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Abstract: Even in trace amounts, lead is a pollutant that harms people and wildlife. We thoroughly
examined more than a hundred articles on current developments in the detection of lead ions using
nanoparticle-based sensors for this work. Lead ions' identification and reduction should be prioritized
due to their dangerous nature to stop the severe pollution brought on by heavy metals. It is necessary to
have on-site detecting technology to find heavy metal-polluted areas quickly. However, this advanced,
commercially viable technology is hard to come by. Nano-based sensors improve spectral methods'
sensitivity, selectivity, and detection limits, yet more attenuation is needed in hazardous pollution
scenarios. It is concluded that, as research advances and methodological barriers are removed,
nanotechnology offers a viable approach to lead detection in aquatic settings as well as forensic samples.
These technologies will considerably support continuous environmental monitoring.
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1. Introduction

Although fast industrialization has enormous benefits for humanity, it also has certain
dangerous side effects, such as the release of wastewater containing heavy metals into the
environment, which causes their widespread distribution in the atmosphere. Heavy metals are
"Low-density chemical components that are highly toxic" and "metals with atomic weights
between 63.5 and 200.6 g mol™ and a specific gravity greater than 5 g cm" [13]. Because
heavy metals cannot degrade, they are problematic for both humans and the environment. It
alters the metabolic life cycle by attaching to the sulphonyl group in proteins. Some heavy
metals, such as Zn, Cu, Fe, Co, Mn, and others, are essential to life in small doses, and their
toxicity results from exposure above the allowable limit [4-6].

Conventional analytical methods, for example, spectroscopic techniques, can analyze
metal particles quantitatively. However, their implementation can be hindered by costly gear
and complex techniques [7,8]. Given these drawbacks, current attention is focused on
developing sensors for the on-site identification of metallic ions with great sensitivity, rapid
response times, and selectivity. Techniques that are more thought to fit the condition include
laser-induced breakdown spectroscopy (LIBS) [9], electrochemical [10], and optical [11]
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methods. Among them, optical sensors have been given more consideration [12-15]. To
develop such systems, two significant viewpoints should be considered: the immobilizing
platform (optical, electrochemical) and the receptor (heavy metal ionophore or organic
receptor) [16].

Till now, different sensors have been designed using different nanomaterials such as
carbon, metallic and magnetic nanomaterials, graphene-based nanomaterials, and quantum dots
depending on various optical signal transduction principles [17-22]. The simple design,
functionalization, easy and simple detection, and altered properties of bulk materials make
nanomaterials applicable for developing optical sensors [23].

Lead (Pb*?) is among the most dangerous heavy metals [24-26]. Small amounts of lead
ions are needed for cell signaling and signal transit in human and plant cells [27]. But these
ions, if present in abundance, bind with other regulatory proteins in the body despite specific
binding sites and cause impaired mechanisms through free radical generation. As a result, DNA
damage [28-30], increased lipid peroxidation, and sulfhydryl homeostasis may occur [30,31].
Lead ions show toxicity through inhibiting enzymes, oxidative stress, and reduced antioxidant
metabolism. The toxicity processes of lead ions are discussed in this work, along with the
nanoparticle sensor technology that has supported the many developments in lead sensing and
detection [32-35].

1.1. Toxicity range of lead and its exposure.

In the human body, lead is found bonded with RBCs and gradually eliminated via urine
over some time. Lead is present in the skeleton for about 20-30 years after death. Children are
more vulnerable to exposure to lead than adults as their blood-brain barrier is not fully
developed; the lead can penetrate the blood-brain barrier causing neurodegenerative diseases
[36]. Since metals are important for cellular functions, their concentration should not exceed
the permissible limit. Otherwise, it will result in toxic effects. The permissible limit of lead is
0.05 mg/L and 0.05 mg/L, according to WHO and BIS, respectively [37,38].

Humans get lead exposure from air and food to generally equivalent extents. Earlier,
lead exposure was seen in food prepared in pots that were composed of lead. 10-15% of lead
gets into the body of adults through food [39-41]. Mainly, lead discharges to surrounding air
have contaminated the environment, with over half of lead outflows from petrol. Lead in the
air can eventually accumulate in soil and water, getting exposed to humans by the consumption
of food and water [42-45]. Exposure can also occur in mines, smelters, battery plants, and the
glass industry.

1.2. Toxicity mechanisms of lead poisoning.

Lead affects a wide range of physiological, biochemical, and behavioral activities in
both animals and people [46-48], including the neurological [49], hemopoietic [50],
cardiovascular [51], renal [52], hepatic [53], and reproductive systems [54,55]. Yiin and Lin
(1995) showed substantial malondialdehyde enhancement when lead was exposed to linolenic,
linoleic, and arachidonic acid, which increased lipid peroxidation, causing damage to the cell
membranes of animals [56-58]. Again, lead exposure causes lipid peroxidation, and the amount
of peroxidation was proportional to the lead levels [59,60].

Lead toxicity's primary targets are changes in the shape of RBCs and inhibition of the
heme production pathway. The production process requires the cytosolic sulfhydryl enzyme
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alpha-aminolevulinic acid dehydratase. According to reports, blood lead levels of roughly 15
ug / dl are sufficient to stop an enzyme from working [61]. Lead also reduces ferrochelatase
activity, which is necessary for the final stage of heme production. Figure 1 illustrates how
reduced synthesis of heme results from insufficient normal ALAD activity to convert two ALA
molecules into porphobilinogen.
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Figure 1. Effect of lead on biochemical process [61].

As lead crosses the blood-brain barrier, it can cause mental and behavioral issues,
neuromuscular exhaustion, and even coma [62]. When lead is present, GABA is released and
binds to the synaptic membrane [63]. The growing organism has a 5-fold increased lead
absorption since it does not have a functioning blood-brain barrier. In both suckling and adult
rats, perinatal exposure can affect their neurochemical and behavioral makeup. Additionally,
mice exposed to acetate in drinkable water have been shown to develop dysfunctions. Lead
increases ROS. Increased intracellular Ca?* and ROS levels reduce mitochondrial capacity and
cause the release of cytochrome C, which leads to apoptosis, Figure 2 [64].

According to several research, lead affects the activity of antioxidant molecules like
GSH and enzymes like 6-phosphate dehydrogenase (G6PD), glutathione peroxidase (GPx),
catalase, and SOD in animals [65-67]. A study on lead-exposed employees revealed a direct
correlation between blood lead and MAD levels in RBCs. The inhibition of glutathione
reductase and glutathione S-transferase by lead has an impact on the metabolism of glutathione.
These enzymes raise levels of ALAD and oxidize hemoglobin [68].
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Figure 2. Generation of reactive oxygen species (ROS) due to inhibition of heavy metal ions. Reproduced with
permission from Elsevier [69].
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2. Detection of Lead lons using Nanoparticles

For the precise detection of Pb?*, a colorimetric technique based on aptamers was
created [69]. On graphene, FesOsNPs and AuNPs were produced to create composites of
graphene/Fe30s-AuNP that acted as a peroxidase mimic for the catalysis of color response. The
magnetic amine beads held the Pb?* aptamer in place. In the presence of lead ions, the Pb2*
aptamer's complementary strands were adhered to the surface of the nanozyme composite,
limiting catalytic performance and the color response, as seen in Figure 3. The relationship
between the target lead ionic strength and the solution's color and value A652 was inverse. Pb?*
was discovered between 1-300 ng/mL with a LOD of 0.63 ng/mL [70]. Xu et al. (2020) created
the biosensor using a SERS method to detect Pb?* ions. By using specific identification, the
Pb?* was found to be a magnetic SERS substratum over DSFes0.@Au@Ag NPs. Wu et al.
(2019) effectively recognized and reasonably expected Pb?* ion with an "inner rule" and a
detection range of 1.79 pg mL* utilizing DNA enzyme efficiency and the quenching effects of
Gold NP [71,72].

SERS
Biosensor

quantitative ||
detection of //
Lead Ions

In Human
Serum

Figure 3. Detection of Pb%* ions in colorimetric assay [70].

The specific and sensitive detection of Pb?* was carried out with Au@p-rGO
nanoparticles using the complementary base pairing principle [73]. Due to the selectivity, the
sensor could detect Pb?* specifically even when other interfering ions are present [74]. Wang
et al. (2020) documented the construction of a highly sensitive Pb?* sensor based on the FRET
mechanism between upconversion nanoparticles (UCNPs) and Au NPs. With the hybridization
of two complementary DNA strands, the FRET assay was developed for quenching the green
fluorescence of upconversion nanoparticles. The binding between UCNP aptamers and Pb?*
resulted in the formation of G-quadruplexes, resulting in unwound DNA for fluorescence
recovery, specifically detecting Pb?* as shown in Figure 4 [75]. Chen et al. (2020) created a
luminous Pb?" nanoprobe using the same fluorescence mechanism. Both magnetic FezO4
nanoparticles with gold modifications and aptamer-functional upconversion nanoparticles
(UCNPs) were created. In the absence of lead, the UCNPs and MNPs-GNPs fluoresced at 547
nm, but in the presence of lead, the dsSDNA between the UCNPs and MNPs-GNPs is broken,
and the fluorescence is recovered. With a linear range of 25-1400 nM and a LOD of 5.7 nM,
this effect enables the measurement of Pb?* [76].
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Figure 4. Fluorescence sensing assay constructed for Pb?* ions detection. Reproduced with permission from

Elsevier [75].

Pb?* ions were visually identified with a LOD of 55 pM in 100 pl (reaction
concentration) and 1,108 nM in 5 pl (sample concentration) by combining nanoparticles-
amplified magnetophoresis with Mie scattering [77]. A novel fluorescent compound based on
coumarin was created by Khan et al. in 2020, and it was then described (with solvatochromic
properties). Its local environment-sensitive property enhanced lead detection with the AuNPs
(AUNPs/1 conjugate) combination. The color shift in the visual region from light brown to
green and spectral changes in UV-Vis was observed (as shown in Figure 5 and Figure 6) [78].
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Figure 5. Addition of the Pb*2 ions in the solution of gold nanoparticles, the color changed from red to violet.
Reproduced with permission from Elsevier [78].
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Figure 6. The change in Colour is accompanied by Florescence Enhancement. Reproduced with permission
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from Elsevier [78].

5of 15


https://doi.org/10.33263/BRIAC135.466
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.466

Qin et al. (2020) are stated to be using a sensitive electrochemical sensing platform
based on AuNPs-CD-GS nanocomposite for individual/simultaneous determination of Cd?*
and Pb?* with a broad linear detection range (40 - 1200 g L) and low LOD [79]. The dispersed
AUNPs-CD-GS is manufactured using a simple one-pot synthesis using hydrazine and some-
CD as reducing agents for reducing GO and gold ions and optimizing HAuCI4 concentration.
Due to the fast adsorption absorption of Cd?* and Pb?" on any CD, the nanocomposite
demonstrates high capture capability. Azimi et al. (2020) used citrate-capped Ag nanoparticles
to evaluate Pb?" based on an aggregation of silver nanoparticles. In the presence of Pb?*, the
solution color changed from light yellow to violet depending on Pb?* concentration. Depending
on the lead concentration, the aggregation caused the local surface plasmon resonance region
to shift from 580 nm to 440 nm. In Figure 7 [80], the LOD of 0.056 mol L™ was discovered.

Yellow Color Violet Color
1
: .
Silver Nano Particle Silver Nano Particle + Pb (II) Ions
Lambda Max= 580 nm Lambda Max= 440 nm

Figure 7. Detetction of Pb?* using silver nanoparticle. Reproduced with permission from Elsevier [80].

Yin et al. (2020) prepared nano-Au electrodes that were manufactured to detect Pb?*
sensitively and demonstrated a highly selective response to Pb?*. The Pb?* electrochemical
detection was performed by differential pulse stripping voltammetry (DPSV) [81]. Ahmadian-
Fard-Fini et al. (2020) manufactured photoluminescence (PL) nano-fibers based on
electrospinning mechanisms for the detection of Hg?* and Pb?* ions [82]. Square wave anodic
voltammetry stripping was used by Dutta et al. (2019) and Maleki et al. (2019) to create metal
nanoparticles for lead (Pb 2*) detection. Gold nanoparticles were used by Silva-De Hoyos et al.
(2020) to detect lead ions using plasmonic and fluorescence techniques [83]. The brain's
neuromelanin (NM) can transform environmental poisons into stable compounds and inhibit
their ability to harm. Zhang et al. (2020) created a dopamine and amino acid that mimicked
NM. Figure 8 [84] shows that the NM exhibited intense fluorescence, which Pb?* can quench.

Square wave stripping voltammetry (SWSV) variables were independently tuned in the
study by Dutta et al. (2018) to identify As*3, Hg?*, and Pb?*, and peak heights, Ip, was achieved
for a variety of NP loadings. For each analyte and particle shape, the Ip values showed a distinct
trend that varied about NP loading. With the same loading of As (111), AuNSs exhibited larger
peak heights than AuNPs. High AuNP loadings resulted in a significant reduction in Ip values
for Hg?*, but high AuNS loadings resulted in a little reduction. The Ip values linked to Pb were
not significantly impacted by NP loadings %*. These results imply that the loading and form of
gold nanostructures can affect the effectiveness of electrochemical heavy metal identification
and should be considered [85].
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Figure 8. Biogenic Au NPs used for the detection of heavy metal ions. Reproduced with permission from
ScienceDirect [84].

A glassy carbon electrode (GCE) has been developed in the study by Xu et al. (2019)
using PPy NPs, polydopamine, CQAS, and LSN as PPy dispersants. With a detection limit of
55 nM, the modified GCE demonstrated remarkable sensitivity and selectivity for Pb?" in the
concentration range of 0.1 to 50 M. Hg?* and Cu had no effect on the sensor, and the redox
potential for Pb?* was approximately 0.55 V. According to the results of the time-dependent
stability test, this sensor can sustain good reproducibility for a month. Utilizing this sensor,
Pb?* in wastewater samples was determined [86]. In the study by Zhang et al. (2019), the
Pd@PAC modified glassy carbon electrode (Pd@PAC/GCE) was employed for the square
wave anodic stripping voltammetry detection of trace Cd?*, Pb?*, and Cu?" ions (SWASV).
Under the same experimental conditions, it demonstrated excellent anti-interference, sensitive
and selective identification of heavy metals concurrently and individually, as well as
repeatability, reproducibility, and stability [87].

In contrast to other metal ions, NDTM-AuNPs demonstrated a sensitive and selective
spectrophotometric signal with Pb?* in the study by Sengan et al. (2020). A linear response was
seen in the range of 0 to 30 M for the colorimetric changes resulting from Pb?* concentration
(R2 = 0.9942). The detection limit by unaided sight was determined to be 10 M and by
spectrophotometry to be 0.35 M. The Pb?* ions in tap water and wastewater may be determined
with success using the suggested method [88]. The optimal desorption conditions were
achieved using 500 L of 0.5 mol L™ HNO;s as the eluant in the Silva et al. (2019) study. The
relative standard deviation (RSD) and limit of quantification (LOQ) were 16.48 g L™t and 0.25
percent, respectively. It was discovered that the linear range was 16.48-500 g L. Recovery
tests on samples of mineral water, micellar water, and agqueous makeup remover were used to
gauge the accuracy; the results ranged from 95.94 to 118 percent [89].

The limit of detection and linear range for the "on-off" approach of MW G-BSA-
AUNCs for Pb?* ion identification were 0.28 and 1-20 nM, respectively, in the study by
Ryavanaki et al. (2020). The MW G-BSA-AuUNCs probe's recoveries, which were utilized to
find the presence of the Pb?* ion in tap water, ranged from 93.8 to 102.2 percent, with an
average of 97.1 percent. In comparison to the often utilized "turn-o" methods of MW BSA-
AUNCs, the "off-on" method can offer a lower detection limit, improved selectivity, and better
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recovery [90]. The linear range for Pb?* determination in the study by Sahu et al. (2020) is 10-
100 ng mL*, with limits of quantitative determination of 5.28 and 17.62 ng mL™,
correspondingly. The accurate recovery rate of 95.8 to 96.6 percent demonstrated the method's
selectivity for Pb?" measurement from complicated sample matrices. The benefits of the
suggested approach for determining Pb?" in samples of onions include its simplicity,
selectivity, and reproducibility [91].

The detection limit of HP-CD-AuQDs (32 nm) was less in the study of Kou et al.
(2020). The HP-CD-AuQDs (25 nm) displayed the greatest Pb2 selectivity. After 32-nm S-
CD-AuQDs were functionalized, aggregation took place. A solution Pb?* concentration of 83.3
mol/L corresponds to all of the ocular detection limits. Although the 25-nm HP-CD-AuQDs
had a lower detection limit, their selectivity was poor. Additionally, 25-nm S-CDAuQDs
exhibit greater Pb?* colorimetric selectivity. Pb?* in tap water may be detected colorimetrically
with excellent reproducibility [92]. The MOF was utilized as a sensitive probe in the study by
Venkateswarlu et al. (2020) for the quick and ultrasensitive identification of Pb?* ions at a
concentration of 7.7 pM, one of the lower detection limits recorded for such a system. The
MOF exhibits strong selectivity for different transition metal ions, which can be competitively
coupled to the ligand [93].

Table 1 depicts the comparative summary of the detection sensitivity achieved by
different nanoparticles and various lead interfaces.

Table 1. Summary of the detection sensitivity achieved by different nanoparticles and various interfaces of lead

ions.
Sr. | Nanoparticle Functionalizing Method of Liner Limit of Sensitivi Reference
No. | Fabricated agent detection Range | Detection Yy
Graphene/Fe304- Colorimetric 1-300
1 AUNPs Aptasensor Detection ng/mL 0.63 ng/mL [70]
2 FesOs@AuU@Ag NP DNAzyme (SERS) 2'81n:3| 5pM [71]
Gold Nps and 10to
3 CdSe/ZnS quantum DNA Substrate Fluorescence 100ng | 1.79 pg mL? [72]
dots mL™!
Gold modified Electrochemical gmollL
4 g;&rm]%r;eor:: it Aptasensor Detection 01 1.67 pmol/L [72]
P umol/L
. 0.028-
5 | Magnetite (FesOq) ICP-MS 300 | 0.0084 uM [72]
nanoparticles
uM
Polypyrrole Electrochemical 1-400 4
6 nanocomposite Detection pug Lt 0315 gL [74]
Fe;0:@PDA@MNO; Electrochemical 0.1- .
7 core-shell . 150 pg | 0.03 pgL [75]
. Detection B
nanocomposites Lt
Fluorescence 0050
8 Gold Nps Aptamer resonance energy M 4.1nM [75]
transfer (FRET)
Magnetite-modified 25~
9 g . Aptamer FRET 1400 5.7nM [76]
gold nanoparticles
nM
55 pM in 100
10 | Gold Nanoparticle Mie scattering ul reaction [77]
concentration
11 | Gold Nps Coumarin derivative Fluorescence [78]
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Sr. | Nanoparticle Functionalizing Method of Liner Limit of Sensitivi Reference
No. | Fabricated agent detection Range | Detection Yy
. . 40 -
12 | Gold Nps B-cyclodextrin- Electrqchemlcal 1200 i i [79]
graphene Detection 4
ug L
0.19 to
Local surface
13 | Silver Nps deferoxamine plasmon resonance 129 0'_?56 umol - [80]
pmol L
(LSPR) L1
Differential pulse
. i stripping 0.5to 0.27996
14 | Gold Nanoparticles voltammetry 10 M 0.06 M MmA M-1 [81]
(DPSV)
15 CeIIquse acetate - Photoluminescence | - - - [82]
nano-fibers
16 | Gold nanoparticles - Fluorescence - - - [83]
Neuromelanin 10-50
- - -1 -
17 nanoparticles mg L 2mg L [84]
Iron oxide Polyamidoamine 0510
18 . y . SWASV 80 ng 0.17ngmL? | - [85]
nanoparticles dendrimer 1
mL
0.1to
19 Antimony i Electrochemical 3.0 2.01 nmol i [86]
nanoparticles Detection pmol Lt
Lfl
. N- Colorimetric 0-30
20 | Gold nanoparticles decanoyltromethamine | detection M 10uM i [87]
21 | Gold Nanoclusters - - KAZO 0.28nM - [88]
. . 10-100
29 Au/Ag Bllmetalllc i ) ng mL- | 5.28miL i [89]
Nanoparticles 1
. . Colorimetric
23 | Nanocrystalline Gold | B-cyclodextrin Detection - 83.3 umol/L | - [90]
Metal-Organic Reversible
24 | Framework - Fluorescence - 7.7pM - [91]
Nanoparticles Switching
Square wave
25 ﬁgg@m core-shell - anodic stripping - 0.8 nM - [92]
voltammetry
Gold nanoparticle-
graphene- Square wave
26 selenocysteine - anodic stripping - 0.05 ppb - [93]
- voltammetry
composite
3. Discussion

The current study examines lead ions, their pollution sources, and their toxicity
mechanism in addition to nanoparticle-based detection methods. Due to the harmful nature of
lead ions, their identification and elimination should be given priority to stop the severe
pollution caused by heavy metals. Currently, on-site detection equipment that can quickly
locate heavy metal-polluted locations is required. But it's hard to find this developed,
marketable technology.

Nano-based sensors boost the sensitivity, selectivity, and limit of detection of spectral
approaches, although greater attenuation is required in hazardous pollution situations. To build
on-site detection, it is crucial to consider matrix interference and critical analyte analysis. At
first, as environmental contamination rises, cutting down on the analysis time is crucial. The
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enhanced sensitivity mechanics that can be achieved by fusing spectral approaches with
theoretical calculations also need to be demonstrated through actual testing. Overall, we
realized that nanotechnology provides a promising alternative to lead identification in aqueous
environments and forensic evidence. These technologies will significantly contribute to the
ongoing environmental monitoring as researchers go forward and remove the method's
obstacles.

4. Conclusions

The present study analyses the lead ions and their origins of contamination and toxicity
mechanism along with nanoparticle-based detection technologies. Due to lead ions' toxic
effects, their detection and reduction should be prioritized to prevent heavy metal-related
pollution from becoming severe. On-site detection Kits, able to track heavy metal polluted sites
easily, are a current necessity. But this form of mature and commercialized technology is
scarce. The sensitivity, selectivity, and detection limits of spectral methods are increased with
the nano-based sensors, but more attenuation is needed in the critical pollution situation. The
matrix interference and critical analysis of the analyte are very much required to develop on-
site detection. Firstly, decreasing the analytical time is important as environmental pollution is
increasing. In addition, direct experiments need evidence to reveal the enhanced sensitivity
mechanisms that can be accomplished by combining spectral techniques with theoretical
calculations.

We concluded that nanotechnology offers a promising approach to lead detection in
aquatic settings and forensic samples. These methods will significantly contribute to the day-
to-day monitoring of the environment as researchers move forward and break down the
bottlenecks of these methods.
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