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Pathogenic bacteria and several biomolecules produced by cells and living organisms are
common biological components posing a harmful threat to global health. Several studies
have devisedmethods for the detection of varying pathogenic bacteria and biomolecules in
different settings such as food, water, soil, among others. Some of the detection studies
highlighting target pathogenic bacteria and biomolecules, mechanisms of detection,
colorimetric outputs, and detection limits have been summarized in this review. In the
last 2 decades, studies have harnessed various nanotechnology-based methods for the
detection of pathogenic bacteria and biomolecules with much attention on
functionalization techniques. This review considers the detection mechanisms,
colorimetric prowess of bio-receptors and compares the reported detection efficiency
for some bio-receptor functionalized nanoparticles. Some studies reported visual, rapid,
and high-intensity colorimetric detection of pathogenic bacteria and biomolecules at a very
low concentration of the analyte. Other studies reported slight colorimetric detection only
with a large concentration of an analyte. The effectiveness of bio-receptor functionalized
nanoparticles as detection component varies depending on their selectivity, specificity,
and the binding interaction exhibited by nanoparticles, bio-receptor, and analytes to form a
bio-sensing complex. It is however important to note that the colorimetric properties of
some bio-receptor functionalized nanoparticles have shown strong and brilliant potential
for real-time and visual-aided diagnostic results, not only to assess food and water quality
but also for environmental monitoring of pathogenic bacteria and a wide array of
biomolecules.
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INTRODUCTION

The growing prevalence of pathogenic bacteria has become a
serious challenge globally (Wang C. et al., 2018). Despite the strict
implementation of good hygienic and manufacturing practices in
many nations of the world, diseases outbreaks relating to food
and water infections caused by pathogenic bacteria remain the
leading cause of death. Examples of such include; Escherichia coli
(Duan et al., 2020), Salmonella typhi (Yi et al., 2019), Salmonella
enteritidis (Alamer et al., 2018), Staphylococcus aureus (Du et al.,
2020), Vibrio cholera (Peng and Chen, 2019), Vibrio
parahaemolyticus (Sun et al., 2019), Bacillus cereus (Li et al.,
2018), Listeria monocytogenes (Zhang L. et al., 2016), Shigella
flexneri (Feng et al., 2019), Pseudomonas aeruginosa (Das et al.,
2019), Campylobacter jejuni (Alamer et al., 2018), and Group A
Streptococcus pyogenes (Eryılmaz et al., 2020). A review by
Daramola et al. (2020) reported traditional-based (plate
culture), immunological-based (ELISA), nucleic acid-based
(PCR, Sequencing), and protein-based (MALDI-TOF-MS)
methods as veritable techniques for the detection of
pathogenic bacteria. However, limitations which include longer
detection time, limited trained personnel, and the use of
expensive and sophisticated materials have constantly
challenged the relevance of these widely used methods
(Daramola et al., 2020; Ferone et al., 2020). In recent times,
nanotechnology-biosensor-based techniques have received global
attention with growing interest in optical biosensors namely;
surface plasmon resonance (SPR), photographic and colorimetric

detection (Yoo and Lee, 2016; Mocan et al., 2017; Huang et al.,
2020).

To achieve reliable nanotechnology-biosensor-based
techniques, bio-receptors (bio-capturing molecule/bio-
recognition elements) and transducers play important roles
(Figure 1) (Torimiro et al., 2021). Analytes-Bio-receptors
complex triggers signals which are readable by these
transducers. These bio-receptor surfaces are distinctly designed
to identify and initiate attachment to identified analytes. Several
bio-receptors which include antibodies, oligonucleotide
aptamers, proteins, enzymes, nanozymes (chromogens), cells,
antigens, microorganisms, bio-mimic substances, and other
small molecules have been reported as promising
functionalizing agents on nanomaterials (Nguyen and Kim,
2020). According to Daramola et al. (2020), bio-receptors
attachment on nanomaterials surfaces can be achieved by a
direct or indirect method which oftentimes, is dependent on
the biochemical mechanisms of the bio-recognizing elements.
The direct method which includes physical adsorption and
covalent coupling is achieved through hydrophobic and
electrostatic interactions of linkers such as Polyethylene glycol
(PEG), Poly-L-lysine (PLL), Polyethylenimine (PEI), and
Ethylenediaminetetraacetic acid (EDTA). On the other hand,
the indirect method involves the formation of a bridge link
between analytes and nanomaterials initiated by high-affinity
linkers such as biotin, avidin, and streptavidin. To detect
target analytes, the choice of suitable, appropriate, and
corresponding bio-receptors on nanomaterials is important to

FIGURE 1 | Basic components of nanotechnology-biosensor-based techniques.
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ensure active biocompatibility, high selectivity sensitivity in the
complex (Nguyen and Kim, 2020).

Aside from the general concept of direct detection of
pathogenic bacteria by functionalized nanoparticles,
biomolecules present in, and produced by microbes and other
living organisms have been identified as another detectable
component capable of inducing color transition. These
biomolecules ranging from small molecules such as
metabolites, antibiotics, antibodies, antigens, amino acids,
hormones to large macromolecules such as proteins,
carbohydrates, lipids, nucleic acids, enzymes, and toxins are
important organic molecules required for their maintenance
and metabolic activities, acting as essential molecules needed
for proliferation and life’s sustenance, however, harmful to man.
The accumulation of metabolites, toxins and antibiotics has
increasingly endangered human and animal physiological
health, posing huge risks to food safety with an increasing
presence of antimicrobial-resistant bacterial pathogens in the
food chain (Verraes et al., 2013; Founou et al., 2016). To
further improve the applicability of functionalized
nanoparticles for biosensing, colorimetric detection of bacterial
pathogens and biomolecules have been adopted (Figure 2).
Colorimetric-based biosensors compared with other optical
biosensors support direct and visual detection of analytes by
the naked eyes with visible color changes (Ziyaina et al., 2019).
This simple, reliable, sensitive, and specific approach which is
dependent on signal generation and amplification occur due to
the presence of chromogenic substrate and the induction of
specific enzyme giving off colorimetric output (Elghanian
et al., 1997; Ng et al., 2016).

Increasing the relevance of nanoparticles are several
chromogenic substrates which have been used as signal
amplifiers (Wu et al., 2017). Interestingly, chromogenic
substrates have shown excellent remark as bio-receptors and
functionalizing agents, facilitating attachment and interaction
of nanoparticles to analytes. Some studies have reported on

the competence of chromogenic bio-materials as reliable
indicators. For example, horseradish peroxidase (HRP),
3,3,5,5′-tetramethylbenzidine (TMB), and 2,2-azino-bis(3-
ethylbenzothiazo-line-6-sulfonic acid) diammonium salt
(ABTS) had established the potential of chromogenic materials
for the detection of bacterial pathogens and biomolecules
(Saunders and Bartlett, 1977; Sibanda et al., 1999). Similarly,
Guven et al. (2011) reported the prospect of 5,5-dithiobis-2-
nitrobenzoic acid-coated gold nanorods immobilized on
polyclonal antibodies for the detection of Escherichia coli. A
novel colorimetric aptasensor also reported the use of
lanthanum ion-assisted gold nanoparticles for the detection of
chloramphenicol (Wu et al., 2019). This review thus sought to
compare the detection efficiencies of some commonly used
nanoparticles functionalized with chromogenic substrates as
colorimetric biosensors and electrochemical sensors in works
of literature. Target analytes, detection parameters, color
outputs as well as detection limits were tabulated and
compared. This approach attempts to illustrate the discussion
of reported detection strategies and in all, ease the identification
of the most promising functionalized nanoparticles with much
emphasis on chromogenic-modified nanoparticles.

NUCLEIC ACIDS

Nucleic acids which are the basic units of life have been widely
recognized as the main materials that store, copy and transmit
genetic information in living components. In microbial cells, they
play significant roles in all their biological processes and function
posing either positive or adverse effect in human (Lee et al., 2015;
Tang et al., 2020). Nucleic acids existing as ribonucleic acid
(RNA) and deoxyribonucleic acid (DNA) have been important
biomarkers both in biological studies and medical diagnostic
approaches (Amos and Patnaik, 2002; van Belkum, 2003). For
over 3 decades, several methods have been developed to detect

FIGURE 2 | Descriptive image on the colorimetric detection of analytes using bio-receptors/chromogens–functionalized nanoparticles solution.
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specific DNA/RNA sequences among which Polymerase chain
reaction (PCR) was found as the most accurate nucleic acid
amplification technology (Huang et al., 2019). Its wide
practical applications and suitability for the detection of trace
nucleic acid content have proved its advantages, however, the
need for a precise cycling temperature, the use of expensive
equipment, and a sophisticated design of primer has provided
some difficulty in its use as a point-of-care test (POCT) (Huang
et al., 2019).

Some works in recent times have undoubtedly advanced the
diagnosis of many kinds of diseases using nanoparticles (NPs) for
nucleic acid extraction (Kang et al., 2021; Zandieh and Liu, 2021)
and applying electrochemical methods for the detection of
specific nucleic acids in complex fluid (Jiang et al., 2021).
Among these new methodologies, optical detection methods,
which hinges on the hybridization between nucleic acid and
substrate modified with radioactive, fluorescent,
chemiluminescent, or nanoparticle tags have been of major
interest. Gold nanoparticles which are more preferred than
other metals have been marked as an excellent labeling tag
due to their unique chemical, physical, and highly sensitive
detection properties (Qin and Yung, 2007). Further quest on
the need for a simple, convenient colorimetric approach for an
instant and non-enzymatic detection of nucleic acid showed gold
and other metals together coupled with chromogenic substrates
exhibit unique optical properties which include visual color
changes and varying absorption spectral which are subject to
functionalized nanoparticles dispersion to aggregation state
(Zhang et al., 2020). Some studies highlighting these visible
color changes are discussed below.

Xia et al. (2010) in their experiment detected complementary
DNA using probe DNA and AuNPs conjugated with
polyelectrolytes (poly [(9,9-bis(6′-N, N,
N-trimethylammonium) hexyl)fluorene-alt-1,4-phenylene]
bromide). AuNPs-polyelectrolyte conjugate (red solution)
which recognizes and sequesters most of the single-stranded
DNA (probe DNA) produces a characteristic blue color,
however, the presence of complementary strand (double-
stranded DNA) initiate a weak bond with AuNPs-
polyelectrolyte conjugates, alters the aggregation of the
nanoparticles and thus retained the red color. This method
was also found useful for the detection of small molecules,
proteins, and inorganic ions. Gold nanoparticles modified with
chitosan were explored for the detection of amplified
Mycobacterium tuberculosis DNA (MTB DNA) (Tammam
et al., 2017). The study reported a color change of the solution
from red to blue. It was found that the free chitosan content in the
cationic chitosan-coated AuNPs process was responsible for the
direct interaction of functionalized NPs with the amplified MTB
DNA. The amount of free chitosan as reported in their study
suggests the accuracy of the positive indication of MTB DNA and
the visual color change.

The application of peptide nucleic acid (PNA) as a bio-
receptor and the potential chromogenic substrate has been
reported, as it can induce immediate aggregation of NPs
without the catalytic action of NaCl (Su and Kanjanawarut,
2009). Joshi et al. (2013) using PNA assessed the detection of

Newcastle disease viral RNA, a single-stranded negative-sense
RNA virus belonging to the family of Paramyxovirus causing
highly contagious disease in poultry and almost all species of
birds. It was observed that the agglomeration of AuNP-PNA
produces an intense blue coloration, however, the presence of the
viral DNA (complementary DNA strand) sufficiently prevents
AuNPs agglomeration to PNA, hence, preventing the color
change from red to blue. In addition to our examples, PNA-
AgNPs have also been studied for the detection of mRNAs
(proto-oncogene c-Myc mRNA) since they have an important
role in the detection of oncogenes and tumor suppressors hence,
emerging as potential biomarkers for cancer detection (Li et al.,
2016). The study justifies the high affinity of PNA-AgNPs
conjugate to only double-stranded helix structure than single-
stranded DNA or RNA which protects AgNPs from salt-induced
aggregation thus, producing a color change from brown to yellow.
Interestingly, the study distinguished a full match frommismatch
mRNA by producing a visual color change to red-brown with the
presence of a single-base-mismatch mRNA.

Another related study exploited the fabrication of a paper-
based device (PAD) using platinum nanoparticles (PtNPs)
functionalized with a chromogenic substrate (3,3,5,5,-
tetramethylbenzidine –(TMB)) for the detection and
quantitation of DNA target (Chen et al., 2017). According to
their study, TMB-PtNPs in the absence of DNA showed good
catalytic efficiency, producing visible blue precipitates however,
PtNPs peroxidase-like activities are rapidly blocked upon the
addition of DNA with no color change to the solution. Summary
of studies with colorimetric outputs and their limit of detection
are summarized in Table 1.

PATHOGENIC MICROBES

The application of gold nanoparticles in pathogen detection has
been established in several studies due to their good stability and
reproducibility (Mosier-Boss, 2017; Yilmaz and Yilmaz, 2020;
Norouz Dizaji et al., 2021). Functionalized gold nanoparticles
(AuNPs), as suggested in studies could involve the
immobilization of one or more bio-receptors increasing the
binding specificity of gold nanoparticles to target components
(Pissuwan et al., 2020; Norouz Dizaji et al., 2021). As a resourceful
strategy, the reaction of functionalized gold nanoparticles
together with chromogenic substrate targeting pathogenic
bacteria generates visual color change such as blue, red, purple
(Kim et al., 2018; Feng et al., 2019; Sun et al., 2019). Studies have
demonstrated the potential of several chromogenic-mediated and
functionalized gold nanoparticles methods for the detection of
pathogenic bacteria with different detection limits (Das et al.,
2019; Du et al., 2020; Huang et al., 2020). Das et al. (2019)
reported a detection limit of 60 CFU/ml for Pseudomonas
aeruginosa using aptamer and 3,3′,5,5′-tetramethylbenzidine
(TMB) as bio-receptor and color indicator on gold
nanoparticles. Aptamer which suppresses the intrinsic
peroxidase-like activity (NanoZyme activity) of AuNPs
enhances the activities of TMB as a color indicator for the
detection approach. The adaptation of the aptamer-Nanozyme
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colorimetric sensor (TMB) on a screen-printed electrode
produced not only an electrochemical sensor output but also
produces a visual blue coloration, marking the presence of P.
aeruginosa. The use of both aptamers and ethanolamine as
functionalizing components on gold nanoparticles was
demonstrated for the detection of E. coli lipopolysaccharides
(Zhu et al., 2019). Aptamer-ethanolamine interaction induces
the aggregation of AuNPs, transitioning red to light purple and

finally a colorless solution with a detection limit of 1 μg/ml. The
use of 4-mercaptophenylboronic acid (4-MPBA) as a color
indicator for the detection of several pathogens (Escherichia
coli; Salmonella pullorum; Staphylococcus aureus; Enterococcus
faecalis; Streptococcus mutans) was carried out by Huang et al.
(2020). 4-MPBA which contains two functional groups: a thiol
group and a boronic acid group facilitates strong binding with
nanoparticles and peptidoglycan present in bacterial cell walls

TABLE 1 | Summary of studies that have applied bio-receptors and chromogenic substrates for the detection of nucleic acid.

Nanoparticles
used

Bio-receptors
and chromogenic

substrates

Target
nucleic
acid

Mechanism
of detection

Colorimetric
output

Other
signal

transducer

Detection
limit

Main findings References

Gold
nanoparticles

Probe DNA; poly [(9,9-
bis (6′-N,N,N-
trimethylammonium)
hexyl) fluorene-alt-1,4-
phenylene] bromide)

nucleic
acids, small-
molecules,
proteins,
and
inorganic
ions

The study
assessed the
effectiveness of
single-stranded
probe DNA,
unmodified gold
nanoparticles,
and a positively
charged, water-
soluble
conjugated
polyelectrolyte
complex for
detection

Red colour is
retained Intense
blue colour in
control (Probe
DNA only)

UV-Vis
spectroscopy

1 p.m. The approach
detects nucleic
acids, small
molecules,
proteins, and
inorganic ions.
Permits mixing and
independent
optimization of
substrates at room
temperature,
producing rapid
and convenient
result

Xia et al.
(2010)

Platinum
nanoparticles
(PtNPs)

3, 3, 5, 5,-
tetramethylbenzidine
(TMB),

DNA Fabrication of
paper-based
analytical device;
magnetic bead
isolated system
and; target DNA-
induced
hybridization

Colourless;
Intense blue
colour in control
(only PtNPs)

digital pictures
by an Olympus
camera

0.05 μM The exhibition of
peroxidase-like
activities by DNA-
Pt hybrid
nanoparticles gives
insight on the
possible interaction
between metal
nanoparticles
and DNA

Chen et al.
(2017)

Gold
nanoparticles

Peptide nucleic
acid (PNA)

Viral RNA
(Newcastle
disease
virus)

The use of viral
DNA to counter
the specific
affinity/
agglomeration
ability of PNA with
gold
nanoparticles

Red colour is
retained Intense
blue colour in
control (PNA-
AuNPs)

UV-Vis
spectroscopy

5 ng Complementary
approach using the
detecting agent
was found robust,
simple and rapid,
as it does not affect
the sensitivity and
specificity of PNA
functionalized gold
nanoparticle

Joshi et al.
(2013)

Silver
nanoparticles

Peptide nucleic
acid (PNA)

proto-
oncogene
c-Myc
mRNA

Specific
recognition of
PNA-AgNPs,
promoting the
displacement and
formation of
AgNPs and PNA-
RNA complex
respectively

Brown to yellow UV-Vis
spectroscopy

50 nmol/L The study reports
the possible
detection of single-
base mismatch in
the target genes

Li et al.
(2016)

Gold
nanoparticles

Chitosan amplified
MTB DNA

Formation of
chitosan
functionalized
gold
nanoparticles

red to blue gel
electrophoresis

NA The study
promotes single
tube assay in
settings with low
resources

Tammam
et al. (2017)
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TABLE 2 | Summary of studies that have applied bio-receptors and chromogenic substrates for the detection of pathogenic bacteria.

Nanoparticles
used

Bio-receptors
and chromogenic

substrates

Target
pathogenic
bacteria

Mechanism
of detection

Colorimetric
output

Other
signal

transducer

Detection
limit

Main
findings

References

Gold nanoparticles Antibody Salmonella typhi Coating of glass fiber
membrane (conjugate
pad) with antibody–gold
nanoparticle conjugate

Red UV-Vis
spectroscopy

1.14 × 105 CFU/ml Detection of S. typhi in
spiked normal human
serum within 15 min
using only one step
showed high accuracy
and specificity

Preechakasedkit
et al. (2012)

Gold nanoparticles β-galactosidase;
Chlorophenol red β-D-
galactopyranoside (CPRG)

Staphylococcus
aureus; Escherichia
coli (ETEC)

Competitive binding of
positively charged
polyethyleneimine-
coated gold
nanoparticles (PEI-
AuNPs) to negatively
charged enzymes and
bacteria

Yellow to red UV-Vis
spectroscopy

10 CFU/ml The findings
eliminated the need for
sample pre-
concentration prior
detection assay

Thiramanas and
Laocharoensuk,
(2016)

Gold nanoparticles Propidium
monoazide (PMA)

Bacillus cereus The study explored the
use of an unmodified gold
nanoparticles and
propidium monoazide
(PMA)-asymmetric
polymerase chain
reaction (asPCR) method

Ruby-red to Blue-
purple

UV-Vis
spectroscopy

9.2 × 101 CFU/ml (in
0.01M phosphate-
buffered saline); 3.4 ×
102 CFU/ml (in milk)

The PMA successfully
eliminated the
interference of dead
bacteria as false
results further
promoting the
detection of other 10
common pathogenic
bacteria in milk

Li et al. (2018)

Gold nanoparticles Aptamer Salmonella
typhimurium

Displacement of gold
nanoparticles modified
with S. typhi specific
aptamers by S. typhi
viable cells

Red to purple or blue UV-Vis
spectroscopy

56 CFU/ml The method showed
no significant
difference when
compared with plate
counting approach
hence, could be
explored for pathogen
detection in food
samples

Ma et al. (2017)

Gold nanoparticles Aptamer Shigella flexneri Specific S. flexneri
aptamer previously
immobilized on the
surface of AuNPs were
displaced due to their
high binding affinity to
Shigella flexneri, inducing
the aggregation of
AuNPs

Red to Purple UV-Vis
spectroscopy

80 CFU/ml This aptasensor
shows rapid detection
and was also found
suitable for the
detection of
pathogens in complex
food matrices

Feng et al. (2019)

Gold nanoparticles Bifunctional oligonucleotide
probe; Aptamer

Salmonella enteric
serovar typhimurium

The release of gold
nanoparticles from the
initial oligonucleotide-

Blue to red UV-Vis
spectroscopy

10 CFU/ml It is applicable for the
detection of S. typhi
and other pathogenic

Xu et al. (2018)
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TABLE 2 | (Continued) Summary of studies that have applied bio-receptors and chromogenic substrates for the detection of pathogenic bacteria.

Nanoparticles
used

Bio-receptors
and chromogenic

substrates

Target
pathogenic
bacteria

Mechanism
of detection

Colorimetric
output

Other
signal

transducer

Detection
limit

Main
findings

References

aptamer-gold
nanoparticles complex
by S. typhi cells

bacteria in milk and
shrimp

Gold nanoparticles Aptamer; 3,3′,5,5′-
tetramethylbenzidine (TMB)

Pseudomonas
aeruginosa

Peroxidase-like
NanoZyme activity of
gold nanoparticles
(GNPs) after the
displacement of
Pseudomonas
aeruginosa–specific
aptamer (F23) by
Pseudomonas
aeruginosa

Blue colour UV-Vis
spectroscopy

60 CFU/ml The study establishes
the possible
adaptation of the
aptamer-NanoZyme
on a screen-printed
electrode further
producing a sensitivity
and reliable
colorimetric
electrochemical
sensor

Das et al. (2019)

Gold nanoparticles
(flower-shaped,
F-AuNPs and
sphere-shaped,
S-AuNPs)

Multiplex PCR assay Salmonella
typhimurium; Listeria
monocytogenes;
Escherichia coli
0157:H7

Use of gold nanoparticles
(AuNPs)-assisted
multiplex PCR assay

F-AuNPs: Blue
colour; S-AuNPs:
Red colour

UV-Vis
spectroscopy

Listeria
monocytogenes
10 pg/μL; Salmonella
typhimurium 10 pg/
μL; Escherichia coli
0157:H7 50 pg/μL

The study reports the
use of
unfunctionalized
F-AuNPs as a
sensitive colorimetric
sensor for the visual
detection of PCR
products

Du et al. (2020)

Gold nanoparticles Oligonucleotides Salmonella spp Formation of
oligonucleotide/AuNPs-
DNA complexes

Red to purplish-blue UV-Vis
spectroscopy

10 CFU/ml Oligonucleotides
functionalized AuNPs
showed high stability
without compromising
its biocompatibility

Quintela et al.
(2019)

Gold nanoparticles Carboxylated chitosan;
Aptamer

Salmonella
typhimurium

Adsorption of
carboxylmethyl chitosan
and amino-modified
aptamer on gold
nanoparticles

Red to blue UV-Vis
spectroscopy

16 CFU/ml The approach was
found consistent with
the classical plate
counting technique

Yi et al. (2019)

Gold nanoparticles Aptamer; Ethanolamine E. coli
lipopolysaccrides
(LPS)

Formation of general
probe (G-probe)
comprising of AuNPs
functionalized with
ethanolamine and
aptamer

Red to light Purple UV-Vis
spectroscopy

1 µgmL-1 The study report the
potential of dual
functional probes
namely general probe
(G-probe) and specific
probe (S-probe) for
quantifying and typing
of LPS respectively

Zhu et al. (2019)

(Continued on following page)

Frontiers
in

N
anotechnology

|w
w
w
.frontiersin.org

A
pril2022

|V
olum

e
4
|A

rticle
885803

7

D
aram

ola
et

al.
D
etection

of
P
athogens

and
B
iom

olecules

https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


TABLE 2 | (Continued) Summary of studies that have applied bio-receptors and chromogenic substrates for the detection of pathogenic bacteria.

Nanoparticles
used

Bio-receptors
and chromogenic

substrates

Target
pathogenic
bacteria

Mechanism
of detection

Colorimetric
output

Other
signal

transducer

Detection
limit

Main
findings

References

Gold nanoparticles 4-mercaptophenylboronic
acid (4-MPBA)

Escherichia coli;
Salmonella pullorum;
Staphylococcus
aureus; Enterococcus
faecalis;
Streptococcus
mutans

Developed and
immobilized 4-MPBA-
AuNPs on the surface of
bacteria cells via covalent
bonds

Red to Blue UV-Vis
spectroscopy

1.02 × 103 CFU/ml The broad spectrum
approach utilizing
bacterial inhibition of
salt-induced
aggregation of
chromogen was found
cost-effective to test
drinking-water quality

Huang et al. (2020)

Gold nanoparticles Aptamer Shigella sonnei Surface modification of
citrate-stabilized gold
nanoparticles and 4-MBA
ligand with S. sonnei
specific aptamers

Wine red to violet UV-Vis
spectroscopy;
Surface-
enhanced
Raman
spectroscopy

10 CFU/ml The dual-functional
composite showed
high affinity and
specificity effective for
the detection of food-
borne pathogens

Wu et al. (2020)

Silver nanoparticles Urease Salmonella
typhimurium

Affinity binding of
pathogen using urease
coated silver
nanoparticles (AgNPs)

Yellow to pink UV-Vis
spectroscopy

102 cells/mL Receptor coated silver
nanoparticles (AgNPs)
preferentially binds to
bacterial surface and
urease catalytically
elevates the pH of the
solution

Singh et al. (2019)

Magnetic
nanoparticles

Monoclonal antibody Salmonella
typhimurium

The study develops
technique exploring
immunomagnetic
separation and selective
filtration method using
monoclonal antibody
(MAb)-magnetic
nanoparticle (MNP)
composites

Increase in intensity
of brown colour

UV-Vis
spectroscopy

2 × 101 cells; 100
cells/g

MAb-MNP
nanocomposites can
be used as a good
detector reagent
independently

Shim et al. (2014)

Magnetic
nanoparticles

Aptamers; 3,3′,5,5′-
tetramethylbenzidine
(TMB); Hydrogen peroxide

Salmonella
typhimurium

Migration of specific
aptamers away from their
initial interaction with
MNPs to a more specific
receptor (S. typhi cells)
thus, enhancing the
peroxidase activity of
MNPs

Blue UV-Vis
spectroscopy

7.5 × 105 CFU/ml The method was
considered to be cost
effective with stable
activity, and promote
easy separation from
solution

Park et al. (2015)

Magnetic beads β-galactosidase;
Chlorophenol red-β-D-
galactopyranoside

Salmonella
typhimurium

Immunomagnetic
separation (IMS) using
anti-Salmonella coated
magnetic beads followed
by sandwich
immunoassay

Red to Red-violet Chemometer 102 CFU/ml Development of
colorimetric PADS
coupled with IMS for
the detection of
Salmonella
typhimurium in

Srisa-Art et al.
(2018)
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TABLE 2 | (Continued) Summary of studies that have applied bio-receptors and chromogenic substrates for the detection of pathogenic bacteria.

Nanoparticles
used

Bio-receptors
and chromogenic

substrates

Target
pathogenic
bacteria

Mechanism
of detection

Colorimetric
output

Other
signal

transducer

Detection
limit

Main
findings

References

comprising of antibody/
enzyme-Salmonella-
chromogens as a
colorimetric paper-based
analytical device (PAD)

samples without pre-
enrichment

Magnetic
Nanobeads

Lactoferrin; Antibodies Salmonella
typhimurium;
Salmonella enteritidis;
Staphylococcus
aureus;
Campylobacter jejuni

Lactoferin-immobilized
cotton swab captures
pathogens forming a
sandwich with specific
antibody-immobilized on
colored nanobeads

Cotton swab
based: Intense
black (St); blue (Se);
orange (Sa); green
(Cj) colour Solution
based: Violet to sky
blue

Loop-mediated
isothermal
amplification

Salmonella
typhimurium:10 CFU/
ml; Campylobacter
jejuni: 10 CFU/ml;
Salmonella enteritidis:
100 CFU/ml;
Staphylococcus
aureus: 100 CFU/ml

The quantitative
technique was found
promising and useful
for point-of-care
diagnostics

Alamer et al.
(2018)

Magnetic
nanoparticles

Aptamers; G-quadruplex
(G4) DNAzyme

Vibrio
parahemolyticus

Aptamer-conjugated
magnetic nanoparticles
(MNPs) and the
G-quadruplex (G4)
DNAzyme were used as
capture probes and
signal amplifying element
respectively

Increase in intensity
of blue colour

UV-Vis
spectroscopy

10 CFU/ml The improved catalytic
activity of G4 and the
high affinity and
specificity aptamer
showed promising
technique to the
conventional method
of Vibrio
parahemolyticus
detection

Sun et al. (2019)

Magnetic gold
nanoparticles

Pyrrolidonyl arylamidase
(PYR); Antibody; 4-
(dimethylamino)-
cinnamaldehyde (DMACA)

Group A
Streptococcus
pyogenes

The study exploited
antibody modified
magnetic gold
nanoparticles and
pyrrolidonyl arylamidase
(PYR) composite

Red colour UV-Vis
spectroscopy

3.3 × 102 CFU/ml The study provided
viable cells detection
without antigen and
nucleic acid extraction
technique

Eryılmaz et al.
(2020)

Chitosan-coated
iron oxide
magnetic
nanoparticles (CS-
MNPs)

2-2′-azino-bis(3-
ethylbenzothiazoline-6-
sulfonic acid) diammonium
salt (ABTS)

Escherichia coli;
Staphylococcus
aureus

The study evaluated the
development of chitosan-
coated iron oxide
magnetic nanoparticles
(CS-MNPs) and the
reduction of peroxidase-
like activity of CS-MNPs
by S. aureus

Decrease in green
colour intensity

UV-Vis
spectroscopy

102 CFU/ml The study established
possible potential
electrostatic
interaction between
CS-MNPs and broad
spectrum of bacteria

Le et al. (2020)

Gold-Palladium
nanoparticles
(Au@Pd)

DNA aptamer; 3,3′,5,5′-
tetramethylbenzidine (TMB)

Mcos (Campylobacter
jejuni)

Colorimetric aptasensor
based on peroxidase-like
activity of Au@Pd NPs in
phosphate buffered
saline

Blue product UV-Vis
spectroscopy

100 CFU/ml Increased aptamer-
cells complex
unblocked Au@Pd
NPs surfaces with
increased strong-
peroxidase acitivity
and high colour
intensity

Dehghani et al.
(2018)
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TABLE 2 | (Continued) Summary of studies that have applied bio-receptors and chromogenic substrates for the detection of pathogenic bacteria.

Nanoparticles
used

Bio-receptors
and chromogenic

substrates

Target
pathogenic
bacteria

Mechanism
of detection

Colorimetric
output

Other
signal

transducer

Detection
limit

Main
findings

References

Copper-based
metal-organic
framework
nanoparticles (Cu-
MOF NPs)

Aptamers Escherichia coli Formation of signal
probes using copper-
based metal-organic
framework nanoparticles
(Cu-MOF NPs)
functionalized with
streptavidin and
biotinylated aptamer

Colourless to yellow
colour

UV-Vis
spectroscopy

2 CFU/ml The combination of
Cu-MOF NP-
catalyzed
chromogenic reaction
with aptamer
increases affinity and
also acting as a novel
enzyme mimics signal
label

Duan et al. (2020)

Gold nanoparticles
(AuNPs); Gold and
iron oxide (Fe3O4/
Au) nanoparticles

Immunoglobulin Y (IgY);
Aptamer; 3,3′,5,5′-
tetramethylbenzidine (TMB)

Staphylococcus
aureus

Sandwich complex of
aptamer functionalized
gold nanoparticles-S.
aureus-IgY functionalized
iron/gold nanoparticles

Decrease in yellow
colour

UV-Vis
spectroscopy

10 CFU/ml The study reports IgY-
Fe3O4/Au
nanocomposites and
apt-AuNPs
nanoparticles as an
excellent capture
probes and optical
signal amplifier
respectively

Yao et al. (2020)

Hemin-
concanavalin
A-Hybrid
nanoflowers (HCH
nanoflowers)

2-2′-azino-bis(3-
ethylbenzothiazoline-6-
sulfonic acid) diammonium
salt (ABTS)

Escherichia coli
0157:H7

Formation of HCH
nanoflowers-E. coli-
Magnetic beads
sandwich

Light green to bright
green

UV-Vis
spectroscopy

4.1 CFU/ml The study offers a
one-step co-
precipitation
approach, magnetic
separation and an
enzyme mimicking the
widely known
peroxidase-like
activity in colorimetric
detection

Wang et al.
(2018b)

Gold
nanoparticles;
Magnetic
nanobeads

Monoclonal antibodies;
Urease; Polyclonal
antibodies

Listeria
monocytogenes

Formation of Magnetic
beads-Monoclonal
antibody-Listeria-
Polyclonal antibody-gold
nanoparticles-urease
complexes

Phenol red: Yellow
to Red;
Bromothymol
blue: Yellow to Blue;
Bromocresol
Purple: Yellow to
Purple

UV-Vis
spectroscopy

1.0 × 102 CFU/ml Replacement of
substrate colour
change with pH
indicator and
minimizing the risk of
endogenous enzyme
activity

Chen et al. (2018)
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through the covalent bonds. The study established the
importance of 1M NaCl concentration as a color inducer in
the detection of bacterial pathogens. Thiramanas and
Laocharoensuk (2016) conducted one of the foremost studies
that demonstrated the efficiency of Chlorophenol red β-D-
galactopyranoside (CPRG) for the detection of Staphylococcus
aureus and Escherichia coli (ETEC). The competitive binding of
positively charged polyethyleneimine-coated gold nanoparticles
to the negatively charged bacterial enzymes (β-galactosidase) in
the presence of CPRG transforms the red solution to yellow with a
detection limit of 10 CFU/ml.

Silver nanoparticles (AgNPs) in comparison with AuNPs have
also received attention in their single functionalized form but with
lesser application due to their toxic properties although, minimal
(Alabi et al., 2019; Ogunsuyi et al., 2019). Nevertheless, a study
demonstrated the use of AgNPs coated with urease both as bio-
receptor and chromogenic substrate for the detection of Salmonella
typhimurium. The coated AgNPs were found to preferentially bind
to bacterial cell surfaces, allowing the catalytic elevation of the
solution pH by urease and inducing a color change from yellow to
pink (Singh et al., 2019). Functionalized magnetic nanomaterials
have been explored for colorimetric detection of pathogenic
Salmonella typhimurium (Park et al., 2015; Srisa-Art et al.,
2018). Srisa-Art et al. (2018) assessed the use of CPRG as a
colorimetric paper-based analytical device (PAD) for detection
and immunomagnetic separation of the pathogen. The
development of the colorimetric PAD eliminates conventional
pre-enrichment of samples before detection.

Some studies have reported the advantages of functionalized
metal nanocomposite (bi-metallic) over the single functionalized
metal nanoparticles in that, its enhances sensitivity, strong affinity
with a broad group of Gram-positive and Gram-negative bacteria,
and in most cases effectively capture bacterial cells when
nanoparticles with magnetic (Fe3O4) and metal-organic
framework (MOF) properties are involved (Wang K.-Y. et al.,
2018; Duan et al., 2020; Xu et al., 2021). Dehghani et al. (2018)
studied the potential of gold-palladium (Au-Pd) nanocomposites
functionalized with aptamer and TMB as colorimetric aptasensor
againstCampylobacter jejuni. The increased aptamer-bacterial cells
complex based on the strong peroxidase-like activity of Au-Pd in
buffered saline intensifies the blue color of the solution. Similarly,
pyrrolidonyl arylamidase (PYR) functionalized magnetic-gold (Fe-
Au) nanocomposites for the detection of Group A Streptococcus
pyogenes induces a red color with the addition of 4-
(dimethylamino)-cinnamaldehyde (DMACA). Bacterial cells
detection was due to its affinity to PYR (substrate) enhancing
the production of β-naphthylamine, which upon reaction with
DMACA, intensified color change from yellow to red (Eryılmaz
et al., 2020). Other studies that have used bio-receptors and
chromogenic substrates inducing visual color change for the
detection of pathogenic bacteria are summarized in Table 2.

AMINO ACIDS, ENZYMES AND PROTEINS

Enzymes and proteins act very crucial roles in facilitating diverse
forms of activities that are pivotal to the survival of life in

microbes, plants, animals, and humans. Enzymes are involved
in the catalysis of various biochemical reactions, while proteins
form structures that help in the catalysis of biochemical reactions
and regulation of biological processes (Ayantunji et al., 2020).
Amino acids, Enzymes and proteins include, but are not limited
to cysteine, lysozyme, SARS-CoV-2 protein, C-reactive protein
(CRP), Okadaic acid (OA), carcinoembryonic antigen,
concanavalin A, lipase, transferrin (glycoprotein), Ebola virus
secreted glycoprotein (sGP), carbonic anhydrase, alpha-amylase,
catalase, and protease. For example, salivary alpha-amylase (sAA)
(EC 3.2.1.1) aids in the breakdown of starch to simple sugars in
the buccal cavity and has been applied as a biomarker to assess the
changes relating to stress in the sympathetic nervous system
(SNS) (Nater and Rohleder, 2009). The levels of diverse enzymes
and proteins have been linked to the occurrence and development
of myriads of diseases (Borrebaeck, 2017). Amylase has been
applied in forensic medicine when investigating crime scenes to
presumptively test for suspicious stains by searching for
appropriate genetic material because saliva has a higher
amount of amylase than sweat, semen, urine, or secretions
from the nose (Wittstein et al., 2005). Therefore, selective and
precise detection of enzymes and proteins is very important in
proteomic research, early diagnosis, and treatment of various
diseases (Xue et al., 2019). Enzyme-linked immunosorbent assay
(ELISA) has been widely used for the detection of proteins due to
its level of selectivity (Ambrosi et al., 2010), however, the
antibodies used in this assay are less stable and very costly
(Adhikary and Banerjee, 2021). Other methods used for the
detection of enzymes and proteins usually consume time,
require cumbersome sample preparation, and could be less
discriminatory in mixtures containing complex proteins.

Diversely functionalized nanoparticles have been reported by
employing colorimetric and UV-vis spectrometric methods for
the detection of proteins including the report by Lee et al. (2008).
These researchers conjugated gold nanoparticles with a thiol-
modified oligonucleotide sequence that has been labeled with a
fluorophore and incubated with different concentrations of
cysteine, the conjugate provided a colorimetric change from
red to purple with a detection limit of 100 nM, monitored by
UV-vis spectrometry. A similar colorimetric change from red to
blue with a detection limit of 100 nM was observed in a study by
Zhang et al. (2010) where gold was conjugated with EDTA and
complexed with lead ions (Pb2+) to induce the aggregation of
AuNPs for quick qualitative and quantitative analysis. These
reports showed a highly selective and sensitive assay but
limited by the inability to carry out point-of-care-testing, that
is free of cumbersome procedure in the laboratory. In a recent
study, Adhikary and Banerjee (2021) demonstrated the use of
core-shell nanoparticles made by coating chitosan-
tripolyphosphate (produced by ionic gelation) with a starch-
iodine shell to detect salivary alpha-amylase. These
functionalized nanoparticles gave a colorimetric change from
blue to red and were fabricated into paper-based diagnostic
material with a detection limit of 140 units/mL (70 mg/ml)
and a coated swab with a lower detection limit of 2.5 units/
mL (1.25 mg/ml). This has made possible room for accessible,
affordable, and instrument-free visual biosensors for point-of-
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care testing in diagnostic and forensic medicine by color-
switching (Adhikary and Banerjee, 2021).

To improve on the limitations of the conventional ELISA,
Tang et al. (2021) functionalized magnetic nanoparticles (MNPs)
with maleimide and thiol-modified antibodies to detect
carcinoembryonic antigen. MNPs-based ELISA for improved
antigen detection was established, with an experimental
sensitivity of about 100 times greater than the traditional
microplate ELISA giving a detection limit of 0.02 ng/ml.
Despite, the high level of sensitivity of the biomaterial design,
the expensive cost, and lesser stability of antibodies involved are
still major concerns. However, aptamers are being used to cater to
the cost and stability concerns of antibodies. In a study by Xie
et al. (2020), gold nanoparticles were conjugated with aptamer
and citicoline bovine serum albumin (citicoline-BSA) to detect
C-reactive protein. A very low detection limit of 8 pg/ml and a
color change from colorless to blue was reported. Since the
materials utilized were easy to prepare and the conjugate
design has good stability between batches with high specificity,
low limit of detection, low-cost and easy operation with simple
instruments, the focus should be on fabricating a simple device
for point-of-care-testing that would be a major predictor for the
risks of cardiovascular activities (Xie et al., 2020).

Electrochemical sensors are gaining much more attention in
the detection of enzymes and proteins, particularly with the
emergence of SARS-CoV-2. Chest computed tomography (CT)
was used for early diagnosis of COVID-19, but to detect the
SARS-CoV-2 antigen, real-time reverse-transcriptase polymerase
chain reaction (RT-PCR) is the gold test (Roberts et al., 2021).
Though effective, RT-PCR is time-consuming, gives false-
negative results for low titer value at times, is labor-intensive,
and is limited by the inability for rapid use where there is a large
outbreak and even for asymptomatic patients in a bid to curtail
the virus spread. Chen et al. (2022) functionalized gold
nanoparticles with streptavidin and biotinylated nanobodies to
detect SARS-CoV-2 spike protein using spectrophotometry or
portable electronic circuitry to give a detection limit of ~1.3 p.m.
An all-solid-state protein biosensor by Zhao et al. (2022) gave a
quantitative analysis of SARS-CoV-2 antibody with a detection
limit of 7.73 ng/ml monitored by differential pulse voltammetry
(DPV) and correlation coefficient of 93.8% compared to enzyme-
linked immunosorbent assay (ELISA) results. These researchers
manufactured colloidal quantum dots (CQDs) and functionalized
them with lead sulfide (PbS) and gold electrodes which also
discriminated patient and normal samples with 90% accuracy and
1 min reading of results by handheld testing system prototype.
This is a very good breakthrough if the detection limit can be
further optimized. However, an earlier report by Roberts et al.
(2021) accounted that gold nanoparticles functionalized with
fluorine-doped tin oxide (FTO) electrodes detected SARS-
CoV-2 Spike S1 antigen with a very low limit of 0.63 fM in
standard buffer and 120 fM in spiked saliva samples using
differential pulse voltammetry and cyclic voltammetry. No
cross-reactivity was reported with other viral antigens, the
response was rapidly provided within 10 s, the manufactured
electrode can be stored for about 4 weeks and there is a possibility
of using it directly to detect non-invasive SARS-CoV-2 from

saliva samples of patients. A detailed summary of functionalized
nanoparticles used for the detection of various enzymes and
proteins is presented in (Supplementary Table S1). Though
the overall cost of fabricating the electrode is low, there is a
need for a potentiostat to sense the electrode which may need to
be done in a laboratory setting and a trained handler. Yet, this
could be further fabricated into a hand-held device without the
need of a technician, possible usage outside of the laboratory
environment, and the sensor could be manipulated to detect
diverse diseases aside from SARS-CoV-2 spike S1 protein
(Roberts et al., 2021).

TOXINS

Toxins are biomolecules produced by living organisms (like
animals, plants, and microbes) primarily for defensive
purposes (Dorner and Rummel, 2015). Toxins could either be
the products of metabolism secreted directly by living organisms
or the materials that become toxic through microbial metabolic
activity and at times, they could be the degradation products of
non-living organisms (Torimiro et al., 2022). These
heterogeneous groups of molecules could exert toxic properties
on other organisms through ingestion, inhalation, injection, or
absorption (Janik et al., 2019). Toxins include ciguatoxin,
tetrodotoxin, ricin, abrin, mycotoxins, tetanus toxin,
botulinum toxins, staphylococcal enterotoxins, and so on
(Janik et al., 2019). The effect of these toxins on health could
be acute, prolonged, or permanent, but it is to be noted that most
of these biomolecules are very toxic in small amounts
(Pitschmann and Hon, 2016). Toxins easily spread via
contaminated food and water, and are such, are critical agents
of bioterrorism (Labib et al., 2009). Previously, the detection of
toxic biomolecules requires labor-intensive methods of culturing
tissues and testing animals but was later replaced with laboratory
methods of detection like the polymerase chain reaction (PCR),
latex agglutination, and enzyme-linked immunosorbent assay
(ELISA). However, these methods are difficult for field
detection, as the equipment needed for such analysis is not
designed for use outside of the laboratory and could take
some time to confirm the presence of toxin (Patel et al., 2017).
Hence, simpler, quicker, and highly selective detection methods
are now evolving with better advantages over conventional
methods. Nanomaterials are being used to manufacture
nanosensors to assist with the possibility of onsite detection of
toxic biomolecules (Zeng et al., 2016). Gold, silver and magnetic
nanoparticles are the main types of nanoparticles being used
because of their ability to be surface-modified and functionalized
with multiple compounds, not only that, they bind specifically
and selectively to target toxins (Morsi et al., 2017).

Cholera toxin has a hexametric structure with an A-subunit that
is enzymatically active and linked non-covalently to the pentameric
core of five B-subunits that are similar. Cholera is caused by when
the A-subunit and B-subunits synergistically induce serious
intestinal infection (Kuramitz et al., 2011). To detect cholera
toxin, Plasmonic gold nanoparticles coated with phospholipid
and embedded Raman indicators were functionalized with CT-
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binding ligands of ganglioside (GM1) by Zhang C.-H. et al. (2016).
Surface-Enhanced Raman Scattering (SERS) was used as the signal
transducer that resulted in a detection limit of 0.3 pg/ml of cholera
toxin. This is useful for point of care testing and diagnostic
monitoring of cholera because the nanobeacon designed is
simple, prompt, and reproducible in a dynamic range (Zhang C.-
H. et al., 2016). Though there was no chemical immobilization, the
disadvantage with this method of using SERS is that analytes with
less binding affinity to the SERS substrate will be difficult to detect.
The homogeneous dispersion of silver nanoparticles was self-
assembled on a floating 2D platform of mesoporous silica
modified reduced graphene oxide nanosheets by Juang et al.
(2020), where the advantage of the highly porous structure of
mesoporous silica (MPS) and the benefit of Raman enhancement
of reduced graphene oxide nanosheets were used as templates to
detect uric acid which is a uremic toxin. Here, the SERS intensity
increased resulting in a detection limit below 10–6M and the signal-
to-background (S/B) ratio was enhanced 6.9 times. However,
electrochemical sensors which provide multiplexed analyte
detection, require small amounts of analytes, and label-free
sensors are now being adopted (Brahmkhatri et al., 2021).

Clostridium botulinum produces a neurotoxin that blocks the
neurotransmitter to induce paralysis, even in small quantities,
hence prompt detection is highly needed. To detect botulinum
neurotoxin A (BoNT/A), Afkhami et al. (2017) produced gold
nanoparticles functionalized with a composite of graphene and
chitosan, which was used to modify a glassy carbon electrode for
signal amplification. The BoNT/A antibody was immobilized on
this glassy electrode resulting in a detection limit of 0.11 pg/ml of
the BoNT/A and a detection range of 0.27–268 pg/ml (Afkhami
et al., 2017). The measurements observed in this study were
greatly target-specific and linear with logarithmic BoNT/A
concentrations in human serum and milk. Staphylococcal
enterotoxin B (SEB) was detected by Mousavi Nodoushan
et al. (2019) using a highly specific electrochemical aptasensor
that gave a detection range of 5.0–500.0 fM with a detection limit
of 0.21 fM. In their report, gold nano-urchins (AuNUs) and
reduced graphene oxide (rGO) were incorporated into screen-
printed electrode that was later modified with a single-stranded
DNA probe and a precise aptamer. The basis of this study is the
ability of the aptamer to detach from the surface of the modified
electrode due to the affinity of the SEB toxin molecule to move in
the direction of its precise aptamer leading to an electrochemical
signal change monitored by Differential Pulse Voltammetry
(DPV), Cyclic Voltammetry (CV) and Electrochemical
Impedance Spectroscopy (EIS). The recovery percentages
observed were better and the standard deviation of this
aptasensor was lower when compared with the conventional
ELISA kit of SEB detection (Mousavi Nodoushan et al., 2019).
For the specific detection of Aflatoxin B1 (AfB1), Nirbhaya et al.
(2021) functionalized graphitic carbon nitride nanosheets with
thionine and immobilized same on an indium tin oxide (ITO)
coated glass electrode (Thn/g-C3N4/ITO). The setup was
harnessed to covalently bind 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide-N-hydroxysuccinimide
(EDC-NHS) with anti-aflatoxin B1 (anti-AfB1) which
conveniently blocks the non-specific sites of Aflatoxin B1

(AfB1) through the bovine serum albumin molecules. Atomic
force microscopy and cyclic voltammetry were used to monitor
the signal change resulting in a detection limit of 0.328 fg/ml
which indicated that the fabricated biosensing electrode can
detect Aflatoxin (AfB1). Several other microbial toxins
detection via colorimetric approach have been highlighted by
Nguyen and Kim (2021). A comprehensive list of
nanotechnology-based methods where nanoparticles are
functionalized with other substrates to detect the presence of
toxins is explained in Supplementary Table S2.

CONCLUSION AND PROSPECTS

Inadequate detection of pathogenic bacteria and other harmful
biomolecules in food, water, and the environment pose a huge
threat to global health and safety. Studies have recorded the huge
presence of harmful biological agents in a wide range of human daily
needs and activities across the globe causing deleterious effects
constantly. Some studies considered in this review have adequately
harnessed the importance of bio-receptor and chromogen
functionalized nanoparticles as bio-sensing and detection tools on
harmful biological agents in processed foods and water.
Unfortunately, pathogenic bacteria and biomolecules detection via
bio-receptor and chromogen functionalized nanoparticles have little
or no documented study fromAfrica, an environment with high cases
of food and water contamination. There is a need to utilize this
promising approach for adequate exploration and proper monitoring
of these biological agents in African countries.

From the studies, aptamers play a critical role in the detection and
effectiveness of pathogen and chromogenic substrates respectively.
Aptamers showcase their stronger affinity/complementary
properties to specific biological agent oligonucleotides causing the
displacement of nanoparticles and the release of its peroxidase-like
activities which induces a color change. Similarly, chromogenic
substrates not limited to the widely known chromogens reviewed
herein have shown an excellent remark from several authors,
identifying their promising properties as a point of care
diagnostic and monitoring. Careful development and its wide
acceptance would completely prevent the spread of diseases in
the environment, mostly antimicrobial resistance species.

For almost 2 decades, the promising nanotechnology-biosensor-
based technique is yet to receive commercial acceptance/usage as an
on-site and point-of-care method instead, have been restricted as a
laboratory experimental technique. In recent times, the use of
inexpensive materials such as solution-based approach, paper-
based strip, and immuno-chromogenic substances is gradually
gaining acceptance. These automated hand-held devices with
visual-aided approach present easy, rapid, portable sensing and
colorimetric detection that could function primarily as an
indicator test both within and outside laboratory though, there is
still a need to further improve on the optical and colorimetric
detection approach using highly specific bio-receptors that would
adequately address the detection of bacterial pathogens and their
biomolecules in food and water. It is also worthy of note that bio-
receptor and chromogens functionalized nanoparticles will be fully
maximized in the detection of pathogenic bacteria and other harmful
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biological molecules if actual hand-held devices that can
concurrently give a real-time and quantitative estimation are
manufactured without requiring special or additional training on
how to handle instrumentation.
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