formerly
known as amethopterin, is an immune-system suppressant and chemotherapy agent. It is
used to treat cancer, ectopic pregnancy, autoimmune conditions, and surgical abortions.
The nanostructures exhibited higher infiltration in the cancer cells cytoplasm by endo-
cytosis as was seen by the fluorescence imaging. Additionally, NPs proved to be highly
cytotoxic to the MG-63 cells as compared to free drugs and demonstrated a high apoptosis
ratio [97].

Poly (lactide-co-glycolide) (PLGA) NPs were synthesized in another research for the
effective delivery of the drug to the OSA cells. Salinomycin was used as an anti-cancer drug.
The NPs inhibited the tumor signaling pathway and induced apoptosis by the caspase-3
expression in the OSA MG-63 cells. The NPs sustained the release of salinomycin up to
45 days enabling the appropriate treatment of OSA [98]. The other latest NPs based on bis-
triazoledcycopolylactides were synthesized by the click chemistry reaction. Salinomycin
was loaded in the NPs with high efficiency. Moreover, the NPs were cytotoxic to MF-63
cells and cancer stem cells, and evoked a higher cellular response than the free drug. The
NPs were internalized in the cancer cells with high efficiency (72 h) which was revealed by
the internalization fluorescence-based studies. Inserting feature of the NPs was the jellyfish
architecture, which was a study of its kind [99]. Alginate is another polymer being studied
for drug delivery in cancer. Alginate oligosaccharide displays anti-tumor properties and
is explored in OSA. Alginate oligosaccharide NPs were prepared and were numbered as,
DP2, DP3, DP4, and DP5 based on the extent of polymerization. The clinical studies on the
OSA patients revealed that DP5 was highly cytotoxic when administered orally. The mean
tumor volume reduced with the reduction of anti-inflammatory cytokines after 2 years of
therapy. The antioxidant property of the NPs was highly promising [100]. PLGA NPs were
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constructed as a matrix system by the incorporation of hydroxyapatite and coated with
doxorubicin. NPs exhibited high tensile strength and showed adherence with the bone
cells because of the matrix hydroxyapatite. Moreover, the nanocomposite was found to be
highly cytotoxic to the OSA cells [101].

3.2. Liposomes

Liposomes are considered as model biomembranes for site-specific delivery. The
surfaces of liposomes are decorated with ligands. Moreover, they are comprised of natural
cholesterol and non-toxic phospholipids that make them biocompatible for the delivery
in the OSA. They are more stable than other nanocarriers and can make use of structural
variations strategy in the head, tail and bond of lipid structure [102]. Liposomes with
hyaluronic acid coating carrying doxorubicin were synthesized for the delivery in the
doxorubicin resistant OSA. Doxorubicin was eliminated by P-glycoprotein efflux pump,
hence the drug was conjugated with H2S releasing moiety. The liposomes were effectively
taken up by the OSA cells by binding to CD44 receptors. The cardiotoxicity was reduced
and the toxicity to the cancer cells was enhanced [103].

In another liposomal formulation, low molecular weight (LMW) heparin was used
for the orthotopic OSA. Alendronate was also encapsulated together with anti-tumor
doxorubicin. Alendronate is used to treat and prevent osteoporosis. LMV heparin enhanced
the blood circulation duration of liposomes. The liposomes demonstrated anti-metastasis
property in the OSA model and bone cancer metastasis model [104]. Liposomes with
natural plant alkaloid voacamine were developed and the effect of the composition of lipid
components was evaluated on the outcome of the treatment. The liposomes were designed
for doxorubicin resistant OSA. Phospholipids and cholesterol components resulted in
the stable transmembrane difference at pH gradient and accumulated the plant alkaloid
within the core. The alkaloid loaded liposomes were more effective than free voacamine for
OSA [105]. Surface ligand decorated liposomes had been very popular for the OSA targeted
drug delivery. Ephrin alpha 2 receptor (EphA2) has been discovered to be upregulated in
the OSA. Doxorubicin loaded liposomes were anchored with YSA peptide to target EphA2
on the OSA cells. The liposomes were PEGylated to improve their circulation in the blood.
Designed liposomes increased toxicity 1.9-fold compared to free doxorubicin in the Saos-2
cell model along with high cellular uptake [38]. A hypothetical representation of liposome
used for the multiple targeting strategies in cancer is shown in the Figure 3.

New strategies for the use of multiple drugs with synergistic effects for the treatment of
pathologies such as OSA have been developed [106]. Dual liposomal-based drug delivery
systems are being introduced for OSA. A dual liposomal system was recently developed,
simultaneously loaded with gemcitabine (anti-cancer) and clofazimine (anti-inflammatory).
The liposomes had higher encapsulation efficiency for both the drugs. The anti-cancer
drug was released at a slow rate as compared to anti-inflammatory drug. The co-loaded
liposomes had higher caspase-3 activity as compared to other liposomes. Hence, co-loaded
liposomes were a promising novel approach for the treatment of OSA [107]. Combinatorial
drug-loaded pH-sensitive liposomes were studied for the enhanced treatment of OSA.
Doxorubicin (DOX) and ladirubicin were co-encapsulated in liposomes. Liposomes were
optimal in size and exhibited biocompatibility with no significant effect on the normal cells.
The tumor lesion reduced to half after treatment with the liposomes and therefore can be
considered as the promising therapy for malignant OSA [108].

3.3. Metallic Nanoparticles

In recent times, metallic NPs showed great advancement in the field of therapeutics
and biosensing. Metallic NPs show low cytotoxicity to normal cells and high targeting
and localization in the cancer microenvironment. In addition, their size and conformation
make them ideal for the targeted drug delivery in OSA [109]. Platinum NPs (PtNPs) exhibit
safe and thermally stable, highly effective with good sensing properties and enhanced
plasmonic properties [110]. In a similar way, silver NPs (AgNPs) have been associated with
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the wound healing characteristics and antioxidant properties. AgNPs are also antibacterial
and antipathogenic [111].

Biosensors 2021, 11, x FOR PEER REVIEW 9 of 26 
 

lular uptake [38]. A hypothetical representation of liposome used for the multiple tar-
geting strategies in cancer is shown in the Figure 3. 

 
Figure 3. Hypothetical representation of liposome used for multiple targeting strategies in cancer. 

New strategies for the use of multiple drugs with synergistic effects for the treat-
ment of pathologies such as OSA have been developed [106]. Dual liposomal-based drug 
delivery systems are being introduced for OSA. A dual liposomal system was recently 
developed, simultaneously loaded with gemcitabine (anti-cancer) and clofazimine (an-
ti-inflammatory). The liposomes had higher encapsulation efficiency for both the drugs. 
The anti-cancer drug was released at a slow rate as compared to anti-inflammatory drug. 
The co-loaded liposomes had higher caspase-3 activity as compared to other liposomes. 
Hence, co-loaded liposomes were a promising novel approach for the treatment of OSA 
[107]. Combinatorial drug-loaded pH-sensitive liposomes were studied for the enhanced 
treatment of OSA. Doxorubicin (DOX) and ladirubicin were co-encapsulated in lipo-
somes. Liposomes were optimal in size and exhibited biocompatibility with no signifi-
cant effect on the normal cells. The tumor lesion reduced to half after treatment with the 
liposomes and therefore can be considered as the promising therapy for malignant OSA 
[108]. 

3.3. Metallic Nanoparticles 
In recent times, metallic NPs showed great advancement in the field of therapeutics 

and biosensing. Metallic NPs show low cytotoxicity to normal cells and high targeting 
and localization in the cancer microenvironment. In addition, their size and conformation 
make them ideal for the targeted drug delivery in OSA [109]. Platinum NPs (PtNPs) ex-
hibit safe and thermally stable, highly effective with good sensing properties and en-
hanced plasmonic properties [110]. In a similar way, silver NPs (AgNPs) have been as-
sociated with the wound healing characteristics and antioxidant properties. AgNPs are 
also antibacterial and antipathogenic [111]. 

Titanium dioxide NPs (TiO2 NPs) demonstrate biosensing and targeting activity in 
cancer and are safe with high safety profile and high chemical stability [112]. AgNPs and 
AuNPs were synthesized to inhibit the human OSA. The synthesis of NPs was performed 
by green technology. In vitro studies on cells exhibited IC50 values of 29.22 ± 0.42 for 

Figure 3. Hypothetical representation of liposome used for multiple targeting strategies in cancer.

Titanium dioxide NPs (TiO2 NPs) demonstrate biosensing and targeting activity in
cancer and are safe with high safety profile and high chemical stability [112]. AgNPs and
AuNPs were synthesized to inhibit the human OSA. The synthesis of NPs was performed
by green technology. In vitro studies on cells exhibited IC50 values of 29.22 ± 0.42 for
AgNPs and 32.83 for AuNPs. Mainly, the AgNPs acted as scavengers and sensed the
hydrogen peroxide (H2O2) in the tumor microenvironment [113]. Interestingly, the concept
of delivery of NPs synthesized by green technology is gaining interest. Tannins derived
from plant extracts reduce the silver ions to the AgNPs. In one such research, AgNPs
were prepared from the extract of amangrove plant, Rhizophora apiculata. The AgNPs were
characterize for the physicochemical properties and evaluated for the cyto toxic effect
against OSA cells. The antioxidant properties of AgNPs were the main reason for the
reduced viability of the OSAMG-63 cells [114]. The size-dependent activity of AuNPs has
been explored in the latest study for the treatment of OSA. AuNPs were synthesized by
tris-assisted citrate-based method and size was found to be between 40-60 nm. The AuNPs
of 46 nm size enhanced the reactive oxygen species (ROS) induced apoptosis in MG-63
OSA cells. Cell viability was reduced for 46 nm AuNPs and cytotoxicity was reduced with
the increase in the size of AuNPs [115].

AuNPs were also exploited in another research, where they were functionalized
with PEG. Tat peptide and doxorubicin were conjugated on the surface of the AuNPs to
increase the efficacy. Tumor viability assay highlighted that the PEGylated AuNPs were
100% cytotoxic to OSA cells as compared to non-functionalized AuNPs [33]. Similarly,
PtNPs encapsulating doxorubicin were evaluated for anti-cancer activity in human U2OS
osteosarcoma cells (One of the first developed cell lines is the human osteosarcoma U2OS
cell line, which is used in different areas of biomedical research). The PtNPs inhibited
OSA cell viability in a dose-dependent manner with upregulation in apoptosis and apoptic
gene expression. The PtNPs also promised the increase of oxidative stress induced DNA
damage [116]. Surface modified TiO2 NPs were developed for the treatment of OSA.
Folic acid (FA) was tagged on the surface of metallic NPs due to its affinity for the folate
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receptors upregulated in cancer. The FA anchored TiO2 NPs significantly increased cancer
cell apoptosis and exhibited high infiltration in the OSA cells. Additionally, the TiO2
NPs also produced ROS and hence facilitated the cell apoptosis and higher expression of
caspase-3 [117]. Interestingly, two metallic nanostructures, zinc oxide (ZnO) and cerium
oxide NPs, were synthesized by green technology using leaf extract of Rubia codifolia. The
biological activity was evaluated against MG-63 OSA cells. Apoptosis was found to be very
high and cell damage was observed after induction of ROS [118]. ZnO NPs have the ability
to kill OSA cells by the upregulation of hypoxia inducible factor 1-alpha proteins for killing
OSA. In vivo assay also confirmed the safety of ZnO NPs in the research conducted [119].

3.4. Redox Responsive Nanocarriers

A latest trend in the treatment of OSA employs the methods such as stimuli respon-
siveness. These stimuli can be redox potential, tumor acidity and enzymes which trigger
drug release in the tumor microenvironment [120]. Presently, redox sensitive NPs are being
developed for targeted delivery in OSA. Based on this idea, redox sensitive liposomes
conjugated with hyaluronic acid were synthesized for the drug delivery in the OSA, which
used the redox potential of the tumor as stimuli. The liposomes were targeted towards
CD-44 receptors to enhance chemotherapy in OSA. Later, the liposomes were stabilized
with PEG conjugated with cholesterol. Doxorubicin was used as a model drug for cyto-
plasmic drug delivery in OSA. PEG-cholesterol conjugated hyaluronic acid(HA) liposomes
suppressed the tumor with reduced liver uptake compared to normal liposomes. Hence,
CD-44 targeted intracellular drug delivery vehicle proved to be promising [121].

Additionally, another study by Feng et al. strongly suggests an effective OSA-targeting
liposome system functionalized with a dual-targeting polymer redox-cleavable, bone-
and cluster of differentiation 44 (CD44). Here, the effect of a tumor-penetrating peptide,
internalizing RGD, was clearly shown by Feng and his colleagues [122]. In this case,
alendronate (ALN), a bone-targeting moiety, was first conjugated with HA, a ligand for
CD44. Via a bioreducible disulfide linker (-SS-), this ALN-HA conjugate was coupled with
DSPE-PEG2000-COOH to obtain a functionalized lipid, ALN-HA-SS-L, to be post-inserted
into constructed liposomes loaded with DOX. In addition to strong and fast cellular uptake,
ALN-HA-SS-L-L/DOX had considerably higher cytotoxicity for human OSA MG-63 cells
compared to different reference liposomes. ALN-HA-SS-L-L/DOX displayed impressive
tumor growth suppression and extended survival time in the orthotopic OSA nude mouse
models. This finding indicates that a successful OSA-targeted therapy can be ALN-HA-
SS-L-L/DOX, designed with bone- and CD44-dual-targeting skills and redox sensitivity.
Co-administration of internalizing RGD might also improve effectiveness. In another
research, a cationic liposomal estrogen linked system was developed for the targeted
delivery to OSA. Chotooligosaccharides were covalently attached to liposomes through
disulfate linkage and estrogen was anchored via PEG for estrogen receptor targeting. In
addition, doxorubicin was embedded in the liposomes for the treatment of OSA. The
liposomes released the drug in response to tumoral intracellular glutathione. The tumor
targeting was investigated by studying the uptake in MG-63 OSA cells. Furthermore,
the chotooligosaccharides grafted estrogen functionalized cationic liposomes exhibited
intracellular drug delivery to the estrogen receptor expressed on the OSA cells [123]. Other
similar chotooligosaccharides surface coated redox sensitive fusogenic liposomes were
studied for OSA. Doxorubicin was loaded in the liposomes for anti-tumor activity. These
liposomes were found to be stable with low drug leakage and higher cytotoxic level in the
cancer cells. The redox sensitive liposomes had higher cytotoxicity to MG-63 OSA cells
than the normal liposomes and had lower cytotoxicity for the LO2 liver cells. Altogether,
the liposomes extended survival rate in animals [124]. Some of the nanocarriers based on
stimuli responsive drug release are shown in Figure 4. The figure also explains the unique
concept of cancer stem cells (CSCs) targeted therapy.
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Figure 4. Nanoparticle-mediated targeted drug delivery to cancer stem cells (CSCs), created in Biorender.com.

The cancer stem cells (CSCs) express the surface markers that can serve as therapeutic
targets for the elimination of CSCs. Different nanocarriers can be used for OSA therapy
and can be decorated with surface ligands, specific to the CSCs markers and can release
the embedded moiety by the stimuli. Figure 5 shows ligand anchored nanocarrier and its
interaction with OSA.

Biosensors 2021, 11, x FOR PEER REVIEW 12 of 26 
 

 
Figure 5. Ligand anchored nanocarrier and its interaction with OSA cell. 

3.5. Hybrid Nanoparticles 
Currently, the combination of various nanomaterials is being developed to create a 

hybrid structure for enhanced stability and biocompatibility together with improved 
targeted delivery. A lipid–polymer hybrid nanostructure was synthesized to target CSCs 
in OSA. Salinomycin was incorporated in the hybrid NPs for its potential activity against 
CSCs. PLGA and DSPE-PEG along with soybean lecithin were merged together prior to 
drug loading. Additionally, epidermal growth factor (EGFR) aptamer was conjugated on 
the surface of hybrid NPs to target the EGFR overexpressed in OSA. The drug was re-
leased over 120 h in a sustained pattern. The hybrid NPs exhibited higher cytotoxicity 
than the un-modified NPs with a notable reduction in the CD133+ OSA CSCs in the OSA 
cell line. Hence, it was a promising strategy for targeted drug delivery to the CSCs [32]. 

In another research, hybrid NPs comprised of lipid and polymer combinations with 
a surface decorated CD133 aptamers for the delivery of all-trans retinoic acid to OSA 
cells. All-tans retinoic acid effectively targets and treats cancer initiating cells; hence, it 
was encapsulated in the hybrid lipid–polymer NPs. The tumorsphere formation assay 
and a cytotoxic assay of the hybrid NPs were promising. All-trans retinoic acid was re-
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Figure 5. Ligand anchored nanocarrier and its interaction with OSA cell.

3.5. Hybrid Nanoparticles

Currently, the combination of various nanomaterials is being developed to create
a hybrid structure for enhanced stability and biocompatibility together with improved
targeted delivery. A lipid–polymer hybrid nanostructure was synthesized to target CSCs
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in OSA. Salinomycin was incorporated in the hybrid NPs for its potential activity against
CSCs. PLGA and DSPE-PEG along with soybean lecithin were merged together prior to
drug loading. Additionally, epidermal growth factor (EGFR) aptamer was conjugated on
the surface of hybrid NPs to target the EGFR overexpressed in OSA. The drug was released
over 120 h in a sustained pattern. The hybrid NPs exhibited higher cytotoxicity than the
un-modified NPs with a notable reduction in the CD133+ OSA CSCs in the OSA cell line.
Hence, it was a promising strategy for targeted drug delivery to the CSCs [32].

In another research, hybrid NPs comprised of lipid and polymer combinations with
a surface decorated CD133 aptamers for the delivery of all-trans retinoic acid to OSA
cells. All-tans retinoic acid effectively targets and treats cancer initiating cells; hence, it
was encapsulated in the hybrid lipid–polymer NPs. The tumorsphere formation assay
and a cytotoxic assay of the hybrid NPs were promising. All-trans retinoic acid was
revealed over 144 h and the hybrid NPs were internalized in OSA cells and therefore
proved to be the novel approach for the therapy of OSA [125]. In other interesting research,
combined metallic and polymeric NPs for treatment of OSA was reported. Copper loaded
chitosan NPs were synthesized and were spherical in size. The hybrid NPs had greater
internalization than free CuSO4. In addition, the NPs exhibited greater mitochondrial ROS
and caspase-3 activity [126]. Table 1 lists some nanotherapeutics designed for the OSA.

Table 1. Nanoparticulate systems developed for the treatment of osteosarcoma.

Nanomaterials Composition Loaded Moiety Outcomes Reported References

Polymeric NPs PLGA with surface
CD133 aptamers Salinomycin

Targeted CD133+ OSA cell and
reduced the progression of
osteosarcoma by enhanced

infiltration in the cells

[127]

Polymeric NPs Polydopamine,
alendronate Paclitaxel

Increased accumulation in the
tumor cells as compared to

other tissues
[128]

Polymeric NPs PEG-bisphosphonate Doxorubicin
Internalization by the cancer

cells and suppression of tumor
growth by cytotoxic effect

[129]

Polymeric NPs Polylactide coated with
pamidronate Doxorubicin

Malignant bone targeted drug
delivery with no cardiac and

hematological toxicity,
significant anti-tumor activity

[130]

Liposomes DSPE-mPEG * Doxorubicin Thermo and pH sensitive release
of drug in the OSA cells [131]

Liposomes DSPE-mPEG, cholestrol Doxorubicin and
SiRNA

Dual targeting of the OSA cells
surface EphA2 receptors and

intracellular JIP1 protein,
increased nuclear localization of

the liposomes

[132]

Liposomes
TPGS **,

phosphatidylcholine,
DSPE

Doxorubicin and
vitamin E

Concentration dependent
toxicity in the OSA cells and

high apoptosis
[133]

Liposomes phosphatidyl
ethanolamine Muramyl tripeptide Stimulated macrophages to

destroy the OSA tumor cells [134]

Gold NPs Tannic acid, HAuCl4 —

Increased expression of
proapoptotic protein Bax in the

OSA cells and decreased
expression of anti-apoptotic

protein Bcl-2

[135]

Metallic NPs
Self-assembly of ferric
ions with hyaluronic

acid anchorage
Zoledronate

Inhibition of osteoclast activity,
generated free radicals killed the

OSA cells
[136]
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Table 1. Cont.

Nanomaterials Composition Loaded Moiety Outcomes Reported References

Zinc oxide NPs Titanium substrate and
zinc acetate Naringin

Reconstruction of large bony
defects in OSA, leakage of

bacterial RNA and DNA after
the accumulation of ROS in

the cells

[137]

Gold-aryl NPs C6H4-4-COOH linkage
in gold

Bovine serum
albumin Internalization in the OSA cells [138]

Mesoporous
silica NPs Poly acrylic acid, lectin Doxorubicin 8-folds higher cytotoxicity than

free drug [139]

Micelles PEG, polyurethane Doxorubicin Significant antitumor activity
against Saos-2 cells [140]

Micelles

Polypeptide (methoxy
poly(ethylene

glycol)-block-poly(S-
tert-butylmercapto-L-

cysteine)
copolymers)

Doxorubicin

Decreased accumulation in the
heart and increased

accumulation in the OSA cells,
inhibition of metastasis

[141]

Nanotube PLGA Caspase-3 Suppress proliferation of
OSA cells [142]

Single walled carbon
nanotube graphene – ROS mediated cell killing [143]

Magnetic NPs Polyethylenimine,
dextran, iron oxide miR-302b

Magnetic field delivered the NPs
to the OSA cells and

demonstrated cytotoxic effect
[144]

Photoactive
mesenchymal stromal
cells loaded with NPs

poly-methyl
methacrylate

Human osteosarcoma
MG-63 cells

Photodynamic therapy to kill
OSA cells [145]

* distearoyl phosphoethanolamine, polyethylene glycol 2000 (DSPE-PEG(2000), ** D-α-tocopherol polyethylene glycol 2000 succinate
(TPGS 2000).

3.6. Mesoporous Silica Nanocarriers

The enormous versatility of mesoporous silica nanoparticles enables a large number of
cancer treatment nanotherapeutic systems and several other pathologies to be developed.
These materials permit a large number of molecules of a very different nature and scale, in
addition to the controlled release of small drugs. The use of mesoporous silica-based NPs
have widely increased because of their stability, large surface area with porous structure
and biocompatibility. They have tunable properties leading to the high drug encapsula-
tion capacity. As reported, mesoporous silica coated bismuth sulfide NPs eradicated the
tumor and released the drug by the near-infrared trigger. The NPs were conjugated with
RGD peptide for high targeting efficacy to the OSA. The mesoporous silica NPs activated
mitochondrial apoptosis and promoted cell death of OSA [25]. Mesoporous silica NPs
have been widely explored for the release of doxorubicin by modulating the functional
groups attached to the surface. Amine, sulfonate, PEG, and polyethyleneimine groups
were attached separately on the silica NPs. Moreover, the antibody conjugated mesoporous
silica NPs was synthesized. Altogether, the functioning of these mesoporous silica NPs
were investigated for the cytotoxic activity on the OSA cells. Sulfonate anchored NPs were
internalized actively in the presence of serum proteins as compared to the antibody conju-
gated mesoporous silica NPs, which highlighted that surface charge is of prime importance
in the targeted drug delivery to OSA cells [146]. The mesoporous silica NPs were used
in the novel nanodevice. The nanodevice comprised of polyacrylic acid (PAA) grafted to
mesoporous silica NPs and a targeting ligand (plant Concanavalin A (Con A)) to target the
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glycan overexpressed in the tumor cells. The nanodevice was 100% cytotoxic to the OSA
cells sowing that the nanosystem was highly toxic due to its structure [139].

Recently, cell membrane coating was explored for OSA. Photothermal therapy as the
widely used approach was merged with the nanotherpaeutics. Silica NPs were conjugated
with the cell membrane originating from the 143B cells to develop the novel targeting
strategy. Furthermore, photothermal agent was loaded in the mono-dispersed membrane
coated NPs. The silica NPs demonstrated great cytotoxicity because of the membrane
coating and photothermal moiety as compared to simple silica shells [147]. In an alternate
approach, magnetic core-shell silica NPs were synthesized for the delivery of small interfer-
ing RNA (siRNA) to the OSA. Large pore silica NPs were coated with super-paramagnetic
nanocrystals and siRNA in the core was protected by tannic acid component, hence serving
as pH sensitive system. The external magnetic field accumulated the nanocarriers in the
OSA cells [148].

3.7. Calcium Phosphates Nanocarriers

Due to its biocompatibility, biodegradability, pH responsive function, and can encap-
sulate in a variety of drugs in the matrix, calcium phosphate (CaP) was engineered as a
drug delivery nanocarrier almost 50 years ago. The CaP nanocarriers for cancer imaging,
therapy, and theranostics have been used for loading probes, nucleic acids, anticancer
drugs, and photosensitizers. Moreover, they do not release the drug in the physiological
plasma condition and release the drugs only in the acidic tumor environment. CaP NPs
offer great biocompatibility in cancer therapy. CaP NPs loaded with caffeic acid, chloro-
genic acid, or cisplatin were used in the presence of alginate polymer to minimize the
burst release of the drugs. The drugs encapsulated in the CaP NPs exhibited anti-cancer
activity in the concentration dependent manner [149]. CaP NPs are now being developed as
non-viral transfection agents by adjusting the ratio of Ca and P molar ratio. Poly (L-Lysine)
was used as a surface additive to optimize the transfection with plasmid DNA encoding
a green fluorescent protein in the MC3T3 E cells (pre-osteoblastic). The nanosystem was
less cytotoxic than the commercial viral carrier. OSA cells were four times more easily
transfectable than pre-osteoblastic cells [150].

In a novel approach, bone substitute material, CaP was used as a scaffold for the
resection of bone tumor. The CaPbeads were used for the delivery of cisplatin, doxorubicin
and cis-diamminedichloroplatinum (CDDP). Doxorubicin was released continuously for
40 days whereas CDDP was burst released. The beads demonstrated cytotoxicity against
MG-63 cells and proved promising for the therapy of OSA [151]. Functionalization of
CaP with bioactive agents is a promising strategy in the bone targeted OSA therapy. The
R enantiomer of 9-hydroxystearic acid (9R-9-HAS) inhibits tumor proliferation. Hence,
9R-9-HAS was incorporated in the CaP nanocrystals that modulated the cytotoxic effects
on the OSA cells. The proliferation was reduced in the tumor cells by the increase of tumor
necrotic factor [152]. Similarly, hydroxyapatite (a natural form of calcium apatite) NPs
doped with selenium can fill the bone defects caused by tumors. The selenium released
from the bone calcium-based structures induced the apoptosis of bone cancer cells by
generating ROS. Additionally, the systemic toxicity was educed and tumor formation was
inhibited [153]. In a similar, but novel approach, hydroxyapatite NPs were loaded with
medronate, a bisphosphonate for targeting the bone cancer, and JQ1 as a small molecule
bromodomain inhibitor as a chemotherapeutic. Medronate NPs had a high affinity for the
hydroxyapatite. The NPs loaded with both JQ1 and medronate were cytotoxic against OSA
cells in the 2-D culture and were completely compatible with the fibroblasts. OSA cells
internalized the JQ1 loaded NPs efficiently [154].

3.8. Other NPs

Some other nano mediated drug delivery systems have been explored for the delivery
of the drug in the treatment of OSA. Other therapeutic options involve the targeting of
the surface expressed receptors on the OSA cells. CXCR1 marker is overexpressed on the
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tumor cells and in OSA and is related to the chemotherapy resistance. CXCR1 targeting
peptide was anchored to the magnetic NPs loaded with cisplatin. The NPs inhibited the
cancer growth and prevented metastasis of the cancer cells to the pulmonary area [155].
Multi-functional micelles were developed and were loaded with curcumin because of its
potential as an antitumor moiety. The micelles were synthesized by using amphiphilic
alendronate-HA-octadecanoic acid. The nanomicelles were studied for their efficacy in
OSA along with their bone affinity profile. Nanomicelles adhered to the bone because
of the composition and released curcumin in a sustained manner. The cytotoxic effect of
the nanostructures was pronounced [156]. Polymeric micelles are now being explored for
photodynamic therapy by using potential photosensitizers for OSA. Zinc phthalocyanine
is a dynamic photosensitizer with excellent photochemical properties. The poor solubility
of zinc phthalocyanine was rectified by incorporating it in the poly(ethylene glycol)-pol(2-
(methylacryloyl)ethylnicotinate)(PEG-PMAN) coblock micelles. ROS was significantly
increased after light irradiation and exhibited 100% cytotoxicity as compared to the free
photosensitizer [157].

Similarly, doxorubicin loaded self-assembled micelles were developed from RGD
block copolymer poly(ethylene glycol)-block-poly (trimethylene carbonate). The half
maximal inhibitory concentration was low as compared to the non RGD nanostructure
that highlighted that RGD NPs have high cell targeting ability and anti-tumor effect in
OSA [158]. In another similar approach, doxorubicin was loaded in the acid sensitive
micelles for the OSA therapy. Hydrophilic D-aspartic acid octapeptide is a very promising
micelle corona. Polymeric micelle was stabilized and loaded with the drug by an acid
sensitive hydrazine bond. The stability of the polymeric micelles was increased by the
increase in the concentration of aminoundecanoic acid to regulate the hydrophilic and hy-
drophobic ratio. Furthermore, the cytotoxicity was enhanced for the Saos-cells [159].
The polymeric micelles are also being investigated for the anti-cancer drug PENAO
(4-(N-(S-penicillaminylacetyl) amino) which is currently in clinical trials for solid tumors.
Direct PENAO polymeric micelles were developed by amidation reaction followed by
polymerization with poly(ethylene glycol methyl ether methacrylate) as comonomer and
poly(methyl methacrylate) (pMMA) as chain transfer agent, resulting in a coblock polymer.
PENAO was readily available to actively target the mitochondria and inhibit cancer. Hence,
it can provide a rationale platform for the OSA treatment [160].

OSA cells overexpress HER-2 receptors, thus making HER-2 a target for anti-HER-2
antibody trantuzumab. A nanomaterial structure of graphene oxide (GO) was developed
and anchored with anti-HER-2 antibody by covalent bonding. The graphene nanostructure
induced cell apoptosis by oxidative stress and leas to the formation of necroptosome. It
also elevated the survival rate in animals, thus providing a promising curative therapy
for OSA [161]. Alternatively, chitosan NPs were functionalized with GO for delivering
siRNA to the OSA Saos-2 and M63 cells. ROS assay demonstrated the biocompatibility of
nanoconjugate system and released siRNA in a controlled manner to the tumor site. Ex-
pression of inflammatory cytokines was reduced and the cancer cells were killed followed
by the uptake in the cells [162].

Another nanosystem is dendrimer, which was reported to inhibit OSA. Dendrimer
comprised of amphiphilic block copolymer poly (ethylene glycol)-poly (2-(methylacryloyl)
ethylnicotinate)(PEG-PMAN) was synthesized and loaded with zinc phthalocyanine, used
as a photosensitizer. The dendrimers elevated the ROS levels upon irradiation with light
and killed OSA cells with high effectiveness [157]. Likewise, graphene-based dendrimers
were developed to carry magnetic moiety for the delivery of multiple drugs in OSA. DOX
and melatonin were coloaded in the branched nanostructures. Studies on Saos-2 and
MG-63 osteosarcoma cells exhibited the down regulation of anti-apoptotic components
and hence increased cytotoxicity [163]. The PAMAM dendrimers were mounted on the
multiwalled carbon nanotubes and explored for the cytotoxicity to the OSA MG63. The
nanoconjugate system was stable and biocompatible. The system also decreased the cellular
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toxicity by 70% which was previously very high for the multiwalled carbon nanotubes
(MWCNTs) [164].

Currently, exosomes derived from mesenchymal stem cells are gaining interest in the
treatment of OSA. In one such study, DOX was loaded in the exosomes and was analyzed
for the in vitro uptake in the MG-63 cells. Exosomes exhibited high infiltration in the
MG-63 cells but low uptake in the myocardial H9C2 cells, hence proving to be promising
for OSA targeted delivery [165]. Figure 4 highlights some of the nanostructures designed
for the drug and gene delivery to OSA.

Recently, new trends are being explored for the treatment of various pathologies
including OSA, based on self-assembling peptides. Such peptides can be explored by
adjusting their peptide sequence, hence providing an opportunity for the generation of
peptide of desired characters. Self-assembly of peptides creates a complex structure of
high order for exploration in nanobiotechnological applications [166]. Currently, peptide
nanofibrils are gaining interest as they disassemble inside the body and alter or support
tissue growth, to make them free of any foreign material [167]. Similarly, ultra-short peptide
hydrogels have been found to be efficient in delivering the drug to the cancerous cell. Such
peptides perform a dual functions; initiate the growth of new cells and kill the cancerous
cells [168].

It is now being studied that changing the peptide molecular properties might affect
its interaction with small drugs and influence the release of the drug. The peptides being
explored also undergo cytocompatibility studies to affirm their use as a drug delivery
tool for biomedical use. The peptides have been found cytocompatible and do not illicit
immune response. However, this novel idea still needs extensive research in the field of
oncology. The future holds various horizons to be explored for the treatment of OSA.

4. Conclusions, Challenges, and Perspectives

Over the past few years, a significant number of targeted nanomaterials have been
established for the diagnosis and treatment of malignant bone tumors such as OSA. It is
imperative to provide a better understanding of the fundamental concepts involved in
the design and application of nanoparticles for diagnosis, treatment, or the combination
of imaging and therapeutics in various clinical circumstances, following this remarkable
progress in the advancement of nanotherapeutic and imaging methods for cancer detection
and treatment. OSA has rapidly metastasizing ability and proves challenging for the
treatment rationales. Nanotherapeutics being developed for the OSA include metallic,
lipid, polymeric, magnetic and stimuli-sensitive drug delivery systems. Nanotherapeutics
improve the safety and compatibility profile in the diseases by minimizing the off-target
accumulation. However, tumor biology itself plays a critical role and needs to be studied
extensively for the outcomes in the case of nanoparticles therapy. The majority of the
nanostructured approaches are in the cellular stages of drug delivery and need to be
translated into clinical trials after extensive research. While these targeted NPs showed
satisfactory benefits in OSA diagnosis and therapy, there are still difficult problems to solve
in the future. For instance, in vivo verification of nanoparticles, and especially subsequent
toxic evaluation and bone tissue targeted delivery for either cancer bone metastasis or
other bone diseases still require further and extensive experiments to accelerate their
potential clinical implementation. Some nano polymeric materials are not very strongly
cytotoxic and it can also be expected that they will be offered to humans in the coming
years. Nanotechnology is expected to play a pivotal role in future OSA diagnostics. With
the development in technology, more powerful diagnostic techniques such as multimodal
imaging can be seen in the coming days. Physicists, chemists, engineers, biologists, and
clinicians, motivated by the rapid and encouraging developments in nanotechnology, will
continue to challenge themselves to design innovative and efficient nanosystems for cancer
diagnosis and treatment.
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MMP-2 Matrix metalloproteinase-2
MRI Magnetic resonance imaging
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NPs Nanoparticles
OSA Osteosarcoma
PAI Photoacoustic imaging
PEG Poly ethylene glycol
PET Positron emission tomography
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ROS Reactive oxygen species
siRNA Small interfering RNA
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Abstract: Retinoblastoma is a rare type of cancer, and its treatment, as well as diagnosis, is challeng-
ing, owing to mutations in the tumor-suppressor genes and lack of targeted, efficient, cost-effective
therapy, exhibiting a significant need for novel approaches to address these concerns. For this pur-
pose, nanotechnology has revolutionized the field of medicine with versatile potential capabilities
for both the diagnosis, as well as the treatment, of retinoblastoma via the targeted and controlled
delivery of anticancer drugs via binding to the overexpressed retinoblastoma gene. Nanotechnology
has also generated massive advancements in the treatment of retinoblastoma based on the use of
surface-tailored multi-functionalized nanocarriers; overexpressed receptor-based nanocarriers lig-
ands (folate, galactose, and hyaluronic acid); lipid-based nanocarriers; and metallic nanocarriers.
These nanocarriers seem to benchmark in mitigating a plethora of malignant retinoblastoma via tar-
geted delivery at a specified site, resulting in programmed apoptosis in cancer cells. The effectiveness
of these nanoplatforms in diagnosing and treating intraocular cancers such as retinoblastoma has not
been properly discussed, despite the increasing significance of nanomedicine in cancer management.
This article reviewed the recent milestones and future development areas in the field of intraocular
drug delivery and diagnostic platforms focused on nanotechnology.

Keywords: retinoblastoma; rare cancer; surface-tailored multi-functionalized nanoparticles; metallic
nanoparticle; tumor-suppressor gene mutation

1. Introduction

Retinoblastoma (RB) is an aggressive ophthalmological cancer found during childhood
and infancy but an uncommon malignancy of older children and young adults, with a
worldwide prevalence of 1/15,000 to 1/20,000 live births [1]. Strabismus and leukocoria
are two major signs of RB [2]. If not treated in the early stages, it often causes devastating
consequences, such as the loss of vision, secondary nonocular tumors, and even death [3,4].
As a highly malignant tumor, RB usually manifests in the first three years of life and
represents the prototypic pattern for inherited tumors, with the tumor initiated by the
somatic inactivation of both alleles of the RB gene (RB1) [5,6]. RB tumors, deriving from
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the immature cells of the retina, have a large amount of heterogeneous vasculature and
depend on the vascular supply for their proliferation [7].

The traditional treatments of children with RB used to be external beam radiotherapy,
episcleral plaque radiotherapy, enucleation, cryotherapy, and photocoagulation [8]. Over
the last decade, RB treatment has changed enormously. In this respect, with changing
attitudes towards concerns over radiotherapy, intravenous and intra-arterial chemothera-
pies became the cornerstone of RB treatment, since they have been shown to effectively
decrease the tumor’s size, prevent the spread of the disease, and preserve vision [9]. Yet,
their clinical application is limited due to possible systematic toxicity, drug resistance,
and rapid blood clearance [10]. New therapeutic strategies, which are more intensive and
demand an integrative approach, were put into practice to avoid deleterious complications
of the aforementioned modalities, including cataracts, radiation retinopathies, and facial
deformities [3,11].

The conventional administration of chemotherapeutic drugs decreases their clinical
efficacy, particularly for water-insoluble drugs and for delivering such medications to the
eye’s posterior segment [12–18]. In order to overcome this therapeutic obstacle, the local
delivery of these drugs—explicitly, alkylating agents—to the eye has gained much attention
as a beneficial strategy for minimizing systematic complications, such as ischemic necrosis,
orbital fat necrosis, atrophy of the optic nerve, and changes in ocular motility [19,20]. These
unfavorable effects are probably caused by prompt dispersion of the aqueous solution
of alkylating drugs to the orbital, periorbital, and surrounding tissues [21]. However,
the delivery of eye drugs continues to pose a serious challenge due to the clearance
of conjunctival vessels. Besides, the existence of physiological and anatomical barriers
of the eye, comprised of ocular surface epithelium, blood–retina barriers, and blood–
aqueous barriers, might limit its efficiency [12]. From this perspective, the establishment of
productive delivery transporters is therefore essential for RB therapy.

In terms of the diagnosis, clinicians routinely confirm RB by the appearance of reti-
nal tumors using needle biopsy, fluorescein angiography, commutated tomography and
ultrasonography, and magnetic resonance imaging (MRI) [6]. Despite the availability of
these ophthalmic imaging modalities, there is still an urgent need, particularly for ocular
molecular imaging, that further enables the early detection of eye disorders prior to the
appearance of grossly visible morphological alterations [22]. In those cases, ophthalmic
tumors are typically diagnosed when they can no longer be regarded as malignant cells
but malignant tissue. On the other hand, biopsy sampling can provide us with invaluable
information concerning the histological type of the ophthalmic tumor, and sampling errors
might cause falsely negative specimens [23].

Recently, the use of nanotechnologies has been experiencing exponential growth in the di-
agnosis and treatment of tumors and eye disorders. Nanoparticles (NPs), nanocages, nanocap-
sules, nanoliposomes, nanohydrogels, nanodendrimers, and nanomicelles are amongst the
most applicable nanotechnology-based ocular delivery systems providing several advantages
over routine diagnostics/therapies [24–30]. Owing to their unique characteristics and potential
applications in medicine and biology, nanomaterials (NMs) were developed to revolutionize
disease diagnoses, treatments, and therapies [31–36]. Currently, NPs are extensively used for
the effective delivery of drugs, small molecules, peptides, nucleic acids, and even vaccines [37].
Thanks to their controlled release, nanometer-scale dimensions, and desirable therapeutic
toxicity, NPs yield promising outcomes even at very low concentrations and have fewer side
effects than traditional chemotherapeutics [38,39]. This makes NPs an object of even broader
interest for being used in implants, NP-contained contact lenses, films, nanofabricated devices,
and designed nanocarriers for ocular drug delivery [39].

Different NPs can be administrated into the eye by different routes, including topical,
periocular, systemic, intravitreal, and suprachoroidal. In this regard, suprachoroidal,
intravitreal, and periocular administration is recommended for either slow-release NPs
or stimuli-responsive NPs. Simultaneously, bioadhesive or rapid uptake NPs are better
for being topically injected [40]. Functionalizing NPs with peptides and protein ligands,
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such as transferrin, could facilitate their conjunctival entry and transport [41]. Another
example is applying magnetic NPs loaded with a drug payload to enhance the cellular
uptake of the payload [42]. These functionalized NPs can be utilized in ocular delivery
systems and serve as novel promising contrast agents for MRIs [40]. Furthermore, NPs
provide many advantages for delivering nucleic acids (i.e., RNA, short interfering RNS, and
microRNAs) [43]. The advantages of gene transfection using NPs include (i) enhancement
of the cell entry of nucleic acids, (ii) protection of nucleic acids from degradation by
nucleases in the body and increasing the duration of gene transfection, (iii) avoiding nucleic
acids to bind to specific cell surface receptors and reduce their off-target effects [44,45].
Therefore, functionalized NPs could be regarded as desirable tools for retinal gene therapy
and nucleic acid delivery for treating other ophthalmic pathologies—specifically, RB [46,47].

Nanoparticle drug delivery is a novel approach to the treatment of eye disorders.
Still, there are several challenges in using NPs for such purposes [48–56]. For one thing,
as a drug or gene carrier, NPs do not affect the retina and cornea [12]. Moreover, for
using some NPs, long incubation periods are needed [57], and NPs might release insoluble
particles and factors that interact with biological systems [58]. In this review, we discuss
the application of NPs in RB and explore the future perspectives of NPs as aids in the
diagnosis and treatment of RB.

2. The Role of Nanotechnology in the Diagnosis of Retinoblastoma

The risk of intraocular cancer problems and metastatic potential needs to be controlled
in the same way as other cancers [9]. The early detection of intraocular cancer is important
for maintaining vision because of its proximity to vital ocular tissues [59]. There are two
types of intraocular tumors that can be classified according to the average age of incidence:
childhood RB and adult ocular melanoma [60].

In children under five years of age, RB, often an inherited disease, occurs and is
induced by down regulation of the RB gene. In developing countries, the prevalence of
this type of intraocular cancer is higher. The silencing of this gene eliminates the cell cycle
regulation restrictions that lead to the uncontrolled proliferation of cells [61,62]. Ocular
inflammation due to extra ocular colonization of the tumor can be seen in severe instances.
RB can spread into the pleural cavity and to the brain and spinal cord. The choroid
vasculature may also be infiltrated and distributed to the bone and stem cells [1].

An RB diagnosis is usually performed by an ophthalmologist’s evaluation and imaging
of the eye. Fundoscopy identification usually reveals a large white-to-creamy-colored
tumor with retinal and vitreous space lesions. Ultrasonography is used to classify and
evaluate intraocular tumors, because CT scans are not advised for young kids [63–65].
Additionally, the extra ocular extension of the tumor is studied through magnetic resonance
imaging (MRI) of the brain and the orbits [66]. Traditional optical imaging and ultrasound
imaging, considering the flexibility of the ophthalmic imaging methods, are not effective at
identifying the early pathologies of eye diseases until morphological changes are apparent.

On the other hand, in order to improve health outcomes, several diagnostic methods
have been developed. However, when using the existing techniques, there are restric-
tions and limitations [67]. Additionally, several studies have recently established new RB
biomarkers that can be used as prognostic factors for diagnosis and can contribute to the
understanding of RB pathogenesis and help address potential treatments and diagnosis
approaches [68].

The early detection of RB is a key feature in successful treatment [69]. Nanotechnology
offers new molecular contrasting agents and nanomaterials for earlier and more reliable
initial detection and continuous monitoring of the treatment of cancer patients [15,16,25,27,70].
Recently, several nanoplatforms have been developed to enhance the image quality of the
traditional imaging techniques (See Table 1) [49,50,54,71]. Amidst this progress, inadequate
studies have been conducted to enhance the performance of traditional ocular imaging tech-
niques such as MRI, ultrasound imaging, and optical coherence tomography through the use
of nanoplatforms [72]. Despite inadequate research efforts in this area, these nanoplatforms
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have demonstrated tremendous potential for enhancing the imaging and diagnosis quality of
retinal diseases.

Table 1. Summary of several nanostructures in the diagnosis of retinoblastoma (RB). [NPs: nanoparticles, QDs: quantum
dots, MT: metallothionein, PT-OCT: photothermal optical coherence tomography, and Au: gold].

Nanostructure Key Feature References

Gold NPs Due to selective light absorption by the administered gold NPs, photoacoustic
image contrast from the tumor regions was improved. [73]

Gold nanoclusters

The signal enhancement by >500 gold atoms in each nanocluster enabled laser
ablation (LA) coupled to inductively coupled plasma—mass spectrometry

(ICP-MS) to image the antigens (MT 1/2 and MT 3) using a laser spot size as
small as 4 µm.

[74]

Gold nanorods The effectiveness of PT-OCT, along with Au nanorods, to picture the
distribution in the mouse retina of both endogenous and exogenous absorbers. [75]

Magnetic NPs
In magnetic resonance imaging (MRI) studies, the nanoparticles displayed
perfect negative contrast and demonstrated their biocompatibility without

cytotoxicity (5–100-µg/mL Fe3O4 NPs) to both regular and cancer cells.
[76]

Quantum dots
The preservation of QDs in the cryogenically injured corneal endothelium
mouse model eyes was from 3 to 48 h post-cell injection on the posterior

surface but not in the non- injured stable control eyes.
[77]

Carbon nanomaterials

The quantitative identification of the DNA methylation ratios was only
calculated by methylated 5’-cytosine-phosphoguanosine (CpG) repeat

oligonucleotides (60 mers) with various methylation ratios by carbon nanofilm
electrodes.

[78]

Multi-functional NPs

In vivo and in vitro, mesoporous Au nanocages (AuNCs) combined with
Fe3O4 nanoparticles improved photoacoustic (PA), ultrasound (US), and

magnetic resonance (MR) imaging, which was beneficial for diagnosis and
efficacy monitoring.

[79]

Quantum dots (QDs) have been evaluated for their applications in ocular imagery.
They have excellent optical durability and can make multimodal detection easier [80,81].
The injection of cultured human corneal endothelial cells (cHCECs) into the anterior
chamber is a newly developed modality for the successful treatment of corneal endothelium
dysfunction. For instance, to monitor injected cHCECs, Toda et al. investigated cultured
human corneal endothelial cells (cHCECs) labeled by semiconductor QDs. They explored
the efficacy of in vivo fluorescence imaging in a corneal endothelial dysfunction mouse
model to study the dynamics and aggregation of QD-labeled injected cHCECs [77]. In this
study, no morphological alteration in the cHCECs or the expression of functional markers
of cHCECs were induced by QD-labeling. The injected cHCECs QDs were quantified. The
retention of cHCECs QDs was obvious in the cryogenically injured corneal endothelium
mouse model eyes from 3 to 48 h post-cell injection on the posterior surface but not in the
non-injured healthy control eyes. QDs may be good contrast agents if the toxicity of the
dots is considered. Some researchers have proposed AuNPs as an alternative.

AuNPs can act as perfect contrast agents for imaging, in addition to QDs, and several
authors have used AuNPs for imaging eye cancers over the past few years [82]. For ex-
ample, Cruz-Alonso et al. described an immunohistochemical approach for visualizing
the distribution of metallothionein 3 (MT3) and metallothionein 1/2 (MT 1/2) in human
ocular tissue [74]. In this methodology, Au nanocluster (AuNC)-connected antibodies are
used as markers and can be coupled with ICP-MS. Water-soluble fluorescent AuNCs with
an average size of 2.7 nm were prepared by carbodiimide coupling and then covalently
linked to antibodies. To prevent nonspecific contact with biological tissue, the surfaces of
the modified AuNCs were then blocked with hydroxylamine. The signal enhancement
by >500 Au atoms in each nanocluster enabled LA-ICP-MS to identify the antigens (MT
1/2 and MT 3) using a laser spot size as small as 4 µm. In this study, the picture pat-
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terns found in the retina were in good agreement with those obtained by the traditional
immunohistochemistry of fluorescence.

In another study, for the first time, Lapierre-Landry et al. examined in vivo photother-
mal optical coherence tomography (PT-OCT) in the eye for endogenous (melanin) and
exogenous (Au nanorods) absorbers [75]. In retinal imaging, OCT has become a quality of
treatment. OCT facilitates noninvasive tissue architecture mapping but lacks the specificity
of contrasting agents that could be used for in vivo molecular imaging. PT-OCT is a practi-
cal technique based on OCT that was produced in a sample to identify the absorbers. To
separate the photothermal signal from melanin in the retina, pigmented mice and albino
mice were used. After the systemic injection of Au nanorods to investigate their passive
aggregation in the retina, pigmented mice with laser-induced choroidal neovascularization
lesions were also visualized. The current research has demonstrated the capacity of combin-
ing the PT-OCT method with Au nanorods to image the distribution of both endogenous
and exogenous absorbers in mouse eyes.

In another study, Kim et al. showed the medicinal use of fucoidan-coated Au NPs and
those encapsulated by doxorubicin (DOX) for the in vivo and in vitro dual photothermal
therapy (PTT) and chemotherapy of eye tumors [73]. Marine-derived fucoidan was used
to obtain a higher photostability for AuNPs as a capping agent, and DOX was loaded to
stimulate a chemotherapy anticancer drug. The prepared DOX-fucoidan@AuNPs demon-
strated high tumor cell cytotoxicity and good light absorption for in vitro temperature
rises. Following an intratumoral injection of DOX-fucoidan@AuNPs into rabbit eye tumors,
PTT-assisted NPs resulted in the complete and nonrecurrent elimination of eye tumors
for 14 days after the procedure. Due to responsive light absorption by the administered
NPs, the photoacoustic image contrast from the tumor tissues was improved dramatically.
Interestingly, the use of marine-derived fucoidan, along with AuNPs, can improve the
ability of AuNPs for better photothermal therapy.

Altundal et al. also explored the dosimetric possibility of using AuNPs or carboplatin-
loaded AuNPs to increase the effectiveness of radiotherapy for ocular cancers (choroidal
melanoma) and RB during kV energy external and internal beam radiotherapy [83]. The
data predicted that using AuNPs or carboplatin-loaded AuNPs combined with radiation
therapy for ocular cancer utilizing kV energy photon beams could achieve major dose
improvements. In the kV energy range, brachytherapy sources produce higher dose
improvements than an external beam. The external beam, however, has the benefit of
being noninvasive.

The effectiveness of brachytherapy with ultrasonic hyperthermia modality in the
existence of AuNPs on ocular RB tumors was tested by Moradi et al. in arabbit model [84].
The tumor area was assessed at day zero and the end of the third week using a B-mode
ultrasound imaging approach. For a histopathological analysis of the tumor necrosis, the
groups were investigated. A high difference between the relative tumor area changes in
the combination group and the other study groups was observed. The necrosis of living
RB cells was supported by the findings of the histological examination. Once again, Au
NPs demonstrated a high ability in different imaging techniques, such as ultrasounds.
Therefore, AuNPs can be a better alternative to quantum dots.

Due to their structural differences and their wide range of functionally based electrical
and chemical characteristics, carbon nanomaterials have received much interest these
days [85]. Researchers have concentrated on electroanalysis using carbon materials for
biomolecules, because electrochemical techniques give the benefits of flexibility and respon-
siveness in constructing a sensor design [86]. Goto et al., for example, described the direct
electrochemical identification of DNA methylation using a nanocarbon film electrode in
relatively long sequences. The film was developed using the sputtering method of electron
cyclotron resonance and had a mixed bond structure of nanocrystalline sp(2) and sp(3) [78].
Their strategy of methylation identification calculated the variations between both the
5-methylcytosine and cytosine oxidation currents without a bisulfite reaction or labeling.
The film electrode enabled the quantitative identification of DNA methylation ratios under
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optimized conditions and sensor measure methylated 5’-cytosine-phosphoguanosine (CpG)
repetition oligonucleotides (60 mers) with different methylation ratios. Despite the high
ability and low toxicity of carbon nanostructures, there are a few papers for the diagnosis
of RB.

In an in vitro setting, magnetic NPs that can provide great contrast for MRIs have, so
far, been effective [87]. Previous studies have shown that human serum albumin-coated iron
oxide (IO) NPs (HSA and IO/HSA NPs) increase the half-lives of cross-linked therapeutic
factors, implying that they can be used for the controlled delivery of therapeutics [88].
To follow other applications, Tzameret et al. evaluated the in vivo monitoring by MRI
and the long-term protection of IO/HSA NP delivery into the suprachoroid of a rat
retinalmodel [88]. Jaidev et al. synthesized NPs of fluorescent iron oxide in another study
and tested their effectiveness against RB cell imaging [76]. Using oleic acid, the iron oxide
NPs were prepared and stabilized. Sulforhodamine B was adsorbed onto albumin over
NPs of oleic acid-capped iron oxide. In MRI studies, the nanomaterials exhibit a great
negative contrast to natural, as well as cancer, cells without cytotoxicity, suggesting their
bioavailability. Until now, iron oxide (IO) NPs have been the most used NPs in MRIs. The
coating process can decrease some of the stability and toxicity issues.

The combination of nanotechnological strategies in cancer imaging makes it important
for their application in ocular diagnostics. Multi-functional nanostructures enable the
intraocular tumor responses to different localized chemotherapeutic drugs to be monitored
simultaneously in the eye. In this light, a multi-functional nanostructure for multimodal
low-intensity centered ultrasound (LIFU)/immune synergistic RB therapy driven by im-
agery was reported by Wang et al. In order to encapsulate perfluoropentane (PFP) and
muramyl dipeptide (MDP), magnetic hollow mesoporous Au nanocages (AuNCs) con-
nected to Fe3O4 NPs(AuNCs-Fe3O4) were prepared. The multi-functional magnetic NPs
improved the in vivo and in vitro photoacoustic, ultrasound, and magnetic resonance
imaging, which was effective for the treatment and efficacy imaging. Upon accumulation
in tumors via a magnetic field, the NPs underwent phase transition under LIFU irradia-
tion, and MDP was released. AuNCs-Fe3O4/MDP/PFP strengthened LIFU’s therapeutic
effect and led to direct tumor apoptosis/necrosis, while MDP facilitated dendritic cell
(DC) maturation and activation and allowed DCs to recognize and clear tumor cells. The
multi-functional AuNC-Fe3O4/MDP/PFP NPs showed great potential for multimodal
imaging-guided LIFU/immune synergistic therapy of RB by improving photoacoustic,
ultrasound, and magnetic resonance imaging and inhibiting tumor development.

In the efficient diagnosis of RB, we believe that the combination of different NPs with
different abilities can be the best approach.

3. Nanoparticles in Treatment of RB

As mentioned earlier, RB is caused by mutations in the tumor-suppressor gene RB1
and is the most common pediatric eye cancer [89]. RB’s survival rate has decreased in
developing countries, and a delayed diagnosis is due to a lower socioeconomic status [90].
Suppressor gene mutations lead to the activation of proliferation and malignancy [91]. The
treatment of RB is limited to enucleation [92]. External beam radiation therapy is also
in progress, but all chemotherapeutic and radiation therapy is linked with neutropenia,
thrombocytopenia, renal toxicity, systemic toxicity, and hepatotoxicity [93–96]. Therefore,
drug delivery in the eye is challenging, owing to defensive barriers in the ophthalmic tissues.
Moreover, drug delivery by various nanoformulations is proficient enough to overcome
these limitations [97,98]. The most common and useful multi-functionalized NPs in treating
RB are multi-functionalized NPs and lipid-based NPs, as well as metallic NPs [99,100].
However, the multi-functionalized nanomaterials for ocular drug delivery to overcome
ophthalmic barriers and treat RB is shown in Figure 1. However, synthesized NPs have the
capability of encapsulating the therapeutic moiety and increasing the retention time [101].
Polymeric NPs are biodegradable in nature and have the capability of intravitreal delivery
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in RB with specificity and safety. The key features of the nanocarriers for the treatment of
RB are listed in Table 2.
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Table 2. Summary of several nanocarriers in the treatment of RB.

Nanocarrier Key Feature References

Melaphalan NPs The double-emulsion method was utilized to reduce melphalan spilling
during the fabrication process and resulting in targeted delivery [102]

Galactose NPs
In RB, sugar moieties in the form of lectins are highly overexpressed as
compared to healthy cells.Therefore, galactose is a mean of targeting for

achieving efficacious results.
[103]

Hyaluronic acid NPs
Nonviral polymeric gene DNA complex-based nanomedicines were coated

electrostatically with hyaluronic acid (HA) for providing an anionic
hydrophilic coating for improved intravitreal mobility.

[104]

Folic acid NPs Chitosan NPs (CNPs)and loaded doxorubicin (DOX) were synthesized and
conjugated with folic acid for targeted delivery against RB. [105]

LipidNPs Switchable lipid nanoparticles (LNPs) were synthesized for the codelivery of
melphalan and miR-181, having 93% encapsulation efficiency against RB. [106]

SilverNPs
Silver nanoparticles (AgNPs) via rapid methodology from natural sources of
brown seaweed Turbinariaornate and its cytotoxic efficacy were determined

against RB cells.
[107]

Gold NPs
In vivo and in vitro, mesoporous Aunanocages (AuNCs) combined with
Fe3O4NPs improved photoacoustic, ultrasound, and magnetic resonance

imaging, which was beneficial for diagnosis and therapy.
[108]

4. Multi-Functionalized Nanocarrier Therapies for Targeting RB

Multi-functionalized NPs are synthesized for the purpose of targeted action via the
attachment of specified ligands to target the tissues that are highly overexpressed in a
certain disease. These NPs proved to be a benchmark in a plethora of infectious diseases,
as well as malignant cancers. In infectious diseases, several ligands are attached to make
the nanocarriers system multi-functional for targeting intracellular pathogens. However, in
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cancers—especially, RB—various biomarkers are overexpressed, i.e., folic acid, hyaluronic
acid, and galactose, as shown in Figure 2. Multi-functionalized NPs are synthesized to
attach such overexpressed ligands for targeting RB cells, and proficient anticancer activity
has been observed [109,110].
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4.1. Surface-Modified Melphalan Nanoparticles for the Intravitreal Chemotherapy of RB

Lee B. Sims et al. [102] synthesized a two-step formulation via the sing and double-
step emulsion technique. Poly-D,L-lactic-co-glycolic acid (PLGA) NPs were synthesized
in the first step using the emulsion solvent evaporation technique by encapsulating the
fluorescent dye coumarin 6 (C6) for enabling visualization through fluorescence microscopy.
Coumarin encapsulation was developed via formulating an oil-in-water (o/w)-based single
emulsion technique. Batches (100–200 mg) of the emulsion were synthesized using carboxyl-
terminated PLGA. Afterward, C6 was instilled in dichloromethane (DCM) overnight with
a final addition of a small quantity of PLGA. The final formulated PLGA/C6/DCM was
added to a 5% polyvinyl alcohol (PVA) solution followed by vortexing and sonication, as
well as three hours of solvent evaporation. The second step of the formulation involved
the incorporation of the drug into melphalan PLGA NPs through the double-emulsion
method. The double-emulsion method was utilized to reduce melphalan spilling during
the fabrication process. For the development of the double-emulsion technique, PLGA was
dissolved in DCM overnight, and melphalan was dissolved in the EDTA buffer. Afterward,
melphalan/EDTA was dissolved in the preformed PLGA/DCM mixture, followed by
continuous stirring. The resultant mixture was dropwise added into the 5% PVA solution,
and the final combined conjugate consisting of PLGA/DCM/melphalan/PVA solution was
vortexed, and sonication was performed. The resulting final nanoparticles were hardened
for the prevention of melphalan spilling from NPs during synthesis.

36



Biosensors 2021, 11, 97

4.2. Galactose Functionalized Nanocarriers

The sugar moieties ligand-based mechanistic approach for improved and targeted
therapy against RB is highly in demand. In RB, sugar moieties in the form of lectins
are highly overexpressed as compared to healthy cells. Therefore, overexpressed lectins
are a means of targeting for achieving efficacious results. In this research, a novel sugar
receptor-targeted delivery system for the safe and targeted delivery of etoposide (ETP) was
developed by Godse et al. via conjugating a galactose carboxyl group with amino groups of
chitosan (GC) via following carbodiimide chemistry [103]. In the first step of the synthesis,
ETP was loaded into poly (lactide-coglycolide) PLGA NPs using the displacement method.
The formulated ETP-PLGA NPs were further coated with galactose conjugate, followed by
overnight incubation at room temperature with continuous stirring. NPs were separated
using ultracentrifugation at 34,000× g for 20 min, and the obtained pellet was washed
and resuspended in distilled water. The synthesized NPs were characterized by Fourier-
transform infrared spectroscopy (FTIR), NMR, entrapment efficiency, size, zeta (ζ)-potential,
polydispersity index (PDI), in-vitro drug release, and uptake studies. The results concluded
the size of NPs in the range of 150–160 nm with a positive ζ-potential and sustained drug
release for 32 h. Moreover, the entrapment efficiency of the NPs was about 70%. NPs uptake
studies confirmed that chitosan (GC)-conjugated ETP loaded poly (lactide-co-glycolide)
(PLGA) nanoparticles (NPs), i.e., ENP was 70% higher than nonconjugated NPs, indicating
a targeted delivery against RB [103].

4.3. Hyaluronic Acid (HA) Functionalized Nanocarriers

Hyaluronic acid is a FDA-approved marine polymer with great flexibility, biodegrad-
ability, shielding, and mobility, as well as anticancer activity, owing to the receptor of
CD44 [104]. In 2015, Martens et al. developed a unique treatment option for retinoblas-
toma in the form of retinal gene therapy [111]. In this research, nonviral polymeric gene
DNA complex-based nanomedicines were coated electrostatically with HA for providing
an anionic hydrophilic coating for improved intravitreal mobility. The authors further
evaluated the resulted polyplexes with HA of different molecular weights by means of
size, surface charges, zeta potential, and complexation. It was observed that the ζ-potential
were four-fold more anionic in the presence of more HA concentrations as compared to
low concentrations of HA. It was concluded from the results after developing an ex-vivo
model based on excised bovine eyes and fluorescent single-particle tracking (FSPT) that
HA-coated polyplexes had improved mobility in intact vitreous humor, as well as proficient
uptake through HA-based CD44-receptor endocytosis [111].

4.4. Folic Acid (FA) Functionalized Nanocarriers

Nanocarriers can become more effective in the targeted killing of cancerous cells as
compared to systemic chemotherapy after they are coupled with targeting moiety [112].
Targeted moieties enable the site-specific delivery of anticancer drugs [113]. The most
utilized targeting moiety in practice is the folate receptor. Folate receptors are overexpressed
in RB cells, and their use in RB treatment will be highly effective in the preferential uptake
of NPs, as well as killing of only cancer cells [105]. Parveen and Sahoo synthesized chitosan
NPs (CNPs) and loaded DOX in it [3]. Prepared NPs were conjugated with folic acid.
Chitosan nanoparticles (CNPs) can be conjugated to DOX via the ionic gelation method,
followed by centrifugation at 18,000 rpm for 30 min at 4 ◦C for collecting CNP pellets.
Afterward, CNPs were lyophilized and stored at 4 ◦C and coupled with folic acid with a
coupling reaction by mixing in distilled water and centrifugation at 3000 rpm.

Moreover, the conjugation of folic acid (FA) onto CNPs was characterized via nuclear
magnetic resonance (NMR) and Fourier-transform infrared spectroscopy (FTIR). The cy-
totoxic effects of synthesized conjugated NPs were assessed on RB cells (Y-79) using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (a colorimetric
assay for assessing cell metabolic activity), and excellent cytotoxic effects towards RB
cells as compared to unconjugated DOX-CNPs and pure DOX. Furthermore, the mecha-
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nism of DOX-mediated apoptosis in Y-79 cells was evaluated, and the results concluded
that the FA-DOX-CNPs activated the mitochondrial pathways and triggered the release
of cytochrome c and caspases enzymes for further assistance in apoptosis. Therefore,
FA-targeted NPs were concluded to be sustained, effective, and targeted therapy against
RB. Moreover, de MoraesProfirio and Pessine (2018) synthesized FA-conjugated chitosan-
coated PLGA NPs for the safe and targeted delivery of carboplatin by using a 22 factorial
design and optimized the formulation and characterized by all the optimum characteri-
zation techniques needed [114]. The results concluded the NP size of 178 nm, PDI = 0.20,
ζ-potential = 46.0 mV, encapsulation efficiency = 35.5%, and NP yield = 92%. In the treat-
ment of RB via multi-functionalized NPs, as discussed above, researchers developed sugar
moieties-based ligands and polymer-based ligands. Sugar moieties were in the form of
lectins. Galactose and HA are highly overexpressed in RB as compared to healthy cells.
Therefore, overexpressed lectins are a means of proficient targeting as compared to the
other ligands. However, polymeric ligands like PLGA resulted in the highest stability. In
our opinion, if polymeric, as well as sugar, moieties are combined and functionalized in
the nanosystem, then excellent treatment targets will be achieved with high specificity
and stability.

5. Lipid Nanoparticles (LNPs)

Lipid nanoparticles (LNPs) are valuable aspects of nanotechnology, being utilized
in pharmaceutics and nutraceuticals, as well as cosmetics. Most lipid-based bioactive
compounds, i.e., fatty acids, flavonoids, tocopherols, polyphenols, carotenoids, and preser-
vatives, possess a hydrophobic nature [115]. The encapsulation of all these mentioned
lipids in the form of colloidal dispersions in the aqueous environment of the oil-in-water
(o/w) type is an utmost requirement to ensure the stability of the formulations [116]. LNPs
have gained much importance in treating cancers and infectious diseases, as well as the
adsorption of heavy metals. Melphalan is the drug of choice as a chemotherapeutic agent
for treating RB. However, the risk of immunogenicity and devastating healthy cells is un-
avoidable [117]. To overcome the disadvantages and to ensure ideal delivery and treatment,
Tabatabaei et al. (2019) developed 171-nm switchable LNPs for the codelivery of melphalan
and miR-181 with 93% encapsulation efficiency [106]. To prepare melphalan-loaded LNPs
(LNP/melphalan), a melphalan and ethanol mixture was added into the lipid mixture to
form 10% of the total lipids. Ethanol was then evaporated to form a thin lipid film and
again hydrated with 5% dextrose in water for 30 min at 40 ◦C followed by incubation to
develop the LNPs. Next, melphalan was quantified, and the encapsulation of miR-181a
was executed. The encapsulation efficiency of miR-181 was determined indirectly via the
fluorescence displacement assay. Various characterization techniques have been utilized
to assess formulated NPs, and the results showed that LNPs increased the expression of
apoptotic genes and the highest uptake and targeted killing of RB cells [106].

5.1. Solid Lipid Nanoparticles (SLNs)

SLNs are versatile lipid-based nanocarriers systems enriched with the synergistic
qualities of polymeric particles, liposomes, and emulsions. SLNs are synthesized from
solid lipid blends via containing lipid droplets that are crystalline in a highly ordered
structure and composed of bioactive compounds in the lipid matrix part. The bioactive
compounds mobility can be controlled via controlling the physical state of the SLN lipid
matrix. The advantages related to SLNs include controlled drug release, drug targeting, en-
capsulation efficiency, and drug stability [118–120]. Ahmad et al. (2019) synthesized SLNs
for the safe and targeted delivery of etoposide against RB [121]. SLNs were synthesized
via the techniques of melt-emulsification and ultrasonication. Optimization of the novel
SLNs was done through a three-factor levels Box-Behnken design for establishing the func-
tional relationship between the response variables of the particle size, surface morphology,
and entrapment efficiency (EE). Moreover, the SLNs were characterized for size, surface
morphology, entrapment efficiency, and in-vitro drug release. However, pharmacokinetic
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studies were carried out after the intravitreal administration of SLN formulation in Wister
rats. Furthermore, a gamma scintigraphic analysis was performed to check the deposition
of SLNs in the ocular tissues of albino rabbits. Gamma scintigraphy involves the injection
of radioisotopes (called radiopharmaceuticals) into the bloodstream that actively seek out
bone that is irritated or destroyed or rebuilt or tissues that are inflamed or necrotic. Later
on, histological studies were performed to assess the toxicity and morphological changes
after treatment. However, it was concluded from the results that the particle size, PDI,
and EE of the optimized formulation were 239.43 nm, 0.261 ± 0.001, and 80.96% ± 2.21%,
respectively. The most advantageous aspect of this formulation was its sustained drug
release for seven days with only a single intravitreal administration. The sustained drug
release for seven days was also confirmed and supported by the results of the gamma
scintigraphy study. The histological studies confirmed the nontoxic nature of the SLNs, as
the posterior tissues of eyes did not exhibit detrimental effects. Therefore, it can be obvious
that etoposide-loaded SLNs are efficacious and safe in treating RB [121].

5.2. Nanoliposomes

Lipids, when placed in contact with water, the hydrophobic system of the molecule
interacts with water, leading to the self-assembly of lipids via forming liposomes (Figure 3) [50].
Liposomes consist of an aqueous core encapsulated by a lipid bilayer and often functionalize
via ligand attachments [122,123]. Zhao et al. (2020) synthesized cisplatin nanoliposomes to
determine the apoptosis regarding the RB cell lines in vitro, as well as in vivo [124]. Y-79
cells were cultured, and their exposure with Annexin V/propidium iodide (PI) was tested
for determining apoptosis. In order to detected cell death, Annexin V/PI double staining kit
are used in flow cytofluorimetric analyses. The Annexin V corresponding signal provides a
very sensitive method for detecting cellular apoptosis, while propidium iodide (PI) is used to
detect necrotic or late apoptotic cells, characterized by the loss of the integrity of the plasma
and nuclear membranes. Y-79 cells were also evaluated for the determination of caspase-3 in
order to assess any change in inflammatory caspase-3 as well, as it was also determined based
on Western blotting for testing various expressions of Bcl-2 and Bax expression proteins. The
Y-79-transplanted tumor model in nude mice was done and divided into three groups (n = 5).
The control group of nude mice was injected with cisplatin, and the blank group of mice was
administered with saline. After injecting, the nude mice were slaughtered, and the tumors
were removed. After removing of the tumors, the total volumes and weights of the tumors
were compared. Furthermore, nucleic acid extraction was done with magnetic beads for the
extraction of DNA and RT-PCR, and an in-situ cell death assay kit was applied in testing the
apoptotic cells. Furthermore, after comparing the reduction rate of the tumors, the cisplatin
liposome group showed a higher Y-79 apoptotic rate, caspase-3, lower volume and weight of
the tumors, and Bax protein expression as compared to the cisplatin solution and dimethyl
sulfoxide (DMSO) groups, with a significance of p < 0.05 [124].

In this research, researchers utilized LNPs to treat RB, and they discovered that
LNPs are the most promising for encapsulating hydrophobic drugs via improving the
oral bioavailability. Various LNP (SLNs, liposomes, and core-shell nanostructures)-based
techniques have been utilized in the past for the successful loading of anticancer drugs and
resulted in several limitations of limited drug loading, instability, high cost, poor industrial
scaling, and the use of organic solvents. In our opinion, to mitigate the side effects of
various lipid formulations, self-emulsifying carriers should be introduced in the targeted
killing of RB. Self-emulsifying drug delivery systems (SEDDS) have drawn innumerable
attention in the field of pharmaceutical technology and drug development owing to their
thermodynamic and kinetic stability and easy manufacturing, as well as a distinct feature
of solubilizing both hydrophilic and hydrophobic drugs.
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6. Metallic Nanoparticles

The treatment of cancer is challenging due to the nonspecific distribution of chemother-
apeutic agents in the whole body, causing systemic toxicity and poor patient compliance.
Metallic NPs have a great importance in the field of cancer treatment. Similarly, RB, a rare
type of cancer, can be treated effectively via the application of metallic NPs following either
active or passive targeting [49,125,126].

6.1. Silver Nanoparticles (AgNPs)

AgNPs are widely utilized in cancer therapeutics because of their green synthesis,
cost-effectiveness, stability, and optical properties [107,127]. Remya et al. reported the syn-
thesis of AgNPs via rapid methodology from natural sources of brown seaweed Turbinaria
ornate, and its cytotoxic efficacy was determined against RB cells [128]. The synthesis of
AgNPs was confirmed via UV-visible spectroscopy and was further characterized by X-ray
diffraction (XRD), high-resolution transmission electron microscopy (HR-TEM), ζ potential,
potential, thermogravimetric analysis (TGA), and Fourier-transform infrared spectrum
(FTIR), as well as advanced plasma mass spectroscopic techniques. The total phenolic
content of synthesized AgNPs was found to be 43 nm, with good scavenging activity.
Moreover, the cytotoxicity of the synthesized AgNPs against the RB Y-79 cell line showed
a dose-dependent response via the inhibitory concentration (IC50) of 10.5 µg/mL. The
results concluded that AgNPs are promising anticancer agents with enhanced ocular tar-
geting and treatment [128]. Same group researchers (2018) introduced the polysaccharide
laminarin into their preformed Ag-NPs and extracted, purified, and analyzed laminarin
through Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectroscopy
(MALDI-TOF MS) and Proton Nuclear Magnetic Resonance (1H NMR), UV-vis, FTIR, XRD,
and TEM. Moreover, free radical scavenging of the formulation was done to evaluate its
cytotoxicity against RB cells [129].

6.2. Gold Nanoparticles (AuNPs)

AuNPs have been recruited for therapeutic efficacy owing to their large surface areas,
enabling the adsorption of several functional molecules on their surfaces. However, they
have limited applications owing to their toxicity [130–132]. To address these concerns,
Kalmodia et al. (2017) developed green synthesis methodology for the synthesis of gold
nanoparticles (GNPs) using extracts of Vitus vinifera [133]. The GNPs synthesized were
biocompatible and noncytotoxic. These NPs were found to be involved in the mechanistic
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approach of knocking out human double minute 2 (HDM2) functional protein cells. HDM2
is a cancer target, as it inhibits p53 tumor suppressor activity. These HDM2 cells are
knocked down due to their overexpression in retinoblastoma. Chen et al. (2020) also devel-
oped rosiglitazone-incorporated AuNPs in treating human RB [108]. The investigation of
the anticancer activity, proliferation, and apoptosis of retinoblastoma cells were determined
via flow cytometry. Furthermore, phosphoinositide 3-kinase inhibitor (PI3K inhibitors)
were used to explore whether rosiglitazone AuNPs play a regulatory role through the
PI3K/Akt pathway. The results concluded that the synthesized formulation significantly re-
duced the proliferation and antitumor activity, as well as apoptosis, of retinoblastoma cells
as compared to the untreated controls. Wang et al., in 2020, developed multi-functionalized
NPs for low-intensity focused ultrasound-assisted imaging for the synergistic treatment, as
well as diagnosis, of RB [79]. This novel formulation was synthesized via the conjugation
of magnetic hollow mesoporous gold nanoparticles (AuNCs) and iron oxide NPs (Fe3O4).
The prepared conjugated (AuNCs-Fe3O4) nanoparticulate system was then modified to
encapsulate the muramyl dipeptide (MDP) and perfluoropentane (PFP) to develop AuNCs–
Fe3O4/MDP/PFP, as shown in Figure 4. The synthesized nanoparticulate conjugate was
successfully characterized through TEM, FTIR, the loading efficiency, release, in-vitro cyto-
toxicity, apoptosis, magnetic targeting ability, in-vivo therapy, and biocompatibility. The
most important characterization of multifunctional NPs includes the systematic biosafety
evaluation. The results concluded that multifunctional magnetic AuNCs-Fe3O4/MDP/PFP
nanocarriers resulted in enhanced photoacoustic imaging, as well as magnetic resonance.
After the directed entry of these nanocarriers, they get accumulated via a magnetic field
in the tumors, and MDP was released under phase transition and irradiation. MDP, after
its release, promoted the maturation and activation of the dendritic cells for an enhanced
recognition capability for clearing tumor cells and showing great potential as an advanced
therapeutic output against RB [79]. Scientists have developed metallic nanoparticles (silver
and gold) to mitigate RB malignancy, but metallic nanoparticles have severe toxicity issues.
In our opinion, the green synthesis of metallic nanoparticles can be encouraged to achieve
anticancer activity with no toxicity.
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7. Conclusions, Challenges and Perspectives

Compared with conventional anticancer therapies, NP-mediated anticancer drug de-
livery leads to high therapeutic efficacy, less toxicity, targeted binding with the ligand, and
site-specific delivery, resulting in cytotoxicity management and cost-effectiveness. The bar-
riers in the treatment of RB and the killing of healthy cells have been minimized via using
biocompatible polymers such as ligands and green synthesis-based metallic NPs, as well as
bioactive nontoxic herbal flavonoid constituent-based lipid nanoparticles. Emerging trends
of multi-functionalization and biocompatible ligands in anticancer therapy and diagnosis
are opening a new era in overcoming the barriers of conventional therapies via strategically
improving the treatment and diagnosis of RB. Experimental studies are designed to estab-
lish cell/tissue-specific nanosystems to meet the challenging requirements of intraocular
chemotherapy and diagnostics, with the revolutionary advancement of nanomedicine
in cancer diagnosis. The design concept criteria and our current understanding of the
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general drug delivery and imaging of the eyes were outlined in this study. To achieve the
ultimate objective of developing “smart nanosystems” against potent lethal intraocular
tumors, combinatory strategies should be designed to suit different design parameters. The
challenges in RB treatment involve distinct and complicated anatomical and physiological
barriers in the diseased area of the eye, leading to drug spillage and non-targeted delivery,
causing therapeutic inadequacy. However, the use of multi-functionalized ligand-based
nanocarriers helps in maintaining the therapeutic efficacy via targeted actions.
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Abstract: Non-enzymatic sensing has been in the research limelight, and most sensors based on
nanomaterials are designed to detect single analytes. The simultaneous detection of analytes
that together exist in biological organisms necessitates the development of effective and efficient
non-enzymatic electrodes in sensing. In this regard, the development of sensing elements for detecting
glucose and hydrogen peroxide (H2O2) is significant. Non-enzymatic sensing is more economical
and has a longer lifetime than enzymatic electrochemical sensing, but it has several drawbacks,
such as high working potential, slow electrode kinetics, poisoning from intermediate species and
weak sensing parameters. We comprehensively review the recent developments in non-enzymatic
glucose and H2O2 (NEGH) sensing by focusing mainly on the sensing performance, electro catalytic
mechanism, morphology and design of electrode materials. Various types of nanomaterials with
metal/metal oxides and hybrid metallic nanocomposites are discussed. A comparison of glucose and
H2O2 sensing parameters using the same electrode materials is outlined to predict the efficient sensing
performance of advanced nanomaterials. Recent innovative approaches to improve the NEGH
sensitivity, selectivity and stability in real-time applications are critically discussed, which have
not been sufficiently addressed in the previous reviews. Finally, the challenges, future trends,
and prospects associated with advanced nanomaterials for NEGH sensing are considered. We believe
this article will help to understand the selection of advanced materials for dual/multi non-enzymatic
sensing issues and will also be beneficial for researchers to make breakthrough progress in the area of
non-enzymatic sensing of dual/multi biomolecules.

Keywords: advanced nanomaterials; dual in-line sensing; bi-functional properties; non-enzymatic;
electrochemical sensing; glucose and H2O2

1. Introduction

Glucose is an essential carbohydrate involved in major catabolic pathways, including oxidative
phosphorylation and glycolysis for the creation of proteins, glycogens, and lipids [1,2]. Glucose is
absorbed through the intestines, and, converted by the liver into a more stable form of glycogen,
regulated by the hormone insulin [3,4]. Diabetes mellitus (DM) has been termed the “invisible killer” as
a consequence of both hyperglycemia and hypoglycemia [5]. A fasting blood glucose concentration less
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than 100 mg/dl (5.6 mmol/L) is normal, a level from 100 to 125 mg/dL (5.6 to 6.9 mmol/L) is considered
prediabetes and greater than 126 mg/dL (7 mmol/L) on two separate tests allows the diagnosis
of diabetes. Hypoglycemia is defined by a blood glucose concentration <70 mg/dl (3.9 mmol/L)
and concentrations of both <54 mg/dL (3.0 mmol/L) and <50mg/dL (2.8 mmol/L) cause defective
glucose counterregulation and impaired awareness of hypoglycemia. Hyperglycemia can result
in multiple metabolic abnormalities associated with long term microvascular and macrovascular
complications [6–10]. The global prevalence of diabetes in 2019 was estimated at 463 million people,
and has been predicted to rise 10.2% by 2030 and 10.9% by 2045. The prevalence is higher in developed
countries (10.4%) than in developing countries (4.0%). Furthermore, one in two people living with
diabetes do not know that they have diabetes. The rising burden of diabetes in low- and middle-income
countries may cause financial strain on individuals and health systems. Among all countries worldwide,
the United States and China have the highest diabetes related medical expenditure. Between 2019
and 2045, the global expenditure for diabetes treatment is expected to grow from USD 760 billion to
USD 845 billion. Diagnosis and management of diabetes require accurate, sensitive, reliable, rapid,
and attentive monitoring of glucose in day to day life [11,12]. Generally, H2O2 is generated during
enzyme/glucose reactions and so the monitoring of H2O2 is also of great importance. H2O2 is an unstable
compound found in nature that plays a vital role as an intermediate in several biological reactions
such as the metabolism of proteins, carbohydrates, cell signaling, and immune responses [13,14].
However, excess H2O2 can damage DNA or proteins via the generation of reactive oxygen species [15].
Hence, the monitoring of both H2O2 and glucose with a novel sensing approach in humans and the
environment is of great significance. Such non-enzymatic glucose and H2O2 (NEGH) sensors have
applications in biomedical devices, catalysis, and the environment.

Several analytical approaches have been reported to quantify glucose and H2O2

levels, namely calorimetric, titrimetric analysis, spectrometry, fluorescence, chemiluminescence,
and high-pressure liquid chromatography [16–20]. However, these methods have certain limitations,
such as cumbersome fabrication processes, low reproducibility, matrix interference, high cost,
and short shelf time. Hence, there is a need for the development of more efficient techniques
for glucose and H2O2 quantification, and, in this context, electrochemical methods have much influence.
Electrochemical techniques for glucose and H2O2 sensing have good accuracy, specificity, response time,
simplicity, lower detection limits, high physical and chemical stability, enhanced electron transfer rate,
practical detectability, easy to scale up, and biocompatibility [21]. The first enzyme-based glucose
sensors were explored in 1960, and have served to drive work in this area for many researchers.
Thereafter, first, second, and third generation enzyme-based glucose biosensors have been established.
Third-generation sensors are still in their infancy, but those based on nano-mesoporous electrode
surfaces show promise but with some drawbacks [22,23]. The mechanism of these sensors is based
on the detection of oxygen or H2O2, the electron mediator, or the enzyme. Immobilized glucose
oxidase (GOx) sensing results in the detection of gluconolactone and H2O2 [24]. Hence, the sensing
of both glucose and H2O2 exists in correlation and has significance in food, pharmaceutical, clinical,
and environmental studies [25,26]. However, enzymatic glucose and H2O2 sensors (EGHS) have
certain limitations, including enzyme denaturation due to environmental changes (pH, humidity,
and temperature), digestion by proteases, expensive preparation, time-consuming purification,
high cost, thermo-chemical deformation, poor reproducibility, lack of stability, and tedious enzyme
immobilization techniques [27,28]. These disadvantages of EGHS, as mentioned, can be adequately
defined by nanomaterial assisted electrochemical processes through NEGH sensing.

The most significant challenges faced while designing NEGH sensing are the high working
potential, unpredicted redox reactions, slow electro kinetics, intermediate poisoning and weak
sensing parameters [29]. Therefore, recent efforts have been devoted primarily on discovering novel
nanomaterials with high conductivity, efficient catalytic activity, and excellent physical and chemical
strength for the construction of non-enzymatic sensors [30,31]. Nanomaterials have a large surface
area, applied potential window, low charge transfer resistance, and flexibility, which makes them ideal
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electrode materials [32,33]. These novel nanomaterials include metal/metal oxide, carbon, and polymer
nanocomposites in different nano morphologies such as crystals, rods, wires, fibers, twisters, core shell,
and quantum dots (Figure 1) [34].

Biosensors 2020, 10, x FOR PEER REVIEW 3 of 37 

ideal electrode materials [32,33]. These novel nanomaterials include metal/metal oxide, carbon, and 
polymer nanocomposites in different nano morphologies such as crystals, rods, wires, fibers, twisters, 
core shell, and quantum dots (Figure 1) [34]. 

 

 
 

Figure 1. Schematic illustration of advanced nanomaterials for non-enzymatic electrochemical 
glucose and H2O2 sensing: (a) AuNBP/MWCNT/GCE nanocomposites [35]; (b) Ni3N/GA samples 
([36]); (c) 3D N-Co-CNT@NG ([37]); (d) Cu2O PLNWs/Cu foam ([38]); (e) core shell NixCo3-xN/NG 
([39]); (f) Ni (OH)2/RGO/Cu2O@Cu electrode ([40]). 
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Figure 1. Schematic illustration of advanced nanomaterials for non-enzymatic electrochemical glucose
and H2O2 sensing: (a) AuNBP/MWCNT/GCE nanocomposites [35]; (b) Ni3N/GA samples [36];
(c) 3D N-Co-CNT@NG [37]; (d) Cu2O PLNWs/Cu foam [38]; (e) core shell NixCo3-xN/NG [39];
(f) Ni (OH)2/RGO/Cu2O@Cu electrode [40].

A wide variety of nanomaterials are fabricated; however, only a limited number of nanomaterials
have been utilized for NEGH sensing due to their enhanced conductivity, surface area, electro kinetics,
and the electro catalytic activity in acid, and base media. The nanoparticle concentration,
synergistic effect, charge carrier type, surface charge, bandgap, mobility and density of electrons on the
surface of a nanomaterial can be tuned by considering a combination of materials, and efficient
preparation method, which has enabled their applications in a wide range of electrochemical
devices [41–43]. Significant research effort was dedicated to the development of NEGH sensing
with advanced nanomaterials to obtain high conductivity, suitably applied potential, and portable
sensing of glucose and H2O2. Hence, this article focuses on recent advancements in the development
of various nanocomposites for NEGH sensing with same electrode materials and comparatively
addresses their sensing parameters in terms of wide linear range, limits of detections, response time,
stability, reproducibility, sensitivity, and selectivity with critical aspects in real-time clinical, health,
and environmental applications. The specific applications of different nanocomposites in real and
analytical situations have been discussed and their limitations have been comprehensively addressed.
Additionally, we believe that this article help to provide research directions by specifying the existing
hindrances faced by advanced nanomaterial-equipped NEGH sensing and can also aid in designing
novel materials.
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2. Metal Nanocomposites for Dual-in-Line NEGH Sensing

Most of the metal nanocomposites or hybrids benefit from their integrated properties without any
alteration in structure and morphology, which can overcome limitations of the traditional noble and
non-noble metals [44,45]. Technological advances in metal nanocomposite-based electrodes in several
fields have stimulated their exploration in the field of NEGH sensing [46]. The ability of multiple
oxidation states, stress-free oxidation of redox reactions, fast formation of intermediate compounds,
and easy activation of reaction centers of metal nanocomposites is further utilized in NEGH sensing [47].
Several limitations, such as poor electrochemical activity in alkaline solutions, low diffusion of analytes
towards the electrode, the solubility of the electrode, and the aggregation of metal nanoparticles during
the electro catalytic process, have been efficiently addressed by the formation of nanocomposites
with graphene/carbon nanotubes (both single walled and multi walled)/quantum dots/polymers.
This section covers the most widely used metals and their nanocomposites for efficient glucose and
H2O2 sensing.

2.1. Gold and Silver Metal Nanocomposites

Gold (Au) and silver (Ag) have shown excellent glucose non-enzymatic sensing performance
because of their excellent conductivity and electro catalytic activity. These nanoparticles are notable
for their antimicrobial activity and in enhancing the durability of sensors and thus are specifically
significant in fabricating sensors with a longer lifetime, whereas, for H2O2, the gold-based electrode
is inactive except at a very negative potential to form an O-O bond on the surface of the electrode
as platinum during electrochemical sensing. Recent studies have shown O-O bond formation on
the Au (100) plane surface, reflecting the different crystal facets of Au having different peroxide-like
activities. In order to avoid the agglomeration issues of gold nanoparticles, carbon/polymers were
used as supporting materials for electrochemical analysis. For example, Mei et al. (2019) synthesized
gold nanohybrids by seed-mediated growth on Multiwalled carbon nanotubes (MWCNTs) to develop
Gold Nanobipyramids (AuNBP) on MWCNTs as shown in Figure 1a. The AuNBP/MWCNT electrode
showed better electrocatalytic activity than the bulk Au, Au Nanoparticle (NP), AuNBP, and MWCNT
electrodes because of the more incipient gold oxide provided by AuNBPs. Electrochemical reactions
in neutral pH conditions lead to glucose electro-oxidation, which is a diffusion-controlled process,
whereas H2O2 reduction is a surface-controlled process. The major limitation of the AuNBP/MWCNTs
hybrid is that the sensor needs to work in a strong alkaline solution to allow glucose detection.
They tested the ability of the sensor to detect glucose in human serum while its ability to detect H2O2

was evaluated in antibacterial lotion (3%). Acceptable recovery with reasonable relative standard
deviation (RSD) values for practical applications were reported [35]. Kundu et al. (2015) fabricated
ordered assemblies of noble Ag NPs over Graphitic carbon nitride quantum dot (g-CNQD) sheets using
the microwave assisted method. The Ag-CNx composites were assembled through an evaporation and
condensation process by thermal-ultrasonic treatment. They observed superior electro catalytic activity
towards H2O2 reduction/oxidation compared to 0.01 M PBS buffer than 0.05 M NaOH solution. In this
work, reported H2O2 sensing at +0.7 and −0.7 V applied potential and achieved a lower detection limit
of 0.6 nM (+0.7 V). Nucleation and growth of AgNPs on the voids of CNx sheets were strengthened by
the Ag-N affinity and the ordered assembly of Ag particles triggered electrochemical sensing. However,
the authors did not explore a wide range of molecules for selectivity and other limitations, such as low
water solubility, demand further analysis of Ag NPs with the g-CNQD system [48].

2.2. Copper Metal Nanocomposites

The electro catalytic activity of copper metal nanocomposites is mediated by the exchange of
oxidation states from Cu (II) and Cu (III) or vice versa. Economically Cu is low cost and easily available
and avoids the interference compounds during sensing than the Au/Pt/Ag due to its high isoelectric
point (net surface charge). Moreover, the catalytic activity of Cu-based particles are promising,
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making them applicable in manufacturing sensors for catalysis. Thus, major attention has been given
to Cu-based electrodes for NEGH sensing in the last few years. Cu metal-based nanocomposites
with different shapes and active support materials such as graphene, reduced graphene oxide,
carbon nanotubes, and polymers have improved the NEGH sensing performance. The synthesis
strategies of Cu-based materials improved the active surface of electrodes to form intimate contact
between highly electroactive nanomaterials. During the sensing mechanism, it acts as an efficient
current collector for enhancing electronic conductivity. In this regard, Babu et al. (2014) carried out
work on the electropolymerization with electrodeposition technique to develop copper nanoparticles
using ionic liquid on a paraffin wax-impregnated graphite electrode (PIGE). The modified electrode
exhibited positive working potentials (0 V and +0.35 V) for oxidation of glucose and H2O2. A good
response was achieved for glucose concentration ranging from 6.6 × 10−6 to 1.3 × 10−3 M with a
detection limit of 2.2 × 10−6 M. The modified electrode catalyzes the electro oxidation of glucose
to gluconolactone through the formation of Cu2+ ions. For H2O2, the electrode exhibited a rapid
response in <4 s with a change in concentration. A linear response was achieved for 8.3 × 10−6 to
1.5 × 10−3 M with a detection limit of 2.7 × 10−6 M. This modified copper hybrid electrode showed the
advantages of ease of preparation, excellent analytical sensing performance and carries a reduction
in over potential to avoid interference. For both glucose and H2O2 detection, respective applied
potentials of +0.35 V and 0 V were reported by this study, which was the least compared with
concurrent studies. The practical applications for H2O2 and glucose concentrations were evaluated
in solutions of stain remover and human urine samples, respectively, achieving 99.6% and 103.7%
recovery rates [49]. Another research group (Mani et al., 2015) avoided the easy oxidation of Cu
NPs by considering the biopolymers (pectin) as scaffold through stabilizing methods and fabricated
highly stable, uniform, electroactive Cu NPs using graphene as support. The sensor displayed
appreciable repeatability (five measurements), reproducibility (five different electrodes with standard
deviation 2.92%) and operational stability (with 6.2% reduction in initial current when rotated in
0.1 M NaOH/2 µM H2O2 for 3000 s). The real-time applications were performed in contact lens
cleaning solution and human serum for H2O2 and glucose, respectively [50]; however, reasonable
data and explanations were not demonstrated. In another report, Lu et al. (2016) discussed Cu
chalcogenides, i.e., sulfur-doped Cu in enhancing the sensitivity and low detection limits of glucose
and H2O2. This group synthesized Cu2S nano rods on 3D copper foam (Cu2S NRs@Cu) via in situ
facile electrodeposition method. The enhanced electrocatalytic activity of Cu2S NRs@Cu was due to its
high surface-to-volume ratio and the presence of more active sites, which improved mass and electron
transfer between the Cu2S NRs and Cu foam. In addition, it displayed ultra-high sensitivity (glucose:
11,750.8, and H2O2: 745 µA mM−1 cm−2), excellent reproducibility, selectivity, low detection limits,
and also investigated real-time measurements, indicating the promising prospect for NEGH sensors in
designing other biomedical applications. Stability of the sensors was explored only for two weeks,
and retained the glucose and H2O2 response by 94.8% and 95.6%. These values may decrease further
over time, as there is a possible degradation in the fouling resistance. This opens up the chance of
more detailed analysis of the materials reproducibility and durability [51].

2.3. Nickel Metal Nanocomposites

Ni-based nanocomposite seems to be an excellent material for the fabrication of an NEGH sensor
due to their attractive catalytic activity resulting from the redox/oxidation states of Ni3+/Ni2+ in
alkaline media. However, the reaction mechanism is found to be different from Au-, Pt- and Ag-based
electrodes. Ni-based hydroxides and oxides showed poor electrical conductivity in electro sensing.
As a result, substrates with promising electron transfer ability need to be developed to sustain these
active materials. Babu et al. (2013) used an ionic liquid as an electrolyte for the electropolymerization
of nanomaterials on PIGE. The modified electrode was used to determine the concentrations of glucose
and H2O2 along with clinically important compounds such as vitamin B6, vanillin, etc. Both cyclic
voltammetry and amperometric studies were performed to study the sensing characteristics and the
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latter demonstrated a <3 s response time. Good linear range, low working potential and detection limit
were achieved with effective applications in flow systems [52]. Furthermore, Wu et al. (2016) doped Ni
with Sulphur for morphological change to enhance stability and reproducibility. They synthesized
different phases of nickel sulfides (NiS, Ni3S4, Ni7S6, Ni9S8) by a facile hydrothermal method using
thiourea and ethanolamine. Among them, they obtained 3D flower-like Ni7S6 for NEGH sensing.
The cyclic voltammetry (CV) graph Ni7S6/Glassy carbon electrode (GCE) contained two redox peaks,
which explained the electrocatalytic mechanism 0.1 M NaOH. The first reduction peak was attributed to
the conversion of Ni7S6 to Ni7S6OH. After 20 cycles, a second reduction peak appeared corresponding
to the conversion of Ni(OH)2 to NiOOH. The first reduction peak gradually became weaker, but the
second reduction peak gradually became stronger, indicating that Ni7S6 was consumed gradually and
converted to Ni(OH)2. The applicability of the sensor for H2O2 sensing in antibacterial lotion (3%),
and for glucose in human serum samples was evaluated [53]. The values calculated for the glucose in
serum was 5.55–5.64 mM, in close proximity to the glucometer data (5.60 mM), and with 4.51% to 3.28%
relative standard deviation. To further enhance the electrocatalytic activity of Ni7S6, the same research
group doped different concentrations of cobalt (x = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5). Among the
synthesized compounds, Ni5.5Co1.5S6 had shown high sensing performance having an aloe-like
morphology. This sensor evaluated glucose and H2O2 in antibacterial lotions and water samples
(lake/tap/pickle water) and showed a reasonable recovery rate of 99–103% for glucose, H2O2 and
nitrite [54]. To avoid the drawback of sulphur poisoning during real-time application, the material
was doped with nitrate, and, to enhance conductivity and stability, Yin et al. (2018) prepared novel
Ni3N NPs on conductive Graphene aerogels (GA) via hydrothermal method cum freeze-drying and
calcination under NH3 atmosphere. Figure 1b represents the Nickel nitride (Ni3N)/GA-modified
electrode for NEGH sensing. The authors were successful in demonstrating the influence of structural
characteristics on the sensing performance of the Ni3N/GA sample. The three-dimensional aerogel
provides multifunctional electronic or ionic pathways through their interconnected macroporous
framework and allows for the easy transportation of electrons and ions. In addition, the aerogels
prevent Ni3N aggregation and thus increases the active sites for electrocatalysis. In short, the results
demonstrated that the prepared sensor with an efficient conductive nature is applicable for perfect
charge transfer and avoided the agglomeration problems, which is a huge benefit for non-enzymatic
electrocatalytic application [36].

2.4. Cobalt Metal Nanocomposites

The Co-based catalysts for NEGH sensing was explored and the effect of different morphological
structures on electroanalytical properties, and ideal support material for active catalyst loading
was studied. As of now, various Co-based oxides, phosphides, sulfides, and complex structures
with carbon/polymers have been explored for non-enzymatic monitoring of glucose and H2O2.
Electrochemical sensors based on transition metal sulfides offers a more active and cheaper catalyst
for sensing both glucose and H2O2. Among various metal sulfides, Cobalt sulphide (CoS) has
attracted intense research interest due to their outstanding physical and chemical property with
excellent catalytic properties and have been excellent in glucose and H2O2 detection. In this direction,
Wu et al. (2017) studied the ability of different phases of cobalt sulfides to sense glucose and H2O2.
One-pot hydrothermally synthesized CoS had a tremella-like nanostructure, and the sensor based on
this material exhibited simple operation, good selectivity, stability, and reproducibility [55]. The good
electrochemical response towards glucose and H2O2 was due to the absorption of intermediate species
with higher glucose concentration on the electrode surface. The CoS sensor was compared with different
H2O2 and glucose sensors. The CoS sensor showed 17 times wider range of detectability than NP-PtCo
and 24 times higher value than nano CoPc-Gr. The detection limit (1.5 µM) was also comparable
with the other sensors. Recovery of the sensors from the detection of human serum sample was also
appreciable with a relative standard deviation of 2.82%. Furthermore, a novel, scalable, and one-pot
method was illustrated by Balamurgan et al. (2017) to prepare a 3D N2 doped Co-CNT over the
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graphene sheet (3D N-Co-CNT@NG). This novel biosensor contains a porous architecture with a high
conductive nature for efficient charge transfer at low oxidation and reduction potentials. The pictorial
representation of 3D N-Co-CNT@NG for NEGH sensing is shown in Figure 1c. The synergetic
interaction between metallic cobalt and nitrogen-doped CNT provided an outstanding electrocatalytic
activity, and the fabricated sensor showed promising application in human serum samples and had
great potential in health and environment applications [37]. To improve the performance of Co-based
NEGH sensing, Fengyu et al. (2018) developed a high electroactive electrode by utilizing a cobalt
nitrate nanowire array on Ti mesh. They produced Co3N nanowires (NW) array by hydrothermal
with NH3 gas heat treatment method using Co (NO3)2·6H2O, NH4F, and urea as source materials
and found that the array was embedded with Co, N, and Ti ions. The X-ray diffraction (XRD) profile,
Scanning electron microscope (SEM) images, corresponding CV curves, ampherometric i-t response,
and interferences study results show the structural and morphological features for stable sensing
performance of Co3N NW/Titanium mesh (TM) for glucose and H2O2 detection as shown in Figure 2a–i.
The non-enzymatic Co3N NW/TM sensor reported a 0.1 µM to 2.5 mM detection range, a 50 nM low
detection limit, a 3325.6 µA mM−1 cm−2 response sensitivity and a <5 s response time for glucose.
For H2O2, the detection range was from 2 µM to 28 mM with a 1 µM limit. This study suggests a low
cost, simple preparation method to prepare 3D doped nano array for NEGH sensing applications,
practically useful in electronics and catalytic devices [56].

1 
 

 

Figure 2. Co3N NW/TM: (a) XRD pattern; (b and c) SEM images of Co (Co(OH)2/TM; (d) ampherometric
i-t response of Co3N NW/TM at 0.55 V (vs Hg/HgO with successive addition of glucose with varying
concentration from 20 µM to 5.5 mM); (e) corresponding calibration curve of Co3N NW/TM for the
detection of glucose; (f) interference studies in the presence of glucose; (g) ampherometric i-t response
of Co3N NW/TM at 0.55 V (vs Hg/HgO with successive addition of H2O2 with varying concentration
from 20 µM to 5.5 mM); (h) corresponding calibration curve of Co3N NW/TM for detection H2O2;
(i) interference studies in the presence of H2O2 [56].
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2.5. Other Metal Nanocomposites

Co, Cu, and Ni are the most studied transition metals for generating electrochemical sensors for
glucose and H2O2 [56–58]. However, a few other metals are also reported for their role in developing
sensing elements [59]. Barman et al. (2016) obtained improved electron transfer coefficient and catalytic
rate constant for the prepared vanadium-based samples. In this work, they modified a gold electrode
using a bis(acetylacetonate) oxo vanadium (IV) transition metal complex with 4-(pyridine-40-amido)
thiol phenol (PATP) for NEGH sensing in neutral medium. This sensor showed good selectivity in the
presence of AA, UA, L-dopa, L-Cysteine and Na+, K+ and Cl− ions. It obtained an excellent recovery
rate in human serum for glucose and for H2O2 in processed milk samples. This work provided
a simple preparation process, stability, and low-cost sensor for the clinical and food industry [60].
The study also addressed the influence of scan rate, accumulation potential, time, and pH on the
electrochemical sensing properties of the electrode. High scan rates shift the oxidation peak potential
of glucose to more positive and reduction potential of H2O2 to more negative which confirms the
kinetic limitation of the electrochemical reaction. When the accumulation time was changed from
0 to 300 s, the oxidation peak currents of both glucose and H2O2 remained the same; however,
the accumulation potential variation (to more positive) decreased the glucose peak current due to
oxidation. For H2O2, the change in accumulation potential to a negative value caused reduction.
Both the oxidation peak potential of glucose and the reduction peak potential of H2O2 were pH
dependent and they respectively shifted to more negative and more positive with increased pH
values (5–10). Good reproducibility (relative standard deviation of 0.2% for glucose and 0.3% for
H2O2, in 10 repeated cycles), sensitivity (120.24 µA cm−2 mM−1 for glucose and 326.66 µA cm−2 mM−1

for H2O2), stability (retained 100% response after 20 days) and selectivity were achieved, making it
applicable in clinical diagnosis and the food industry.

Sarkar et al. (2018), developed sensors using transition-metal dichalcogenide-based vanadium
sulfide (VS2) via template free-solvothermal decomposition process and utilized vanadium for the first
time to study sensing parameters. The developed sensor electrode reported a selective and sensitive
non-enzymatic detection of H2O2 with a sensitivity of 41.96 µA mM−1, linear range of 0.5 µM to 2.5 mM
with a lower detection limit of 0.224 µM. The high conductivity, abundant source, and low cost of VS2

NPs motivated to study NEGH sensing [61]. Tian et al. (2013) converted bulk C3N4 into ultrathin
graphitic carbon nitrate (g-C3N4) using ultra sonication-assisted liquid exfoliation, which offered a
low-cost synthesis method with an efficient electro catalyst for NEGH sensing. The modified g-C3N4

Nano sheet/GCE showed enhanced electro catalytic activity at a very low negative operational potential
of −0.60 V towards H2O2. In the same way, amperometric responses towards glucose were obtained at
0.81 V. It is important to note that g-C3N4 nano sheets have advantages over noble metal nanomaterials
in the form of low-cost fabrication and bulk preparations of samples. It also showed a detection limit
of 11 and 45 µM, respectively, for the buffer and human serum media [62].

This section reviews the significant roles of metals such as Au, Ag, Cu, Ni, Co and V in
combination with MWCNTs/graphene/reduced graphene/graphitic carbon nitrate/biopolymers in
NEGH sensing. The development of simple preparation techniques and attention towards transition
metal chalcogenides (TMDs) such as NiN2, CoN2, Cu2S, CoS and V2S has overcome the limitations of
poor conductivity, less exposed active sites, poor measurement stability, low contacted target analytes,
low electron transfer, chemical instability, wide band gap and also reduced over potential issues. In a
few reports, the modification of carbon materials into reduced graphene oxide, 3D graphene aerogels,
and graphitic carbon nitride with unique geometry has improved porous structure for electron/ion
transfer, high conductivity, strong adhesion property to catalyst particles, high mechanism strength,
thermal stability, agglomeration of nanoparticles, etc., and favored reproducibility. The development
of an advanced electro deposition process, and in situ fabrication techniques for metal nanocomposites
has improved long-term stability for the NEGH sensors. The detection of H2O2 requires high over
potentials, which in turn causes interference issues and decreases the sensitivity. These can be
overcome by considering efficient synthesis strategies, such as the aforementioned synthesis methods.
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The working potential of modified electrodes is a key parameter for dual sensing application, which was
effectively changed by modifying the morphology of metal nanocomposites into sheets, nano wires,
nano rods, and flower-like structures that enhanced the surface to volume ratio to increase mass and
electron transfer issues. Overall, the metal nanocomposites performed excellent catalytic activity,
and exhibited notable NEGH sensing performance. By doping the different concentration of metals in
sulfides and nitrides, especially transition metals can further improve the sensitivity, detection limits
and linear ranges of glucose and H2O2 analytes. The sensing performance of metal nanocomposites
in alkaline and acid conditions are still not clear and need to be improved further by considering
core-shell-like nanostructure morphologies. Electrochemical sensing parameters such as sensitivity,
detection limits, linear ranges, working potentials, storage stability, repeatability, reproducibility and
real-time applications are compared for different modified metal nanocomposite electrodes for both
glucose and H2O2 sensing, in Table 1.

3. Metal Oxide Nanocomposite for Dual-In-Line NEGHS

Metal nanocomposites had limitation for NEGH sensing such as inferior performance under
neutral or low pH conditions and easy oxidation in harsh environments because of the dependency of
MOOH species on the electro oxidation/reduction of glucose and H2O2. These limitations have increased
focus on the development of metal oxide nanocomposites in NEGH sensing. Metal oxide sensors
have the advantages of rapid electro catalytic response with specific morphology of nanoparticles,
nanotubes, nanowires, nanofibers, graphene/CNTs, among others. In this section, we discuss advanced
developments of NEGH sensors based on various metal oxides. In Table 2, the information on metal
oxides for NEGH sensors is reported, and a brief comparison of H2O2 and glucose with the same
electrode materials is given in terms of the sensing parameters.
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3.1. Copper Oxide (CuO) Nanocomposite

The natural abundance, low cost, and unique optical and electro catalytic properties of CuO
mark them as one of the suitable nanomaterials for heterogeneous catalysis, magnetic storage devices,
lithium-ion electrodes, gas sensors, and photovoltaic devices. Compared with the unstable Cu and
Cu2O, CuO nanostructures are relatively stable for electro sensing analysis. NEGH detection technology
can be used to design CuO nanomaterials with enhanced non-enzymatic intrinsic characteristics [63].
They are synthesized in the form of nano spheres, rods, wires, and flowers. Prathap et al. (2012)
conducted a study to control the morphology of copper oxide (CuO) using different acids such as
ammonia/citric/tartaric acids via the hydrothermal method and proposed a CuO formation mechanism
based on the experimental results. According to the mechanism, crystal formation fully depends
on nucleation and crystal growth. The addition of NH3 and NaOH to the reaction medium forms
a Cu(NH3)4

2+ complex followed by the precipitation of orthorhombic Cu(OH)2. This is in the
form of a sheet-like structure connected through H-bonding, the length of which enhances with
amino acid interaction. During the hydrothermal reaction, the amino acid functional group forms a
co-ordinate bond with Cu2+ resulting in its adsorption on the crystal particle surface, preventing the
re-dissolution/re-precipitation. This causes formation of flower-like morphologies compared to the
dumbbell morphology during normal reaction conditions. In fact, the chemical nature of acids and
hydrothermal time modified the morphology of CuO. The tyrosine amino acid synthesized CuO showed
the best electro catalytic activity in this study and the results were compared with conventional CuO
nanoparticles. This work provided new insight for the fabrication of CuO with different morphologies
using different chemical additives and demonstrated the influence of large specific surface area and
porosity in enhancing electron transfer and thus sensitivity [64]. Recently, Liu et al. (2019) developed a
novel electrochemical sensor with hollow CuO/Polyalanine (PANI) nano-hybrid co-axial fibers via.
electrospinning using poly(acrylic acid)(PAA) as a sacrificial template. The utilization of PANI in
this work achieved excellent stability, high specific capacitance, strong adsorption, large surface area
and many reactive sites. The three-dimensional porous structure of the developed sensor elements
and the hollow structure of the hybrid nanofiber enhanced the surface area and the reactive sites and
enabled the electrochemical sensing at ultra-low concentration levels. The developed electrode also
retained its initial current response after 10 days and showed a promising application in clinical and
food testing [65]. In addition, Chakraborty et al. (2019) synthesized 1D nanomaterials (CuO nanorods)
over Fluorine doped Tin Oxide (FTO) substrate via the novel hydrothermal method and suggested
that the 1D nanostructure electrodes are favorable to NEGH sensing due to their low fabrication cost,
high electro active surface area, and excellent charge transfer property compared to other nanostructures.
The pictorial representation of glucose oxidation, H2O2 reduction, and interference studies of this work
are shown in Figure 3a–d. In glucose sensing, the high valence Cu3+ mediates the electro oxidation of
glucose on the CuO surface. This happens when the glucose oxidation converts Cu2+ to Cu3+ and the
formed ion acts as an electron delivery system for the glucose-gluconolactone-gluconic acid conversion.
Similarly, the electro catalytic reduction of H2O2 reduces Cu2+ to Cu1+, which intermediates the H2O2

to water conversion. This group accurately performed simultaneous sensing of glucose in the presence
of H2O2. The data demonstrated negligible current density changes with the addition of interfering
agents compared to the current density variation with glucose/H2O2 addition. Thus, the dual sensor
developed with a stability of 30 days was observed to be useful in practical applications from the point
of manufacturing biodevices [66].
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amperometric response and sensitivity for H2O2, which was much higher than glucose detection. The 
response time of less than 0.5 s was required to achieve steady current during H2O2 detection with 
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MCHN structure. By varying the temperature, the final product was analyzed at low and high 
temperatures, and the formation of nanocubes was observed with some wide size distributions. 
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addition of 0.1 mM DA, UA, AA, UR, SU and 0.5 mM of glucose along with 0.5 mM H2O2 [66].

3.2. Cuprous Oxide (Cu2O) Nanocomposite

Cu2O is a well-known p-type semiconducting material with a 2.17 eV band gap and is applied in
many potential applications, such as lithium ion batteries, solar cells and gas sensors. Zhang et al. (2009)
provided a promising Cu2O microstructure for NEGH sensing application. They fabricated porous
cuprous oxide (Cu2O) microcubes by a simple sonochemical route and its sensing results were compared
with smooth surface Cu2O microcubes under similar experimental conditions. The porous cubes had
much higher performance compared to that of the smooth Cu2O attributing to the porous microstructure,
which provided abundant active sites for glucose and H2O2 sensing [67]. Li et al. (2011) implemented a
low-temperature chemical method for the preparation of hierarchical Cu2O nanocrystals with the help
of sodium borohydride (NaBH4), polyvinyl pyrrolidone (PVP) and N,N-dimethylformamide (DMF).
The high charge-transport channels in hierarchical Cu2O nanocrystals was due to the self-assembly of
nanocrystals and the presence of many grain boundaries with a compact attachment of nanocrystals.
The increased electro active surface area showed a fast amperometric response and sensitivity for
H2O2, which was much higher than glucose detection. The response time of less than 0.5 s was
required to achieve steady current during H2O2 detection with 0.39 × 10−7 mol L−1 detection limit.
However, the developed sensor showed 1.2 × 104 times higher detection limit for the glucose compared
with the H2O2, the reason for which was not fully addressed [68]. In another work, Gao et al. (2012)
successfully prepared mesocrystalline Cu2O hollow nanocubes (MCHNs) via a facile reduction
reaction and studied the effects of reaction parameters. To identify factors contributing to unique
characteristics for the formation of MCHNs, experiments were performed by changing CuCl2 to CuSO4.
Hierarchical mesoporous spheres were formed with CuSO4. At the same time, when LiOH was changed
to NaOH, a cubic shaped product with a solid or hollow appearance was obtained, suggesting the
leading role of Cl− ions in the formation of distinctive MCHN structure. By varying the temperature, the
final product was analyzed at low and high temperatures, and the formation of nanocubes was observed
with some wide size distributions. These results confirm that the kinetics of reactions are essential for
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the formation of different morphologies of Cu2O products. Finally, they showed high resistance to
interference species with excellent reproducibility and high stability [69]. In another study, Liu et al.
(2013) improved the electrochemical cycling stability of Cu2O nanocubes by wrapping with graphene.
The resulting nanocomposite showed a glucose-sensing response with a low detection limit of 3.3 µM
and a linear response of 0.3 to 3.3 mM. The non-enzymatic H2O2 sensor exhibited an electrocatalytic
response with a linear range of 0.3 to 7.8 mM and a low detection limit of 20.8 µM. While other
studies use interferences with 1/20 to 1/10 glucose concentration to study the selectivity of the sensor,
this study tested interferents with 1/2 glucose concentration in 0.1 M KOH. Lower potentials generated
negligible current responses, and at 0.7 V, the responses become <3.5%, which is a comparatively
good sign of selectivity. Moreover, the high chloride tolerance was also confirmed for Cu2O/GNs as
it did not change the current of glucose oxidation. The very good linear response, selectivity and
detection range are associated with the higher electron transfer ability and increased electro catalytic
surface area [70]. In another reearch study, Cu2O was combined with carbon quantum dots (CQDs)
to enhance the stability and sensitivity for NEGH sensing. The Cu2O/CQDs were synthesized by
a hydrothermal with ultrasonic treatment method, and the presence of low-index (111)-octahedral
planes showed good electrochemical performance and stability in the sensing of all low-indexed
planes. The scan rate also affected the glucose oxidation, as increasing scan rates increased both
oxidation and reduction currents. The water solubility and biocompatibility of CQD with octahedral
Cu2O further enhanced linear response ranges and selectivity issues. In short, the CQDs/octahedral
Cu2O/Nafion/GCE provided wider detection range, shorter detection limit and response time than the
octahedral Cu2O/Nafion/GCE, attributed mainly to the synergistic interaction between CQD and (111)
planes of Cu2O [71]. Ding et al. (2015) reported a superior NEGH sensing electrode with excellent
conductivity using Cu2O microspheres (MSs) decorated on reduced graphene oxide (RGO). Cu2O MSs
of different sizes and uniform shapes were obtained on the surface of RGO by varying the mass ratio
(1:20 to 1:80) using sodium ascorbate in the presence of sodium hydroxide. The RGO sheets cover the
Cu2O and act as additional surfactant. This reduces the microsphere size, prevents particle aggregation,
protects Cu2O MSs and improves the electrochemical stability. The typical reaction method controls the
Cu2O nanocrystal morphology with the addition of a capping agent and the Cu2O MS grows on RGO
sheets by the Ostwald ripening mechanism. When the mass ratio was 1:80, the sensor produced the
best performance, i.e., a 0.005 to 2.775 mM linear detection range and a 0.0108 mM detection limit for
H2O2 and a 0.001 to 0.419 mM linear detection range and a 7.288 × 10−4 M detection limit for glucose.
In addition, this sensor showed improved stability with excellent selectivity and good reproducibility
because of the extraordinary high surface property of RGO, which reduced the size of Cu2O MSs
to improve the catalytic activity and the synergetic interaction between RGO and Cu2O MSs [72].
In another report, Lu et al. (2016) developed a self-supporting NEGH sensing electrode by modifying
3D copper foam into a pod-like Cu2O nanowire array as shown in Figure 1d. The Cu foam acted as
a current collector and facilitated charge and mass transfer, while the open framework of the foam
provided large amounts of anchoring sites for the deposition of Cu2O NWs. The Cu2O PLNWs/Cu
foam, respectively, showed the sensitivity of 6.6807 mA mM−1 cm−2 and 1.4773 mA mM−1 cm−2 to
glucose and H2O2 and detection limits of 0.67 and 1.05 µM. It further exhibited high stability (retained
98.9% of initial response after a week) and resistance to interference studies. The relative standard
deviation was 4.61% for six tests for 0.1 mM glucose, substantiating good reproducibility [38] and thus
promising that enzymeless glucose and H2O2 sensors can be developed by manipulating the structural
integrity of the Cu-based nanocomposites.

3.3. Cobalt Oxide (Co3O4) and Nickel Oxide (NiO) Nanocomposite

Cobalt oxide exists in three polymorph forms as cobaltous oxide (CoO), cobaltic oxide (Co2O3),
and cobalt oxide (Co3O4). Among them, Co3O4 has been studied for non-enzymatic glucose and H2O2

sensing because of its biocompatibility, and pseudo electro catalytic property. A few research articles
are available for the dual sensing of NEGH based on Co3O4 nanomaterial. The synthesis of Co3O4 NPs
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using metal-organic frameworks (MOFs) as a template was investigated by Hou et al. (2012). For this,
the Co3O4 NPs of 20 nm diameter were drop casted on GCE and tested NEGH sensing in alkaline media.
The modified electrode also showed efficient practicable performance in human serum for glucose and
in disinfectant solution for H2O2. Overall, the Co3O4 NPs showed a satisfactory performance when
compared with traditional results [73]. Furthermore, Karuppiah et al. (2014) adopted the hydrothermal
method to fabricate graphene/Co3O4-NP composite for the electrochemical sensing of glucose and
H2O2. SEM images revealed a uniform distribution of Co3O4 nanoparticles on graphene nanoflakes
due to the strong interaction of Co-O-C bonds as a result of the highly reactive sp2 carbon atoms
of the graphene flakes and the electron-rich oxygen species of Co3O4 nanoparticles. The modified
electrode exhibited excellent stability, repeatability and reproducibility [74]. The nickel oxide (NiO)
nanomaterial also holds great promise as an electrode material for non-enzymatic sensing due to its
low toxicity, excellent electro catalytic activity, and stability. Ni forms hydroxide species (NiOOH) in
alkaline medium and catalyzes the analytes’ oxidation during the sensing process. When the Ni-based
materials as nanoparticles or nanocomposites are grown on specific substrates, the synergistic effect of
particle–substrate combination enhances the efficiency of electro catalytic sensing [75]. Many different
ways are adopted to develop the Ni-based sensors, a few of which are discussed in this section.
GoO et al. (2014) proposed a conventional electrodeposition technique for NEGH sensing based on
Ni (OH)2/electro reduced graphene oxide (ERGO)-MWCNTs. In this nanocomposite, graphene oxide
(GO) nano sheets served as a surfactant to stabilize MWCNTs, whereas MWNTs functioned as
connecting bridges between ERGO sheets and GCE to enhance the electron transfer mechanism,
and Ni (OH)2 acts as a suitable electro catalyst for glucose and H2O2 sensing. This sensor exhibited a
very high sensitivity due to the synergistic interaction and further confirmed the practical application
in urine and milk samples. The glucose showed 106% recovery with a relative standard deviation
of 3.72% in urine and, the H2O2 sensor retained 104.9% with a standard deviation of 2.39% in milk.
This work opens new avenues for NEGH sensors as non-enzymatic biosensors [76].

The current review addressed the unique metal oxides, such as Cu2O, CuO and NiO Co3O4,
in NEGH sensing. CuO- and Cu2O-based nanomaterials are the most popular modified electrodes
in NEGH sensing due to its efficient catalytic property, stability and runnable working potential to
avoid interference during sensing. However, these electrodes have a few limitations, such as poor
conductivity and structural instability during operation. To overcome these limitations and to realize
the practical applications, researchers have focused on designing unique morphologies and combined
them with carbon/polymer materials. The metal oxide nanocomposite in neutral/acid/alkaline media
have performed with high sensitivity and selectivity. In a few reports, different morphologies of CuO
electrode have demonstrated high sensitivity, especially with low interference phenomena due to
its tunable working potential. Therefore, researchers need to focus on novel metal oxide electrode
materials, such as MnO, CeO2, TiO2 and Fe3O4/Fe2O3, for dual sensing of glucose and H2O2.

4. Metal-Metal Nanocomposites for NEGH Sensing

Bimetallic nanoparticles (BNPs) have been extensively investigated in various applications
because of their unique properties, and they are more efficient catalysts than most mono metal NPs.
The presence of synergistic interactions between two metals within a bimetallic system can potentially
improve NEGH sensing performance and reduce surface poisoning, interfering effects of electrodes
and bimetallic structures, including alloys such as Pt-Co, Au-Ag and Pd-Ni. BNP-based sensors have
shown better sensing parameters due to enhanced electron transfer and surface area dependent tunable
electro catalytic activity. In recent years, BNP-based sensor reports have increased, reflecting a change
in the trend of engineered nanomaterials. Bimetallic systems have been combined with graphene/CNT
in NEGH sensing, leading to significant advances in this area.
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4.1. Platinum Bimetallic Nanocomposite

Bimetallic platinum-gold nanoparticles are one of the preferable alloys in catalytic and bio-sensing
studies. The three-dimensional nano spongy architecture for the PtAu alloy was developed with a
size of 5 nm by Wang et al. (2014) and utilised for electrochemical sensing. The nanoporous metals
possessed an interconnected network backbone and hollow channels, large internal surface and high
electrocatalytic activity. PtAu NP catalysts were obtained at much higher current densities than
commercial Pt/C and Pt NPs due to the synergetic catalytic effect of Pt and Au. The homogeneity
of PtAu NPs facilitated mass transport and electrical conductivity, leading to enhanced chloride
ion resistance, showing high sensitivity, a good detection limit and a wider linear range to H2O2.
However, with glucose, the values were slightly less (0.5 µM detection limit and 0.2–5.4 mM linear
range), but comparable stability, durability and selectivity [77]. Though the bi-continuous nano scaled
skeletons and interconnected hollow channels within the particle promoted the electrochemical sensing
responses, an additional nafion coating, when applied, decreased the selectivity by allowing the
interferents to react.

In order to decrease the cost of the electrode and explore the catalytic activity of Co, Au was
replaced with Co and fabricated Nano porous PtCo NPs with a size distribution of 3 nm by dealloying
PtCoAl in a mildly alkaline solution. The simple dealloying process pre-defines the nanoparticles’
bimetallic composition without losing the target metal, compared with the traditional chemical
synthesis through which the reduction in individual metal salts occurs. The current density for H2O2

oxidation by the PtCo nanoparticle (0.90–1.2 V) was 10 times higher than that of the Pt/C catalyst due
to the catalysis effect on the H2O2 electro oxidation. Higher scan rates also increased the oxidation
current, attributed to the diffusion-controlled process happening on the PtCO alloy. The PtCo alloy
showed a high sensitivity response, and wide linear range due to its synergetic electro catalytic activity
on electrochemical reactions. Besides, the PtCo alloy also exhibited good anti-interference towards AA,
UA, and DA. The authors also reported effective detection of ethanol in addition to glucose and H2O2

and claimed advantages such as easy preparation, improved precious metal utilization, and large-scale
preparation [78]. Furthermore, in the NEGH sensing of Pt BNP, Mei et al. (2016) designed a novel
PtNi/MWCNTs nanocomposite using a chemical reduction method. Ni NPs in the PtNi alloy had
a dramatic synergetic effect on the electrochemical activity. In contrast, the CNTs enhanced the
electro catalytic activity of the alloy and prevented alloy precipitation or aggregation, resulting in the
acceleration of electron transfer and enhanced sensitivity. Extraordinarily, the Pt/Ni/MWNCTs-based
sensor exhibited superior electro catalytic activity in neutral solutions towards H2O2 and glucose at
a positive working potential of 0.45 V and +0.1 V [79]. To further boost the catalytic and electronic
properties of Pt BNP, Mei et al. (2016) have developed a core-shell nanoparticle’s morphology using Pt
as a shell and Fe as a core part with carbon (Fe@Pt/C) for the sensing of glucose in human serum samples
and H2O2 in lake water and antibacterial lotion (3%). The Fe@Pt/C core-shell nanoparticles were
prepared by spontaneous replacement reactions using Vulcan XC-72 carbon as supportive material.
The superb electrical conductivity and great electro catalytic activity of Fe@Pt/C make them sensitive
and rapid electrochemical sensing platforms for the reduction of H2O2 and oxidation of glucose. In fact,
the lower electronegativity of Fe compared to Pt changes the electronic properties of Pt and its d-band
density is lowered in energy in the Fe@Pt-skin structure. This induces changes in chemisorption
energies and increases the number of analyte adsorption active sites. These surface structural and
electronic effects (in other words strain and ligand effect) are responsible for the electrochemical sensing
mechanisms in response to various analytes. The H2O2 sensor retained 92% of the current response in
30 days, indicating long-term stability and reproducibility with a relative standard deviation of 1.2%.
Practical applicability was also studied by testing the presence of H2O2 in lake water and antibacterial
lotion and glucose in human blood, and in all cases, very similar values were obtained with recorded
data. In addition, this sensor also exhibited good reproducibility, long-term stability, and selectivity in
the presence of interference compounds [80].
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4.2. Palladium Bimetallic Nanocomposite

Three-dimensional and bicontinuous nanospongy PdCr alloy of ligament size, ∼5 nm was reported
for the significant effect of Cr in improving the stability and exhibiting synergetic catalytic effect
on electro catalytic reactions for NEGH sensing. The as-synthesized PdCr alloy exhibited a wide
linear range (0.1 to 1.9 mM) with low detection limit (3.1 µM) towards H2O2 sensing with no loss
in electro catalytic activity after long-term storage for two weeks. The sensor also showed high
sensing properties for glucose with wide linear ranges (1–38 mM) [81]. With the same synthesis
method, the same research group also developed nano porous PdFe and studied the effect of Fe on
the sensing performance of both glucose and H2O2. Dealloying PdFeAl here also produced similar
nanospongy architecture with 5 nm ligament size. When Fe is combined with Pd, the electrochemical
properties modify due to the smaller electronegativity of the Fe as opposed to the Pd and enhances
the d-band electron density in Pd for the generation of OHads species on a PdFe nanocomposite
surface. The desorption of OHads or reduction of Pd/Fe generates the active metallic surface for the
electro-oxidation of glucose. The added advantage of this sensor is the high resistance to interference
species such as Cl− ions, AA, UA, and DA [82]. Using the same dealloying method, Dianyun
et al. (2015) generated nanoporous PdNi alloy composite for NEGH sensing. The nanoporous
network with hallow interconnections made a bicontinuous skeleton nature for the nanocomposites.
The electrochemical parameters revealed a high catalytic activity of as-synthesized PdNi alloy rather
than Pd NPs and Pd/C catalyst. This work provided a simple and green route to construct efficient
electrodes for glucose and H2O2 non-enzymatic sensing [83]. Furthermore, researchers combined
unique 2D molybdenum disulfide (MoS2) nano sheets and the high electro catalytic activity of Au-Pd
BNP using a facile thermal co-reduction method to achieve a wide linear range, low detection limit,
and good stability. A low working potential of −0.3 V for the reduction of H2O2 in a neutral solution
and the −0.1 V for glucose in alkaline medium was reported using Au-Pd/MoS2 nanocomposites. Both
glass electrode and MoS2 nanosheets did not show any oxidation peak in the presence of glucose,
indicating their non-electrocatalytic activity. Strong peak currents of glucose electrooxidation was
observed for Au-Pd/MoS2 electrode. Glucose on exposure to the electrode surface, is adsorbed on
to it due to the dehydrogenation of the anomeric C1 atom. Such adsorbed moieties occupy the Pd
active sites and inhibit further electrooxidation of glucose. During a positive potential scan, the Pd-OH
species developed in the presence of aqueous NaOH catalyze the adsorbed intermediate oxidation,
which makes the Pd active sites free for the direct electrooxidation of glucose. Further positive potential
scan decreases the peak current as Pd oxide is formed to inhibit the electrooxidation. The reduction
of this Pd oxide occurs during the negative potential scan and almost simultaneously, the surface
Pd active sites become available for the electrooxidation process. All these significant reactions are
attributed to the synergetic interaction between the MoS2 and Au-Pd bimetallic combination [84].
A highly electroactive material was fabricated for the first time without a pretreatment approach based
on in situ Pd-Co alloy supported over carbon nanotubes (Pd-CoCNTs) via a one-pot pyrolysis process
as shown in Figure 4a. The nanostructure prevented agglomeration due to in situ formation and has
much more stability than the previously reported Pd nanocomposite, and the morphology of the TEM
image is depicted in Figure 4b. The low concentration of Pd and small size (diameters of 2–4 nm) on
Pd-CoCNTs reduced the competition among active sites and resulted in good selectivity, good stability
and sensitivity. While the lower concentration and detection limit for glucose were 10 µM and 1 µM,
respectively, the sensor exhibited a 0.3 µM detection limit for H2O2 [85].

66



Biosensors 2020, 10, 151

Biosensors 2020, 10, x FOR PEER REVIEW 19 of 37 

properties for glucose with wide linear ranges (1–38 mM) [81]. With the same synthesis method, the 
same research group also developed nano porous PdFe and studied the effect of Fe on the sensing 
performance of both glucose and H2O2. Dealloying PdFeAl here also produced similar nanospongy 
architecture with 5 nm ligament size. When Fe is combined with Pd, the electrochemical properties 
modify due to the smaller electronegativity of the Fe as opposed to the Pd and enhances the d-band 
electron density in Pd for the generation of OHads species on a PdFe nanocomposite surface. The 
desorption of OHads or reduction of Pd/Fe generates the active metallic surface for the electro-
oxidation of glucose. The added advantage of this sensor is the high resistance to interference species 
such as Cl- ions, AA, UA, and DA [82]. Using the same dealloying method, Dianyun et al. (2015) 
generated nanoporous PdNi alloy composite for NEGH sensing. The nanoporous network with 
hallow interconnections made a bicontinuous skeleton nature for the nanocomposites. The 
electrochemical parameters revealed a high catalytic activity of as-synthesized PdNi alloy rather than 
Pd NPs and Pd/C catalyst. This work provided a simple and green route to construct efficient 
electrodes for glucose and H2O2 non-enzymatic sensing [83]. Furthermore, researchers combined 
unique 2D molybdenum disulfide (MoS2) nano sheets and the high electro catalytic activity of Au-Pd 
BNP using a facile thermal co-reduction method to achieve a wide linear range, low detection limit, 
and good stability. A low working potential of −0.3 V for the reduction of H2O2 in a neutral solution 
and the −0.1 V for glucose in alkaline medium was reported using Au-Pd/MoS2 nanocomposites. Both 
glass electrode and MoS2 nanosheets did not show any oxidation peak in the presence of glucose, 
indicating their non-electrocatalytic activity. Strong peak currents of glucose electrooxidation was 
observed for Au-Pd/MoS2 electrode. Glucose on exposure to the electrode surface, is adsorbed on to 
it due to the dehydrogenation of the anomeric C1 atom. Such adsorbed moieties occupy the Pd active 
sites and inhibit further electrooxidation of glucose. During a positive potential scan, the Pd-OH 
species developed in the presence of aqueous NaOH catalyze the adsorbed intermediate oxidation, 
which makes the Pd active sites free for the direct electrooxidation of glucose. Further positive 
potential scan decreases the peak current as Pd oxide is formed to inhibit the electrooxidation. The 
reduction of this Pd oxide occurs during the negative potential scan and almost simultaneously, the 
surface Pd active sites become available for the electrooxidation process. All these significant 
reactions are attributed to the synergetic interaction between the MoS2 and Au-Pd bimetallic 
combination [84]. A highly electroactive material was fabricated for the first time without a 
pretreatment approach based on in situ Pd-Co alloy supported over carbon nanotubes (Pd-CoCNTs) 
via a one-pot pyrolysis process as shown in Figure 4a. The nanostructure prevented agglomeration 
due to in situ formation and has much more stability than the previously reported Pd nanocomposite, 
and the morphology of the TEM image is depicted in Figure 4b. The low concentration of Pd and 
small size (diameters of 2–4 nm) on Pd-CoCNTs reduced the competition among active sites and 
resulted in good selectivity, good stability and sensitivity. While the lower concentration and 
detection limit for glucose were 10 μM and 1 μM, respectively, the sensor exhibited a 0.3 μM detection 
limit for H2O2 [85].  

 
Figure 4. (a) Schematic diagram for preparation of Pd-CoCNT; (b) HRTEM images of Pd-CoCNT [85]. 

4.3. Copper Bimetallic Nanocomposite  

Figure 4. (a) Schematic diagram for preparation of Pd-CoCNT; (b) HRTEM images of Pd-CoCNT [85].

4.3. Copper Bimetallic Nanocomposite

Noh et al. (2012) fabricated a hierarchical Cu–Co alloy dendrite by electrochemical synthesis.
The Co2+ ions that formed on the alloy dendrite contributed to glucose oxidation, and Co3+ was the
main species involved in the reduction of H2O2 with Cu2+ ions contributing to the electrocatalytic
process. The major oxidation product/number of an electron that participated in the conversion
of glucose was identified to 97% of formate (12-electron oxidation product) and the remaining 3%
with other minor products through coulometry and High pressure liquid chromatography–mass
spectrometry (HPLC-MS) analysis. The electrochemical properties analyzed at different pH conditions
and temperatures achieved a dynamic detection limit, and long-term stability. Compared to the
single metal dendrite, the Co bimetallic dendrite enhanced the catalytic property by 10 times [86].
Silver nanodendrites on Cu rods were synthesized by a facile displacement reaction with the absence
of any surfactants. In this work, the dendritic Ag structures offered a large surface area for good
conductivity of Cu-Ag BNP and reported an ultra-low detection limit for glucose and H2O2 sensing.
The advantage of this work lies in its good reproducibility as the electrode can be regenerated under
hydrodynamic conditions without any extra treatment method. Five successive cycles of sensing
experiments demonstrated a relative standard deviation of 3.59% to 4.22%. In addition, good selectivity
and long-term stability over 30 days were also achieved by the dendrite sensor [87]. Mei et al. (2016)
prepared three-dimensional nanoporous copper (Al75Cu25) and carbon black by dealloying Al-Cu
ribbons to make a clean surface highly conductive material. In addition to the low cost and simple
preparation, the dealloying process possesses control over structural uniformity of the synthesized
materials. Other advantages of the prepared sensor include environmental protection by dealloying
and good selectivity through synergistic interaction between the nanoporous copper and carbon
black. The sensor operated at a working voltage of 0.6 and 0.75 V (vs. saturated calomel electrode
(SCE)) for glucose and H2O2, respectively. The numerous conducting channels present in carbon black
help to transfer electrons and the Cu-carbon black structure allows for electronic transfer between
their active sites. The working electrode has a wide linear analytical range, good selectivity, stability,
and sensitivity in the positive potential window. The detection limits for glucose and H2O2 were
2.6 µM and 1.2 µM, respectively. Real-time analysis was also performed in some commercial beverages
for glucose and different contact lens solution for H2O2 and achieved good correlation with existing
values [88]. The different combination of bimetallic AuCu, PtCu, and Fe, Ni-CNTs were successfully
tested for NEGHS and achieved high sensing parameters [89–91].

4.4. Other Bimetallic Nanocomposite

Metal nitrides are reported for their applicability in designing glucose and H2O2 sensors due to
their superior electrical conductivity, exceptional redox properties and mechanical strength. Zhou et al.
(2017) fabricated a Fe3N-Co2N nanowire array on carbon cloth, which is an attractive bifunctional
catalyst for NEGH sensing because of a large surface area and easy accessibility. This transition metal
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nitride had metalloid characteristics with superior electrical conductivity and had not yet been reported
for NEGH sensing. The fabricated Fe3N-Co2N/carbon cloth sensor obtained a respective response
time of 8 and 2 s for glucose and H2O2. The prepared sensor exhibited a high selectivity, specificity,
and reproducibility [92]. Furthermore, Deepalakshmi et al. (2018) prepared core-shell nanostructures
based on nitrogen-doped graphene encapsulated nickel-cobalt nitride (NixCo3-xN/NG) via a simple,
scalable, and cost-effective pyrolysis technique. This work suggested that Ni was the best choice
in combination with Co as opposed to Fe transition metals for sensing applications. It successfully
controlled the molar ratio of Ni/Co to achieve ahigh electrocatalytic activity, and nitrogen-doped
graphene provided a high conductive nature and long-term cycling stability of a working electrode,
as shown in Figure 1e. Due to the synergistic effect of the NiCo2N core and the NG shell, highly sensitive
and selective properties were obtained for the electrodes. The practical feasibility of the prepared
electrode was tested in human serum, and proved to be efficient for the determination of glucose and
H2O2 [39].

Palladium (Pd) nanocomposites have attracted researchers’ interest due to their high electro
catalytic activity, lower price, and abundant yield when compared with Au, Ag and Pt materials.
Palladium bimetallic nanocomposite improved the electro catalytic performance by modifying the
structure, correction in ligand and strain effect. However, the surface of Pd metal can easily be
poisoned by chloride and intermediate species and remains unstable during electrochemical reactions
leading to a decrease of sensing parameters. Many researchers synthesized Pd alloy in the form of
interconnected porous nanostructure using advanced fabrication techniques. The porous channels
prepared by the dealloying method are preferred for rich surface chemistry, unique catalytic activity,
easy mass and electron transport, unlimited electron conductivity, and synergetic effect. The nano
porous Pd-based alloys prepared by the dealloying method, which gained a valid fabrication route
to construct highly effective electrochemical sensors and had advantages such as easy handling,
no particles aggregation, clean metal surface, and eco-friendliness compared to other reported
synthesis methods. Platinum nanoparticles are widely applied in the analysis of non-enzymatic glucose
and H2O2, but there are several limitations like slow kinetics, low sensitivity, and poor selectivity. In a
few reports modified platinum with Au, Co, Fe, and Ni and altered surface catalytic activity have
been mentioned. Furthermore, these alloys are decorated with carbon/MWCNTs to enhance stability
and sensitivity. In the same way, palladium incorporated with transition metals such as Fe, Cr, Ni,
Co and noble metal Au has been reported. By considering the effective combination such as CNTs,
MOS2 etc., specific preparation methods have been applied to overcome the limitations of Pd BNP
for sensing both glucose and H2O2. The bifunctional properties of Cu bimetallic nanocomposites
also contributed to the enhancement of NEGH sensing application. The obtained morphological
changes offered the best electro catalyst for NEGH sensing. Modifying the morphology of copper-based
nanomaterials into nanowires, nanoplates, nanospheres, and nanofibers altered the potential window
to avoid etching and interference of electrodes in alkaline solutions and showed significant performance
in achieving high electrocatalytic activity and selectivity. Among the various nano morphologies,
metallic dendrites structures are attracted in NEGHS due to their high surface area and a high degree
of connectivity with the main stem and many side branches. Researchers have further focused on
enhancing the surface area of Cu-based bimetallic nanostructures for sensing both glucose and H2O2.
Finally, bimetallic nitrides (BMN) have attracted attention due to their exceptional redox property,
superior conductivity, interstitial alloy behavior and exceptional mechanical strength. Among BMN,
Co nitrides showed superior electrical conductivity, high chemical stability and extraordinary corrosion
resistance. The exchange of nitrogen with oxygen in BMN prefers large electron donating ability for
higher electrical conductivity. The BMN in electrochemical reactions suffers from poor stability due to
easy oxidation. To overcome these issues, researchers have combined BMN with supporting materials
such as graphene, activated carbon and CNTS. Table 3 shows bimetallic nanocomposites in NEGH
sensing with their electrochemical performances.
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5. Metal/Metal Oxide-Metal Oxide Nanocomposites for NEGHS

A combination of two metal/metal oxides is another effective approach to improve the electro
catalytic activity for NEGH sensing [93]. In recent years, researchers have focused on perovskite oxide
(ABO3)-type nanomaterials as an attractive non-noble metal alternative in the electrochemical field,
mainly due to the presence of oxygen vacancies in the crystal structure. Some perovskites have a
strong electrocatalytic activity to oxygen reduction and oxidation phenomena and are most suitable
for NEGH sensing. Liotta et al. (2015) investigated low cost, commercial carbon screen-printed
electrodes (CPEs) and modified perovskite nanomaterials for NEGHS. La0.6Sr0.4Fe0.8O3-d (LSF) and
La0.6Sr0.4Co0.2Fe0.8O3-d (LSCF) perovskites were synthesized by the citrate method (citric acid/metal
ratio = 1:5) in the presence of NH4OH at pH 9 to 10. The fabricated modified electrodes showed enhanced
oxidation current attributed to the mixed vacancy states of Co and Fe ions, which are accountable for
charge transfer in the electro-oxidation of glucose and H2O2. In addition, the LSCF sensor attained
good selectivity due to lower anodic potential in human serum samples [94]. Similarly, Zhang et al.
(2012) synthesized LaNi0.6Co0.4O3 (LNC) via a sol-gel method and demonstrated the NEGHS based
on LNC/CPEs modified electrode, which avoids the stability problems, complex fabrication process
and limited lifetime. LNC NPs showed excellent electrocatalysis to the oxidation of H2O2 and glucose
due to the increased electroactive surface area, intrinsic peroxidase-like activity, and the existence of
abundant active sites. The sensor demonstrated good sensitivity and a low level of detection (for H2O2,
the concentration range was 10 nM–100 µM with 1.0 nM detection limit; for glucose, the concentration
range was 0.05–200 µM with 8.0 nM detection limit). Moreover, this prepared sensor was able to detect
glucose in serum and H2O2 in toothpaste samples [95].

The same research group also prepared novel Co0.4Fe0.6LaO3 (CFL) NPs via a sol-gel method,
and the CFL NPs revealed smooth surfaces with uniform thickness and a particle size of 30 to
70 nm. The enhanced electrocatalytic activity of the composite was attributed to the active sites,
which are the transition metal ions with partially occupied d orbitals. The Co0.4Fe0.6LaO3 catalyst has
transition metals in mixed oxidation states as Fe(II)Co(II)/Fe(III)Co(III), and cyclic electron transfer
happens while detecting H2O2. During the sensing process, the strong oxidizing agents, Fe (III)
and Co (III) electrochemically oxidize CFLs to FeOOH and CoOOH. The OH− ions formed along
with the species act as the reactive units for glucose sensing. This sensor also offers a fast response,
high stability, good reproducibility, and reasonable selectivity. The authors proposed the use of these
perovskite structure oxide-based, low-cost, non-enzymatic sensors for public health and environmental
applications [96]. In order to increase the performance of perovskite, the rGO has been used for NEGHS
application by He et al. (2017). This group synthesized LSC, LSCF, and LNC perovskite via a sol gel
process using Ethylenediaminetetraacetic acid (EDTA) citrate as complexing agent. Among them,
LSC showed superior electro-oxidation of glucose and H2O2. This work revealed the possible electro
chemical mechanism and its pathways of redox activity and formation of Co3+/Co4+ redox couple via
oxygen vacancies and made a route to elucidate the theoretical framework to design new perovskite
sensing electrodes. They finally proposed the combination of perovskite with rGO acting as a unique
sensing electrode with notable sensitivity, selectivity, stability, and reproducibility through a synergistic
effect [97]. Furthermore, the morphology of perovskite was improved by Wang et al. (2013) based
on LaNiO3 nanofibers (LNFs) by electro spinning and subsequent calcination and achieved a high
surface area because of the porous structure. This type of effective combination of synthesis method
and electrochemical sensing developed reliable NEGH biosensors, with an ultra-low detection limit
and wide linear range (33.9 nM and 0.05 to 1000 µM for glucose). This LNFs/CPE performed enhanced
catalytic activity and high selectivity and sensitivity in the presence of AA, UA, and DA, in addition
to the long-term stability [98]. Xia and coworkers (2018) utilized the same electro spinning process
without using a template as an added advantage for NEGH sensing application to avoid contamination
problems. This group prepared highly porous CuFe2O4 nanotubes on nickel foam and achieved a high
sensitivity and low detection methods in alkaline solutions. The excellent porosity, flexibility, surface
area, inner and outer surfaces and good conductivity of the nanotubes provide many active sites and
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transmission of electrons. This leads to the high electrochemical activity of the material at a typical
voltage of 0.5 mV in alkaline media [99]. Furthermore, Ensafi et al. (2016) formulated the NEGH
sensor based on Ag/SiO2 nanostructures. These were prepared by decorating the surface of organic
functionalized SiO2 with silver nanoparticles. Modifications of CPE allowed for easier electron transfer
when compared to the unmodified electrode as the functionalized SiO2/decorated Ag nanoparticles
achieved electrocatalytic effects. Synthesized compounds were used to analyze H2O2 and glucose levels
in commercial UHT dairy products and plasma samples, showing a remarkable selectivity towards
H2O2 and glucose levels, respectively [100]. Zhao et al. (2017) exploited a facile hydrothermal technique
for the in situ deposition of CuO/rGO on copper foil. Structural and morphological characterization
confirmed that the nanocomposite contained three types of interfaces, namely CuO/rGO, rGO/Cu2O,
and Cu2O/Cu. This facilitated redox reactions between GO and the copper foil, resulted in the
electrostatic attraction of (+) vely charged copper ions and (–) vely charged rGO. The modified foil
achieved an amperometric response of glucose (at 0.45 V vs. SCE) with a low detection limit of 0.10 mM,
a linear range of 0.5 to 8.3 mM, an ultrahigh sensitivity of 3401 mA mM−1 cm−2, and a response time of
<0.5 s. With regards to H2O2 sensing at an applied potential of −0.2V, the modified electrode had a low
detection limit of 0.05 mM, a linear range of 0.5 to 9.7 mM, a sensitivity of 366.2 mA mM−1 cm−2, and a
response time of 0.8s. Moreover, the prepared CuO/rGO/Cu2O/Cu electrode was applied to detect
glucose levels in human serum determined to be 4.86 mM, consistent with the laboratory-based value
of 5.01 mM [101].

A recent report investigated a one-step anodization process to construct a self-supporting
Co3O4/nanoporous gold (NPG) composite. This electrode effectively worked in alkaline solutions with
an ultra-sensitivity of 4470.4 mA mM−1 cm−2, a low detection limit of 0.085 mM, and a linear range of
2 µM to 2.11 mM for the detection of glucose. With the same electrode, H2O2 showed a sensitivity of
1338.7 mA mM−1 cm−2 with a linear range of 20 to 19.1 mM, and both the sensing results are comparable
to the hospital laboratory results [102]. Direct growth of nanostructures on Cu foil via a hydrothermal
method was the subject of research for generating tubular hierarchical structures. The morphological
studies of synthesized Ni (OH)2/rGO/Cu2O revealed that Cu substrate modified to Cu2O with uniform
cubic structure and tubular hierarchical structures of Ni (OH)2 are grown on the surface of reduced
graphene oxide as shown in Figure 1f. The outstanding electro catalytic activity of this material was
ascribed to the synergistic interactions of rGO, Ni (OH)2, and Cu2O. Ni (OH)2 structure had promoted
the effective diffusion of glucose molecules, while the wrinkled graphene functioned as an excellent
electric conductor. The sensor showed remarkable reproducibility and superior stability for long-term
applications [40]. Long et al. (2018) reported CuO/NiO hallow nanocomposite via the solvothermal
process and subsequent thermal treatment. This work developed core-shell, yolk-shell, or hollow
structure of CuO/NiO by adjusting the amount of NiCl2 during synthesis. A porous hallow structure
showed outstanding electrochemical properties due to the synergetic interaction of CuO and NiO,
porous hallow, and large void spaces. The electrode exhibited a high sensitivity towards glucose
and for H2O2. Furthermore, it was applied in human serum to estimate practical feasibility [103].
Wang et al. (2018) produced a novel combination of nano hybrids through a two-step process for
NEGH sensing. A particle size of 7 nm ZnO/CoO nanoparticles was decorated over a graphene sheet
to achieve high conductivity and abundant active sites. This modified ZnO/CoO/rGO/GCE showed a
remarkable selectivity in the presence of AA, UA and KCl, due to the low working potential of the
electrode [104]. Lu et al. (2019) fabricated a highly conductive and large surface area electrode for
NEGH sensing based on 3D nitrogen-doped graphene hydrogel (NHGH) decorated with NiCo2O4

nanoflowers using the hydrothermal method. The novel NHGH/NiCo2O4 nanocomposites performed
an excellent electro catalytic activity to detect glucose and H2O2 due to the presence of abundant active
sites. The redox reactions of Co and Ni species in alkaline solution explains the same as mentioned in
previously reported work. The sensitivity and high selectivity parameters have been used to detect
glucose in blood. Taken together, the results suggest that the hybrid nanocomposite is a promising
non-enzymatic electrochemical sensor [105].
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From the above discussions, it is clear that researchers have focused on synthesizing bifunctional
catalysts using metal (oxide)/metal oxide nanocomposites for NEGH sensing. The morphology,
dimensions, surface area, grain and pore size have primarily effected electrochemical NEGH sensing.
The peculiar nanostructures such as porous nanotubes, and nano fibers enhance inner and outer surface
area, high porosity, excellent flexibility, facilitate the sluggish kinetic process (oxidation of inactive
glucose), improve mass and electron transfer between electrode and electrolyte, and maximize the
number of active sites. These properties have potentially improved the linear ranges, sensitivity and
selectivity. The use of screen-printed electrodes have motivated researchers to elaborate NEGH sensing
research in real-time applications and overcome the limitations of portability and instability. A few
research groups focused on perovskite-type ferrites for sensing both glucose and H2O2 because of their
fascinating physical and chemical properties such as dual catalytic property (catalysis and peroxidase
activity), superior electro catalytic activity, low cost, biocompatibility, rapidness and sensitivity.
By considering rGO incorporation, it has solved the aforementioned problems of agglomeration,
stability and poor conductivity. The mixed metal oxide exhibited higher conductivity as the activation
energy required to transfer electrons from cations is relatively low, which further enhanced the
sensing parameters. A significantly smaller number of publications are reported for metal/metal oxide
combinations due to wide band gap and homogeneity issues. Based on the literatures, a limited number
of transition mixed metal oxide was used for NEGH sensing even though these are low cost and exhibit
good electrochemical behavior. Therefore, nanostructures with a high surface area and enhanced
charge transfer electrode would be desirable for NEGH sensing in the future. The NEGH sensing
parameter with the same electrode-based metal (oxide)/metal oxide nanocomposite are compared
in Table 4.
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6. Future Perspectives

Limited research development has been made with regard to the fabrication of advanced
nanomaterials with bifunctional property for NEGHS. Further improved research and development
are necessary to make the commercialization of implantable in vivo and portable in vitro NEGHS
devices, which require the improvement of practical, affordable, advanced nanomaterial-based
electrocatalysts with multifunctional reactivity. The current research review addresses multiple
directions for the achievement of non-enzymatic bifunctional electrode platforms. Electrochemical
sensing parameters of advanced nanomaterial with bifunctional electrodes are dependent upon the
electrode potential, bandgap, surface defects, synergetic effect, and surface area of the nanocomposites.
However, the influence of these issues on NEGH sensing is not addressed in the literature and provides
opportunities for the future development of biodevices. Since the multienzymatic properties of
nanomaterials have attracted wider research interest, the catalytic (glucose) and peroxidase (H2O2)
activity of nanomaterial should be effectively optimized and promoted for the best performance
of NEGH sensors. The essential electrochemical mechanism in NEGH sensing with the same
electrode material should be established using theoretical and analytical models with relevant
laboratory experiments. Current studies on NEGH sensors mostly focus on the electrocatalyst
performance of advanced nanomaterials and limit the understanding of the influence of nanomaterial
morphology on glucose and H2O2 quantification and the interaction with bio-analytes. To overcome
this, researchers should focus on the development of nanomaterials in different morphologies, such as
dots, tubes, fibers, spheres, and core-shells, and a detailed study should be undertaken to improve the
surface area and conductivity, which could have a positive influence on the development of NEGH
sensors. The modified electrodes show catalytic activity in acidic or basic conditions, which limit
the practical application of NEGH sensors. In this context, studies must be done on the oxidation
and reduction mechanisms at neutral pH conditions by considering novel nanomaterials. The use
of biopolymers as bio-catalytic centers are tolerable to achieve highly sensitive and selective NEGH
sensors, and distinct consideration should be given to building electrode platforms with improved
robustness and enhanced electro catalytic activity. NEGH sensor-based nanomaterials as catalysts
have been demonstrated to be very reasonable; conversely, it is essential to design new schemes for the
synthesis, functionalization, and fabrication of nanomaterials to acquire more accurate quantification of
glucose and H2O2. Several sequential steps involved in the preparation of electrodes for a conventional
modified electrode based on NEGH sensing, including cumbersome electrode cleaning, polishing and
washing, binder and solvent selection, catalyst preparation, and loading process, have increased the
time and cost of NEGH sensing electrodes. Furthermore, to establish contact between the working
electrode and catalyst using a binder remains another challenge for the performance of NEGH
sensing. This could be avoided by developing binder-free, freestanding bare electrodes, ink/screen
printed electrodes and the in situ fabrication/modification of advanced nanomaterials as modified
electrodes that make possible the preparation of disposable NEGH sensing electrodes. Moreover,
another compelling research direction is in the preparation of metal/metal oxide morphologies with
emerging carbon materials (g-C3N4, graphene, CNTs, black phosphorous, and activated carbon, etc.)
to form new functional materials. For commercialization, an important prospect is the prolongation
of lifetime of the sensors, even though the non-enzymatic sensors are more stable than enzymatic
sensors, they lack in the corrosion property/unstable in humid conditions, which requires researchers
to focus on anticorrosive nanomaterials. Current challenges in improving efficiency of the NEGH
sensors can be overcome by optimizing the selectivity, working potential, linearity, sensitivity and
working pH conditions. Though some NEGH sensors are good in neutral pH conditions with low
detection limits, their linear range of detection may be questionable. The low detection range sensors
are not useful in day-to-day diabetes management and hence few reports have been applied in various
real-time applications such as sensing in antibiotic lotions, milk, and glucose-based fuel cells, etc.
The selectivity of NEGH remains a huge problem, which means that the oxidation of interference
compounds such as AA, DA, and UA chlorine ions and other carbohydrates at the same working
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potential affects the glucose and H2O2 determinations. Transition metal/metal-oxide-based sensors
have shown significant progress in selectivity issues and electrode fouling problems due to reasonable
isoelectric point values. From the reported literature on NEGH sensors the sensitivity was improved
using different strategies and the novel combination of nanomaterials. Sensor sensitivity is dependent
on on working potential, electro kinetics and electrolyte conditions. However, different research
groups have performed sensing under their own optimized conditions, which necessitates a uniform
protocol for sensing operations. In addition, to improving the sensitivity by optimizing the properties
of advanced nanomaterials, the selectivity performance should be more focused to achieve stability,
repeatability, and practical evaluation of glucose and H2O2. The dual in-line sensor requires a clear
mechanism with suitable working conditions in neutral pH. The use of the same electrode material for
multiple applications is essential to reduce the cost and will make commercialization easy. The dual
sensor requires a clear electro catalytic mechanism for sustainable development, and it can be achieved
by operating the electrodes at the same working potential (positive/negative). In short, the bifunctional,
electro-catalyst-based NEGH sensing technology must be extended from the laboratory to the field by
proper implementation to boost sustainable electronic devices.

7. Conclusions

Non-enzymatic glucose and H2O2 (NEGH) electrochemical sensors can be developed based on
metals, metal oxides, bimetallic/metal oxide insole, and in combinations with graphene, graphene oxide,
carbon nanotubes, graphitic carbon nitride, and polyaniline materials. Several important parameters,
such as working potentials, sensitivity, linear range, and selectivity need to be considered for the
development of better NEGH sensing, and advanced nanomaterials have been recently suggested
as an effective electrocatalyst. This review provides a vital summary of previous NEGH sensing
studies and discusses the current state and comparative characteristics of different NEGH sensing
modified electrodes to detect both glucose and H2O2 in dual in-line monitoring systems. The metal
nanocomposites exhibited excellent catalytic activity and notable NEGH sensing performances in
terms of detection limits and linear ranges of glucose and H2O2. Especially, the development of
transition metal chalcogenides (TMDs) such as NiN2, CoN2, Cu2S, CoS, and V2S has overcome the
limitations of poor conductivity, less active sites, low stability, low electron transfer, wide band gap
and over potential issues. The metal oxide nanocomposites are low cost and highly tolerable in
neutral pH conditions compared to metal nanocomposites. However, the metal oxides, such as
Cu2O, CuO, NiO and Co3O4, in NEGH sensing have limitations like poor conductivity and structural
instability during operation. These limitations could be overcome by designing unique morphologies,
which show excellent performance with high sensitivity and selectivity. Bimetallic nanocomposites
generally have better electro-catalytic activity and conductivity compared to other nanocomposites.
Bimetallic nanocomposites with a porous nanostructure are mostly fabricated by using the dealloying
method for NEGH sensing. Modifying the morphology of bimetallic into nanowires/plates/spheres,
and nanofibers altered the potential window to avoid interference of electrodes in achieving high
selectivity. Among bimetallic nanocomposites, bimetallic nitrides (BMN) have attracted attention
due to their exceptional redox property, superior conductivity, and high corrosion resistance and
mechanical strength. Screen-printed electrodes modified metal (oxide)/metal oxide nanocomposites
and enhanced electrochemical NEGH sensing, has promoted research in real-time applications and
overcame the limitations of portability and instability. The perovskite-type ferrites with rGO solved
agglomeration, stability and poor conductivity issues and improved mass and electron transfer
between electrode and electrolyte to further enhance linear ranges, sensitivity and selectivity. Even
though substantial improvements in NEGH sensors have been made based on exploration of carbon
and non-carbon-based nanocomposites, additional efforts are essential to deeply understand the
mechanism of glucose oxidation and reduction/oxidation of H2O2 and NEGH sensing at the same
working potential, and to further improve the optimization of sensing parameters in real-time
applications. This comprehensive review aims to strengthen the understanding of nanomaterials for
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NEGH sensing and provide a fundamental foundation to explore novel nanomaterials and innovative
ideas to revolutionize the sensing of both glucose and H2O2 leading to commercialization and clinical
application of NEGH sensors.
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Abstract: As an important DNA 3′-phosphatase, alkaline phosphatase can repair damaged DNA
caused by replication and recombination. It is essential to measure the level of alkaline phosphatase to
indicate some potential diseases, such as cancer, related to alkaline phosphatase. Here, we designed
a simple and fast method to detect alkaline phosphatase quantitively. When alkaline phosphatase is
present, the resulting poly T-DNA with a 3′-hydroxyl end was cleaved by exonuclease I, prohibiting
the formation of fluorescent copper nanoparticles. However, the fluorescent copper nanoparticles can
be monitored with the absence of alkaline phosphatase. Hence, we can detect alkaline phosphatase
with this turn-off strategy. The proposed method is able to quantify the concentration of alkaline
phosphatase with the LOD of 0.0098 U/L. Furthermore, we utilized this method to measure the
effects of inhibitor Na3VO4 on alkaline phosphatase. In addition, it was successfully applied to
quantify the level of alkaline phosphatase in human serum. The proposed strategy is sensitive,
selective, cost effective, and timesaving, having a great potential to detect alkaline phosphatase
quantitatively in clinical diagnosis.

Keywords: alkaline phosphatase; terminal protection; copper nanoparticle; fluorescence

1. Introduction

Alkaline phosphatase (ALP), a ubiquitous enzyme found in human tissues such as
the liver, intestine, bone, kidney, and placenta, is a homodimeric enzyme with necessary
cofactors, including one magnesium atom and two zinc atoms [1,2]. Studies have shown
that ALP is able to catalyze alkaline hydrolysis of nucleic acids, proteins, and some small
molecules, which are phosphate [1,3–5]. Owing to the indispensable role in many physi-
ological processes such as cell cycle, growth, apoptosis, and signal transduction, ALP is
closely connected to multiple human diseases, especially bone and hepatic diseases [5–7].
The concentration of ALP in healthy people’s serum is 46–190 U/L [8]. Hence, any ab-
normal level of ALP in the serum may be an essential indicator of some diseases related
to ALP function, such as diabetes, breast cancer, prostatic cancer, bone diseases, such as
osteosarcoma, and hepatic diseases, e.g., Wilson’s disease. So ALP levels in the serum
may be an effective biomarker in medical diagnosis [9–11]. Furthermore, Prakash et al.
have recently found that the level of ALP in saliva (readily accessible, safe, and nonin-
vasive body fluid) may be able to serve as an early biomarker for diabetes mellitus and
some potentially malignant tumors [12]. In addition, ALP is capable of generating signals
for the analytes by conjugating to streptavidin or the second antibody in the biological
analysis, such as enzyme-linked immunosorbent assay (ELISA), histochemical staining,
and aptamer-based assay [13,14]. As a result, the detection limit of analytes is highly
dependent on the detection limit of ALP in these biological analyses. Besides, due to its
ability to monitor phosphorus-related water eutrophication, ALP is a good indicator of
algal boom [15]. Therefore, it is of great importance to developing a facile and sensitive
method to detect ALP.
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A number of diverse methods and techniques, including colorimetric assay, electro-
chemistry, chromatography, photometric assay, photoelectrochemical assay and surface-
enhanced Raman scattering methods, have been developed to date to detect the concentra-
tion of ALP that catalyzes the dephosphorylation process of different substrates [16–23].
However, these traditional methods inevitably suffer from one or more limitations, such
as time-consuming procedures, poor sensitivity, exorbitant material requirement, and use
of complex devices. Recently, fluorometric methods have caught people’s eyes for their
advantages such as simplicity, convenience, rapid response, and high sensitivity [24,25].

Due to the simplicity, high sensitivity, low cost, and rapidness, nanomaterial-based
probes have attracted considerable attention lately [26]. On account of the fluorescence of
some nanoparticles, including copper nanoparticles (CuNPs), silver nanoparticles (AgNPs),
and gold nanoparticles (AuNPs), the signals can be monitored by spectrometers [27,28]. In
recent years, some efforts have been made towards the detection of ALP by measuring the
fluorescence intensity of nanoparticles. Chen and his coworkers successfully screened the
concentration of ALP with a LOD of 0.125 U/L by constructing a sequentially triggered
nanoswitch depending on CuNPs using single-stranded poly-(thymine) (poly T) DNA
as a template [29]. Chen et al. reported that AgNPs formed by Ag+ and CdTe quantum
dots could detect ALP with LOD of 0.25 U/L [30]. Lin et al. proposed a rapid method
to detect ALP, based on redox-modulated silver deposition on AuNPs, with LOD of
0.52 U/L [31]. Among these assays, poly T DNA-templated CuNPs is remarkable owing
to their simple procedure, less necessity of DNA templates, and rapid formation with the
support of ascorbate to reduce Cu2+ within just a few minutes [32]. Moreover, poly T DNA-
templated CuNPs are a prominent fluorescence probe, which exhibits a maximum λem
at 615 nm with large MegaStrokes shifting with the ability to remove strong background
signal from complex biological systems [33]. Considering that poly T DNA, an ideal
template of fluorescent CuNPs, can be modified by the removal of a phosphate group from
the 3′-end catalyzed by ALP, we have proposed a method for the measurement of ALP
concentration with LOD of 0.0098 U/L requiring only 50 min based on terminal protection
and fluorescent CuNPs. As far as we know, this is the first exonuclease I-aided turn-off
fluorescent strategy for ALP assay based on terminal protection and CuNPs with high
sensitivity in a short time.

2. Materials and Methods
2.1. Materials and Reagents

The alkaline phosphatase and exonuclease I were purchased from Takara Biotechnol-
ogy Co., Ltd. (Dalian, China). Tris (hydroxymethyl) methyl aminomethane hydrochloric
acid (Tris-HCl), magnesium chloride (MgCl2), sodium chloride (NaCl), 3′-(Nmorpholino)
propanesulfonic acid (MOPS), copper sulfate (CuSO4), and sodium ascorbate were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Na3VO4 was
bought from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). The DNA probe
is T30: 5′-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-p-3′, it was synthesized by Shanghai
Sangon Biotech Co. Ltd. (Shanghai, China). All the other reagents were of analytical grade.

2.2. Apparatus

The fluorescence emission spectra were recorded on Hitachi F-2700 fluorescence
spectrophotometer (Hitachi Ltd., Tokyo, Japan) at the excitation wavelength of 340 nm
that was obtained from 550 nm to 650 nm at room temperature. The resulting error was
obtained from three repeated measurements, and statistical methods were used to collate
and analyze the data during the experiment.

2.3. The Quantitative Detection of ALP

To measure the activity of ALP quantitatively, T30 (2 µM) and ALP solutions of different
concentrations were added into Tris-HCl buffer, and the resultant solution was incubated at
37 ◦C for 10 min and 80 ◦C for 20 min. After that, Exo I (40 U/mL) was added to the above
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solution, and the resulting solution was incubated at 37 ◦C for 10 min. Subsequently, 73 µL of
MOPS buffer, 0.36 µL of CuSO4 (28 mM), 1 µL of sodium ascorbate (500 mM) were added
into the solution to get a final volume of 100 µL, and the resulting solution was incubated
at room temperature for 10 min to form CuNPs. Finally, the fluorescence spectra of all the
samples were recorded by the F-2700 fluorescence spectrophotometer.

2.4. Gel Electrophoresis Analysis

The 20% denaturing urea polyacrylamide gel electrophoresis (Urea-PAGE) in 1xTBE
(89 mM Tris-boric acid, 2 mM EDTA, pH 8.3) was used to analyze the feasibility of the
proposed method at 150 V for 105 min. Afterwards, silver staining was employed as the
staining method to show the different products formed under different conditions.

3. Results
3.1. Sensing Strategy of ALP Detection

The method we proposed to measure the activity of ALP quantitatively is schemati-
cally illustrated in Scheme 1. A poly T-DNA with a phosphate modification at 3′-end is
designated as the substrate of ALP. In the presence of ALP, the phosphate group is removed
to liberate the phosphate group from the 3′-end so that there is a free 3′-OH which can
be discerned by 3′ single-stranded-specific exonuclease I (Exo I) [34]. Afterwards, the
poly T-DNA can be split off into small fragments losing its ability to act as the template
of CuNPs despite the existence of Cu2+ and sodium ascorbate. On the contrary, in the
absence of ALP, the poly T-DNA with a 3′-phosphoryl can’t be recognized by Exo I, so that
integrated poly T-DNA becomes an ideal template for the formation of fluorescent CuNPs
in the presence of Cu2+ and sodium ascorbate in the solution. Ultimately, the activity of
ALP can be quantified by screening the fluorescent intensity changes.
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3.2. Verification of the Feasibility of the Sensing Strategy

In order to demonstrate the feasibility of the proposed strategy, a series of experiments
were carried out with or without ALP. As illustrated in Figure 1A, the CuNPs couldn’t
form in the presence of ALP and Exo I (curve a). However, in the absence of ALP or Exo I,
high fluorescence signals were observed (curve b, curve c). In addition, 20% Urea-PAGE
stained by silver was employed to verify the feasibility of the proposed approach as well.
Figure 1B shows that T30 disappeared in the presence of ALP and Exo I (lane 3). Nev-
ertheless, when there was no ALP and Exo I (lane 2) or no ALP present (lane1), T30
could be stained by silver. These results verified the feasibility of the proposed strategy to
detect ALP.
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3.3. Optimization of Experimental Conditions

We investigated the effects of different assay conditions, including the concentration
of T30, the concentration of Exo I, the concentration of Cu2+, the reaction time of ALP,
and the reaction time of Exo I. The fluorescence intensity ratios of the controlled group to
the experimental group (F0/F) changed with varying assay conditions. As illustrated in
Figure 2A–E, we found the optimal reaction condition as follows: 2 µM T30, 40 U/mL Exo I,
10 µM Cu2+ solution, a reaction time of 10 min between ALP and T30, and Exo I reaction
time of 10 min.
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3.4. Quantitative Fluorescence Measurement of ALP Activity

In the present study, we have investigated the fluorescence responses of the proposed
analytical method in varying concentrations of ALP under optimized conditions. As
displayed in Figure 3A, the peak of fluorescence intensities decreased gradually when
the concentrations of ALP increased from 0 to 20 U/L. The relationship between the F0-F
[the fluorescence intensities (at 615 nm) of the controlled group minus the fluorescence
intensities (at 615 nm) of the experimental group] and the activity of ALP is plotted in
Figure 3B, where we can observe that F0-F values linearly increased with the concentration
of ALP ranging from 0.01 to 5 U/L (regression coefficient R2 = 0.9979). The evaluated
detection limit of the proposed strategy is 0.0098 U/L according to the 3σ rule, which
is comparable or better than the existing methods (Table 1). Therefore, these results
demonstrated the satisfactory sensitivity of the proposed method towards ALP.
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Table 1. Comparison of different methods for the detection of ALP.

Methods LOD (U/L) Dynamic Range
(U/L) Reference

Colorimetric 0.52 3–18 [25]
Electrochemiluminescence 0.80 5–50 [20]

Photometric 0.68 1–210 [21]
Ratiometric assay 0.0017 0.005–60 [22]

Photoelectrochemical 0.06 0.1–4000 [23]
Electrochemical 0.20 3–50 [35]

Fluorescence AgNPs 0.25 1–1000 [30]
Fluorescence carbon dots 0.02 0.05–40 [4]

Fluorescence CuNPs 0.0098 0.01–5 This work

3.5. Selectivity Assay

To demonstrate the selectivity of the proposed strategy, the interfering proteins such
as UDG, T4 DNA Ligase and Nb. BtsI, in the same concentration as ALP [13,14,36], were
evaluated using the present method. As illustrated in Figure 4, the interfering proteins all
arouse strong fluorescence responses except ALP, indicating the prominent specificity of
the proposed approach.
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3.6. ALP Inhibition Investigation

Na3VO4, reported to be one of the inhibitors of ALP, was chosen as the inhibitor to
be applied. As shown in Figure 5, the value of relative activity of ALP decreased upon
increasing the concentration of Na3VO4 from 0 to 0.75 mM. The inset graph indicated a
linear relationship (R2 = 0.9126) between the relative activity and low Na3VO4 concentra-
tions. The half-maximal inhibitory concentration (IC50) of Na3VO4 was calculated to be
0.433 mM. The results demonstrate that the proposed method can be applied to screen ALP
inhibitors potentially.
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3.7. ALP Assay in Diluted Human Serum Samples

To investigate the practical feasibility of the proposed strategy, a variety of concentra-
tions of ALP, including 0.5 U/L, 3 U/L, and 5 U/L, were tested by the proposed method
while adding a human serum into the reaction buffer to simulate the complex biological
environment during the experimental procedures. As illustrated in Table 2, the recov-
ery rates of various concentrations of ALP in 1% human serum diluted were 97.15% for
0.5 U/L, 102.11% for 3 U/L and 99.89% for 5 U/L with R.S.D of 7.95%, 8.73%, and 1.09%,
respectively. Therefore, the results displayed that the proposed strategy has great potential
in practical applications.

Table 2. Recovery experiments of ALP in human serum samples.

Sample Added (U/L) Found (U/L) Recovery

1 0.5 0.49 ± 0.04 97.15%
2 3 3.06 ± 0.27 102.11%
3 5 4.99 ± 0.05 99.89%

4. Conclusions

The proposed turn-off strategy shows high sensitivity, high selectivity with facile
procedures in a short time in the quantification of ALP. Therefore, it has great poten-
tial to be utilized in the biological studies, early diagnosis and prognosis of some dis-
eases related to the activity of ALP, such as diabetes, breast cancer, and prostatic cancer
clinically [9–11]. However, there are still some challenges to overcome in practical applica-
tions. For example, this method requires a different reaction buffer which is a challenge in
practical applications.

In conclusion, based on the poly T-DNA-templated formation of fluorescent CuNPs,
we have proposed a facile but sensitive, selective, low-cost, and time-saving ALP assay.
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Besides, the assay depends on Exo I, which can only split off the one-stranded DNA with the
3′-hydroxyl end hydrolyzed by ALP. The proposed strategy showed superiority in a short
time (40 min). The LOD value of 0.0098 U/L for the proposed assay demonstrates its high
sensitivity. Compared with interfering enzymes, including UDG, T4 DNA Ligase, and Nb.
BtsI without obvious variation of fluorescent signals, this method showed high selectivity
to ALP. Moreover, when applied to test ALP levels in diluted human serum samples, with
high recovery rates and low R.S.D, the proposed strategy showed its potentially practical
value with satisfactory results. Given the simplicity, wonderful sensitivity, and high
selectivity of the proposed method, we can envisage that it may find a wide application in
clinical diagnosis and prognosis.
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Abstract: The electrochemical biosensors are a class of biosensors which convert biological infor-
mation such as analyte concentration that is a biological recognition element (biochemical receptor)
into current or voltage. Electrochemical biosensors depict propitious diagnostic technology which
can detect biomarkers in body fluids such as sweat, blood, feces, or urine. Combinations of suitable
immobilization techniques with effective transducers give rise to an efficient biosensor. They have
been employed in the food industry, medical sciences, defense, studying plant biology, etc. While
sensing complex structures and entities, a large data is obtained, and it becomes difficult to manually
interpret all the data. Machine learning helps in interpreting large sensing data. In the case of
biosensors, the presence of impurity affects the performance of the sensor and machine learning
helps in removing signals obtained from the contaminants to obtain a high sensitivity. In this review,
we discuss different types of biosensors along with their applications and the benefits of machine
learning. This is followed by a discussion on the challenges, missing gaps in the knowledge, and
solutions in the field of electrochemical biosensors. This review aims to serve as a valuable resource
for scientists and engineers entering the interdisciplinary field of electrochemical biosensors. Further-
more, this review provides insight into the type of electrochemical biosensors, their applications, the
importance of machine learning (ML) in biosensing, and challenges and future outlook.

Keywords: biosensor; electrochemical; sensitivity; amperometric; voltammetric; food quality moni-
toring; machine learning

1. Introduction

An analytical device that provides information about a biological process through
a transducer is called a biosensor. The information can both be semi-measurable and
measurable. The biochemical receptor is used to collect information about the biological
process and then transferred to the transducer. An ideal biosensor should be temperature
and pH-independent, recyclable, and specific. It was Cammann who first invented the term
“biosensor” and the definition of the biosensor was introduced by IUPAC [1]. Biosensor
fabrication is a multidisciplinary field as it involves chemistry, biology, physics, electronics,
material science, engineering, etc. [2]. Recently, various new elements, such as molecularly
imprinted polymers, aptamers, nanomaterials, etc., have been developed in the field
of biosensors [3–7]. The growth of nanotechnology has provided strong benefits to the
biosensor field as the nanomaterials have a large surface-to-volume ratio that helps in
achieving higher sensitivity and efficiency [8]. In most of the biosensors developed so
far, electrochemical detection has been used in one way or another, i.e., amperometric,
voltammetric, and impedimetric detection [9]. Moreover, the catalytic biosensor that uses
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some kind of enzymes covers half of the production of biosensors, whereas the affinity
biosensors using antibodies represent the other half [10]. The affinity biosensors are mostly
used in monitoring the quality and safety of food products along with DNA (de-oxyribose
nucleic acid) detection in reactions (hybridization) [11]. The electrochemical biosensors
consist of three electrodes, i.e., reference, counter, and working. The electron generated
or consumed during the catalysis of enzymes is used for producing a signal that helps in
the detection process [12]. These are further classified as potentiometric, amperometric,
voltammetric, and impedimetric biosensors. Recently, computers have made a walk-in
in every field of science and technology. Machine learning is an important aspect of the
computer language program and has been used in monitoring and refining various data
outputs. While sensing complex structures and entities, large data are obtained, and it
becomes difficult to manually interpret all the data. Machine learning helps in interpreting
large sensing data and has been used in various applications. Moreover, the data obtained
sometimes are not clear and possess some noise and disturbance. Machine learning can
help in analyzing such data and obtain the required results. In the case of biosensors, the
presence of impurity affects the performance of the sensor and machine learning helps in
removing the signals obtained from the contaminants to obtain a high sensitivity. Moreover,
the interpretation of the data becomes quite easy and effective by using machine learning
in the biosensing process [13–15]. In this review, various machine learning tools and
techniques that are used for biosensing are discussed briefly along with their applications
and limitations.

2. Types of Biosensors
2.1. Catalytic Biosensors

The development of classical first-generation enzyme electrodes has started some five
decades ago. The procedure involves depositing enzyme on the surface of the transducer
and the signal produced depends upon the products produced on the transducer surface
after the reaction and diffusion of the target on the substrate. To improve efficiency and
lessen the enzyme electrode’s cost, different types of electrodes are specifically modified
using nanomaterials and sometimes replaced by carbon electrodes. Cinti et al. [16] de-
veloped a cholesterol biosensor using screen-printed electrodes that were modified using
nanoparticles of Prussian blue. The hydrogen peroxide produced due to the oxidase en-
zyme can be detected with such a setup. Sannini et al. also explained this by developing a
lactate biosensor that can be used to monitor fermentation in an interferent-rich matrix-like
wine [17]. There has been the detection of spermine and spermidine, which are polyamines,
which can help in monitoring food safety and human health. This method employs newly
designed oxidase, i.e., spermine and polyamine. The oxidase is captured in the gel of
polyvinyl alcohol, and carbon-based electrodes that are modified with Prussian blue are
used for carrying out the reduction process [18]. Another method is to create a barrier on
the electrode surface and entrapping the enzyme on the layer of the electrode surface by
physical entrapment or cross-linking. For a selective membrane, an ideal contender is over-
oxidized polypyrrole. A Pt electrode having lysine oxidase entrapped on it is also used as
a biosensor for detecting maturation [19]. The biosensors based on glucose oxidase have
been mostly used for glucose sensing. Strambini et al. developed a microneedle-shaped
biosensor that can monitor glycaemia present in the intestinal fluids [20]. They mounted a
glucose biosensor on the back of the needle that can detect glucose present in the intestinal
fluid with an accuracy of ±20% only in 30 s. The biosensor worked on the capillary action
and can be used for real samples [21]. Figure 1a shows the design of the biosensor where
the glucose sensor is mounted on the back of a needle-shaped chip. The glucose sensor
comprises graphite electrodes having glucose oxidase entrapped into the pores. Figure 1b
shows the calibration curves and Figure 1c,d shows the experimental data depicting that
the sensor can be used to detect concentrations as low as 0 to 35 mM with a sampling time
of 5, 30, and 100 s.
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Figure 1. (a) Representation of the biosensor having glucose sensor attached on the back of the
microneedle; (b) Calibration curves for the concentration between 0–35 mM; (c) Calibration curves of
developed biosensors and stand-alone biosensors in ISF, and (d) Calibration curves for developed
biosensor for concentration 0–35 mM at 5 s, 30 s, and 100 s of sampling times. Reproduced from
Reference [20] with permission. Copyright 2015, Elsevier.

The second-generation enzyme electrodes that have been developed by depositing
gold on PC membranes have also been used in manufacturing electrochemical biosensors.
By using the mediator as (Ferrocenylmethyl)trimethylammonium, the limit of detection
(LOD) of the glucose was 36 µM. The fouling of the electrode surface can also be rec-
ognized due to oxidation which does not exist in the first-generation electrodes. Thus,
first-generation electrodes can be used to prevent their fouling. Malvano et al. [22] used
alcohol dehydrogenase and entrapped it into an SPE electrode customized with poly(2-
acrylamido-2-methyl-1-propane) sulfonic acid polymer doped in polyaniline which helped
in preventing the fouling. Functional parameters can also be calculated using enzyme
electrodes, as the food contains antioxidants (produced by chemicals in the food). The
enzyme-based biosensors have been used for detecting the antioxidants produced from
yogurt and berry juices [23]. Moreover, these biosensors have also been used to monitor
antioxidants and ascorbic acid in orange juice, blueberry, and kiwi using modified graphite
and fullerenes as shown in Figure 2a [24]. In Figure 2b, the CSEM (Cryo scanning elec-
tron microscopic) images of the biosensor are shown, whereas Figure 2c,d represents the
schematic diagram and working of the biosensor, respectively. Due to the oxidation of the
enzyme, there was a decrease in the current which helps in monitoring and measuring the
ascorbate present in the sample.
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Figure 2. (a) Pseudoreference, working, and auxiliary electrodes; (b) CSEM images of biosensor
surface modified with different materials. (c) Diagrammatic representation of the sensors with
the modified surface; (d) working of the sensor. Reproduced from Reference [24] with permission.
Copyright 2015, Elsevier.

It must be noted that enzyme-based electrodes have been used for sensing pesti-
cides, but with advancement and technology, they can be used for monitoring food safety.
Atrazine is an important component of pesticides. The activity of the enzyme tyrosinase can
be inhibited by the atrazine chemical. The electrode-based on tyrosinase has been used for
detecting atrazine with 0.3 ppm LOD in the water bodies [25]. Similarly, an enzyme-based
electrode of bilirubin oxidase has been used to monitor the oxygen level of a microbial fuel
cell having a 0–0.08 mW power range [26]. The enzymes such as urease, d-lactate dehydro-
genase, acetylcholinesterase, and β-galactosidase have been used in catalytic biosensors
for optical detection of milk quality and safety [27].

2.2. Affinity Biosensors

The term affinity biosensor in this article refers to a device incorporating immobilized
biological receptor molecules that can reversibly detect receptor–ligand interactions with a
high differential selectivity and in a non-destructive fashion. In affinity biosensors, antibod-
ies are used as biochemical agents for detecting the biological process. Immunosensor is an
important class of affinity biosensors. In the last four decades, the focus in the development
of immunosensors has been reducing incubation time, better design, signal amplification,
label-free detection, and control over antibody placement. When it comes to the sensi-
tivity and production cost of such immunosensors, the enzyme-linked immunosorbent
assay (ELISA) technique has been used most widely. A label-free immunosensor based on
optical fiber was fabricated using a thin film of titania–silica dip-coated over the sensing
area of the fiber [28]. The analyte sensing was done by measuring the wavelength at the
initial and endpoint of the fibre. The fabricated immunosensor was successfully used
for detecting Immunoglobin (IgG) and anti-IgG in human serum with very low LOD. In
another example, Tardivo et al. [29] reported a sensor having thousands of micropillars
and columnar resonators arranged in an area of 1 mm square. The sensing was done using
image and software analysis capturing images at 15 fps. Since there are various sensors
incorporated, thus the variation obtained in the frequency measurement by a single sensor
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is neglected. Figure 3a,b shows an optical image and the process of measuring the intensity
of the image as a function of frequency, whereas Figure 3c represents 53 traces obtained
for 53 pillars, and Figure 3d,e shows the tracking of the parallel pillars at a resonant
frequency in real-time.

Figure 3. (a) T-shaped pillar array and its optical image; (b) Process of measuring the intensity as a
function of frequency; (c) 53 traces corresponding to 53 different pillars as a function of actuation fre-
quency. Actuation mode, (d) single-mode, and (e) multiple modes. Reproduced from Reference [29]
with permission. Copyright 2015, Elsevier.

For detecting a prostate antigen called interleukin, which is an inflammatory cytokine,
an immunosensor with a detection range from 0.3 to 100 nM was fabricated using an
electrolyte-gated organic field-effect transistor (EGOFET) [30]. Moreover, ELISA which
is a complete and simple detection format, can be easily used with mobile phones, with
mobile phones acting as a detector. In Figure 4, Zhao et al. proposed an improved screen-
printed carbon electrode (SPCE) for multiplexed label-free amperometric immunosensor.
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It is observed that the limit of detection was 5.5 pg mL−1 and the sensitivity of this
immunosensor was 0.83 µA (lg(ng ml−1))−1 [31].

Figure 4. Multiplexed label-free amperometric immunosensor based on SPCE modified by Au-
pd NPs and some polymeric matrices for the detection of some biomarkers. Reproduced from
Reference [31] with permission. Copyright 2018, Elsevier.

Aptamers can also be used for detecting antibodies. The aptamers are ribonucleic
acid (RNA) and DNA molecules (single-stranded) that are highly selective and bind to
particular antibodies, thus helping in their efficient detection. Different aptamers have
different affinities based on which they can be used in developing biosensors with low
LOD value. Castillo et al. [32] used a dendrimer structure for developing a voltammetric
biosensor for sensing a mycotoxin called AFB1 (aflatoxin B1) in food products. The biosen-
sor had a LOD of 0.40 nM for concentrations of 0.1–10 nM of AFB1. For the case study,
the biosensor was tested on polluted peanut extract and peanut snacks. Scarano et al. [33]
fabricated a piezoelectric material-based biosensor to detect this protein in human blood
serum. Tintore et al. [34] used two aptamers with gold-coated magnetic nanoparticles for
detecting single methylation in the DNA of aptamer using α-thrombin protein and plas-
monic detection. The protein usually causes the agglomeration of nanoparticles resulting
in the variation of color and UV of the solution. However, in this case, one of the aptamers
prevented the agglomeration of the nanoparticles via single methylation of the DNA. Thus,
the biosensor developed can be used to detect DNA modifications. Ravalli et al. [35] devel-
oped a biosensor based on an impedance study for detecting human epidermal growth
factor receptor 2 (HER2). The antibody used for the detection of analyte was a protein
produced using biotech engineering. The biosensor can detect a 0 to 40 µg/L concentration
of HER2 with an LOD of about 6 µg/L. The albumin of the rat and human serum can bind
with bicalutamide. In one such work, a transistor was developed where the gate of the
transistor was modified with an odorant protein [36]. Pietrantonio et al. [37] deposited
an odorant protein such as porcine, bovine, and double-mutant bovine protein on the
surface of a wave resonator using the LIFT technique. The biosensor successfully distin-
guished between the carvone and octanol molecules that are present in the molds. Thus,
the biosensor can be used for monitoring food products against molds. Cennamo et al. [38]
detected butanal using an odorant protein called porcine. The biosensor selectively de-
tected the butanal with concentrations ranging from 20–1000 µM. Compagnone et al. [39]
developed a biosensor using gold-modified quartz crystal arrays. The biosensor was able
to detect 95% of the off-flavored chocolate sample using the PLS-DA analysis technique.
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Zuccaro et al. [40] developed a graphene-based biosensor that can monitor the behavior
of the enzyme topoisomerase IB present in the human DNA. The interaction between the
enzyme and the graphene substrate was analyzed by determining the field-effect charac-
teristics of the biosensor. The biosensor provided real-time analysis and can be used for
screening drugs in the future. The hybridization of DNA is an important feature whose
detection is very helpful in various fields of biology. The biosensors with high selectivity
and sensitivity can be used for detecting DNA hybridization. Mariani et al. [41] reported a
method for detecting genomic human DNA (obtained from lymphocytes) without using
the polymerase chain reaction (PCR) amplification process. The nanostars of gold were
arranged in a sandwich-type model depending upon the analyte to be detected in the DNA
and surface Plasmon resonance (SPR) imaging tool was used as a detector. A LOD of 10 pM
was obtained with this method, which is low as compared to other biosensors developed,
i.e., 6.1 nM. In another published work, Karel Lacina et al. [42] observed decrease in the
impedimetric response (as shown in Figure 5) due to the binding of positively charged pro-
teins. These assumptions were confirmed using gel electrophoresis which seems promising
as a simple tool for such applications.

Figure 5. (A) Schematic visualization of the processes on the electrode. (B) Corresponding gel
electrophoresis proving the charge of utilized compounds upon experimental pH. Reproduced from
Reference [42] with permission. Copyright 2018, Elsevier.

Electrochemical methods can be used for sensing the hybridization of DNA. In one
work reported, the electrochemical biosensor with an enzyme was used to detect the
modified and unmodified DNA in PCR samples [43]. In another work, gold nanoparticles
were incorporated as dots on a reduced graphene oxide electrode to produce an aptamer-
based electrochemical biosensor [44].

3. Electrochemical Biosensors

The electrochemical biosensor is a special type of biosensor where a biological entity
is detected by converting the information into an electrical signal, i.e., voltage, current,
impedance, etc. [45,46]. The first electrochemical biosensor was developed by Clark to
monitor the glucose level in human blood serum. The electrochemical biosensors have
been developed to detect various biological entities such as enzymes, proteins, viruses,
antibodies, etc. [47]. The electrode is the most vital component of an electrochemical
biosensor as it controls the flow of electrons and bioagents. Various electrochemical
biosensors that have been developed will be discussed in this section.
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3.1. Amperometric Biosensor

An amperometric biosensor is a self-contained incorporated device based on the
amount of the current ensuing from the oxidation offering exact quantitative analytical
information. Generally, these Biosensors have reaction times, energetic ranges, and sen-
sitivities comparable to the Potentiometric biosensors. In amperometric biosensors, the
output current of the sensor is analyzed and used for the sensing process. The sensitivity
of the amperometric biosensor is determined by comparing the current obtained for the
different analyte concentrations. Such biosensors utilized only two electrodes, one for
applying the voltage and the other for measuring the current flowing through the device.
The amperometric biosensors do not utilize optical or electrochemical devices, but rather
depend only on the current measurements. The development of biosensors started from
glucose sensing and most of the glucose-sensing involves the catalytic reaction of the
enzyme with the glucose oxidase [48,49]. The sensitivity of such glucose sensors is affected
by the variation in temperature and pH. In amperometric glucose sensors, cyclic voltame-
try (CV) and electrochemical impedance spectroscopy (EIS) are the two electrochemical
techniques that are used during the sensing process. The sensitivity of an amperometric
glucose sensor is measured by the change in current per mM concentration in an area of
one-centimeter square, i.e., µA mM−1 cm−2. The sensitivity of an amperometric glucose
sensor ranges from 1 to 15,000 µA mM−1 cm−2. This is another important parameter while
detecting glucose that determines its minimum and maximum concentration to detect the
glucose successfully. The range of glucose in the blood (clinical) is between 4.4 and 6.6 mM.
Tucci et al. [50] developed an amperometric biosensor for detecting herbicide using An-
abaena variabilis cyanobacteria. Diuron and atrazine were used as target herbicides to
be detected. The photocurrent produced in the biosensor due to the oxidation of water
was found to be dependent upon the concentration of the herbicides. The current starts
to decrease with an increase in the concentration of the herbicides. The sensitivity of the
biosensor towards atrazine was found to be around 24.6 mA mM−1 cm−2 with an LOD of
0.56 mM. The mechanism of the inhibition is shown in Figure 6.

Figure 6. A diagrammatic representation of the photosynthesis inhibition by herbicides. Reproduced
from Reference [50] with permission. Copyright 2019, Elsevier.

The biosensor was selectively used to detect glucose in uric acid, fructose, lactose,
ascorbic acid, and mannose. The uric acid in the blood is in the range of 140–430 µM,
and any changes in this level lead to kidney stones and gout [51]. The monitoring of
uric acid in human blood is very important and biosensors are used effectively for this
purpose [52]. Urea is another waste product produced in the kidneys and again variation
in its level leads to serious kidney-related diseases [53,54]. The nanorods of ZnO were
used to monitor the concentration of urea [54]. An array of ZnO nanotubes was deposited
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on a silver/silicon substrate to detect cholesterol levels [55]. The sensor showed a sen-
sitivity of about 79.40 µAmM−1 cm−2 with 0.5 nM LOD. Similarly, ZnO nanorods in a
FET transistor, ZnO and multiwalled carbon nanotube (MWCNT) coated Pt/Au electrode,
and a composite of CuO and ZnO have been successfully used to detect the cholesterol
with good sensitivity and low LOD [56–58]. Fang et al. [59] successfully detected the
presence of creatine kinase (an enzyme produced during muscle damage of brain or other
body muscle) using an electrochemical biosensor made of gold. Cai et al. [60] reported an
electrochemical immunosensor with gold and polythionine (PTh-Au) acting as an electrode.
The immunosensor had good sensitivity and an LOD of 2.2 pg/mL towards the analytes.
Both Fe3O4 and Ag@Au show good reducing properties towards the hydrogen peroxide.
Zhang et al. [61] fabricated an electrochemical biosensor using nanospheres of Fe3O4 with
nanorods of Ag@Au as an electrode. The biosensor demonstrated exceptional and superior
behavior towards the reduction of hydrogen peroxide as compared to Fe3O4 and Ag@Au.
Xu et al. [62] developed an amperometric biosensor for the detection of glucose in blood
serum. In their work, they self-assembled glucose oxidase and Pt nanoparticles (encap-
sulated with dendrimers) on a multi-wall carbon nanotube (MWCNT). The biosensor
displayed good sensitivity and a low LOD towards glucose. Using a nanocomposite of
reduced graphene oxide and gold nanoparticles (rGo/AuNP), Han et al. [63] reported a
label-free electrochemical biosensor with enhanced conductivity.

3.2. Voltammetric Methods

Voltammetry belongs to a category of electro-analytical methods, through which
information about an analyte is obtained by varying a potential and then measuring the
resulting current. The electrochemical biosensors in which voltammetric techniques such as
differential pulse voltammetry (DPV), CV, SWV, and LSV are used for sensing are known as
voltammetric biosensors. The voltammetric methods are widely used in sensing platforms
due to their low cost, good selectivity, and high sensitivity. Gupta et al. [64] developed
a biosensor based on DPV and CV methods to detect anti-iTG antibodies in humans.
The biosensor was built by modifying gold nanoparticles with GQD/PAMAM and then
embedding them into MWCNT. The biosensors detected successfully the concentration of
the antibody as low as 20–50 fgmL−1 and are shown diagrammatically in Figure 7 below.

Figure 7. Diagrammatic representation of the biosensor based on DPV and CV to detect anti-tTG in
the human celiac disease. Reproduced from Reference [64] with permission. Copyright 2017, Elsevier.

In another published work, Neves et al. [65] fabricated a nano immunosensor working
on the CV technique to detect anti-tTG antibodies in the human serum. A carbon electrode
that was modified with Au nanoparticles and CNT was taken and onto which the anti-tTG
antibodies were printed using screen printing. The sensor showed excellent performance
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and sensitivity towards the detection of antibodies and can be used for clinical trials.
Hianik et al. [66] developed the first aptasensor that worked on voltammetric methods.
In this sensor, the DNA aptamers were used to detect thrombin using the DPV technique.
The aptamers were deposited on an Au electrode and methylene blue was used as an
indicator. The aptasensors can be based on amperometric, potentiometric, voltammetric,
conductometric, and impedimetric techniques [67,68]. The voltammetric aptasensors
mostly use DPV, CV, and square wave voltammetry (SWV) techniques to detect the antibody.
The voltametric biosensor is based on the detection of analyte using the variation in current
according to the applied potential. Such biosensors detect both variations in potential
and current. The potential is scanned over a wide range and the corresponding result
in current and potential are measured. The current produced is directly proportional
to the concentration of the target in the electrolyte [69,70]. The voltammetric methods
produce low noise and can be used to detect multiple species with different peak potentials
in a single scan [71]. The CV technique is used to study the stability, repeatability, and
reproducibility of the biosensor [72]. Ly et al. [73] used a CNT electrode modified with
bismuth to detect the DNA of Helicobacter pylori present in the gastric tissue of a patient.
The biosensor successfully detected the DNA of Helicobacter pylori with a LOD of 6 µg/mL.
The response time of the sensor was just 2s and can be used for clinical trials.

3.3. Impedimetric Biosensor

An impedimetric biosensor is constructed by immobilizing biological recognition
elements onto an electrode surface. It reports, through measurement and/or monitoring,
the targeted analyte through the output of an electrical impedance signal made proportional
to the analyte activity. The electrochemical biosensor in which the variation in impedance
is used to detect the analytes or biological entities is called impedance biosensor. The most
common technique used in this method is Electrochemical impedance spectroscopy (EIS).
Using EIS, the properties of the bulk electrode as well as the processes taking place at the
interface of the electrode can be determined easily [74]. The EIS spectrum is obtained as
Bode or Nyquist plots, and both are a function of the frequency. The Nyquist plot comprises
a semi-circular region on the axis representing the electron-transfer process followed by
a straight line depicting the diffusion process. When the transfer of electrons is a quick
process, the Nyquist plot only shows a straight line, whereas slow electron transfer is
shown by a large semi-circular region [75]. Here, the resistance of the electron transfer
is equal to the diameter of the semicircle. On the other hand, Bode’s plot is a type of
logarithmic plot where the log of phase(Φ) and impedance (Z) is plotted against frequency
(logν). In the EIS, there is a very minute variation in the amplitude of the signal. Moreover,
the measurement of impedance does not depend on the presence of redox couples [76],
since the biosensor measures a biological event using agents such as antibodies, enzymes,
bacteria, viruses, etc. [3,77]. In impedimetric biosensors, the focus is to produce amino,
carboxyl, and similar groups on the surface of the electrodes so that the antibodies will be
entrapped. This is the most important part while developing an impedimetric biosensor, as
it ensures the permanency and repeatability of the sensor. In addition to this, nanomaterials
have also been used for such purposes. When the antibody is detected using antigens,
the resistance of electron transfer would tend to increase, which eventually decreases the
capacitance [4]. The nanoparticles of gold can be used for entrapping antibodies as they do
not affect their activity and performance [5]. Canbaz et al. [6] detected HER-3 using the
impedimetric technique. Kim et al. [7] used EIS to determine the concentration of bacteria
in a fermentor used at the laboratory. The biosensor consists of a PDMS polymer, silicon
wafer coated with gold, and a borosilicate glass tube. The EIS was performed for bacteria
E. coli for 13 h at a frequency of 0.01 MHz AC. The biosensor successfully detected the
presence of E. coli in the fermentor. Seven et al. [78] used EIS to detect MCF-7 cancer cells.
On a polypyrrole-NHS electrode, anti-c-cerbB-2 was entrapped using covalent linking. The
sensor successfully detected the cancer cells showing the sensitivity of 100–10,000 cells
per mL. Ankan et al. [79] investigated the sensing of E. coli bacteria (O157:H7) using an

102



Biosensors 2021, 11, 336

antigen–antibody binding mechanism. The antibody was linked covalently on the surface
of PANI film and an EIS study was performed to study the sensitivity and performance of
the sensor. The change in impedance upon increasing the concentration of bacteria was
measured and recorded. The biosensor was highly sensitive towards E. coli and can be used
in labs. Rushworth et al. [80] developed a biosensor for sensing Alzheimer’s amyloid-beta
oligomers. By increasing the flow of current through the biosensor, the binding of the
oligomer increases, hence decreasing the impedance of the biosensor. The EIS study, CV,
and a diagram showing increase in the surface conductivity of the biosensor upon oligomer
binding is shown in Figure 8.

Figure 8. (A,B) EIS plots. (C) CV study of the biosensor towards AβO. (D) Diagram showing an
increase in the surface conductivity due to AβO. Reproduced from Reference [80] with permission.
Copyright 2014, Elsevier.

In another work, Mao et al. [81] induced SWCNTs into gold electrodes (employing
surface modifications) and the electrochemical biosensor was used to detect the DNA se-
quencing via impedance study. Shirsat et al. [82] reported glucose sensing using multilayer
film of polypyrrole and SWCNT on Pt as an electrode. The biosensor displayed excellent
sensitivity of 7.06 uA/mM towards glucose.

3.4. Potentiometric Biosensors

A potentiometric biosensor works on the principle of potential difference between
working and reference electrodes. The measured species are not consumed like in the
amperometric biosensor. Its response is proportional to the analyte concentration by com-
parison of its activity to the reference electrode. The great advantage of potentiometric
biosensors is their sensitivity and selectivity when a highly stable and accurate reference
electrode is used. Potentiometry, a mostly used electrochemical technique in the field of
sensors, is cost-effective and used over a wide range of ion concentrations. The sensors
developed using potentiometric methods are mostly available in the market. These sensors
can be fabricated easily and a reduction in their size does not affect their performance.
The use of potentiometric tools in the field of biosensors has opened many new doors
for diagnosis and sensing. The two main advantages of using potentiometric biosensors
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are: the signal produced is in the form of potential and the biochemical component used
is the part of the receptor [83]. To monitor the perspiration in humans, potentiometric
biosensors in the form of tattoo has been developed [84]. The potentiometric biosensor
fabricated by coating polypyrrole on a gold electrode and using mat horseradish per-
oxidase as a biochemical agent has been developed for detecting tumour, hepatitis B,
digoxin, and troponin I [85]. Recently, a potentiometric biosensor with a gold electrode
and extended FET transistor was used to detect interleukin with LOD 1 pg mL−1 [86]. The
acetylcholinesterase was used as an antibody that produced thiol which was adsorbed on
the electrode. Mishra et al. [87] fabricated a tattoo shaped biosensor for detecting G-nerve
agents using potentiometric methods. In this biosensor, the design of the tattoo sensor
was in the form of a skull with one eye working as a reference electrode and the other as
a working electrode. The concept, design, printing, and application on human skin are
represented diagrammatically in Figure 9.

Figure 9. Diagrammatic representation of the tattoo-shaped potentiometric biosensor. (A) The
concept of the biosensor. (B) Designing of the tattoo biosensor. (C) The printing process of the
biosensor on paper. (D) Successful transfer and removal of the tattoo on human skin. Reproduced
from Reference [87] with permission. Copyright 2018, Elsevier.

Canovas et al. [88] developed a method for detecting glucose in human blood serum
without dilution. The sample can be tested as received requiring no pre-treatment pro-
cedures. A Pt electrode printed on paper was used along with a polyelectrolyte called
aquivion. The polyelectrolyte helps in entrapping the glucose enzyme and reducing in-
terference and potential instability. Seema et al. [89] prepared nanoparticles of urease
from jack beans and developed a potentiometric biosensor to detect urea in human urine
samples. The biosensor displayed an excellent sensitivity of 23 mV/decade and a low
LOD of 1 µM/L.

To summarize, various electrochemical methods that have been used for biosensing
applications are presented in tabulated form in Table 1.

Table 1. List of electrochemical biosensors along with their applications.

Method Target Biological
Element Target Matrix Transducer

Element Ref.

Amperometric Cholesterol Cholesterol oxidase Human serum Prussian Blue
modified SPE [16]

Amperometric Lactate Lactate oxidase Wine Prussian Blue
modified SPE [17]

Amperometric Polyamines Polyamine oxidase,
spermine oxidase Food Prussian Blue

modified SPE [18]

Amperometric Lysine Lysine oxidase Cheese Pt electrode [19]

Amperometric Glucose Glucose oxidase Transdermal fluid Transdermal
microneedles [20]
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Table 1. Cont.

Method Target Biological
Element Target Matrix Transducer

Element Ref.

Amperometric Glucose Glucose oxidase - Gold nanoelectrode [21]

Amperometric Ethanol Alcohol
dehydrogenase wine Polyaniline doped

modified SPE [22]

Amperometric Antioxidant capacity Superoxide
disumlase

Fruit juice and
berries Pt electrode [23]

Amperometric
differential

Antioxidant
capacity+ ascorbate Ascorbate oxidase Fruit juice Fullerene modified

graphite [24]

Amperometric
inhibition Atrazine Tyrosinase Drinking water Carbon modified

SPE [25]

Amperometric Oxygen profile Biliribine oxidase Microbial fuel cell Pt electrode [26]

Label-free
evanescent wave IgG Antibody Human serum

Titania–silica-coated
long period gratings

optical fibers
[28]

Label-free CCD +
software for imaging

Prostate specific
antigen Antibody Human serum Dense arrays of

micropillars [29]

Label-free field
effect transistor Interleukin 4 Antibody Human serum Organic transistor [30]

Voltametric/
impedimetric Aflatoxin B1 Aptamer

Peanuts and
peanuts corn

snacks

Dendrimer-
modified

gold electrode
[32]

Label-free,
piezoelectric using 2
different aptamers

Metalloproteinase 9 Aptamers Human serum Quartz crystal
microbalance [33]

Colorimetric,
aggregation using

2 aptamers
DNA methylation Aptamers for

α-thrombin DNA Au coated magnetic
nanoparticles [34]

Impedimetric
Human epidermal

growth factor
receptor 2

Antibody Human serum Au–nano-particles
on SPE [35]

4. Applications of Electrochemical Biosensors
4.1. Food Industry

The maintenance of quality and safety of food is one of the major issues of the food
industry. Traditionally, spectroscopic and chemical methods have been used to test the
safety and quality of food. The traditional methods are laborious, time-consuming, and
costly. The biosensors act as an excellent alternative to the traditional methods of food
monitoring. The biosensors are efficient, selective, have a fast response time, and are
cost-effective [90]. A biosensor made of cobalt phthalocyanine was successfully used to
monitor the ageing of beer during storage [91]. E. coli is a pathogen whose presence in the
vegetable is an indication of food contamination [92,93]. The electrochemical biosensor
(potentiometric) can be used to detect its presence in the vegetables by simply monitoring
the pH variation caused by its presence [94]. To detect the presence of organophosphate
pesticides in milk, an enzymatic biosensor made of a screen-printed carbon electrode can
be used effectively [95]. Artificial sweeteners are used widely in food products and are
the reason for various diseases such as diabetes, dental problems, heart diseases, etc. The
traditional methods used to detect sweeteners in food products require expertise and a lot
of time. The electrochemical biosensors are the new alternatives that can effectively detect
artificial sweeteners in food. The signal produced during the electrochemical analysis
is analyzed for the presence of artificial sweeteners such as cyclamate and saccharin via
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MATLAB. The biosensors find huge applications in the food industries where fermentation
processes are used. In China, about 90% of the industries use biosensors for monitoring
the fermentation processes. Maintaining the quality and safety of the food product during
fermentation is extremely important. The biosensors can monitor the condition of the
process and the presence of enzymes and biomass in the product. The glutaminase-based
electrochemical biosensor chip has proved to be effective in monitoring the fermentation
process in various industries and factories. The biosensors can be controlled automatically
and are again cost-effective and highly efficient. These can effectively monitor lactate,
ethanol, glucose, etc. in the food products during fermentation and act as an indicator for
stopping and resuming the fermentation process. The biosensors have gained huge interest
in recent years due to their quick and effective monitoring of the fermentation processes [96].
The glucose content in a food product can get altered during the storage process and it gives
a direct indication of the quality of the food product [97]. Thus, monitoring the glucose
content helps in determining the safety and best-before conditions of a food product. The
electrochemical biosensors are the most effective and commonly used biosensors for the
monitoring of glucose levels in food products as well as in the human body [98]. The
electrochemical biosensors can effectively detect even minute concentrations of harmful
metals such as arsenic, lead, cadmium, etc. These have been successfully tested to detect
paraoxon, aldicarb, carbaryl, and pesticides in food products [99–102].

4.2. Medical Sciences

The biosensors and their application in detecting the glucose level of diabetic patients
are growing very rapidly as they cover 80% of the global biosensors used at home [103,104].
The electrochemical biosensors have been used in the detection of various infectious dis-
eases in the human body such as urinary tract infection, identifying pathogens, microbial
bodies, etc. An electrochemical biosensor based on hafnium oxide (HfO2) has been devel-
oped to detect the infection that occurs after implantation in the human body [105,106].
Cardiovascular diseases and heart failure are the growing diseases in the world leading
to the death of millions of people globally [107–111]. The electrochemical biosensors that
are effective in detecting such heart failures are also incorporated into digital watches
and bands. These watches and bands are efficient and cost-effective and are very useful
in saving lives. The electrochemical biosensors based on fluorescence have been used
to monitor the level of enzymes in cancer patients. Such biosensors detect the presence
of a particular analyte and produce the fluorescent signal which can be detected and
measured [112,113]. Such biosensors prove very effective in the earlier detection of the
diseases such as inflammation, arthritis, cancer, viral infections, heart-related problems,
and metastasis. The electrochemical biosensors are an important part of the drug discovery
program. They are used to monitor the working of a drug and are effective in both pre-
and post-clinical evaluation [114–118]. Recently, electrochemical biosensors have been
successfully used for guiding surgery using imaging techniques and also monitoring the
impact of a drug on the disease [119].

4.3. Defence

In the current era, biological attacks or warfare is something that we all are aware
of and biological warfare agents (BWAs) such as bacteria, virus, toxins, etc. are used
in such warfare. The electrochemical biosensors can be effectively used to detect BWAs
with high sensitivity and selectivity. The DNA sequencing, monitoring their activity and
metabolism, enzymatic action, etc. are some of the principles of such electrochemical
biosensor. A potentiometric biosensor was successfully developed to detect botulinum
toxin, having an LOD of 10 ng/mL [120]. Gold nanoparticles were combined with magnetic
nanoparticles to develop an electrode that can be used to detect the mecA gene, which is a
biomarker for methicillin-resistant S. aureus (MRSA). Quantum dots of CdTe were coupled
with nanoparticles of silica, and were then used to detect the Epstein-Barr virus via electro-
chemical methods with an LOD of 1 pg/mL [121]. For detecting Listeria monocytogenes in
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food samples, a screen-printed carbon electrode was modified using gold nanoparticles.
The amperometry result showed an LOD of 2 log CFU/mL [122]. Similarly, salmonella
spp. [123] and M. tuberculosis [124] have been detected using electrochemical biosensors
with high accuracy and sensitivity. The human papillomavirus (HPV), which is related to
cervical cancer in humans, has been detected using an electrochemical nucleic acid biosen-
sor [125]. Currently, viruses are being detected using enzyme-linked immunosorbent assay
(ELISA) related to viral antigens.

4.4. Metabolic Engineering and Plant Biology

The protection of the environment and less dependence on petroleum-driven products
are the latest concern on the global scale to cope with global warming. Researchers around
the world are searching for products that will be efficient and eco-friendly. Metabolic
engineering is one such field where microorganisms are used to produce chemicals, fuels,
and pharmaceuticals. Metabolic engineering is an important step towards sustainable
development. The biosensors are important in metabolic engineering as they can monitor
the metabolism process and help in the controlled production of chemicals and fuels. The
imaging and sequencing of DNA have revolutionized the field of plant science. Tradition-
ally, spectroscopic methods were used to monitor the enzymes, receptors, transporters,
and substrates. The development of biosensors helps in monitoring such process and is
also fast and effective. To monitor and control the level of calcium in live cells, a protein
sensor was developed by Roger Tsien’s lab [126–128]. FRET biosensors can monitor sucrose
and sugar levels during phloem loading-sucrose efflux and the effect of glucose on yeast
cells [129,130]. The electrochemical biosensors helped to monitor the effect of pH level on a
plant species and play a vital role in genetic engineering [131,132].

5. Machine Learning for Biosensors
5.1. Improvement in Biosensor by ML

Firstly, for specimen or complicated matrices, large sensing data can be efficiently
processed by machine learning. Secondly, the gain of ML in biosensors comprises the prob-
ability of getting sensible analytical results from disorderly and low-resolution sensing data
which could closely overlie on one another. Furthermore, appropriate use of ML methods
may find unseen relationships between signals of sensing and parameters of specimen via
the visualization of data and interrelations between bioagents and signals. Particularly,
raw sensing data can be analyzed by using ML from a biosensor in different ways: Catego-
rization, anomaly detection, noise reduction, and pattern recognition. Based on the target
analyte, the algorithms aids to categorize the sensing signals in different manners. It is also
observed that the operating conditions inevitably affects the performance of a biosensor.
On-site usage of biosensor generally interferes with contamination. In that case, ML plays
a very important role in checking the quality of the signal. Because of interferences and bio-
fouling in real samples, the variations in sensor performance can be improved by using ML.
It is also observed that sensing signals always contain noise. Hence, it is very important to
train to develop the model of ML which extracts the good quality signal from the signal
containing noise. Finally, the interpretation of sensing data occurs effectively and easily by
developing the patterns and latent objects using ML algorithms [13]. For on-site diagnosis
or detection, the ML can be significantly important to aid biosensors that can read out
rapidly, accurately, automatically, and directly. Instead of predicting the model for electro-
chemical biosensor, the optical imaging method assisted by a convolutional neural network
(CNN) was also developed to calculate the diagnostic consequences [14]. On the other
hand, the pathology workforce takes thirty seconds to interpret the image. Additionally,
for designing the desirable biosensors nowadays, ML has been preferred. Metamaterials
with negative permittivity and permeability are used to enhance the ability to detect the
signals of biosensors based on the surface plasmon resonance (SPR) [15]. To ensure that the
resonance is beneficial for SPR biosensors, the process of preparation of metamaterials with
different reflectance characteristics is crucial. For predicting the reflectance characteristics

107



Biosensors 2021, 11, 336

of the metamaterial, SPR biosensors like multilayer perceptron (MLP) and Autoencoder
(AE) are used. Afterwards, k-means clustering of the metamaterials was introduced for the
dimensional reduction with the help of AE and t-StochasticNeighbor embedding (t-SNE).
Hence, without experimenting extensively, the designing of the optimized sensing devices
can be boosted up with the clustering of the metamaterials. ML plays a crucial role in
predicting the mathematical model for the experimental results. Xiaoyu Zhu et al. [132]
measured the voltametric behaviors, i.e., differential pulse voltammetry (DPV), using a
fabricated electrode at different concentrations of carbendazim (CBZ). The cyclic voltame-
tery (Figure 10A) and DPV (Figure 10B) of different electrodes from the range of 0.4–1.2 V
is also calculated. In Figure 10C, it is observed that with increase in the concentration of
CBZ, the value of the peak current starts increasing. Meanwhile, a good linear relationship
(Figure 10D) between CBZ concentrations and currents (Ipa) is displayed in the range of
0.5–9.8 µM and 0.006–0.1 µM. The Relevance Vector Machine (RVM) model developed
with the input of concentrations is represented in Figure 10E. The results obtained from
the RVM model of Root mean square error (RMSE) and R-squared were 0.0143 and 0.9993,
indicating that the model could be used for detection CBZ in real samples as it shows
excellent performance. Figure 10F diagrammatically illustrates the developed RVM model
for estimating CBZ concentration using the electrochemical biosensor. The RVM models
possess robustness and generalization ability better than the traditional linear regression.
Figure 10G depicts the comparisons of the RVM predicted values and experimental values.
It is observed that both the predicted concentrations by RVM models and experimental
values are in good agreement.

5.2. Various Algorithms in ML

In this section, the main aim is to present the procedures of implementation and
basic types of advanced algorithms of ML [133]. Conceptually, ML can be defined as a
computer program that can gather information from raw data by extracting features. To
deal with real-world difficulties, the newly gathered information can become beneficial
to make decisions [134]. In the field of biosensors, especially electrochemical, ML is
known as a method or tool that can be used for analyzing and processing data for instance
concentration of the analytes, extracting features, and for the prediction of the species. It
can be classified into unsupervised learning and supervised learning [135]. ML is very
important to predict the sensing model for more than one analyte at a particular time. Until
today, various algorithms used in ML were known. Those algorithms are preferred, which
gives maximum accuracy of the results and give information related to hidden data. When
ML algorithms are trained with their target outputs with a group of input data, then it is
referred as supervised learning. During the training process, certain predictions can be
made by the algorithms on the input data set and the predicted value can be improved by
using the given real value, unless the algorithms get the acceptable accuracy. Particularly, in
spectrometric biosensors, great progress has been achieved by these to perform regression
and categorization. However, in the case of unsupervised learning, labelled training data
sets along with their given outputs are not available. The foremost aim is to determine
a set of alike examples or to find out the division of data set in the input space (called
density estimation). One of the most common unsupervised learning algorithms is k-Means
clustering [136].
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Figure 10. Electrochemical behaviors (A) of different modified electrode at the scan rate of 50 mVs−1.
(B) Corresponding DPV of CBZ at different modified GCE in 0.1 M PBS. (C) DPV of CBZ at Ti2C
MXene/Au–Ag NS/GCE in 0.1 M PBS. The linear equation of CBZ (D) at different concentrations
ranging from 0.006 to 9.8 µM. RVM models with concentration as input (E) and current as input
(F) for estimating CBZ concentration obtained by electrochemical. Comparison of the concentration
experimental and RVM predicted values of samples (G). Reproduced from Reference [132] with
permission. Copyright 2021, Elsevier.

5.3. ML Data Analysis

The emerging field of biosensor covers both the image data set and sequential data set.
The priority in the ML modelling is to develop a suitable model based on the given data
sets. After the designing of ML architecture, for a specific biosensor, the workflow will be
implemented, which is shown in Figure 11a [137]. The first and foremost requirement is the
preprocessing of raw data (sensing data). Various preprocessing methods possess Fourier
to transform, denoising, and derivatives. Similarly, the system-specific preprocessing
methods must have transformations, normalization, and elimination of baseline drifts and
data compression. The overall efficiency of ML model depends on the preprocessing of raw
data. For Raman spectroscopy, the requirement of each spectrum is background-subtracted,
Savitsky–Golay-smoothed, and [0, 1] min−max scaled [138]. It must be pointed out that
the preprocessing of raw data has no guarantee of yielding better results, since it may also
remove some informative features from the raw data accidentally.
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Figure 11. (a) Workflow and the scenarios of overfitting and underfitting. Reproduced from Ref-
erence [137] with permission. Copyright 2019, Elsevier; (b) results of two combined models, i.e.,
Principal Component Analysis and Support Vector Machine which can be used to distinguish cocaine,
oxycodone, tetrahydrocannabinol, and heroin. Reproduced from Reference [139] with permission.
Copyright 2018, Elsevier; (c) the prediction of partial least squares discriminant analysis (PLS-DA)
model for all external human blood donor samples. Reproduced from Reference [140] with permis-
sion. Copyright 2018, Elsevier.

The preprocessed or raw data set should be split into three subsets, including training
set (about 60%), validation set (about 20%), and test set (about 20%). The training data
set is used to extract meaningful information and find optimal hyperparameters of the
algorithms. The validation data set is applied when tuning hyperparameters. The test data
set is employed to report the performance of algorithms. It can also reflect the impact of
different hyperparameters [134]. A classic loss curve shows the scenarios of overfitting and
underfitting also, and the convergence and fluctuation are determined clearly (Figure 11a).
Hyperparameter tuning is a critical task of the sensing data analysis in the validation phase.
Parameters for algorithms include the number of hidden neurons, learning rate, batch
size, and so forth. To discover the optimal value for each parameter, approaches including
grid search, random search, or Bayesian optimization can be applied. Figure 11b shows
the combination of two models, i.e., Principal Component Analysis and Support Vector
Machine which can be used to distinguish cocaine, oxycodone, tetrahydrocannabinol, and
heroin [139]. The developed partial least squares discriminant analysis (PLS-DA) model
correctly predicted all external human blood donor samples as human, and 28 of 29 animal
blood donor samples as nonhuman (Figure 11c). The ROC curve in Figure 11c had an area
under the curve (AUC) of 0.99, indicating that for a randomly chosen sample, the PLS-DA
model only had a 1% chance of incorrectly predicting a nonhuman blood sample as being
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human [140]. A deep learning model was developed based on a SERS data set of exosomes
from lung-related cells, and then the model was transferred to predict the lung cancer stage
using the SERS data set collected in patient plasma samples [141]. The data set similarity
is quantitatively evaluated by the Mahalanobis distance between cancer cell exosomes
and plasma exosomes clusters. For 43 cancer patients who are in stages I and II, 90.7% of
patients can be accurately predicted using the transferred model. Notably, the similarity
of cancer cell exosomes and plasma exosomes has a positive correlation to the stage of
cancer. The results demonstrated that the transferred model can predict lung cancer using
the SERS of plasma exosomes. The AUC for stage I patients was 0.910, and the AUC for
the whole cohort was 0.912.

5.3.1. Support Vector Machine (SVM)

For regression and classification, supervised learning methods used are known as
Support vector machines (SVMs) [142]. They are the members of the family of generalized
linear classifiers. In tasks like recognition of handwriting, SVM is very popular as it uses
pixel maps as input and also gives accuracy that is comparable to sophisticated neural
networks with explained characteristics [143]. Many applications are using this in tats
like analysis of handwriting, recognition of face, and so on, especially on the application
that is based on the classification of pattern and regression. Vapnik [144] developed the
Support Vector Machines (SVM) and due to its much better empirical performance, it gained
popularity. Conventional neural networks use the principle of Structural Risk Minimization
(SRM) that is superior to the traditional Empirical Risk Minimization (ERM) principle [145].
Error in the training data is reduced by the ERM and SRM reduces the upper bound on the
risk that is expected. SVMs are nowadays developed to simplify the problems based on the
regression as well as problems that are based on the classification [146]. In the detection of
waterborne pathogens [147] and cancer diagnosis [148], SVM is used extensively.

5.3.2. Feedforward Artificial Neural Networks (ANN)

The model on simple biological processing of cells (Neurons) and connectivity of the
brain is successfully developed through Artificial Neural Network (ANN) as it is a parallel
distributed system. Furthermore, a system that is distributed in a parallel way consists
of processing elements that can work in parallel and the elements are interconnected
(Figure 12) [149]. In addition to this, Artificial Neural Network (ANN) is a system that
serves information as distributed system coefficients with a multiple linear regression
(MLR) process [150]. Generally, by training the network, information can be gained
and need not be known explicitly in advance. Because of that, the adaptability that is
combined with the distributed representation in the network is described as the property of
recognition of similar patterns as well as the generalisation of abstract patterns within the
network input space. Due to this, ANN can degrade and compensate the performance with
unreliable inputs and bad training data [151]. Engineers and scientists are provided access
to deep learning tools designed by institutions like Microsoft (CNTK), Pytorch, Google
(TensorFlow) and universities (Theano). One of the major reasons for the performance of
the ANN is significantly affected by the parameters like hidden layer size [152].
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Figure 12. Typical structure of ANN. Reproduced from Reference [149] with permission. Copyright
2018, Elsevier.

5.3.3. Convolutional Neural Network (CNN)

Analyzing images like computed tomography (CT) images, X-ray images, and magnetic
resonance images is done by a very efficient deep learning type known as CNN [153–155].
Nowadays, solutions based on Artificial Intelligence (AI) are used in various biomedical
complications such as detecting breast cancer, brain tumour, etc. [156]. The research
communities mostly use this learning method among the different deep learning methods,
as convolutional neural networks (CNNs) have provided great accuracy in the classification
of the image [157]. On the other hand, there is only one article [158] that explained the
categorization of viral and bacterial pneumonia and the applications of deep machine
learning algorithms in detecting pneumonia is reported by various research teams [159].
For detecting pneumonia, the parameters of deep layered CNN are varied by the authors
in different works. In the radiography of the lungs, interstitial or alveolar patterns of
diffuse opacification are observed. Bacterial infection is proof of alveolar infiltration in
the radiography of the chest especially in patients with lobar infiltrates [160]. With the
enhanced performance in the classification of the images, CNN is very famous. Some
important characteristics in an image such as temporal and spatial are extracted by using
the convolutional layer that is present in the network. For the reduction in the computation
efforts of the computer, the weight-sharing technique is applied [161]. A CNN comprises
three building blocks as a max-pooling (subsampling) layer for downsampling the image
and reducing the dimensionality and hence reducing the computational efforts of the
computer, a fully connected layer for equipping the network with the capability to classify,
and a convolution layer for gathering knowledge about characteristics [162].

5.3.4. Recurrent Neural Networks (RNN)

Neural Network in which the output of the previous step is used as an input for the
present step is known as Recurrent Neural Network (RNN). In classical neural networks,
for the requirement of the prediction of the upcoming word in the sentence, the preceding
words are used; therefore, it is important to memorize the preceding words otherwise;
inputs and outputs are not dependent on each other. By using a hidden layer, RNN came
into being to deal with this issue. A hidden state is the foremost characteristic of RNN,
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which memorizes some information about the series. In studies related to sequential data,
among various learning methods, RNN attracts the researchers significantly [163]. In every
recurring round, RNN is compatible with sequential data and time-series as the network
structure is particularly developed for representing historical information [164]. Problems
based on sequence mapping are widely solved by using RNN such as reinforcement learn-
ing, handwriting recognition, speech recognition, and sequence generation because of the
characteristic of propagating previous information along with time via recurring connec-
tions [165–168]. For the detection of interactions between proteins and genes, biomedical
researchers are now using RNN [169]. According to the latest studies, a promising segmen-
tation of brain tumors can be achieved by training the RNN [170]. An extraordinary type
of RNN that is capable of long-term dependencies is Long Short-Term Memory (LSTM)
networks [171]. For the detection of modifications in the DNA, Bidirectional RNN with
LSTM was designed [172]. The accuracy of the nanopore sequencing has been enhanced
with the help of algorithms that are based on RNN [173].

6. Challenges and Solution
6.1. Challenges

The electrochemical sensors are characterized by three main challenges in their proper
functioning, i.e., stability and reproducibility, low LOD value, and real sample sensitivity.
These are also the major challenges in the fabrication of electrochemical biosensors.

1. The LOD determines the lowest limit of the analyte that can be detected by a sensor
and ideal biosensors must have a very low value of LOD.

2. The reproducibility of sensors is very important when it comes to their fabrication
and marketing. The results obtained for a particular sensor must be reproducible to
all the similar sensors produced, as testing each sensor will not be possible.

3. Finally, the most important characteristic of a sensor is its application to real samples.
If a sensor is not effective in testing a real sample, it cannot be used in the diagnosis.
The real samples that are mostly used for electrochemical biosensors are saliva, blood,
urine, sweat, body fluid, tears, etc. The real sample collection is itself a challenge;
some factors need to be considered for collecting a real sample for detection.

4. The matrix effect in case of electrochemical sensors interferes with the sensor per-
formance. To avoid this matrix effect, the real sample needs to be diluted, but extra
dilution may cause deviation from reality. An ideal electrochemical biosensor should
sense a real sample without requiring any processing and dilution. Similarly, the
samples collected via saliva need dilution before sensing and the pH variation is the
problem with the urine samples affecting the peak position. The tear samples due to
less complexity have been used for diabetes detection, but the pH variation is again
a challenge. Moreover, the concentration of the analytes in the tears produced from
irritation and emotion may differ from each other. Moreover, the real samples contain
species like protein, fats, etc. that may get adsorbed on the sensor surface and impact
the sensitivity and reproducibility of an electrochemical biosensor. The researchers
are looking for advanced new materials and techniques (active and passive methods)
to address this issue. In the active method, shear forces are produced that prevent
the adhesion of the extra species on the sensor surface, whereas in passive methods,
polymers are used to make the surface hydrophilic, thus preventing proteins from
adsorption. The biosensors developed must be stable under extreme environmental
conditions and hence, the stability of the electrochemical biosensors is very important.

6.2. Solutions

1. Using nanomaterials might address the stability issue in some cases, but some nano-
materials seem to aggregate and reduce stability.

2. The miniaturization of the electrochemical biosensors and using cheap materials in
their fabrication is another step that needs to be taken in making them cheap.
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3. Micro-nano fabrication techniques are effective in reducing the size of the electro-
chemical biosensor. The smaller biosensors would be easy to use and dispose of,
can be transported easily, and their application in extreme conditions would involve
fewer efforts.

4. The electrochemical biosensors have mostly been confined to the research labs. There
needs to be a collaboration between clinics, hospitals, and research labs so that
they can be tested in real-life circumstances, which will help in evaluating their
performance. Multidisciplinary approach is important for further widespread use
and commercialization of biosensors.

5. On a global scale, bacterial diseases are responsible for the greatest number of deaths
and illnesses. The electrochemical biosensors can prove effective in sensing these
bacterial infections at early stages. These biosensors would also be very useful in
detecting new pathogens in the water sources. However, huge efforts on technical
and scientific ground will be required to make them more viable. The designing and
fabrication process needs to be made more cost-effective. Moreover, the enzymatic
electrochemical biosensors are used commonly in the research, but their stability and
modification remain a concern. Another challenge is the storage of enzymes.

6. The integration of electrochemical biosensors with POC devices would be a great
initiative for application in clinics. Such biosensors would not be affected by the
interference species and can detect any concentration of the analyte. In addition
to this, nano technology will help in improving the LOD and sensitivity of the
electrochemical biosensors.

Since it is a multidisciplinary field, the experts from diverse backgrounds such as
materials science, nanotechnology, electronics, chemistry, physics, engineering, medical
practitioners, working together will eventually lead to development, enhancement, and
eventual commercialization of electrochemical biosensors.

7. Future Outlook

The field of electrochemical biosensors has gained immense popularity in the last
few decades, and it is quite evident from the publications in this respect, as shown in
Figure 13 [174]. As it observed from the figure, the number of publications in “electrochem-
ical biosensors” has increased continuously and a similar trend is expected to be followed
in the coming years. The market of the electrochemical biosensors is expected to grow at
9.7% annually and be worth 24 thousand million dollars [119]. In clinical applications, the
electrochemical biosensors are used for point-of-care (POC) testing and will reach a value
worth of 33 billion dollars.

As mentioned earlier, the electrochemical biosensors are effective in detecting biowar-
fare agents and this application will become more advanced and available to new species
in the future. There is a huge scope for technical and design modifications in this regard.
Another field is wearable electrochemical biosensors, and some work has already been
done in this field. The wearable biosensors have opened a new market for electrochemical
biosensors, and these would prove very effective in sports and athletics. The substrate
based on polymers has already been developed. This provides extra flexibility and strength
to the wearable biosensor. The wearable biosensors use sweat, saliva, biofluids, etc. for the
detection, thus preventing the painful process of taking blood serum for analysis. Moreover,
wearable biosensors can be easily installed as bandages, tattoos, contact lenses, cloth, etc.
These wearable electrochemical biosensors would be helpful in the food industry, sports,
monitoring animal and human health, and defence. Recently, wearable electrochemical
biosensors have been developed for monitoring diabetes and this has revolutionized the
market. However, the application is in its early stages and would prove to be very effective
in monitoring the health of a patient more precisely. The application of nanomaterials in
fabricating electrochemical biosensors has enhanced the properties of the biosensors and
more such materials need to be searched in the future. The printing of an electrochemical
biosensor on the body in the form of a tattoo is another new dimension that has been in-
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vented and a lot needs to be done in this regard in the future as this would help in the easy
installation of these biosensors. Better biosensing materials and effective bio-fabrication
techniques will become important for producing electrochemical biosensors in the future.
In addition to this, POC devices that could be easily used at home for monitoring the
health of a patient, detecting pathogens in water sources, etc. will be a major concern
in the future. To overcome the problems with large-scale production, microelectronics
would be a great help in reducing the size of the electrochemical biosensors. In the future,
the electrochemical biosensors would accompany the communication technology, and
this will help in remotely monitoring the health of a patient. Moreover, the quality and
safety of food products can also be managed remotely with such development. The hybrid
biosensors, i.e., a combination of two or more biosensors, would help monitor various
health aspects. In addition to this, the search for multifunctional materials for biosensing
would also provide the same functions. The current global scenario of the COVID-19
pandemic has taken the world by surprise and current testing kits are facing some issues
such as time and credibility of the results. The electrochemical biosensors have been suc-
cessfully used to detect viruses, bacteria, and other antigens. They provide results in less
time with efficiency. Thus, electrochemical biosensors would be very helpful in detecting
the COVID-19 virus and there is a great scope for developing such biosensors. Recently,
degradable electrochemical biosensors have been developed using polyethyleneimine
coated over MWCNTs [175]. This paves the way for developing such biosensors without
affecting the sustainable development goals. The future has great scope and potential for
electrochemical biosensors in various fields of applications. The new and multifunctional
biosensing materials need to be searched and the bio-fabrication techniques need to be
made more advanced. Microelectronics will help in reducing the size of the biosensors
which eventually will be a solution to the various problems.

Figure 13. Recent reviews/articles published on electrochemical biosensors from the year 2000 to
July 2021. Reproduced from Reference [174]. Copyright 2021, https://www.dimensions.ai/; accessed
on 12 August 2021.

8. Conclusions

Biosensors are analytical devices that convert a biological response into an electrical
signal. An ideal biosensor should be temperature and pH-independent, recyclable, and
specific. The field of electrochemical biosensors has gained immense popularity in the
last few decades, and this is quite evident from the growing number of publications. As
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observed from the figure, the number of publications in “electrochemical biosensors” has
increased continuously and a similar trend is expected to be followed in the coming years.
The market of the electrochemical biosensors is expected to grow at 9.7% annually and be
worth 24 thousand million dollars. In clinical applications, the electrochemical biosensors
are used for point-of-care (POC) testing and will reach a value worth of 33 billion dollars.
Biosensors have been applied in many fields namely the food industry, medical field,
marine sector, etc., and they provide better stability and sensitivity as compared with the
traditional methods. The development and research in electrochemical biosensors are
becoming popular in biology, electronics, material science, and engineering. Applications
of nanomaterials in biosensors provide opportunities for building up a new generation of
biosensor technologies. Nanomaterials improve mechanical, electro-chemical, optical, and
magnetic properties of biosensors and are developing towards single-molecule biosensors
with high throughput biosensor arrays. The fusion of electrochemical biosensing with
nanotechnology and the growing need for inexpensive, mass production of single-use
biosensors promises to change the unfortunate fact that glucose test strips are the sole
product of the electrochemical biosensor industry to have achieved commercial success.
Machine learning helps in interpreting large sensing data and has been used for various
applications. The data obtained sometimes are not clear and possess some noise and
disturbance. Machine learning helps in analyzing such data and obtain the required results.
In the case of biosensors, the presence of impurity affects the performance of the sensor,
and machine learning helps in removing signals obtained from the contaminants to obtain
a high sensitivity. Presently, electrochemical biosensors are helping in combining biology
with electronics. The biosensors are becoming efficient, smaller, and cost-effective. In the
future, the electrochemical biosensor will revolutionize the field of diagnosis, health care,
food security, and defense.
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6. Canbaz, M.Ç.; Şimşek, C.S.; Sezgintürk, M.K. Electrochemical biosensor based on self-assembled monolayersmodifi ed with gold
nanoparticles for detection of HER-3. Anal Chim. Acta. 2014, 814, 31–38. [CrossRef]

7. Kim, Y.H.; Park, J.S.; Jung, H.I. An impedimetric biosensor for real-time monitoring of bacterial growth in a microbial fermentor.
Sens. Actuators B Chem. 2009, 138, 270–277. [CrossRef]

8. Ahmad, R.; Mahmoudi, T.; Ahn, M.S.; Hahn, Y.B. Recent advances in nanowires-based field-effect transistors for biological sensor
applications. Biosens. Bioelectron. 2018, 100, 312–325. [CrossRef]

9. Kumar, S.; Pavelyev, V.; Tripathi, N.; Platonov, V.; Sharma, P.; Ahmad, R.; Mishra, P.; Khosla, A. Review—Recent Advances in the
Development of Carbon Nanotubes Based Flexible Sensors. J. Electrochem. Soc. 2020, 167, 047506. [CrossRef]

10. Sheng, Y.; Zhang, T.; Zhang, S.; Johnston, M.; Zheng, X.; Shan, Y.; Liu, T.; Huang, Z.; Qian, F.; Xie, Z. A CRISPR/Cas13a-powered
catalytic electrochemical biosensor for successive and highly sensitive RNA diagnostics. Biosens. Bioelectron. 2021, 178, 113027.
[CrossRef] [PubMed]

11. Srisomwat, C.; Teengam, P.; Chuaypen, N.; Tangkijvanich, P.; Vilaivan, T.; Chailapakul, O. Pop-up paper electrochemical device
for label-free hepatitis B virus DNA detection. Sens. Actuators B Chem. 2020, 316, 128077. [CrossRef]

12. Carceller, J.M.; Mifsud, M.; Climent, M.J.; Iborra, S.; Corma, A. Production of chiral alcohols from racemic mixtures by integrated
heterogeneous chemoenzymatic catalysis in fixed bed continuous operation. Green Chem. 2020, 22, 2767–2777. [CrossRef]

13. Asefpour Vakilian, K.; Massah, J. A portable nitrate biosensing device using electrochemistry and spectroscopy. IEEE Sens. J.
2018, 18, 3080–3089. [CrossRef]

14. Hollon, T.C.; Pandian, B.; Adapa, A.R.; Urias, E.; Save, A.V.; Khalsa, S.S.S.; Eichberg, D.G.; D’Amico, R.S.; Farooq, Z.U.; Lewis, S.
Near real-time intraoperative brain tumor diagnosis using stimulated Raman histology and deep neural networks. Nat. Med.
2020, 26, 52. [CrossRef]

15. Moon, G.; Choi, J.-R.; Lee, C.; Oh, Y.; Kim, K.; Kim, D. Machine learning-based design of meta-plasmonic biosensors with negative
index metamaterials. Biosens. Bioelectron. 2020, 164, 112335. [CrossRef] [PubMed]

16. Cinti, S.; Arduini, F.; Moscone, D.; Palleschi, G.; Gonzalez-Macia, L.; Killard, A.J. Cholesterol biosensor based on inkjet-printed
Prussian blue nanoparticle-modified screen-printed electrodes. Sens. Actuators B Chem. 2015, 221, 187–190. [CrossRef]

17. Sannini, A.; Albanese, D.; Malvano, F.; Crescitelli, A.; Di Matteo, M. An amperometric biosensor for the determination of lactic
acid during malolactic fermentation. Chem. Eng. Trans. 2015, 44, 283–288.

18. Boffi, A.; Favero, G.; Federico, R.; Macone, A.; Antiochia, R.; Tortolini, C.B.; Sanzó, G.; Mazzei, F. Amine oxidase-based biosensors
for spermine and spermidine determination. Anal. Bioanal. Chem. 2015, 407, 1131–1137. [CrossRef]

19. Ciriello, R.; Cataldi, T.R.I.; Crispo, F.; Guerrieri, A. Quantification of l-lysine in cheese by a novel amperometric biosensor. Food
Chem. 2015, 169, 13–19. [CrossRef]

20. Strambini, L.M.; Longo, A.; Scarano, S.; Prescimone, T.; Palchetti, I.; Minunni, M.; Giannessi, D.; Barillaro, G. Self-powered
microneedle-based biosensors for pain-free high-accuracy measurement of glycaemia in interstitial fluid. Biosens. Bioelectron.
2015, 66, 162–168. [CrossRef]

21. Habtamu, H.B.; Ugo, P. Miniaturized Enzymatic Biosensor via Biofunctionalization of the Insulator of Nanoelectrode Ensembles.
Electroanalysis 2015, 27, 2187–2193. [CrossRef]

22. Malvano, F.; Albanese, D.; Sannini, A.; Crescitelli, A.; Pilloton, R.; Di Matteo, M. Ethanol content in must grape by alcohol
dehydrogenase biosensors based on doped Polyaniline modified screen printed electrodes. Chem. Eng. Trans. 2015, 43, 37–42.

23. Tomassetti, M.; Serone, M.; Angeloni, R.; Campanella, L.; Mazzone, E. Amperometric enzyme sensor to check the total antioxidant
capacity of several mixed berries. Comparison with two other spectrophotometric and fluorimetric methods. Sensors 2015,
15, 3435–3452. [CrossRef]

24. Barberis, A.; Spissu, Y.; Fadda, A.; Azara, E.; Bazzu, G.; Marceddu, S.; Angioni, A.; Sanna, D.; Schirra, M.; Serra, P.A. Simultaneous
amperometric detection of ascorbic acid and antioxidant capacity in orange, blueberry and kiwi juice, by a telemetric system
coupled with a fullerene- or nanotubes-modified ascorbate subtractive biosensor. Biosens. Bioelectron. 2015, 67, 214–223. [CrossRef]

25. Tortolini, C.; Bollella, P.; Antiochia, R.; Favero, G.; Mazzei, F. Inhibition-based biosensor for atrazine detection. Sens. Actuators B
Chem. 2016, 224, 552–558. [CrossRef]

26. Grattieri, M.; Babanova, S.; Santoro, C.; Guerrini, E.; Trasatti, S.P.; Cristiani, P.; Bestetti, M.; Atanassov, P. Enzymatic Oxygen
Microsensor Based on Bilirubin Oxidase Applied to Microbial Fuel Cells Analysis. Electroanalysis 2015, 27, 327–335. [CrossRef]

27. Silletti, S.; Rodio, G.; Pezzotti, G.; Turemis, M.; Dragone, R.; Frazzoli, C.; Giardi, M.T. An optical biosensor based on a multiarray
of enzymes for monitoring a large set of chemical classes in milk. Sens. Actuators B Chem. 2015, 215, 607–617. [CrossRef]

28. Chiavaioli, F.; Biswas, P.; Trono, C.; Jana, S.; Bandyopadhyay, S.; Basumallick, N.; Giannetti, A.; Tombelli, S.; Bera, S.;
Mallick, A.; et al. Sol-Gel-Based Titania-Silica Thin Film Overlay for Long Period Fiber Grating-Based Biosensors. Anal. Chem.
2015, 87, 12024–12031. [CrossRef] [PubMed]

29. Tardivo, M.; Toffoli, V.; Fracasso, G.; Borin, D.; Dal Zilio, S.; Colusso, A.; Carrato, S.; Scoles, G.; Meneghetti, M.;
Colombatti, M.; et al. Parallel optical read-out of micromechanical pillars applied to prostate specific membrane antigen
detection. Biosens. Bioelectron. 2015, 72, 393–399. [CrossRef] [PubMed]

30. Casalini, S.; Dumitru, A.C.; Leonardi, F.; Bortolotti, C.A.; Herruzo, E.T.; Campana, A.; De Oliveira, R.F.; Cramer, T.; Garcia, R.;
Biscarini, F. Multiscale sensing of antibody-antigen interactions by organic transistors and single-molecule force spectroscopy.
ACS Nano 2015, 9, 5051–5062. [CrossRef]

117



Biosensors 2021, 11, 336

31. Zhao, L.; Han, H.; Ma, Z. Improved screen-printed carbon electrode for multiplexed label-free amperometric immuniosensor:
Addressing its conductivity and reproducibility challenges. Biosens. Bioelectron. 2018, 101, 304–310. [CrossRef]

32. Castillo, G.; Spinella, K.; Poturnayová, A.; Šnejdárková, M.; Mosiello, L.; Hianik, T. Detection of aflatoxin B1 by aptamer-based
biosensor using PAMAM dendrimers as immobilization platform. Food Control 2015, 52, 9–18. [CrossRef]

33. Scarano, S.; Dausse, E.; Crispo, F.; Toulmé, J.-J.; Minunni, M. Design of a dual aptamer-based recognition strategy for human
matrix metalloproteinase 9 protein by piezoelectric biosensors. Anal. Chim. Acta 2015, 897, 1–9. [CrossRef] [PubMed]

34. Tintoré, M.; Mazzini, S.; Polito, L.; Marelli, M.; Latorre, A.; Somoza, Á.; Aviñó, A.; Fàbrega, C.; Eritja, R. Gold-coated superpara-
magnetic nanoparticles for single methyl discrimination in DNA aptamers. Int. J. Mol. Sci. 2015, 16, 27625–27639. [CrossRef]
[PubMed]

35. Ravalli, A.; da Rocha, C.G.; Yamanaka, H.; Marrazza, G. A label-free electrochemical affisensor for cancer marker detection: The
case of HER2. Bioelectrochemistry 2015, 106, 268–275. [CrossRef]

36. Mulla, Y.; Tuccori, E.; Magliulo, M.; Lattanzi, G.; Palazzo, G.; Persaud, K.; Torsi, L. Capacitance-modulated transistors detects
odorant binding protein chiral interactions. Nat Comm. 2015, 6, 6010. [CrossRef]

37. Di Pietrantonio, F.; Benetti, M.; Cannatà, D.; Verona, E.; Palla-Papavlu, A.; Fernández-Pradas, J.M.; Serra, P.; Staiano, M.; Varriale,
A.; D’Auria, S. A surface acoustic wave bio-electronic nose for detection of volatile odorant molecules. Biosens. Bioelectron. 2015,
67, 516–523. [CrossRef]

38. Cennamo, N.; Giovanni, S.D.; Varriale, A.; Staiano, M.; Di Pietrantonio, F.; Notargiacomo, A.; Zeni, L.; D’Auria, S. Easy to use
plastic optical fiber-based biosensor for detection of butanal. PLoS ONE 2015, 10, e0116770. [CrossRef]

39. Compagnone, D.; Faieta, M.; Pizzoni, D.; di Natale, C.; Paolesse, R.; van Caelenberg, T.; Beheydtd, B.; Pittia, P. Quartz crystal
microbalance gas sensor arrays for the quality control of chocolate. Sens. Actuators B Chem. 2015, 207, 1114–1120. [CrossRef]

40. Zuccaro, L.; Tesauro, C.; Kurkina, T.; Fiorani, P.; Yu, H.K.; Knudsen, B.R.; Kern, K.; Desideri, A.; Balasubramanian, K. Real-Time
Label-Free Direct Electronic Monitoring of Topoisomerase Enzyme Binding Kinetics on Graphene. ACS Nano 2015, 9, 11166–11176.
[CrossRef] [PubMed]

41. Mariani, S.; Scarano, S.; Spadavecchia, J.; Minunni, M. A reusable optical biosensor for the ultrasensitive and selective detection
of unamplified human genomic DNA with gold nanostars. Biosens. Bioelectron. 2015, 74, 981–988. [CrossRef]
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