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ARTICLE INFO ABSTRACT

Keywords: Early detection and easy continuous monitoring of emerging or re-emerging infectious, contagious or other dis-
Dynamic biosensor designs eases are of particular interest for controlling healthcare advances and developing effective medical treatments to
Nanomaterials

reduce the high global cost burden of diseases in the backdrop of lack of awareness regarding advancing diseases.
Under an ever-increasing demand for biosensor design reliability for early stage recognition of infectious agents or
contagious diseases and potential proteins, nanoscale manufacturing designs had developed effective nano-
dynamic sensing assays and compact wearable devices. Dynamic developments of biosensor technology are also
vital to detect and monitor advanced diseases, such as human immunodeficiency virus (HIV), hepatitis B virus
(HBV), hepatitis C virus (HCV), diabetes, cancers, liver diseases, cardiovascular diseases (CVDs), tuberculosis, and
central nervous system (CNS) disorders. In particular, nanoscale biosensor designs have indispensable contribu-
tion to improvement of health concerns by early detection of disease, monitoring ecological and therapeutic
agents, and maintaining high safety level in food and cosmetics. This review reports an overview of biosensor
designs and their feasibility for early investigation, detection, and quantitative determination of many advanced
diseases. Biosensor strategies are highlighted to demonstrate the influence of nanocompact and lightweight de-
signs on accurate analyses and inexpensive sensing assays. To date, the effective and foremost developments in
various nanodynamic designs associated with simple analytical facilities and procedures remain challenging.
Given the wide evolution of biosensor market requirements and the growing demand in the creation of early stage
and real-time monitoring assays, precise output signals, and easy-to-wear and self-regulating analyses of diseases,
innovations in biosensor designs based on novel fabrication of nanostructured platforms with active surface
functionalities would produce remarkable biosensor devices. This review offers evidence for researchers and
inventors to focus on biosensor challenge and improve fabrication of nanobiosensors to revolutionize consumer
and healthcare markets.
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1. Introduction

Sensing and monitoring biological agents have gained increasing
attention in biochemical and biomedical sectors particularly in early
detection of specific diseases, identification of therapeutic agents, and
recognition of vital biomolecular reactive species. The association of
biosensors with daily life monitoring of advanced diseases, and biological
agents have led to important concerns in the healthcare industry, envi-
ronmental issues, and food processing [1-4]. For instance, cardiovascular
diseases (CVDs) are associated with cholesterol levels in blood. Metabolic
disorders, such as diabetes, are commonly due to high levels of blood
glucose or blood sugar, leading to problematic function, inability of
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usage, or insufficient production of the hormone insulin by pancreas
inside the body. Furthermore, accumulation of blood and toxins over-
loading around the kidney; doses of chemicals and drugs, and alcoholic
levels might lead to kidney damage (e.g. cancer, cysts, and kidney fail-
ure). Mental disorders (e.g. Parkinson's disease, schizophrenia, and Alz-
heimer's disease) are associated with disturbance in the level of
neurotransmitters, particularly dopamine molecules [3-9]. Because of
the significant increase in the activity of cancer and infectious diseases,
which seriously threaten the human health worldwide, a particular
concern is the ever-growing demand of rapid biosensor fabrication and
fascinating evolution of non-invasive procedure. According to statistics
published by the World Health Organization (WHO), CVD has become

Received 27 May 2019; Received in revised form 27 January 2020; Accepted 29 January 2020

Available online 14 February 2020

2590-0064,/© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:sherif.elsafty@nims.go.jp
https://samurai.nims.go.jp/profiles/sherif_elsafty
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2020.100044&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2020.100044
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2020.100044

S.A. El-Safty, M.A. Shenashen

the leading cause of deaths globally (more than 17.5 million deaths in
2013 worldwide), causing great economic costs [9,10].

To date, diverse analyses associated with accessibility of biochemical
and bioassay techniques are found to be overpriced analyses due
to escalated work to obtain data. The most common analysis
methodologies required repetitive screening steps in addition to reason-
able robustness, cost adequacy, adaptability, and portability. For efficient
detection and monitoring the stage of diseases, the development of
biosensor technology design and material components remains a chal-
lenge. Therefore, low cost and simple biosensor designs are required for
analysis with sufficient accuracy, ultratrace sensitivity, fast response, and
high specificity. Wide, direct, and rapid detection ability for biomolecules,
antibodies, enzymes, nucleic acids, and oligonucleotides is crucial for
early detection of ailments. In this regard, fabrication of diverse and
multidisciplinary biosensor designs is based primarily on controlling: (1)
the appreciate vehicle material component platform scales; (2) efficient
functionality of the surface-binding site; and (3) the transduction com-
ponents that efficiently enabled recognizable signals [11-18].

2. Nanoarchitect-led building blocks in biosensing design
platforms for daily life monitoring of diseases

Biosensors have faced several challenges in regard to acceptability
related to achievement of perfect sensitivity and selectivity of biological
agents, and simple-to-utilize formats. The enormous potential advantage
of biosensors motivated grasping all intents and objective of each
possible analytical task running from medical diagnostics through drug
discovery, food safety, military process control, and environmental
monitoring for protection and security applications [5,18-22]. Accurate
assessment and dose determination of certain biomolecules, antigens,
proteins, and antibodies with high specificity and sensitivity play a
pivotal part in monitoring and prescription of actively infectious cells and
agents affecting human health [23-30]. One of the vital effects of early
recognition in light of biosensor use is that it essentially decreases the
latent treatment costs for patients in advanced stages of numerous
ailments.

Biosensor systems currently may have many limitations and draw-
backs, such as slow response time, difficulty in obtaining meaningful
assessment and read-out analyses, and burden to patients for several
weeks before delivering the results [28-32]. In this context, developing
vital, trustworthy, reliable, and economical biosensors with a robust
sensing and recognition strategy for early detection of diseases and dis-
orders such as hyperactivity disorders, excitatory blood pressure, can-
cers, and personal therapy is needed [31-34]. For example, currently
there are more than 347 million people worldwide suffering from dia-
betes — which figure is expected to leapfrog to 693 million by 2045, ac-
cording to the International Diabetes Federation (IDF) — of which, 3.4
million died annually because of hypoglycemic disorders and severe
diabetic snags [35-38]. Therefore, controlling the glucose level in blood
samples and appropriate level of insulin concentration is an urgent care
for diabetics. Significant efforts have been devoted in developing nano-
biosensors over the past decades to improve biosensors in terms of
simplicity, accuracy, and cost effectiveness [39-42].

An important consideration in the light of the advanced nanoscale
architect-led building blocks in technology provides essential solutions
for a significant number of day-to-day problems of the environment,
energy, healthcare, and medicine. These nanomaterials showed evidence
to be used as effective platforms for biomolecule immobilization with the
desired orientation, high biological activity, and improved biosensor
properties [43-54]. The developments in nano-/biotechnology, and
bioengineering have been controlled and enabled the application of
nanosensors/biosensors in numerous areas including industry, agricul-
ture, environmental science, and pharmaceuticals [5,55-64]. In this re-
gard, nanostructured architect materials can provide a unique sensor
design candidate that meets the high requirements of nanobiosensing
assays due to their physical, chemical, mechanical, magnetic, optical, and
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electronic features (Scheme 1) [65-70]. These nanocreation features led
to a revolutionary new technology that can be used to fabricate nano-
dynamic biosensor design, leading to direct infection monitoring and
high-throughput screening. Thus, the nanosized architect-led building--
blocks-in biosensor device market is expected to offer unique, robust, and
economic devices for real monitoring and detecting solutions (Scheme
1A) [4,43,71-86].

In view of the literature, a variety of nanostructured metal oxides,
metals or carbon-based materials, and the nanocomposite clusters were
applied as a building platform of biosensors to enhance the monitoring
signals of target analytes on their reactive binding-state surfaces [87-98].
The building-blocks-in sensor design may feature a solution to overcome
shortcoming binding and selectivity and sensitive detection of ultra-trace
targets still remains a challenge in this biosensing field (Scheme 1A) [4,
43,77-92]. In early detection/biosensing assay, the technological major
advance, understanding the role of hierarchical nanostructures and
morphologies would offer super-efficient, high quality, and reliable
building blocks of periodic biosensors for point-of-use monitoring dis-
eases [99-103].

3. Biosensor building-blocks design merits toward daily life
functionality and applicability in disease detection

In contemporary medical practice, intensive necessity of simple yet
general biosensing designs of many dexterous and masterful analyses is
frequently felt. Accurate analyses with visibly distinguishable and read-
able test results are unquestionable requirements to recognize actively
infectious diseases, prevalence such as cancer, human immunodeficiency
virus (HIV), tuberculosis (TB), hepatitis B virus (HBV), hepatitis C virus
(HCV), diabetes, and symptoms of cardiovascular diseases (CVDs)
(Scheme 1B). Crucially, the nanosized architect-led building blocks in
nanobiosensor design is expected to offer high selectivity, accuracy, and
fast and real-time responses, which are the challenges in the current stage
of development in biosensor systems.

To boost online practices and visualize data analysis for the end users,
the nanochipset sensor device is targeted to be integrated into a circuit
diagram. The module integration would also improve the uncertainty
management of biosensor analysis and other reliability drawbacks in
terms of handling multisampling doses and collecting the data analyses of
infected samples. Indeed, the logic gates in the integration of nano-
biosensors into smartphone or wearable handheld device would enable
low technical experience for operation, simultaneous screening, and
reliable optimization analyses, and would reduce the prerequisite num-
ber of tested samples to ensure accurate calibration and then uncertainty
quantification of analytics (Scheme 1C). The reliability-based nanosensor
device is an easy-to-use module compared with the inherent modularity
of the current analysis use of microscopic tools with much computational
programs [104-106]. The nanoscale architect-led materials fabricated
with thermo-electric high-conductive sites, low-power consumption
hybrid metal/nonmetal/metalloid mesocrystal, atomic building
arrangement, morphological structure disciplines, hierarchy, and orien-
tation can act as key components in the creation of biosensor design of a
high-performance output signals and rapid biosensing platforms (Scheme
1D).

This review will contribute to a better understanding of the potential
applicability of biosensor structural design, signaling optimization,
tolerance analysis methods, and cost-effective solutions of real-time
monitoring of a range of disease types. This review provides the broad
applicability and prevailing manufacture of sensor devices for early stage
detecting and real-time analyses of actively infectious agents that affect
human health. The diversity and specificity control over nano-biosensor
structural designs based on nanoscale structural performance functions
in terms of building arrangement, morphological structure, and hierar-
chical orientation will be highlighted. Among all commonly used tech-
niques, the newly-developed nanodynamic robust designs for showing
their reliable, cost effective, rapid, highly specific, and sensitive
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methodology are highlighted. Additionally, this review focused on
reliability-based optimization of the developed nanobiosensors that will
decrease the required expenses and professional trainers and technicians
in developing countries.

4. Nanomaterials-based sensors for early detection of hepatitis B
virus & hepatitis C virus

With an increase in a global demand to control the infectious liver
diseases, it has highly important to develop hepatitis B virus (HBV) and
hepatitis C virus (HCV) biosensing design disciplines to accomplish
analytical optimization of individual health records in numerical moni-
toring simulations, accurate and early quantification, low-cost and sen-
sitive analyses, extending component life reliability, and improving the
rapid medication period and performance. HBV and HCV are hepato-
tropic infections that share comparative pathways of transmission and
results that progress into hepatic fibrosis and hepatocellular carcinoma
(HCC). HBV and HCV are the main infectious indications for chronically
infected liver disease globally [107,108]. HBV is classified as a hep-
adnaviridae member, and its DNA genome is composed of a duplicate
virus called pregenomic RNA. This infectious virus has chronically
infected roughly 257 million individuals [107]. By contrast, HCV is
categorized as a Hepacivirus of the Flaviviridae members that chronically
infected around 80 million individuals, as statistically recorded in 2017
[108]. Therefore, regular analysis and monitoring progress are essential
for HBV or HCV treatment care cascade. Early detection of antiviral and
antibody of HBV and HCV infections in highly effective, sensitive and
specific, well-tolerated and rapid response detection and monitoring is
essential to reduce the high global burden imposed by these viruses and
to control liver diseases.

The nucleic acid test was directly used for HBV and HCV DNA viral
sensory in terms of quantitation and detection over a wide dynamic range

Open-top
nanotube
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Scheme 1. Illustration of a wide-range of molecules detec-
tion, potential targeting applications and diverse analyses of
multiple types of biosensors. The nanostructured materials
applied as a building platform of biosensors to enhance the
monitoring of signals, selectivity and sensitive detection of
ultra-trace targets (A). Biosensor building-blocks design ori-
ents toward daily life functionality and applicability in dis-
ease detection (B). The integration of nanobiosensors into
smartphone or wearable handheld device for simultaneous
screening, (C). The nanoscale architect-led materials fabri-
cated with thermo-electric high-conductive sites, low-power
consumption hybrid metal/non-metal /metalloid meso-
crystal, atomic building arrangement, morphological struc-
ture disciplines, hierarchy, and orientation can act as key
components in the creation of biosensor design of a high-
performance output signals and rapid biosensing platforms
(D).

of viral recognition. The analysis on hepatitis B and C antigens, DNA
levels, and antibodies can also offer direct and/or indirect recognition of
end-stage HBV and HCV infection and vaccine-effective immunity. Yao
et al. [109,110] reported the modification of a quartz crystal microbal-
ance electrode using rolling circle amplification-based enzymatic process
can be utilized for anti-HBV detection. The results indicating the high
sensitivity for the HBV real-time detection of 8.6 pg/L, without using
polymerase chain reaction (PCR) [110].

Electrochemical electrode sensors built-on various electrode mate-
rials, including ferrocene, cobalt phenanthroline, and methylene blue,
and CuO; hollow microspheres were designed and employed for the
detection and recognition of HBV and HCV [111-114]. Selective elec-
trochemical electrode sensors built-on nanoporous Au electrode were
used for detecting and recognizing HBV genome by Ahangar et al. [115].
In this report, ferrocene was used to connect with DNA derived from the
patient's blood to produce its electrochemical signal. The variability of
structural building-block platforms using of nanoporous Au was
improved the HBV biosensor sensitivity, specificity, and identification of
healthy or HBV-infected individuals. The building-blocks of
Au/rGO/hepB1S-probe biosensor were fabricated by consequence bio-
functionalization steps of (i) modification of Au-electrode by reduced
graphene oxide (rGO) or Au NPs, and then (ii) immobilization of an
ssDNA probe (named as hepB1S) into Au electrode-modified rGO or
AuNPs, respectively [116]. This proposed building assays based on
AuNPs provided a 0.15 ng/pL detection limit. Electrochemical electrode
biosensors based on Zeolite nanocrystals and MWCNT were constructed
to detect the PCR of HBV [117]. The practical advantages of this struc-
tural nanobiosensor design showed 50 copies per mL as the detection
limit of HBV genome, and high stability under storage for 4 weeks.

To explore a low-cost monitoring/detection assay for hepatitis B and
C test based laboratory tools, a quick test strip for hepatitis B screening
was designed to test three major serotypes of HBV infection using Au-NPs
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to generate the signal with detection limits of 0.5-0.1 pM (Fig. 1A) [118].
Additionally, the coupling of N-ethyl-N'-(3-(dimethylamino)propyl)car-
bo-diimide/N-hydroxy succinimide (EDC/NHS) and Anti-HBs antibodies
was used to modify the electrode surface for electrochemical HBV ex-
amination in the range of 0.005-3 pM and LOD of 2.1 nM (Fig. 1A) [118].

Mao et al. [119] reported the possibility of using economic biosensor
platforms such as Cu-nanoclusters, for the naked-eye colorimetric
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detection approach of HBV DNA with high sensitivity and detection limit
of 12 x 10° molecules (Fig. 1B). Shimizu et al. [120] has reported the
assessment of anti hepatitis virus antibody detection through a
waveguide-mode biosensor (Fig. 1C). This proposed sensing method
confirmed that significant reflectance signal was detected due to the
interaction between antigen-antibody and anti hepatitis virus. In addi-
tion, the use of peroxidase such as aminoethyl carbazole-enhanced the
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Fig. 1. (A) Schematic design of a rapid test strip and an electrochemical assay for hepatitis B surface antigen (HBsAg), hepatitis B surface antibody (Anti-HBs) and
hepatitis B core antibody (Anti-HBc) [118]. (B) The design of the DNA detection assay using copper nanoclusters (a), mechanism of the colorimetric detection of DNA
using peroxidase-like material (b), UV-vis spectra for selective detection of polynucleotide (c), and the uptake percentage of different targets, Reproduced with
permission [119]. (C) A schematic diagram of a waveguide-mode biosensor and the reflectance spectra analysis for detection of antigen—antibody complexes [120].
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colorimetric detection of anti-HBs around 300 times.

Self-assembly of the ssDNA probe on Au NPs/SWCNTs nano-
composite arrays electrochemically prepared was used as a biosensor
platform for electrochemical detection of HBV virus and papillomavirus
based on an impedance spectroscopy approach with LOD of 0.1 pM
(Fig. 2A) [121]. The hepatitis B surface antigen (HBsAg) detection was
used as an important marker to assess the detection of HBV infection. In
this context, the modification of Au NPs by monoclonal hepatitis B sur-
face antibody (HBsAb) was used to build a biosensor for HBV detection
based on the HBsAg screening in physiological saline in the range of
0.01-1 IU/mL (Fig. 2B) [122]. Ehsani et al. [161] reported a luminol
chemiluminescent immunoassay (CLIA) system based on CuO nano-
particles and CuO/MWCNT nanocomposite as a catalyst for the detection
of HBV with detection range of 3.5 nM - 2.5 pM and 2.2 nM - 5.0 pM &
LOD of 1.8 and 0.85 ng/mL, respectively (Fig. 2C), [123].

The engineering design of magnetic quantum dots (MQD) micro-
spheres has been reported as a host method for magnetic separation and
immunoassay analysis for HBsAg and HBeAg (HB antigens) by Wang
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et al. [124]. The modification of MQD microspheres with hepatitis B
e-antigen (HBeAb), and fluorescent probe phycoerythrin (PE) provides a
good tool for quantifying HBsAg, HBeAg molecules based on fluores-
cence intensity changes (Fig. 3A a,b). The results confirmed high sensi-
tivity and separation performance of the designed sensor platform, as
evidenced by the change in HBsAg concentration from 500 nm to 3 nM
(Fig. 3Ac). For selective detection of HCV, a biosensor was designed using
a nanocomposite of AgNPs and thiol graphene quantum dots (GQD-SH)
as a substrate for loading HCV antibodies to engage the antigen for
electrochemical HCV detection in a the range of 0.05 pM-60 nM, and
LOD of 3 fM (Fig. 3B) [125].

The building-blocks-led design-nano-biosensors based on y- and
e-MnO, NPs modified by the electrochemical pencil graphite electrode
were used for detecting the ledipasvir (LED), which is an HCV antiviral
drug within detection range and limit of 0.025-3.60 pM, 4.50 nM,
respectively, [126]. The sensor design built-in NPs-dressed dye mole-
cules provided evidence of a great prospective in the biosensor applica-
tions. The objective function of biosensor design built-in the

Fig. 2. (A) Field emission scanning electron microscopy (FE-
SEM) analysis of the biosensor platform based on gold
nanoparticle-singlewall carbon nanotube composites (Au
NPs/SWCNTs) arrays used in the detection of HBV and pap-
illoma virus [121]. (B) Schematic diagram for HBV biosensor
construction based on AuNPs modifications in different
matrices (a), transverse electron microscopy (TEM) micro-
graphs Au NPs used as a platform in the biosensor construc-
tion (b), and the experiment design validation in a 96-well
microplate by enzyme-linked immunosorbent assay (ELISA)
(c) [122]. (C) SEM analysis of MWCNTs/CuO-NPs (a),
MWCNTs/CuO-NPs-COOH (b), and Ab-MWCNTs/CuO-
NPs conjugates (c), and the developed mechanism
of Ab-MWCNT/CuONPs in the chemiluminescence immuno-
assay detection of HBV [123].
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Fig. 3. (A) Photographs depicting the separation process of the targeted molecules using magnetic quantum dots (MQDs) in aqueous suspension solution under
excitation UV wavelength of 365 nm (a); SEM and laser confocal fluorescence microscopy images of MQD microspheres; and schematic design illustrating the magnetic
capturing of hepatitis B surface antigen (HBsAg) and hepatitis B e-antigen (HBeAg) using MQD microspheres (c) [124]. (B) Selective electrochemical detection of HCV
using AgNPs and GQD-SH nanocomposite as a substrate for HCV antibody loading [125]. (C) Schematic design for the HCV assay based on the ssDNA/MB@SiNPs/FTO

electrode, Reproduced with permission [127].

incorporation of silica/MB dye molecule-grafted fluorine-doped tin oxide
(FTO) electrodes was led to offer HCV detection assay, as reported by
Singhal et al. [127] and shown in Fig. 3C. The design structures of
MB@SiNPs/FTO electrode engineering and utilization of ssDNA were
offered an optimization assay for the HCV detection in serum sample.
Considerable sensing performance in terms of a wide range of detection
(10'-10° copies mL 1) and detection limit of around 90 copies mL ! was
provided by such sensing assay.

Moreover, the liver function disciplines have been widely adopted as
blood receiver from other body organs, and as well as a pocket for drug
metabolism and excretion. The main functional liver cells such as Kupffer
astrocytes and hepatic stellate cells (HSCs) were usually considered for
liver endocrine, metabolic and secretory functions, and for systematic
responses to cirrhosis or cirrhosis [128]. Several relevant nanoscale
biosensor formulations were recently developed for potential detection
of liver diseases, and for their therapeutic decision making. In this
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regards, iron oxide NPs have been widely used for liver MRI (magnetic
resonance imaging) with multicriteria optimization and sensitive ana-
lyses. The nanoscale structural design of concave octapod iron oxide NPs
To-negative associated with effective cores radii compared to real
magnetization values was provided evidence of high sensitivity to MRI
optimization analyses for early and accurate diagnosis of liver cancer, as
reported by Zhao et al. [129]. In addition, the radioimmunoassay is
considered as the best diagnostic indicator and sensitive test for cirrhosis
in the path-dependent of early detection of liver injury. Fluorescence
polarization immunoassay (FPIA) was developed for accurate detection
of bile acids of cholyglycine, leading todiagnosis of liver disease [130].
Moreover, alanine aminotransferase enzyme has been used for develop-
ment of sensitive electrochemical approach for early diagnosis and
treatment of liver diseases [131]. Additionally, bound improvement of
utilization of glutamate and alanine aminotransferase was found by their
immunization into a design of highly sensitive nanocomposite-graphene
biosensors [132]. The objective function of nanoscale architect-led
building-blocks-in biosensor designs in early stage detection and then
diagnostic imaging of liver diseases, and the evaluation of their merits in
therapeutic decision making are summarized and shown in Table 1
[133-149].

To date, given the inadequacy loophole and the complexity of hepa-
titis B and C tests particularly at the early stage infection, variable
nanobiosensor designs should be proposed for effective, continuous
monitoring HBV- and HCV-assays. Accurate HBV and HCV monitoring
assays with rapid control and proficiency analysis are necessary to avoid
false-negative monitoring results and to prevent transmission of the HBV
and HCV infections for non-immune contacts and household partners.
Therefore, early identification of individuals with chronic hepatitis B and
C viral infection would enable on-time, effective point-of-care treatment
to prevent or inhibit the onset of liver disease. Considering the low rate
and poor quality of hepatitis test, and the high cost and complexity in
diagnostics, the treatment of hepatitis B and C infection remains unat-
tainable for most of the affected individuals in need. We expected that
nanotailored hepatitis B- and hepatitis C-biosensor dynamics with quality
control monitoring would help clarify to promote primary detection in a
short delivery model, accurately discriminate active infection from
inactive, and monitor the effectiveness response to HCV or HBV antiviral
therapies.
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5. Biosensor design for the early monitoring of cardiovascular
diseases (CVDs)

Cardiovascular disease (CVD) is the leading cause of mortality rate
among all diseases globally. Thus, designing biosensor-based devices is
crucial for the successful monitoring of CVD and prognosis of stroke
[150-152]. For an effective heart disease prediction, control over a
cardiac-specific biosensing assay of cardiac troponin I (cTnl) is substan-
tially necessary. However, troponin-based types of T, C, and I are proteins
integrally generated in the skinny cardiac muscle fibers enabling cardiac
muscle contraction. The concentration level of cardiac-specific troponin I
or C in blood sample may identify the feasibly physiological symptom of
individuals [150-152]. Generally, the quantities of troponin-based types
in the blood are hardly detectable. The increase in the troponin quantities
in blood is associated with the elevated level of cardiac muscle damage.
In this context, developing vital, trustworthy, responsible, and econom-
ical biosensors with robust sensing and recognition strategy for the early
detection of elevated level of cardiac-specific troponin I or C in blood
sample is needed to avoid CVD.

Zhou et al. [153] designed an electrochemical nanobiomarker for the
cTnl detection by using the sandwich-type Mn-doped CeOy NPs, which
were modified by Pt NPs (Pt@Mn-CeOyNPs), and for
hemin/G-quadruplex (Fig. 4). The mechanistic approach was based on
the production of Hy02 by 1-cysteine, followed by the eletrocatalytic
decomposition with hemin/G-quadruplex and Pt@Mn-CeO5 NPs (Fig. 4).
Changes of the hemin electrochemical signal were used to determine the
cTnl level that reflected the value of cardiovascular therapeutic. The
Pt@Mn-CeO; NPs electrode displayed a detection range of 0.5 pg/mL to
100 ng/mL and a low detection limit (0.15 pg/mL). AuNP-modified poly
(dimethylsiloxane) (PDMS) producing a PDMS-AuNP nanocomposite
film was used for cTnl colorimetric biosensor (Fig. 4B) [154]. Remote
recognition monitoring based on PDMS-AuNP nanocomposite can be
achieved through the connection between nanocomposite films with
image digital transmission. In this context, cTnl optical immunoassay of
cardiac troponin I based on fluoro-microbead guiding chip (FMGC) was
investigated by Song et al. [155]. The cTnl-antibody was combined with
the FMGC surface through the interaction with -3-dithiobis-propionic
acid N-hydroxysuccinimide ester. Conventional fluorescence microscopy
was employed to detect the concentrations of cTnl on the basis of the

Table 1
Nanomaterials platform/carriers for diagnostic imaging and the liver carcinoma.
Materials/Platform Imaging Technique Target Ref
Superparamagnetic iron oxide NPs (30 nm) Magnetic resonance imaging Liver and cancer of orthotopic HepG2 [133]
(MRI) bearing mice
(20-250 nm) Liver lesions of human [134]
(10-100 nm) Ischemia-reperfusion liver of Wistar rats [135]
(50 nm) Fibrosed liver of Wistar rats [136]
(15 nm) Liver cancer of VX2 rabbit bearing [137]
orthotopic N1S1 tumor
Gd»03/SPION (14 nm) Liver of BALB/c mice and cancer of HepG2 [138]
orthotopic tumor of nude mice
Gd-doped silica and gold (30 nm) Cancer of BALB/c mice with colon cancer [139]
liver metastasis
Mn-SiO5 (25 nm) Cancer of HepG2 orthotopic tumor mice [140]
PEGylated Yb,O3:Er (170 nm) Computed tomography (CT) Liver of rats [141]
Oleic acid coated Bi,S3 nanodots (2-3 nm) Liver of rats [142]
ExiTron nano (110) Liver and metastasis of mice with colon [143]
cancer liver metastasis
Lanthanide-doped Lu,O3 (115 nm) UCL/MRI/CT Liver of C57BL/6 mice and rats [144]
Quantum dots linking to AFP antibody (4 nm) Two-photon imaging technology Cancer of nude mice [145]
Liposome (83.5-86.9 nm) In-vivo fluorescence image system Hepatic stellate cells of thioacetamide rats [146]
with liver fibrosis
Nanogel Galactosylated (130 nm) Doxorubicin (Drug) Cancer of diethylnitrosamine-induced [147]
hepatocellular carcinoma rats
Nanofiber (RGD peptide 10-20 nm) Curcumin (Drug) Cancer of mice bearing orthotopic [148]
transplant tumor
Silica nanorattle (125 nm) Docetaxel (drug) Cancer of subcutaneous H22 bearing mice [149]

# Up-conversion luminescence (UCL); Gd,0s3: gadolinium (IIT) oxide; HCC: hepatocellular carcinoma; Yb,0s3: ytterbium (III) oxide; Bi,Ss: bismuth (III) sulfide.
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Fig. 4. Schematic design of the cardiovascular biomarker detection based on Pt@Mn-CeO2 3DN (A); and strategy for cardiovascular detection based on the silver

enhancement (B), Reproduced with permission [153,154].

beads under immobilized counting on the FMGC. Moreover, cTnl has a
wide range of detection in plasma samples (0.1-100 ng/mL).

Nanoporous carbon nanofibers (CNFs) are designed through the py-
rolysis process of the carbonized polyacrylonitrile (PAN)/AgNO3 blend
with a diameter range of 130-190 nm, and around 30 nm of Ag NPs
(Fig. 5 Ali-vii). The CVD biosensor was designed on the basis of a func-
tional covalent of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide with the synthesized material that electronically
modified ITO electrodes to detect triglycerides in the range of 25-500
mg/dL (Fig. 5 Ai) [156]. In addition, triacylglycerides can be detected
with good sensitivity of 0.5 nm/mM and LOD of 17.71 mg/dl using long
period fiber grating (LPG) with the biorecognition layer (Fig. 5B) [157].
3D assembled ZnO@ZnS(zp- wurtzity and ZnO@ZnSwz nano-
heterostructure have nanorod and nanotubes shapes have been synthe-
sized for cholesterol biosensing performance [196]. The biosensor based
on ZnSzg nanotube and ZnO@ZnSzg nanoheterostructure show a wide
range of detection with LOD of 0.44, and 0.08 mM, respectively (Fig. 5C),
[158].

Larval zebrafish (Danio rerio), a 'vertebrate model organism,' can be
used for the analysis of physiological factors including cardiovascular
activity; this step is one of the striking strategies for detecting preclinical

drug effects [159]. A fast and non-invasive pharmacologically induced
assessment has been performed through quantification video stream
analysis of the real-time imaging micro-echocardiography (ipEC) system
for the temporal cardiac patterns (Fig. 6) [160]. Lab-on-a-chip ipEC
system was used to determine the cardiovascular activity in the Zf larvae;
a noteworthy benefit of this system is the video analysis of the heartbeat
that can be possibly achieved simultaneously. Immobilization of
micro-RNA as a probe on the Au electrode was used for CVD detection on
the basis of electrical double layer (EDL)-gated aluminium gallium
nitride (AlGaN)/gallium nitride (GaN) high electron mobility transistor
[161]. The targeted biomolecule was hybridized with the micro-RNA
'miR —126, miR-21, and miR-208a' sensor, with a low detection limit
of 1 fM. Significantly, for protective health activities, and remote, regular
checkup and continuous monitoring of chronic heart disorders, wearable
CVD biosensors are essential for the futuristic control of diseases and
sudden heart attacks and strokes. The integration of innovative smart
CVD touchless and wireless biosensor devices with reliable telemedicine
sensing assay through Bluetooth or Wi-Fi would generate high-efficiency
health record data, precise health monitoring, and medical and phar-
maceutical database storages. The CVD sensor device enabled to create
an in-depth biosensing assay with highly predictive analytics, early



S.A. El-Safty, M.A. Shenashen Materials Today Bio 5 (2020) 100044

I I I
o o O
o o O
Q 0O QO
i ] Enzyme immobilization
I & fl 1 !‘lﬁ EEEeeeee——
EDC-NHS treatment @
: <
o o ®
[=] o °
o o 2
X X a
Y
Lipase
§
000  SomarnL ,“('b‘f?:*“/‘.“' [}
s I e AgCNF 4
< ) o sawraton Electrochemical o
Tove] = - Covalent interaction L
& 100 mg/dL. | —
E range 4
3 800 e ,».—ﬂﬂe'gﬁ: Triglyceride F
=" Detection 8 8
700 g g
o 100 200 300 400 500 Biosensor Platform
TG Con. (mg/dL)

t
PAN"AgNO, blend
} flow rate of 180 pL/min

ifrifel(RAN) PAN/AGNO, blend
form diameter 2 w% piniform\dianjeter 16W%| flow rate of 2 pL/min
A

i (B) n (ambient)
S n,
lad)| n;
mllllllllm:ll """" a—2»
— n,
ny
= . agl---- njy
LPG Length n4(ambient)
ry
(i) :
NH b NH .
(1)APTS 10% 2 2
(i" (i" Trlglycende
) (2 Lipase Ex t
. posure to i - S ool -
Fiber Activation E"zyme/ G o~ o~ trlacylglycrldes 0 o o o
' Blorocogmtlon flber Triglyceride Detection

m
®
0
-
=
0
-
I
1
(7]
T
o
=]
»
®
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Fig. 6. Lab-on-a-Chip imaging micro-echocardiography (ipEC) system for assessment of cardiovascular activity in zebrafish larvae (A-C); D) Validation of the
applicability of hydrodynamic entrapment of larval fish for cardiological analysis, Reproduced with permission [160].

identification for rapidly initiative medication period [162].

6. Early-evaluation of blood sugar level for monitoring of
diabetes

One of the critical medical issues associated with high blood glucose
level is the metabolic disorder called diabetes, which is a silent killer.
According to the International Diabetes Federation (IDF), more than 400
million people worldwide suffer from diabetes, leading to death [163].
Diabetes is usually associated with poorly controlled metabolisms,
leading to heart attack, blindness, nerve damage for cognitive disability,
and kidney failure. Early blood glucose level detection is considered the
key diagnostic factor for investigation/follow-up and control to sustain
the diabetes level in the human body [164-167].

In general, glucose detection in the blood is considered one of the
guaranteed tools in managing diabetes [168,169]. To avoid premature
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mortality and understand the trends in diabetes prevalence, a series of
cost-effective analyses and detection methodologies for blood glucose
level is particularly needed for real blood glucose test and primary
health-care systems. Among a group of analytic sensory, these optical
glucose biosensor techniques, such as absorptiometry or reflectom-
etry, and fluorescence- and surface plasmon resonance (SPR)-based
biosensors were perceived overall quality device for blood glucose
level analysis. Addressing a key reaction mechanism leads to the
generation of the optical signal output including the following [170,
1711:

(i) Change in the place of the intrinsic spectral positions (absorbance
or fluorescence) as a result in interaction between the enzyme/or
co-enzyme;

(ii) Consumption or formation of enzyme metabolites possibly due to
glucose oxidase (GOx). This process can be formed via: (1) the
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oxygen consumption; (2) the hydrogen peroxide (H203) pro-
duced; or (3) the acid produced in the reaction;
(iii) Screening the HyO, formation in the enzymatic reaction;
(iv) Interaction of boronic acid with saccharides, such as glucose; and
(v) Competitive binding of concanavalin A with glucose, which can
label the carbohydrates, such as dextran and glycated protein.

Sanz et al. [171] reported that the glucose biosensor can be built on
the combination of GOx-horseradish peroxidase (HRP). The mechanistic
monitoring was based on the change in the ordinary spectrum of HRP
(424) within glucose exposure as a result of the oxidation of the heme
group in HRP by Hy0 (the byproduct of GOx and glucose reaction). The
designed glucose biosensor produced by capturing HRP and GOx in a
polyacrylamide gel surface exhibited long term stability and wide range
of 0.1-300 mM.

(A)
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Modification of the optical fiber biosensor by using poly (phenyl-
boronic acid) (polyPBA) film onto the concentric area along the coverage
fiber surface was enhanced the glucose detection in the range of 0-60
mM, displaying good reproducibility and stability in human serum [172].
Furthermore, modification of graphene QDs by phenylboronic acid re-
ceptor was employed as a non-enzymatic glucose optical sensor with a
linear detection range of 4-40 mM and low detection limit of approxi-
mately 3.0 mM [173]. The glucose detection was associated with the
determination of dissolved oxygen content reduction; however, the
fluorescence intensity of the oxygen-sensitive membrane can be deter-
mined with changes in the glucose concentrations [174]. This glucose
biosensing assay showed potential to determine effectively the glucose
content in a beverage sample. Platinum nanoparticles (Pt NPs) were
fabricated directly on the eggshell surface membrane, and then the GOx
was simultaneously immobilized into Pt NPs/eggshell membrane to yield

Fig. 7. Schematic design of chemiluminescence (CL) flow
glucose biosensor fabricated by bienzyme network. The
platform was formed using bienzyme and luminol-hybrid
Mg-Al-CO3 LDHs. (A) The biosensing procedure of the
glucose biosensor. (A-right & A-left down) the photo and
schematic control of CL flow-through biosensing device,
respectively. The mechanistic glucose biosensing process via
an enzymatic oxidation of glucose using GOx, followed with
luminol oxidation via H202 generated to yield CL emission in
the presence of HRP (B), Reproduced with permission [176].
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for glucose-sensing assay [175]. The glucose detection mechanism
occurred on the base of reduction of the dissolved oxygen content. This
glucose PtNPs/eggshell biosensor provided fast response time and
detection limit and range of 5 and 10-225 pM, respectively.
Chemiluminescence (CL) flow glucose biosensor was fabricated by bi-
enzyme networks. The real building-block engineering of CL biosensor
was designated through three steps. First, silica sol-gel was dressed with
glucose oxidase GOx and HRP and then incorporated into the surface of a
clear quartz tube. Second, the luminol-hybrid lactate dehydrogenase
(LDH) hybrid Mg-Al-CO3 LDHs were packed in the second half inside the
clear quartz tube surface. Third, both bi-enzyme designs were made
adjacent to a photomutiplier tube (Fig. 7) [176]. The mechanistic CL
biosensor design was based on the enzymatic oxidation of glucose fol-
lowed with luminol oxidation via the generated hydrogen peroxide
(H205) to form a CL emission in the HRP presence [177]. An efficient CL
glucose biosensor associated with the H,O5 enzymatically generated was
fabricated by GOx immobilization on the Fe3O4—chitosan nanoparticle
support by using glutaraldehyde as a cross-linking agent. Furthermore,
the gold NPs enhanced the catalytic oxidation of luminol by Hy0,
generated from the glucose-enzymatic reaction in the detection range
and limit of 0.01-85 pM, and 43 pM, respectively (Fig. 8A) [178].
Importantly, the catalytic function of AuNPs on a luminol-H»05 CL was
significantly enhanced after AuNP crosslinking aggregation induced by
(i) immunoreaction and (ii) the addition of appropriate antigen (Ag). A
design performance via immunoreaction was played an important role in
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the effective aggregation of antibody (Ab)-modified AuNPs, leading to
the enhancement of the catalytic CL reaction luminol-H305 and then the
optimum sensing performance [179]. Building-blocks design of
GOx/CNTs/AuNPs into Nafion film that supported the graphite surface
offered an effective immobilization route for glucose CL biosensor [180].
Yu et al. [181] reported a triboelectrical nanogenerator (TENG) assem-
bled along the ZnO nanowires (NWs). Compared with conventional
biosensor design methodologies, this TENG design enhanced the
self-powered glucose monitoring system (Fig. 8B).

Unlike some other sensor designs, there is considerable interest in
high-throughput screening (HTS) and identification of diabetes
[182-185]. On the base of reliability design and optimization, the HTS
manufacture campaigns were also considered in a therapeutic sector for
diabetes. In this regard, the crypto-insulin reporter system was developed
using a hybrid fluorescence polarization (FP)/internal Forster resonant
energy transfer (FRET) biosensor. This robust structural biosensor design
was built by using preproinsulin-mCherry protein (PPI-mCherry) and
fluorescent protein (PPI-mCherry) for insulin dynamics checking in
extreme events of pancreatic f-cells. Accordingly, the HTS optimization
in scale-up industrial forming process would lead to generate 1782
FDA-approved design. The overall Z'factor of the optimized design ful-
filled the requirement for HTS biosensor reliability [182]. On the basis of
numerical HTS performance design, the HTS test variability would be
considered as an effective tool for real identification and detection of
other therapeutic agents in the way of the improvement of deterministic
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Fig. 8. (A) Schematic design display the mechanism of glucose sensor using of the glucose oxidase (GOx) on the Fe304-chitosan nanoparticles for catalytic oxidation
of glucose producing the H202 enzymatically generated. Furthermore, the Au NPs enhanced the catalytic oxidation of luminol via H202, Reproduced with permission
[178]. (B) Schematic decoration of ZnO NW by GOx that surrounded by glucose under experimental conditions of i) no strain, and ii) compressive strain; iii) Scanning
electron microscope (SEM) of low- and high-magnification of ZnO NWs; iv) I-V signaling of ZnO NWs-glucose biosensor, and the inset photos show digital and optical
microscopy, respectively; v) I-t signaling of ZnO NWs-glucose biosensor as function of glucose concentrations, (v)-inset) The experimental set-up system [181].
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designs for the treatment of diabetes, obesity and cancer [185].

Wearable sensor devices are currently inevitable to regulate the
analysis of the elevated level of blood glucose among people living with
diabetes that required daily screening management. This biosensor
design showed possibility of long-term management and superior blood
sugar control and reduced the hypoglycemic episode frequency, which
postponed the onset of diabetes complications [186]. Bandodkar et al.
[187] reported the possibility of using flexible tattoo as an easy-to-wear
platform for building an epidermal sensor device as a non-invasive
glucose sensor (Fig. 9). The tattoo-based iontophoresis sensor showed
effective diabetes monitoring with possibility to be applied for other
physiologically non-invasive detection. This sensor design disciplines
feasibly offered real possibility to be used as chemical markers for
transcutaneous drug delivery. Continuous non-invasive glucose detection
has been utilized without an external potentiostatic control by using
carbon-paste-modified hollow microneedle-based self-powered biofuel
cell (Fig. 10) [188,189]. The microneedle lattice was mechanically
labeled, depicted, and developed to offer easy entrance to the human skin
under normal pressure. This biodetector device generally can signifi-
cantly determine the elevated levels of blood glucose and detect lactate
and theophylline analytes. The device was utilized to gauge metabolites
to help medications and biomarkers and to assume an imperative role in
the chronic disease management [188,189].

Importantly, in advanced diabetic assay, the biosensor design was
used to detect the level of acetone in human respiration as a results of the
relationship between the acetone level and abnormal concentrations of
blood glucose level, as reported by Guo et al. [190]. In addition, the
analysis of tear glucose was used as an alternative and a non-invasive
blood-glucose detector. Further investigation on the detection of the tear
glucose concentrations in anesthetized rabbits showed noteworthy cor-
relation between the glucose level in the tear and blood, indicating the
precision of electrochemical sensor-based tear glucose determinations
[191]. A microflow injection analysis connected with passive pumping
may show evidence as a low-cost technique in conducting tear glucose
analyses in a wide linear detection range and limit of 0.075-7.5 mmol/L
and 22.2 pmol/L, respectively, due to the cost effect of the tear glucose
analyzers engineering [192].

For the daily life monitoring of diabetes, the internet of things (IoT)
connected from platform devices offer a practical solution for diabetic
retinopathy, promote the mobility and privacy of users, and deliver self-
regulating or real-time-controllable detection analysis [193-196].
Smartphone-based colorimetric analysis systems were designated for
point-of-care blood glucose monitoring applications and for project
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Fig. 9. (A, B) Systematic design of flexible tattoo as an easy-to-wear platform
for building an epidermal diagnostic device as a non-invasive glucose sensor. (C)
Mechanistic cycling and reaction of glucose during the real time monitoring of
portable sensor device, Reproduced with permission [187].
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image improvement via direct focusing the light from the light-emitting
diode of a smartphone and in perfectly diffused light conditions (Fig. 11)
as reported by Chen et al. [194]. Gold-ZnO modified thin-film electrode
was fabricated on a flexible substrate to detect alcohol and real-time
monitoring of glucose in sweat samples. The biosensor design offered
detection ranges of alcohol and glucose of 0.01-100 and 0.01-50 mg/dL,
respectively. A wearable glucose sensor with biocompatible features
based on modified flexible stainless steel has been developed by Yoon
et al. [197].

7. Nanostructured-based platform for human immunodeficiency
virus (HIV) detection

HIV could effectively spread through weakening body fluid functions
and attacking the immune system, particularly CD4 lymphocyte or T
helper cells, causing acquired immune deficiency syndrome (AIDS).
Typically, HIV has two main categories: HIV-1, the globally known virus;
and HIV-2, a less dominant and pathogenic category [198-201]. For
instance, 39 million deaths were mounted because of HIV/AIDS virus
since its discovery. In addition, 1-2 million individuals with HIV-2
infection were reported [200]. To date, no effective medication is
available for this illness; early detection and specific monitoring assay of
HIV infection are an essential aspect to treat AIDS [202].

For selective and sensitive monitoring of HIV-1 gene recognition in
the range of 3.0 fM to 0.3 nM with a detection limit of 0.3 fM, europium
sulfide nanocrystals (EuS NCs) as signal-producing compounds were
applied on the biosensor building-blocks designs based on molecularly
imprinted polymer electrochemiluminescence (MIP-ECL) [203]. The EuS
NC luminophore was highly sensitive and specific, and the signaling
assay was stable, leading to the development of MIP-ECL sensors for
wide-range recognition of DNA biomarkers. In addition, MIP electro-
chemical sensor was designed through the surface building block of
multiwalled carbon nanotubes (MWCNTSs) and polyacrylic acid (PAA)
onto a glassy carbon electrode for fast, simple, and sensitive HIV-p24
detection Fig. 12C [204]. The designed electrode showed evidence of
wide detection range and limit of 1.0 x 10~* ng/cm?® to 2 ng/ cm? and of
0.083 pg/ cm®, respectively.

Graphene-based materials were used to develop a nanoscale sensor
platform for HIV detection and associated diseases [205]. Effective
amino graphene modification with anti-p24 and antitcardiac troponin 1
(anti-cTn1) were used for electrochemical detection of HIV, and cardio-
vascular diseases, respectively, in the range of 1 fg/mL to 1 pg/mL, and
LOD of 100 fg for HIV, and 10 fg/mL for CVD Fig. 12A [205]. Shafiee ei al
[206]. reported the possibility of quantifying HIV from biological sam-
ples including serum and PBS samples in the range of 104-108 copies/mL
using nanostructured photonic crystals (PC) biosensor microplate wells
coated with TiO, and modified by immobilized biomolecular layers
Fig. 12B [206]. A label-free, liquid-ion gate for building field-effect
transistor (FET) immunosensor approach using p-type NiO-modified
single-stranded DNA (ssDNA) thin film was used for the biorecognition
of HIV-1 Fig. 13A [207]. The proposed biosensor exhibited high sensitive
HIV/DNA recognition at a wide-range linearity of 1.0 nM-10.0 nM and a
detection limit up to 0.3 nM. Moreover, HIV in saliva and leukocytosis in
physiological samples has been successfully detected by using biosensor
platform of magneto-nanosensor array smartphone Fig. 13B [208].

For the object to provide a means for easily detecting of HIV-1 DNA,
Long et al. [209] reported a colorimetric detection assay of HIV DNA
biomarker with high sensitivity using multi-amplification nanofibrous
sensing membrane Fig. 14A. The surface modification of nanofibrous
membrane platform using the protein and DNA identification probes
enhance the performance of the optical and regenerative sensing prop-
erties. Pan et al. [210] reported the fabrication of sensitive and selective
fluorescent sensor for the ultra-trace detection (1.2 nmol/L) of HIV-1
DNA. This biosensor design was successfully built by using
zinc-methylimidazolate framework-8 as a platform and ssDNA as a sur-
face probe modifier (Fig. 14 B-i). The optimal design was led to the use of
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Fig. 10. A) Bioanode/cathode-based carbon electrode mates modified on hollow microneedle-based self-powered biofuel-cell. B) Configuration of carbon-fiber-
metalized biofuel cell microneedles (a), and the power density curve as a function of glucose concentration (10-80 mM), Reproduced with permission [188]. C)
The polymer (polycarbonate) microneedle arrays that sputtered with 50-nm platinum (a), microneedle micrographs recorded by scanning electrochemical microscope
(b & c), optical coherence tomographic image (d), and a row of the microneedles entrenched in the tissue and recorded in 3D plugin projection (e), Reproduced with

permission [189].

different metal-organic frameworks (MOFs) in the early detection and
real-time monitoring of HIV-1 DNA target. In the same context, novel
Zn(I1)-MOFs were modified by FAM and then labeled probe ssDNA as a
fluorescence quenching, providing potential sensing system for HIV
double-stranded DNA (ds-DNA) detection, (Fig. 14B-ii) [211]. Sun et al.
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[212] reported the HIV-1 fluorescence recovery that was fabricated by
modifying  water-stable  polymers such as  zwitterionic
poly-zinc-carboxylate with  6-carboxyfluorescein (6-FAM)-labeled
ss-DNA probe (signified as P-DNA). The biosensor design confirmed that
the fluorometric sensing approach of HIV-1 ds-DNA, and the fluorescence
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Fig. 11. Visual analysis systems that controlled with smartphones for point-of-care blood glucose monitoring applications; a) smartphone captured images and (b)
corresponding gray intensity plot profile; ¢) smartphone captured glucose testing on paper strips, Reproduced with permission [194].

recovery process were a concentration-dependent assay with a linear
range of 0-60 nM and a detection limit of 7.4 nM.

Immobilization of an antibody fragment into Au NPs and then on the
(indium tin oxide) ITO electrode surface by a self-assembly process-
assisted gold-thiol interaction was applied for the electrochemical
detection of HIV-1 [213]. The designed electrodes were tested against
diverse HIV-1 concentrations. The biosensor design provided clear evi-
dence about the successful detection of HIV-1 in the range of 600 fg/mL
to 375 pg/mL. A chitosan/Fe304 nanocomposite was used as an elec-
trochemical platform for HIV-1 detection [214]. Kheiri et al. [215] re-
ported that the amperometric immunosensor was fabricated by p24
antibody (anti-p24 Ab) immobilization into the Au-electrode-modified
Au NPs, MWCNTs, and an acetone-extracted propolis film membrane,
leading to the sensitive detection of p24 antigen from HIV-1, as shown in
Fig. 13C. The designed immunosensor showed a wide range of sensitivity
responses of 0.01-60.00 ng/mL and a detection limit of 0.0064 ng/mL.

Toward the ultrasensitive recognition of HIV, a controlled design of
multiple building-blocks sensor has been implemented experimentally.
For instance, an impedimetric HIV-1 gene biosensor was fabricated
following this sequence of (i) the impregnation of ssDNA into a glassy
carbon-surface electrode, and then modification of electrode by
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graphene—Nafion film composites. The proposed sensing design optimi-
zation enabled the HIV detection in the range of 1.0 x 107> M to 1.0 x
1071° M and detection limit up to 2.3 X 107 * M [216]. Furthermore,
non-faradic electrochemical sensor was fabricated onto an electrode
surface by using biotin in 5’ position-binding streptavidin that decorated
magnetic NPs. This deterministic structural design offered a sensitive
detection assay of 50 and 160 pmol hepatitis B virus (HBV) DNA and HIV
DNA, respectively [217]. The design integration of toehold-mediated
strand displacement reaction/cruciform DNA crystal enabled fabrica-
tion of ultrasensitive biochemical sensor. The processing optimization
was used to quantify HIV-related DNA in the range of 1 pM-100 nM and
in a detection limit of 0.21 pM [218]. Silica NP-enhanced dynamic-spin
microcantilever was used for the picomolar detection level of HBV bio-
sensing assay that targeted DNA of 243-mer nucleotides [219]. Zhu et al.
[220] established a fluorescent-sensing approach in which nicking
enzyme signal amplification associated with triplex formation can be
used for a particular HIV dsDNA detection within the range of 100
pM-200 nM and up to 65 pM level. In the context of improving sensing
performance for HBV gene detection, quantum dot-DNA (QD-DNA) has
been fabricated by modifying CdSe/ZnS QDs with 3-MPA, DNA targets,
and Cy5-modified surfaces [221].
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Fig. 12. (A) Schematic design of the Graphene-based materials nanoscale sensor platform for HIV detection and CVD diseases [205]. (B) HIV detection based on PC
biosensor microplate wells nanostructured subwavelength coated with TiO,, with surface modification by different biomolecules including functionalization process,
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(BSA) [206]. (C) Construction of an electrochemical biosensor using modified GCE with MWCNTs, biological molecules, and polyacrylamide for the of HIV-p24

determination in human serum [204].
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fication of p-type nickel oxide (NiO) with single strand DNA (ssDNA) thin film for biorecognition of HIV-1/DNA (ii) [207]. (B) Magneto-nanosensor array smartphone
for HIV detection in physiological samples [208]. (C) Schematic diagrams detailing the fabrication steps and performance of amperometric immunosensor that can be
fabricated by anti-p24 Ab immobilization into the Au-electrode-modified AuNPs, MWCNTs, and an acetone-extracted propolis (AEP) film membrane for sensitive

detection of HIV-1 p24 Ag [215].

8. Wearable biosensor devices for touchscreen monitoring of
HIV-transmitted infections

Design improvements for daily routine monitoring of HIV level are
rather considered if the HIV sensing system could be modulated into
wearable and compact devices. The optimization and integration of HIV
optical biosensor devices into mobile phones is an area of interest to
target for HIV patients. A selective visualization assay has been achieved
through impregnating an antibody (for p24 antigen) on the interior
surface of plastic microchips associated with micro-pit arrays (uPACs).
The chipset arrays were designed by using transparent copolymer sheets
of cyclic olefin (COC), as shown in (Fig. 15) [222]. Toward the accurate
analysis for HIV-positive individuals, the deterministic data information
on the screen of mobile phone was transferred to a server for read-out and
quantitative analysis. To fulfill the requirement of both improving finite
analysis and minimizing its uncertainty and variability under daily
observance, constraint conditions for building effective designs that can
offer updated, diverse HIV immunosensor technology for point-of-care,
real-time, and rapid HIV detection laboratory should be solved by
methodological optimization.

For future optimization and miniaturization of industrial sensor
design for touchscreen monitoring of HIV-transmitted infections, defor-
mation path-independent process throughout all stages from fashioning
sensor device to its modulation into smartphone should be considered.
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Along with all dynamic biosensor designs for HIV detection, develop-
ment of fast and reliable point-of-care biosensors with suitable detection
tools that could significantly affect HIV-transmitted infections is chal-
lenging. Additionally, developing micro- and nanoscale devices to obtain
daily point-of-care sensing and managements by HIV-infected individuals
in an hourly response order remains a major concern. A personal,
touchscreen monitoring sensor-built-in nanodevice, one of the latest
advances in detection tools, can potentially fulfill the premise of HIV
detection in real-time and more accurate readings. The wearable point-
of-care nanodevices may provide authentic means of HIV infection data
collection and monitoring of survivals in an easily deliverable, highly
sensible and specific, and graphical inspection to professionals for
simultaneously engaged investigation and rapid decision-based therapy.

9. Early-stage detection of central nervous system disorders
(CNS)

To date, building-blocks engineering of early stage detection and
monitoring assays for neurochemical signals associated with turbulent
neuronal disorders has gained an ever increasing significance. The CNS
disorders usually associated with a number of diseases such as, Alz-
heimer's disease (AD), Parkinson's disease (PD), stroke, and epilepsy.
Statistically significant difference indicates that the damage rate in CNS
has dramatically increased in world's top aging society, creating a new
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Fig. 14. (A) Optical HIV biosensor based on
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value in the fields of monitoring, diagnosis, and treatment along with
continuous optimization and progress of new structural sensor design
technologies. More crucial efforts for nanoscale architect-led building-
blocks-in sensor optimization problems of early stage detection/moni-
toring of neurochemical signals related to dementia or AD at different
stages of the service life-age cycles are needed to minimize the uncon-
trollable variations and constraints related to CNS disorders [223-225].

For an engineering sensor perspective, well-designed development of
monitoring methodologies for screen diagnosed CNS disorders, diseases
at early stages and before the onset of symptoms that are usually seen in
patients with neurological illness is a noteworthy challenge. Due to the
turbulent balance associated with the development of brain disorders,
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neurochemical signals-generated in the brain are of primary concern to
deterministic life-stages of CNS disorders [226-228]. Neuron silicon
electrodes were applied to detect neurochemical signals in live animal
cell lines of CNS [226-230].

An optimal design of AD biomarker detection assay is critical for the
early diagnosis of AD diseases. A wide variety of nanoscale architect-led
building-blocks-in engineering designs for biomarker monitoring of
accumulated AP (amyloid beta) peptide molecules are key broadening
the effective and early stage detection of AD pathophysiology [231,232].
The surface modification of NPs with high-affinity compounds has great
potential to sensitive and accurate detection of various peptide molecules
such as AB-binding peptides, leading to fast diagnosis of AD diseases.
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Fig. 15. (A) Schematic design of HIV optical biosensor into mobile phone
through the impregnation of antibody (for p24 antigen) on the interior surface
of plastic micro-chips associated with micro-pit array (pPACs). (B) For specific
determination of proteins, pixel intensities were recorded along the pPAC,
Reproduced with permission [222].

Demeritte et al. [231] reported that the generation of the plasmon
coupling along with the core-shell plasmonic NPs and graphene oxide
(GO) surface interfaces was enhanced the SERS platform sensitivity of AD
biomarker design during the detection of Af molecule with a limit of
detection (LOD) of 100 fg/mL. A significant progress in the optimal
amyloid p 42 detection designs was reported by Kim et al. [232]. The
buildup sensor design was based on integration of superparamagnetic
iron oxide NPs in planar microfluidic channels and used to identify as a
low concentration level of amyloid § 42 to 23.8 pg/mL.

For Parkinson's disease 'PD' sensory-physical activity formulation, the
design optimization of the inertial measurement unit (IMU) was tested by
Hsu et al. [233]. These well-developed sensory approaches were based on
the fabrication of multiple wearable sensors, leading to daily monitoring
analyses and reliable indentation of gait abnormalities, and then classi-
fication stages of patient's symptoms with neurological disorders. A
possible device approach for triaxial accelerometer-based body-worn
monitors (BWM) has been reported by Din et al. [234]. A set of reliability
experiments of BWM design offered evidence of deterministic PD opti-
mization with the following:

(i) Reproduction of 14 relevant essential

characteristics,

(i) Highly sensitive detection of slight changes in gait pattern for both
aging and pathology, and

(iii) Possibility distribution of an equipped corridor with systematic
values for general movement control and evaluation stages of PD
diseases.

clinically gait

With an increasing demand for more control monitoring and rational
approaches of analytical assays and designs, still it becomes highly
important to acquire an optimal sensor design for sensitive signaling of
neural activity in the brain, and for early stage diagnosis of CNS
disorders.

19

Materials Today Bio 5 (2020) 100044

10. Nanobiosensor response towards early stage detection of
common diseases

A wide range of detection models with cancerous diseases have
been estimated and specified for clinical use in the past few years
worldwide. With increases in disease-specific mortality and morbidity
rate and the limitation of cancer monitoring, early detection, moni-
toring, and regulatory decision-making treatment of cancer are crucial
in the subsequent control of effective, real-time therapy. In medical use
system, evidence-based, cost-effective, and affordable biomarkers were
applied to express the changes in the portions correlated to risk or
progression of cancerous diseases in tissues or in the blood. Therefore,
a fabrication design of an effective cancer biomarker or biosensor that
can be clinically sensitive and specific to cells, enzymes, genes, and
hormones is of particular interest for early detection [235-239]. Tumor
markers, such as carcinoembryonic antigen (CEA), and hepatocellular
carcinoma o-fetoprotein (AFP), were detected a wide range of cancer
types affecting the colon, lung, ovarian, and breast cells (Table 2)
[235-271]. Nanodevice-based graphene- or CNT-modified paper plat-
forms enabled meticulous and reliable monitoring of tumor-associated
antigens (CEA) quantification during the cancer progression and
assigned early detection and screening of unmarked cancer metastases
[235-237].

Moreover, (MTB) mycobacterium tuberculosis can lead to paramount
dangers and an infectious TB disease affecting roughly 10.4 million in-
dividuals globally. The WHO pronounced in 2015 that treatment for TB,
'a worldwide issue,' is necessary [272-276]. Numerous SPR-based bio-
sensors were applied to monitor protein-protein/DNA binding in the
MTB-infected area [272,273]. Various biosensing designs were reported
to enhance the function of the proposed assay for sensitive and selective
monitoring of MTB or anti-TB drug resistance, as shown in (Table 3)
[276-292]. Within the present review stage, an ever increasing demand
for deployment of robust nanobiosensor designs, real-time monitoring
analyses, nanodynamic tools and techniques, and wearable read-out
devices is crucial for early stage recognition of infectious agents or
contagious diseases and potential proteins.

In this regard, the HTS system introduced two performance sets of
major optimization designs of MTB acetyltransferase Eis inhibitors that
cause resistance to anti-TB drug kanamycin (KAN) [293]. To screen the
anti-MTB drugs, mycobacterium tuberculosis glutamine synthetase was
studied by using HTS to ascertain the binding position targeting in-
hibitors of ATP and to produce several active classes of mycobacterium
glutamine compounds including 2-tert-butyl-4,5-diarylimidazoles. The
proposed method would lead to identify the mycobacterium tuberculosis
glutamine synthetase inhibitors in sub-pM concentrations, indicating the
formation of promising anti-MTB MIC (i.e. minimum inhibitory con-
centration values) [294]. The HTS strategy enabled a detection of MTB
drugs using a complete cell line assay. Two proteins have been defined as
targets for many chemically unrelated small molecules such as decap-
renylphosphoryl-f-p-ribose 2-epimerase (DprE1) enzyme for the biosyn-
thesis of the cell wall, and mycobacterial membrane protein large 3
(MmpL3) exporters of newly synthesized cell wall mycolic acids. This
strategy provided a powerful tool for screening and target identification
such as MTB and antibiotic detection [295]. The HTS system based on
thermal shift test was used to screen the binding interaction of pro-
tein-ligand detection. The optimal analyses of the HTS strategy would
also offered a high-precision strategy for examination and identification
of enzyme such as isocitrate lyase (ICL), as a vital agent for MTB survival
and inhibition within macrophages through latent TB. The HTS virtual
system has significantly led to the discovery of many ICL inhibitors with
catalytic activity [296].

11. Conclusion and future viewpoint

The current review presents the key feature of the prospective
vision of nanobiosensor development toward the early and easily
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Table 2
Nanostructured materials-based for cancer screening.

Materials Target detection limit Ref

AuNPs/SsDNA/HRP Optical immunoassay of CEA 12 ng/L [237]
QDs 20 ng/L [238]
CdTe/CdS QDs/antibodies (goat antimouse IgG) 250 fM [239]
3D microfluidic paper-based immunodevice 0.02 ng/mL [240]
PANPs/Fe304@C 1.7 pg/mL [241]
High luminescent streptavidin modified QDs (SA-QDs) Optical immunoassay of AFP 3.9 ng/mL [242]
HRP-Ab2-AuNPs 0.2 fg/chip [243]
integrated microfluidic bead-based ELISA APOA1 9.16 ng/mL [244]
PDMS microfluidic device Bladder cancer TNF 3.1 pg/mL [245]
o-aminophenol (OAP)/CEA antibody (CEAADb) -GSH monolayer-AuNP (CEAAb—AuNP) Eelectrochemical immunoassay of CEA 100 ng/L [246]
HRP-conjugated anti-CEA -NGGNs/PB 10 ng/L [247]
AuNPs/nickel hexacyanoferrates nanoparticles (N(HCFNPs) 100 ng/L [248]
flower-like AuNPs sensor & Au-Ag BMNPs 0.3 pg/mL [249]
WPADs 0.5 ng/mL [250]
Au/CS-MWCNT-Thi/anti-CEA 0.5 pg/mL [251]
Au/1-Cys/anti-CEA//MWCNT/PDDA/HRP/ConA/HRP-anti-CEA 18 pg/mL [252]
HRP/Nano-Au hollow microsphere 1.5 ng/L [254]
HRP-O-phenylenediamine-H202 Eelectrochemical immunoassay of AFP 0.01 ng/mL [253]
A chitosan-AuNP 0.01 ng/mL [235]
interdigitated electrode (IDE)/PDMS 0.01 ng/L [236]
graphene sheets (GS)/chitosan (CS)/PANI layer/(AuNPs) BCR/ABL in CML 2.11 pM [255]
AuNPs/5’'-[y-thio] triphosphate (ATP-S) CML 10 ng/L [256]
SWNT/5 nm GSH-AuNP Interleukin-6 (IL-6) in serum 10 ng/L [257]
Au NPs Human acute leukemia 30 cells per 3 pL [60]

CCL-119

Double-strand DNA (dsDNA)/AuNPs/PB CA15-3 (human serum) 600 ng/L [259]
Nano-Au hollow sphere Lung Cancer 1-10 ng/L [260]
perylene bisimide (PBI)/cholesterol (Chol) 15 ppb [261]
PPADs Pancreatic cancer 0.17 U/mL [250]
PoP-ECL device CA-199 0.0055 U/mL [262]
3D microfluidic paper-based immunodevice 0.06 U/mL [240]
HRP-O-phenylenediamine-H202 Breast cancer 0.05 ng/mL [253]
AuNR@CA15-3 antibody CA153 0.1 ng/L [263]
hydrazine ~AuNP-aptamer bioconjugate/anti-HER2/DPB 26 cells per milliliter [264]
ZnCQDs [265]
N, B/N, and S-doped GQDs HeLa and MCF-7 cell [266]
G/Fe304/AuNPs HelLa cells 8 cells per milliliter [267]
G-C3N4 nanosheets & Ag-PAMAM-luminol NCs HL-60 cancer cells 150 cells [268]
FA-GAM-OA Cancer cell 5 cells per milliliter [269]
DNA nanotetrahedron (NTH)/carboxyfluorescein (FAM) -TLS11a aptamer —-HRP/PtNPs cytosensing of liver cancer cells 3 cells per milliliter [270]

Abbreviations: Bladder cancer apolipoprotein A1 (APOA1);Cadmium telluride (CdTe); Cadmium sulfide (CdS); Chronic myelogenous leukemia (CML); Microfluidic
paper-based analytical device (pPADs); Enzyme-linked immunosorbent assay (ELISA); Glutathione (GSH) monolayer; The enwrapped graphene nanocomposites
(NGGNs); Prussian Blue (PB); Poly(methyl methacrylate) (PMMA); Poly(ethyleneimine) (PEI); A pen-on-paper electrochemiluminescence (PoP-ECL); 2,5-bis(2-thienyl)-
1H-pyrrole-1-(p-benzoic acid) (DPB); Zinc-co-adsorbed carbon quantum dots (ZnCQDs); Graphene quantum dots (GQDs); Ag-PAMAM-luminol nanocomposites (Ag-
PAMAM-luminol NCs); Folic acid (FA); Octadecylamine (OA); Graphene aerogel microspheres (GAMs); Poly (dimethylsiloxane) (PDMS); Carboxyfluorescein (FAM)
functionalized TLS11a aptamer and horseradish peroxidase (HRP); Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS); Concanavalin A (conA);
Poly(diallyldimethylammonium chloride) protected Prussian blue NPs (PDDA-PB); ssDNA/Au/reduced graphene oxide nanoribbons (RGONR); N-(aminobutyl)-N-
(ethylisoluminol) (ABEI); Polypyrrole (PPy); Graphene quantum dot (GQD); Reduced graphene oxide doped with metal-organic framework (MOF-rGO); Polyaniline
PANI; Paper-based analytical devices (PAD); Oligo-methoxy-phenyl-acetonitrile” (Fc-ac-OMPA); Multiwalled carbon nanotubes (MWCNTs).

continuous diagnosis and monitoring of advanced diseases to identify
the appropriate care and treatment and to reduce further transmission.
Hence, we report the incredible endeavors providing effective nano-
dynamic tools and biosensor devices for the intrinsic early stage
recognition of infectious agents and potential biomolecules, and then
powerful counseling for the inhibition or prevention of diseases,
including HIV, HBV, HCV, liver diseases, diabetes, CNS, TB, CVD and
cancer. To date, performance evidence of easy continuous monitoring,
and the detection accuracy test of chronically infectious diseases still
needs more advanced nanoscale architect-led building-blocks-in
biosensor design optimizations to permit early stage recognition and
sensitive reliability analyses. Reliability-based biosensor design is the
gateway for accurate access to prevention, inhibition, and treatment
amenities. Therefore, it is a crucial to control a distinctive sensitivity
analysis and actual-time of response gradient to avoid a widespread
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occurrence of an infectious disease in a community at an intense time.
The biosensor accuracy in terms of reliable sensitivity information with
multiple samples of individuals should be considered. Special emphasis
in the structural sensor design optimization would offer reliable and
adequate safeguard evidence to ensure confidentiality and validation of
biosensing assays.

In a commercial market's view, nanoscale biosensor tailored into
personal, wearable, and touchable devices for individuals and increas-
ingly delivered at home remains challenging. The path-dependence of
the sensitive devices would lead to sustainable development of low-cost
IoT-based platforms. Simple biosensor models would offer a cost-
effective and powerful solution to detect the clinical care point of dis-
eases. Smartphone-based visual analysis and managing human wellness
in customized environments will be the potential future investigation in
nanobiosensing, see (Table 4).
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Table 3
An overview of the various nanostructured materials used to detect TB.
Materials LOD Ref
carboxylic acid-functionalized magnetic nanoparticles 8 CFU/pL 276
(CAMNPs)
ssDNA/AuNPs/RGONR 0.1 fM 277
Fc-ac-OMPA/MWCNTSs 0.08 fmol/L 278
Dextrin coated AuNPs 0.01 ng/pL 279
ZrOy/Au 0.065 ng/pL 280
MWCNTs/PPy/PAMAN/ferrocene 0.3 fM 281
spaNQ/PAMAM/PPy/Fe;0,4 1M 282
Fe30,@Ag/GQD 0.33 ng/mL 283
ABEI functionalized AuNPs 3.3 x 107 '*M 284
3D graphene/Au NRs 10 fM 285
MOF-rGO 33x10°ng/ 286
mL
rGO-AuNPs —PANI - 287
luminol functionalized AGNPs 0.03 fmol/L 288
Zr(IV) based metal-organic framework (MOF) 10 fg/mL 289
Organic light-emitting diode (OLED) 63 pg/mL 290
PAD- pyrrolidinyl PNA (acpcPNA) 1.24 nM 291
AuNP-labeled staphylococcal protein A immunosensor 5.3 ng/mL 292
(Au-SPA)
Table 4
Initiative commercial market's biosensor devices.
Devices Ref. Device Image
Walmart ReliOn Blood https://www.consume
Glucose Monitor rreports.org/products/
blood-glucose-meter/
relion-prime-walmart
-227357/overview/
GlucoTrack http://www.inte
grity-app.com/the-gl
ucotrack/ Q“
4
GlucoWise http://gluco-wise. ’ =]
com/beta/ s /~ % |38
e =/ o
(t) 0 &

Precision Xtra™

Aimedics recalls sleep-
time glucose monitor
HypoMon

GlucoWatch G2
Biographer

Guardian RT sensor

OrSense NBM 200G

C8 MediSensors HG1-c

https://www.medwre
nch.com/equipment
/1520/abbott-precisi
on-xtra

https://www.biospect
rumasia.com/news/
27/2485/aimedics-rec
alls-sleep-time-gluc
ose-monitor-hypomon.
html

https://www.medgadg
et.com/2005/04/g
lucowatch_g2 _b.html

https://www.medgadg
et.com/2005/08/guard
ian_rt_con.html

https://www.me
dgadget.com/2007/
06/noninvasive_gluco
meter_from_orsense
_approved_in_europe.ht
ml

http://www.mevsdia
betes.com/c8-medisen
sors-noninvasive-cgm-a
pproved-for-sale-in-
europe/

Gusrdan'RT
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Table 4 (continued)

Devices Ref. Device Image
Wearable https://somnomedic s
accelerometers/ s.eu/solutions/resea
gyrostats rch/somnowatch-plus- / @ 0
SOMNOwatch™ plus research/
for Tremor

The Parkinson's
KinetiGraph® system

https://www.prpacific
.com/media-placeme
nts/national/wearable-
motion-detector-wrist-
device-helps-patients-
doctors-track-sympt
oms-of-parkinsons-
disease/
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