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Abstract

The literature collected from various search engines and high-quality scientific databases
reveals that amino acid (AA)-functionalized nanoparticles have emerged as a promising
field for selective detection and remediation of heavy metals (HMs). Among the various
nanoparticles (NPs), gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) have
drawn considerable attention, attributed to their unique optical, catalytic, and surface
plasmon resonance properties. Functionalization with amino acids significantly enhances
nanoparticle stability, biocompatibility, and metal-binding affinity through diverse func-
tional groups. AA-functionalized AuNPs, including glycine, cystine, leucine, methionine,
tyrosine, aspartic acid, histidine, and lysine-capped systems, exhibit tunable selectivity
toward heavy metal ions. Bifunctionalization strategies further enhance sensitivity by
inducing nanoparticle aggregation or signal amplification. Beyond single amino acids,
polypeptides and protein-functionalized AuNPs offer enhanced molecular recognition
and multivalent binding, expanding their applicability in complex matrices. Similarly,
amino acid-functionalized AgNPs, such as those capped with similar amino acids stated
above, exhibit strong interactions with heavy metals, AA bifunctionalization, and bimetallic
nanoparticles (BNPs), particularly amino acid-functionalized Au–Ag systems, which com-
bine the advantages of both metals, leading to improved sensitivity, selectivity, and signal
strength. Although these advances have been made, a major gap remains in the systematic
comparison of different amino acids, peptides, and bimetallic systems under real-world
conditions. This gap can be addressed by standardized testing methods, clearer structure–
function relationships and combined experimentation to guide the rational design of more
efficient AA-functionalized nanoparticles.

Keywords: AuNPs; AgNPs; heavy metals; amino acid; detection; biosensors; environmen-
tal monitoring

1. Introduction
Heavy metals (HMs) are naturally present in the environment [1], and an increase in

their abundance is attributed to anthropogenic activities [2]. Geological events, including
volcanic eruptions and erosions [3], also contribute to their undesired concentration in
the natural environment. HMs exist in the environment as cations, i.e., Cd(II), Mn(II),
Hg(II), Ni(II), Zn(II), etc. [1,4]. HMs accumulate in the soil and combine with organic and
inorganic contents, increasing the soil toxicity profile [5]. This phenomenon leads to the
transport of HMs into water bodies. The bioavailability of HMs in soil and water poses a
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significant threat to living organisms, causing long-term DNA alterations and death due to
their intrinsic cytotoxicity [6]. Sorption of HM ions on sediments, organic and inorganic
ligands, explains the mobility and persistence of these ions. In addition to the precipitation
of metals (as metal sulfates, carbonates, hydroxides, or hydrogen phosphates), microbial
activities, chemical compounds in sediments, and the methylation of some metals influence
the oxidation and reduction in metals [1,4]. The presence of undesired HMs in different
environmental compartments poses a serious threat to environmental sustainability due to
their non-biodegradable and bioaccumulative properties [7]. The high mobility of these
metals increases their bioavailability and results in serious environmental impacts [1,4].

Thus, accurate detection of HMs is crucial to ascertaining pollution problems. It is
important to address the gap for developing and refining the detection methods to remove
HMs from the environment. The detection methods widely used for HMs include induc-
tively coupled plasma mass spectrometry/atomic emission spectrometer, atomic absorption
spectrometry, atomic fluorescence spectrometry, laser-induced breakdown spectrometry
and atmospheric pressure discharge plasma technology [8]. In addition, neutron activa-
tion analysis and X-ray fluorescence techniques have shown high efficiency and accurate
evaluation capabilities [9]. Among the latest emerging technologies, chemical and optical
nanosensors stand out as among the most effective systems for detecting toxic HMs, with
enhanced detection limits, quantification capabilities, and ease of on-site operation [10].
Moreover, biomaterials, advanced polymers, functional nanomaterials, and porous ma-
terials are also used in the effective detection and elimination of HMs. Such systems are
appreciated not only for their real-time detection, high removal efficiency, quick response,
and low detection limits but also for their resistance to interference, excellent selectivity,
and robust performance [11].

Enhancing the sensitivity of analytic techniques constitutes emerging technologies
such as the use of nanomaterials, which can be used for preconcentration, increasing the
sensitivity of the analytical technique and allowing real quantification of the sample. The
electrochemical methods, which are cost-effective, less time-consuming, and user-friendly,
provide the best in-field application alternative, offering fast response and high sensitivity.
The accurate detection and application of appropriate remedial techniques are vital due to
the toxic, non-biodegradable nature of HMs and their bioaccumulation in the food web [12].
Conventional heavy metal remediation methods, such as chelation, coagulation, and ion
exchange, often require large amounts of chemicals and can cause secondary pollution. As
a result, recent research has increasingly focused on nanomaterials as cleaner and more
effective alternatives for heavy metal detection and remediation [2,6,7].

Metal nanoparticles (NPs) demonstrate unique physicochemical properties owing to
their small size and high surface area [13]. Metal nanoparticles (MNPs), especially Au and
AgNPs, improve the selectivity and sensitivity of analytical techniques, such as colorimetric
and electrochemical sensors. Their unique properties improve the limit of detection for
heavy metals [14]. However, the use of metal-based nanoparticles also has limitations,
with respect to biomedical and environmental hazards [15–17]. The employment of bio-
compatible ligands and systematic functionalization not only improves the qualities of
metal nanoparticles, i.e., AuNPs, but will also minimize their toxicity. Dispersion retention
and prevention of aggregation in biological environments can be achieved with the right
stabilizing agents and surface coatings. The modification to enhance biocompatibility and
targeted delivery can reduce associated health risks and accelerate clearance [15]. The
design of NPs such as AuNPs and AgNPs with molecules of biological origin, i.e., amino
acids (AAs), could be incorporated [18]. The high binding energies of deprotonated AAs
to the NPs imply that AAs play a significant role in the synthesis and stabilization of
NPs in different pH media. The ability to interact efficiently with metal ions and stabilize
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NPs makes AA-functionalized AuNPs and AgNPs suitable for biosensing and biocatalytic
applications [19]. Despite significant recent advances, the main research gap lies in the lack
of systematic comparative studies correlating amino acid structure, binding mechanisms,
and real-sample performance across mono/bimetallic nanoparticle systems. This gap can
be addressed by integrating experimental sensing platforms with testing practices and
application-oriented validation in environmental and biological samples, thereby enabling
the rational design of novel and next-generation AA-functionalized nanomaterials.

1.1. Benefits of AA-Functionalized NPs

Amino acid-functionalized AuNPs and AgNPs have better stability. For example, the
cysteine thiol and histidine imidazole moieties in AAs help in binding to the NPs, thus sta-
bilizing functionalization. Moreover, the surface functionalization provides additional sites,
such as amino- or carboxyl groups [20]. Amino acid-functionalized AuNPs have better
selectivity and sensitivity of colorimetric sensors toward toxic metal ions. The functionali-
ties in AAs are complex with metal ions and interact with the AuNPs. Such a process may
either promote or inhibit the aggregation of AuNPs in the presence of metal ions, which
is the most notable aspect that gives rise to color changes, thereby promoting naked-eye-
based discrimination among metal ions. Notably, AAs such as lysine, histidine, cysteine,
tyrosine, and arginine impart selectivity to the sensor array through several mechanisms
of interaction with the AuNPs and the metal ions. Rightly regulating the agglomeration
of AuNPs increases the colorimetrical response, thus allowing the recognition of various
toxic metal ions in aqueous media [21]. Amino acid-based functionalized materials offer
benefits in detection and sensing applications due to their structural variations in the side
chains. AA-based materials have lower toxicity, biodegradability and biocompatibilities.
The diversity of functional groups on the side chain also provides stable conformations
during complexation with a variety of metal cations in aqueous environments. AAs can
also be used or modified to polymeric form on their own and can be integrated with other
polymeric materials as a membrane coating for enhanced selectivity. Despite the various
environmental benefits of AA-functionalized materials, their large-scale applications have
to be carefully evaluated and monitored in real-world applications for HM detection and
applications [22].

The effectiveness of EDTA in removing HMs does not alleviate concerns about non-
degradable EDTA residues, which can adversely affect normal biochemical processes.
Additionally, the efficiency of HM adsorption by EDTA decreases due to the non-selective
complexes EDTA forms with essential soil elements, including K, Ca, and Mg [2,23]. In
comparison, AAs form stable chelates with various metal ions through their distinct
side groups, varying in size, form, charge properties, ability to form hydrogen bonds,
and chemical interactions. Moreover, modified AAs are effective HM chelators, as they
can selectively interact with the metal ions in environments, facilitating their removal.
This effectiveness can be attributed to the selectivity and greater competitiveness of AAs
compared to EDTA [24].

This review aims to investigate the effectiveness of AA-functionalized materials in the
detection and elimination of HMs from contaminated environments. This review provides
a comprehensive overview of amino acid-functionalized Au and Ag NPs. This review
seeks to evaluate the potential of various innovative materials in enhancing the adsorption
capacity, selectivity, and efficiency of HM removal by reviewing the latest developments in
this field. It will also discuss the advantages, limitations, and prospects for the application
of amino acid-based functional systems in the detection of HMs.
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1.2. AAs and HMs

The use of AAs for the detection and removal of HMs has attracted significant interest
due to their biocompatibility [25] and functional group diversity [1]. The formation of
stable complexes with HMs reduces their toxicity and bioavailability. However, their use in
HM remediation is poorly studied [1,26]. Examples of AAs studied for the detection and
removal of HMs include tyrosine, cysteine, glutamic acid, histidine, etc.

The application of tyrosine is mostly focused on detecting HMs in contaminated
environments. Due to the presence of side chains, aromatic phenolic moiety is believed
to enhance its ability during binding with metal ions, making it a promising candidate in
environmental sensing applications [27]. Hu et al. have proposed four possible interaction
modes (Figure 1a–d) of divalent Cu and Zn metal ions with the peptide fragment containing
tyrosine in the chelation process. The complex in Figure 1a shows the binding of the metal
ion with carbonyl oxygen and nitrogen of the same amide group. This mode of interaction
is considered less stable without the interaction of the phenolic group of tyrosine in the
resultant complex. Figure 1b–d show the modes of interaction where the aromatic ring in
tyrosine is involved in the binding, resulting in more stable complexation due to favorable
complex geometries. The aromatic interacts through π interaction to the metal cations
and the nitrogen on the adjacent amide group in the coordination. In Figure 1b, the
possible interaction of the hydroxy group due to its feasible orientation can also participate,
resulting in a more stable interaction. However, in Figure 1c,d, the participation of the
hydroxy groups is less likely to be involved in the interaction due to their unfavorable
orientation. By looking at the four possible modes, it can be concluded that the metal
ion is primarily coordinated by the nitrogen from the amide group and the aromatic ring
through π interaction, whereas the participation of the hydroxy group depends on its
conformations [1,27].

Figure 1. Different possible conformations of the amino acid tyrosine moiety in a peptide with metal
ions (a–d).

Cysteine is another important AA with a thiol side chain, which enables it to form
complexes with HMs (Figure 2) [1,28]. The thiol group coordinates with Cd(II) [28], while
the thiol and amino groups selectively chelate with Hg(II) ions [29]. Cysteine is a par-
ticularly strong ligand for divalent ions such as Cd(II) and Ni(II), because of its good
affinity compared to other AAs, and its coordination with metal ions occurs under special
conditions where pH > 5.
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Figure 2. Optimized structure of the cysteine–metal cation complex. Adapted from [3].

Glutamic acid has a carboxylic acid side chain. The interaction with HMs occurs
through the β- and γ-carboxylate groups, which act as metal-binding sites (Figure 3). There-
fore, glutamic acid acts as a tridentate ligand which forms N-O-O chelates [1]. Many papers
have discussed the removal of HMs using poly-γ-glutamic acid, a substance composed of
repeating units of L-glutamic acid, D-glutamic acid, or DL-glutamic acid, with an amide
bond linking the α-amino and γ-carboxylic acid groups [30–32]. It is a natural synthetic
polymer that is biocompatible, water-soluble, biodegradable, and safe to humans. It also
exhibits effective removal of Cu, Cd, and Pb ions [30].

Histidine contains an imidazole moiety in its side chain [33]. The imidazole group
has a highly polarized, planar, five-membered aromatic ring with amphoteric properties,
allowing it to exhibit both acidity and basicity characteristics [1]. The imidazole ring in its
side chain readily participates in hydrogen bonding, coordination bonding and cation–π

interactions. It also functions as a tridentate by forming a six-membered ring chelating
with its carboxylic group [34]. Histidine forms stronger cation–π interactions with Zn(II)
than with histidine and Cu(II). However, these interactions reduce the toxicity of Zn and
Cu [1,33]. As illustrated in Figure 4, coordination to metal cations like Zn(II) and Cu(II)
fundamentally enhances the local chemical reactivity; the metal center strongly polarizes
bound water molecules, drastically increasing the interaction energy (∆Ei) with the solvent.
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Figure 3. Optimized structure of the glutamic acid–metal cation complex. Adapted from [3].

 

Figure 4. Metal cation enhancement of histidine–water interaction: (a) weak interaction of histidine
with water; (b) strong interaction of histidine with water induced by Zn2+; (c) strong interaction of
histidine with water induced by Cu2+. Adapted from [33].
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1.3. Nanoparticles

The growing need for industrial water recycling has increased research numbers in the
nanotechnology field [35]. Research has shown that nanomaterials are effective adsorbents
due to their non-toxicity, high adsorption capacity, and recyclability. Additionally, nanoma-
terials are distinguished by their ease of synthesis and functionality, high active surface
area, and chemical flexibility, which increases their use in water treatments. Nanomaterials
can be classified into nanoparticles, nanotubes, nanowires, nanosheets, and nanospheres.
They are further classified into non-magnetic and magnetic nanomaterials. Magnetic
nanoparticles are considered an advanced form of nanomaterials owing to their small size,
large surface area, and biocompatibility, which effectively contribute to the removal of
HMs from contaminated water. HMs are removed by adsorbing onto the surface of metal
nanoparticles (MNPs) [36]. In this context, Au and AgNPs have been explored to a greater
extent for the detection of metals. In the following sections, an elaborated description of
these nanoparticles is presented.

1.4. Detection Methods of HMs
1.4.1. Electrochemical Methods

These methods are based on electron transfer reactions at an electrode’s surface when
a suitable potential is applied and a measurable current is produced. Electrochemical
methods exhibit very high sensitivity, low cost, are suitable for field detection, need minimal
sample preparation and detect a wide range of multiple metals simultaneously. The method
uses at least three electrodes: working electrodes where the metal ion reaction occurs, a
reference electrode which provides a stable reference potential and a counter electrode
which completes the circuit. The anodic stripping voltammetry (ASV) technique is most
commonly used for heavy metal detection [37–39]. This technique involves two steps:
deposition and stripping. In deposition, a negative potential is applied, and metal ions
are reduced and deposited onto the surface of electrode. When potential is directed to a
positive potential, deposited metals are oxidized back into solution. Each metal produces a
peak current at a characteristic potential, where the peak position identifies the metal, and
the peak area measures the concentration.

1.4.2. Optical Detection of Metal Ions

This technique relies on the interactions between metal ions and a detection element,
such as a ligand, biomolecule, dye or nanomaterial, which induces a measurable change in
the optical signal, such as a change in color, absorbance or emission wavelength, an increase
or decrease in fluorescence intensity, or a change in luminescence intensity. This method
is characterized by its high sensitivity, cost-effectiveness, speed and suitability for on-site
monitoring. Optical detection techniques include colorimetric detection, fluorescence
detection, photoluminescent (phosphorescent) detection, surface plasmon resonance (SPR),
and localized surface plasma resonance (LSPR), as well as fiber optical sensors.

Colorimetric Detection Technique

This technique relies on the binding of a metal ion, which causes a change in electronic
transition and results in a visible color change. While this technique is simple, and the
changes can be measured with the naked eyes or using UV-Visible spectroscopy, it is less
sensitive than fluorescence methods [40,41].

Fluorescence-Based Detection

This method is based on the binding of the metal ion that causes changes in the
intensity of fluorescence. This technique follows several mechanisms, such as photoinduced
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electron transfer (PET), chelation-enhanced fluorescence (CHEF), fluorescence resonance
energy transfer (FRET) and aggregation-induced emission (AIE). For PET, electrons are
transferred from the HOMO of the doped group to the LUMO of the fluorophore [42]. CHEF
arises when a fluorophore produces a stable complex with a metal ion, which enhances the
intensity of fluorescence [43]. FRET occurs when an excited donor chromophore transfers
energy to an acceptor chromophore located at close range [44]. AIE occurs for some
molecules the exhibit increased fluorescence when aggregated [45,46].

Luminescent (Phosphorescent) Detection

This technique arises from metal complexes or lanthanides. The limitations of this
method are high cost and complexity in synthesis [47].

Surface Plasmon Resonance (SPR) and LSPR

This method relies on the fact that the binding of metal ions causes changes in the
refractive index near metallic nanostructures. The detection is typically measured us-
ing functionally modified Au nanoparticles. This method is sensitive to environmental
changes [48,49].

Optical Fiber and Waveguide Sensors

In this method, functionalized fibers are used and cause a change in transmission or
luminescence when metal is bonded [50,51].

2. Gold Nanoparticles (AuNPs)
The biocompatibility, simplicity of surface modification, and quantifiability of gold

nanoparticles (AuNPs) have attracted much attention [52]. Gold NPs exhibit interesting
size-dependent electronic and optical properties [53]. In addition, they exhibit localized
surface plasmon resonance (LSPR), which is generated by interactions between the free
electrons and the incident light that result in the red color of the NP solution due to
the formation of SPR bands in the spectra region where the color is visible to the naked
eye [54]. In the presence of metal ions, the agglomeration with AuNPs causes the solution
color to change to blue, resulting in broadening and shifting of the SPR band. This is the
reason that AuNPs are widely used in bio- and chemosensors for HM detection [52]. The
LSPR characteristics of NPs such as Cu, Ag, and Au greatly increase their effectiveness in
colorimetric sensing applications [55].

Simple AuNPs can be used as probes for selective detection of toxic metals in the envi-
ronment [56]. However, Au nanoparticles produced by chemical reduction are not suitable
for functionalization [57]. However, their high surface-to-volume ratio, low dispersion in
solution and poor stability and ease aggregation limit their activity and applications [54];
therefore, functionalization of AuNPs is crucial to overcome these limitations.

AuNPs exhibit good interaction capacity with various AAs [57]. AAs are categorized
based on their core structure, ionization, side-chain groups, and polarity. These classifi-
cations determine their specific binding to AuNP surfaces [58]. AAs can act as reducing
agents and capping agents [59]. These capping agents prevent the aggregation of nanopar-
ticles and increase their activity over a long period of time [55]. In addition, AAs, peptides
and proteins are environmentally friendly and biocompatible materials that can be used in
various applications [60]. AAs are gaining increasing popularity for their ability to produce
amino acid-coated AuNPs, thanks to the presence of carboxyl, amine, and thiol functional
groups (Figures 5 and 6) [52].
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Figure 5. Key attributes of AAs that enable effective AuNP-based chemo-/biosensors.
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Figure 6. Structures of AAs employed in the functionalization of AuNPs.

2.1. AA-Functionalized AuNPs
2.1.1. Glycine-Functionalized AuNPs

Photochemical synthesis of glycine (Gly)-functionalized AuNPs was performed using
a photochemical initiator to study its colorimetric detection of Pb(II) and Hg(II). This study
confirms that anionic glycine showed higher affinity for AuNPs, due to its deprotonated
amine and carboxylic groups that allow for a strong interaction with the gold surface. On
the other hand, neutral and cationic capped AuNPs were unstable and partially larger than
the anionic capped AuNPs. Gly-coated AuNPs were used for the colorimetric detection
of various metal ions including Ca(II), Mg(II), Cd(II), Co(II), Ni(II), Pb(II), Hg(II), and
Zn(II) using the LSPR technique. This study measured the meta-L-induced aggregation of
Gly-AuNPs, expressed as the ratio of absorbance at 610 nm to 512 nm. The absorption ratio
increased with increasing metal ion concentration, indicating NP aggregation. The detection
sensitivity varies with different metal ion types. These sensitivities are consistent with the
complexation constant of glycine with the corresponding metal ions. Notably, although
Hg(II) has the highest complexation constant, the detection sensitivity for Hg2+ was not
significantly higher than that of Pb(II), indicating differences in binding behavior [61].
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Table 1 provides a comparison of anionic, neutral and cationic Gly-AuNPs in terms of
stability, size affinity of Gly to AuNPs and sensitivity to detect metal ions.

Table 1. Comparison of Gly-AuNP interactions by metal ions.

Characteristics Anionic Gly-AuNPs Neutral/Cationic Gly-AuNPs

Stability Produced at pH 9 and stable up
to one week

Produced at pH 3, sedimentation occurred
within a few days after synthesis

Size 5 ± 2 nm 52 ± 17 nm

Affinity of Gly for AuNPs

High adsorption mass density
(18 ng/cm2 at pH 9)

Binding energy of anionic glycine
with Au clusters (44.0 kcal mol−1)

Low adsorption mass density
(<2 ng/cm2 at pH 3)

Binding energy of neutral and cationic glycine
with Au clusters (15.8 and

7.40 kcal mol−1, respectively)

Detection Sensitivity Various with different metals

2.1.2. Cystine-Functionalized AuNPs

L-cysteine (Cys) is effective in stabilizing AuNPs through strong S–Au interactions.
Spectroscopic techniques, including UV-Vis, FT-IR, Raman, and NMR, have shown that the
presence of Cys in AuNPs helps in the aggregation and enhances their long-term stability
through cooperative bonding between ligand donor sites of biomolecules with Au, which
in turn provides a larger surface area for the interaction of external analytes [62].

Tables 2 and 3 summarize the key features and findings from four studies conducted on
the cysteine-functionalized AuNP surface modified with different ligands, including lipoic
acid, 6-mercaptonicotinic acid (MNA), and coumarin, for HM detection (Figure 7). The
tables cover the synthesis and detection methods, target HMs, stability, sensitivity, and their
applications in real samples. The functional groups of these ligands highlight their potential
to provide additional nanoparticle-based chemosensing platforms for environmental and
bioanalytical applications with enhanced sensitivity and selectivity, providing an inclusive
review of the latest developments in gold nanoparticle technologies.

Figure 7. Ligand structures for AuNP functionalization in HM detection: (a) lipoic acid; (b) 6-
mercaptonicotinic acid; (c) coumarin; (d) an example of coumarin derivative.

2.1.3. Leucine-Functionalized AuNPs

Grosan et al. reported a new approach for improving the electrochemical detection of
metal ions (copper), based on AuNPs coated with L-leucine or citrate [63]. The idea is to take
advantage of nanomaterials, specifically their natural surface area and tunable reactivity,
to enhance the sensitivity and specificity of heavy metal ion sensors. The gold substrate
was first modified by coating it with a self-assembled monolayer of 1,3-propanedithiol
(PDT), and then L-leucine-capped AuNPs were attached to the surface, forming a functional
surface that interacts with Cu(II) via a chelation process. Using L-leucine, this aimed to
produce a biocompatible and efficient detector for Cu(II) ions at low concentrations in
aqueous solution. This modified electrode showed excellent sensitivity for detecting Cu(II)
ions, achieving a limit of detection (LOD) of 5.4 × 10−7 M, making it a highly effective
sensing application. The presence of L-leucine was shown to allow the chelation of Cu(II)
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ions, enhancing the electrochemical response. The electrode was also characterized by using
electrochemical impedance spectroscopy (EIS). Since copper ions can create resistance in an
electrical circuit, an equivalent circuit was developed to explain the mechanisms occurring
at the electrode interface due to their interaction. The changes in charge transfer resistance
were observed with increasing copper ion concentration. The performance of a L-leucine-
capped AuNP electrode was compared with citrate-capped AuNPs and bare gold. The
leucine-modified electrode showed superior sensitivity and electrochemical behavior for
the detection of Cu(II). This study provides a clear rationale and indicates the importance
of altering the electrode surface with functionalized nanoparticles to improve interactions
with target analytes, an approach that can certainly be applied in environmental sample
analysis and safety monitoring practices.

2.1.4. Methionine-Functionalized AuNPs

In another study, L-methionine-AuNPs demonstrated sensitivity and selectivity to-
wards Cr(III) [64]. The LOD for Cr(III) was found to be as low as 300 nM, which was
verified by UV-Vis absorption measurements. The absorbance values at 650 nm were quan-
titatively correlated with Cr(III) concentrations ranging from 0.1 to 5.0 µM. Various metal
ions were tested with L-methionine-AuNPs, but only Cr(III) significantly altered the optical
properties of the AuNPs. This mechanism of sensing is based on metal–ligand interaction.
Moreover, other metals in the sample showed no interference with Cr(III) detection.

2.1.5. Tyrosine-Functionalized AuNPs

Tyrosine (Tyr)-functionalized AuNPs were developed as a sensitive colorimetric sensor
for the detection of Cr(III) and Pb(II) as stated by [65]. The colorimetric sensing principle
illustrates that when Cr(III) or Pb(II) ions are added to a Try-AuNPs solution, a distinct
color change is expected. The color shifting from red to blue is a result of the aggregation
of AuNPs upon the addition of the metal ions. Moreover, the addition of NaCl induced a
rapid color change following the accelerated aggregation facilitated by blocking the repul-
sion between negatively charged particles. The selectivity of Tyr-AuNPs was evaluated
with different metal ions including Fe(II), Zn(II), Cu(II), Cr(VI), and others; however, the
aggregation and color shifting were highly observed for Cr(III) and Pb(II). Furthermore,
the regeneration and recyclability of Tyr-AuNPs were indicated to be effective for three
cycles of Pb(II) and Cr(III) detection. For a period of three months at room temperature, the
Tyr-AuNP sensor maintained its integrity and good performance. Therefore, in real water
samples the detection of Cr(III) and Pb(II) was highly efficient.

L-tyrosine was previously investigated by Annadhasan et al. as a stabilizing and
reducing agent for AuNPs and AgNPs. L-Tyr-AuNPs were synthesized in an aqueous
medium using a simple and green method [66]. For the detection of Hg(II) and Pb(II), the
L-Tyr-AuNPs sensor showed a high sensitivity that was attributed to the interactions of the
metal ions with the sensor’s surface. These interactions result in measurable changes in the
SPR band, yielding LODs of 16 nM and 53 nM for Pb(II) and Hg(II), respectively. Moreover,
the effectiveness of this sensor in aqueous medium was confirmed by its good stability for
6 months in solution without any noticeable aggregation [66].

2.1.6. Aspartic Acid-Functionalized AuNPs

Wang and co-workers synthesized functionalized AuNPs with aspartic acid using
the one-pot method without the need for further modification [67]. Aspartic acid acted as
a stabilizing and reducing agent, endowing the nanoparticles with good stability under
experimental conditions, as well as excellent optical properties. The Asp-AuNPs were used
as a colorimetric sensor for Cr(III) ions based on the dispersion color change, an indicator
of agglomeration. The binding occurs between the Cr(III) and the carboxylic groups of
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aspartic acid present on the surface of AuNPs [67]. For the detection of Cr(III), the LOD
was found to be 0.6 nM, proving the sensitivity of the Asp-AuNPs sensor. Furthermore, the
selectivity was assessed with other metal ions and at a concentration five times higher than
that of the Cr(III) ions; however, it did not show any interference. Therefore, it was applied
to environmental water samples, showing a high recovery percentage reaching 95.4% to
105.1%. Its feasibility for real-world applications was further confirmed by its stability and
performance, which were maintained even over eight weeks with minimal changes in its
optical properties.

2.1.7. Histidine-Functionalized AuNPs

Histidine was another amino acid investigated as a capping agent for AuNPs. Eviane
and co-workers developed AuNPs functionalized with histidine as a colorimetric sensor
for the detection of Hg(II) [68]. Optimal conditions for good detection of Hg(II) were
observed at a pH of 12 due to the enhanced stability and reactivity of AuNPs, inducing
a rapid aggregation and color change from red to black-blue. At that pH, the LOD of
Hg(II) reached 1.77 µM, illustrating adequate sensitivity for environmental monitoring.
The sensor’s sensitivity and selective response to Hg(II) demonstrate its applicability to
real-world applications. Therefore, it was successfully applied to industrial wastewater
samples and showed high recovery rates, confirming the reliability of the method [68].

Recent research reported a colorimetric and chrominance detection of Zr(IV) using
L-histidine-AuNPs (L-His-AuNPs). Dual-mode detection depends on the interactions
between Zr(IV) and the imidazolyl group of histidine. The sensitivity of L-His-AuNPs
was confirmed with good LOD and linear responses of both colorimetric and chrominance
detection. Furthermore, it exhibited high selectivity for Zr(IV) over sixteen other metal ions
at the same concentrations. This method is quick, efficient, and cost-effective compared to
other traditional methods of detection. In addition, the applicability of this method was
proved with 94.90 to 106.05% and 96.51 to 106.54% recovery ranges of colorimetric and
chrominance assays, respectively, when applied to natural water samples [69].

2.1.8. Lysine-Functionalized AuNPs

Sener and co-workers developed citrate-capped AuNPs functionalized with lysine for
a colorimetric assay of Hg(II) [70]. The assay consists of two steps: First, the interaction
between Hg(II) ions with the surface of AuNPs forms a mercury layer due to the sponta-
neous deposition on the surface. Second, lysine with its amino group is responsible for
catalyzing the aggregation of AuNPs bearing Hg(II) by facilitating the formation of bridges
between the AuNPs. Therefore, a rapid color shift from red to purple or gray occurs in
a few seconds upon addition of lysine to the solution. However, this aggregation and
the rapid change in color were noticed only with Hg(II) compared to other metal ions.
Moreover, this method proved its effectiveness when applied to distilled water and tap
water samples, by detecting all the spiked concentration with high accuracy. The recovery
rates of this method almost reached 100%, demonstrating its reliability and practicality.
Furthermore, the low cost of this assay broadens its range of applications in environmental
monitoring and freshwater resource assessment. The applicability of this method in field
and laboratory settings is facilitated by easy color visualization or measurement of color
response using a UV-Vis spectrophotometer.

2.1.9. AA Crosslinking for Enhanced Sensitivity

Metal ions including Cu(II) and Pb(II) were simultaneously detected using an elec-
trochemical microsensor developed through a micro-electro-mechanical system technique.
One of the sensor design’s major innovations was the production of a crosslinked amino
acid layer. This was done by initially mounting L-cysteine on the AuNP-coated surface
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and subsequently binding L-aspartic acid to it with glutaraldehyde as a crosslinker. The
intended crosslinking approach was critical, as it formed a thick, stable monolayer with a
greatly increased number of carboxyl groups for metal-ion complexation compared with a
single amino acid layer. The sensor’s sensitivity was confirmed by its excellent linear range
and low detection limits for Cu(II) and Pb(II). Furthermore, the sensor showed excellent
stability and could be regenerated with acetic acid without significant loss of function,
maintaining an efficiency of around 80% after multiple uses [71].

2.1.10. AA Bifunctionalization of AuNPs

A novel approach for the detection of Cu(II) and Hg(II) using methionine- and cysteine-
functionalized AuNPs and stabilized with polyvinylpyrrolidone (PVP) demonstrated
strong anti-interference from different ions and organic compounds, making them suitable
for complex biological fluids such as urine and serum. The binding between the modified
AuNPs and Cu(II) and Hg(II) leads to crosslinking aggregation of the AuNPs, thus resulting
in a visual color change. Absorbance ratios can be measured via UV-Vis spectroscopy to
quantify these colorimetric changes. The different sensors exhibit LODs of 2.34 µM for
Cu(II) and 0.026 µM for Hg(II), with concentration ranges of 3.0–500.0 µM and 0.5–500.0 µM,
respectively. The sensor showed good recovery rates that matched scientific studies and
validated test results on actual samples (including human urine and serum), indicating the
feasibility of these sensors for monitoring HMs in biological fluids (among other complex
matrices). Recovery rates for spiked samples of Cu(II) ranged from 93.20% to 108.10%,
while the recovery range for Hg(II) ranged from 95.60% to 106.80%, which are acceptable
reference ranges of accuracy and reliability. Since PVP provides stabilizing properties to
AuNPs, the stability of PVP-AuNPs was tested at different pH levels (2.0–12.0), as well as
whether it reaches stability based on temperature conditions. It had proven effective in
preventing aggregate formation when combined with PVP [72].

2.1.11. Peptide-Functionalized AuNPs

Capping agents act as a key factor in determining the structure, shape, size, and
properties of nanoparticles, making them vital for desired applications. Traditionally,
the ligand exchanging process that is used to modify nanoparticle surfaces is a relatively
lengthy process, which can result in partial coatings or contamination [73]. Therefore, it is
advantageous to synthesize nanoparticles with a capping agent. Also, if the capping agent
can reduce metal ions, adding additional reducing agents becomes unnecessary. Given
that most nanoparticle synthesis methods require specialized conditions, it is necessary
to identify methods that enable synthesis at room temperature [74]. The stabilization of
nanoparticles can be obtained using peptides as ligands, posing a distinct design versatility.
AAs, or existing amino acid residues, can be manipulated to design multifunctional pep-
tides that not only stabilize nanoparticles but also carry functions of molecular recognition,
catalysis, drug delivery, and sensing [75–78]. Additionally, the formation of core/shell
nanoparticles and the detection of various metal ions can be achieved using peptides [74].
Molecular dynamics studies reveal diverse interactions and how AAs and sequences in-
fluence binding affinity [79]. The peptide’s binding affinity to gold surfaces depends
on the amino acid sequence, with aromatic rings (tyrosine, phenylalanine) and cysteine
residues serving as potent docking sites [80,81]. The sizes of AuNPs also affect binding
properties, with smaller NPs being able to produce higher binding selectivity by attracting
highly reactive AAs. Moreover, peptide binding also regulates amyloidogenic peptide
fibrillation [82].

Peptides reduce and cap AuNPs, tuning their size and morphology. The demonstration
of certain AAs in the sequence, such as tryptophan and others, can accelerate the reduction
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in Au ions. At the same time, cysteine-bearing peptides reduce the rate of synthesis of
AuNPs by binding to gold cores, thus a inhibiting further reduction in gold ions. Therefore,
controlling the formation and growth kinetics, and consequently the shape, size, and
uniformity of Au, should be achieved by adjusting the peptide’s isoelectric point (pI) and
the peptide-to-gold-ion ratio in the reaction solution. According to density functional
theory calculations, cysteine, aspartic acid, and tryptophan provide the highest adsorption
affinity for Au surfaces [52].

2.1.12. Dipeptide-Functionalized AuNPs

Functionalized dipeptide AuNPs are promising candidates for the precise detection of
HMs due to their distinct optical and electronic properties. Glycine–histidine dipeptides
(Figure 8) are examples of dipeptides that enable precise functionalization of AuNPs,
thereby increasing their interaction with metal ions by providing specific binding sites. A
colorimetric determination assay of Cu(II) NPs using Gly/His-AuNPs showed that the
modifications indeed change the optical properties of the NPs due to a redshift in the
absorption spectrum upon interaction with the metal ions. Moreover, greater selectivity
for Cu(II) was confirmed through a comparison with other metal ions, signifying their
effectiveness in complex matrices such as tap water. The application of this method for tap
water samples showed a recovery range between 102% and 104%. This study reported the
potential of using dipeptide molecules to detect other toxic species [83].

N
H
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H2N

CO2H

N
H

N

Figure 8. Structure of glycine–histidine dipeptide.

Gunupuru developed a dipeptide-functionalized AuNP sensor for the detection of
Cr(III), Pb(II), and Hg(II) [84]. The glycylglycine (GG) dipeptide consists of two glycine
molecules that enhance the interaction between the metal ions and their amine and carboxyl
groups (Figure 9). Through these interactions, the GG-AuNPs aggregate via inter-particle
plasmon coupling and exhibit significant color changes from dark red to gray blue. The
detection limits were 1.0 µM for Cr(III), 2.5 µM for Pb(II), and 3.0 µM for Hg(II), indicating
the efficiency of colorimetric detection. Overall, this sensor showed great accuracy in the
detection of Cr(III), Pb(II), and Hg(II), with insignificant interference from other metal
ions [84].

N
H

O
H2N

CO2H

Figure 9. Structure of glycylglycine (GG).

2.1.13. Tripeptide-Functionalized AuNPs

A naturally occurring tripeptide, glutathione (GSH), possesses an exceptional struc-
tural characteristic including numerous coordination sites and a reduced thiol moiety
(Figure 10). These characteristics contribute to its physiological importance and ability to
act as a ligand for the enhancement of metallic NPs [85]. Moreover, the functionalization of
magnetic, fluorescent metallic, and hybrid types of NPs with GSH enhances their colloidal
stability and biocompatibility for biomedical and sensing applications. Although it is in
principle non-toxic, the degree of passivation of toxicity depends on the nanoparticle’s
core material. The following studies have collectively demonstrated the contribution of
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glutathione to the development of sensitive, selective, and practical heavy metal detection
systems [86].

HO

O

N
H

O
SH

O

H
N

O

OH
NH2

Figure 10. Structure of glutathione (GSH).

GSH is applied in heavy metal detection. Its main function is to chelate nanoparticles,
especially gold nanoparticles [87]. The crucial factor is the carboxyl functional groups
within GSH, which directly coordinate with HM ions such as lead (Pb(II)). This chelation
leads to the agglomeration and self-assembly of GSH-functionalized AuNPs. The degree of
aggregation depends on the concentration of HM ions. The aggregation affects plasmonic
coupling, thereby shifting the plasmon wavelength. For example, when detecting Pb(II),
the shift causes an obvious color change, allowing for rapid and easy colorimetric or optical
detection of the metal [87].

In addition to its optical detection, the special chemical structure of glutathione, with
its -SH, -COOH, and -NH2 groups, enables its use for the selective capture of HM ions in
electrochemical sensing. When adsorbed onto AuNPs and multi-walled carbon nanotubes
(thus MWCNTs-GSH-Au-GSH), glutathione also provides a sensitive and interference-
resistant sensing interface. The composite material combines the heavy metal capture
properties with the electrocatalytic characteristics of gold nanoparticles, resulting in a
highly sensitive system capable of detecting HMs, even at very low concentrations, such as
Pb(II) in complex samples such as rice phloem sap [88].

2.1.14. Protein-Functionalized AuNPs

Guo et al. described a rapid and economical colorimetric technique for the simultane-
ous detection of Pb(II), Hg(II), and Cu(II) ions, exploiting papain functionalized AuNPs
(P-AuNPs). Papain, a protein containing many cysteine residues, selectively binds to these
metal ions, causing the color of the NP solution to change from red to blue as a result of
aggregation. The detection method was quite sensitive, up to a maximum of 200 nM per ion,
with Hg(II) exhibiting the strongest colorimetric response. However, the solution pH, in
addition to the concentration and the size of the P-AuNPs, influences its sensitivity. It was
demonstrated that better results were obtained from the larger AuNPs. This colorimetric
method was applied to real water samples without requiring any cleanup or pretreatment
methods. Overall, P-AuNPs appear to provide a viable method for detecting toxic HMs in
aquatic environments [89].

Table 2. Functionalized AuNPs for heavy metal detection using colorimetric method of detection.

Functionalizing
Agents Targeted Metals and Sensitivity Real Sample Application Stability and Reusability

Glycine [61]
LOD: 5 µM for Hg(II), Pb(II),

Cd(II)15 µM for Ni(II), Zn(II), Co(II);
and >20 µM for Mg(II) and Ca(II)

Not specified Stable for up to 3 months

L-cysteine [90] LOD: 290 ppb for Pb(II)
and 140.35 ppb for Hg(II)

Effective in a real
water sample

Stable at pH 6.2 and 7.0; unstable at
pH 9.0; consistent absorbance over

5 days, allowing detection
without interference

L-cysteine [91] Detectable concentrations up to
40 ppm for Cd(II) Applied to milk samples Stable at room temperature
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Table 2. Cont.

Functionalizing
Agents Targeted Metals and Sensitivity Real Sample Application Stability and Reusability

Tyrosine [65] LOD: 1 µM for Cr(III);
2 µM for Pb(II)

Applied to drinking water,
seawater, and lake

water samples

Stable for 3 months at room
temperature; good

recyclability demonstrated

Tyrosine [66] LOD: 16 nM for Pb(II);
53 nM for Hg(II)

Applied to drinking water
and tap water samples Stable for up to six months

Aspartic acid [67] LOD: 0.6 nM for Cr(III) Applied to environmental
water samples

Retains stability for eight weeks
at 4 ◦C without significant
performance degradation

L-Histidine [68] LOD: 1.77 µM for Hg(II) Applied to industrial
wastewater samples Stable in alkaline conditions

Lysine [70] LOD: 2.9 nM for Hg(II) Applied for distilled and
tap water -

Methionine/cysteine/
PVP modified [72]

LOD: 2.34 µM for Cu(II) and
0.026 µM for Hg(II)

Potential application in tab
water, urine, and serum

biological fluids.

High stability under temperature
fluctuations and pH changes

Glycine–histidine
dipeptide [83] LOD: 0.08 mgL−1 for Cu(II) Applied to tap water Not specified

Glycylglycine [84] LOD: 1.0 µM for Cr(III), 2.5 µM for
Pb(II), and 3.0 µM for Hg(II) Potential application in water Highly stable

Papain [89] Detect Hg(II), Pb(II), Cu(II) at
concentration as low as 200 nM

Applied for real
water samples Stable at high pH

Table 3. Functionalized AuNPs for heavy metal detection using various detection methods.

Functionalizing
Agents Detection Method Targeted Metals and

Sensitivity
Real Sample
Application

Stability and
Reusability

L-cysteine/Lipoic
acid [92]

Square-wave anodic
stripping voltammetry

(SWV-ASV)

LOD: 3 ppb; dynamic
range: 3–25 ppb

for As(III)

Applied to
groundwater samples

Stable at 4 ◦C for up to
30 days

L-cysteine/MNA
[93] Theoretical (DFT-D3)

Highest sensitivity with
MNA-CYS-AuNPs;
strong electrostatic

interactions for Cd(III)

Theoretical validation -

L-cysteine/
Coumarin AuNPs

[94]

UV-Vis absorption and
fluorescence
spectroscopy

Strong complexation
with Zn(II), Cd(II), and

Ag(I); L1 shows
higher sensitivity

Not specified
Stable in solution for

4 months; no significant
aggregation observed

L-cysteine/
Electrodeposition
on ITO glass [95]

SWV and LSPR
LOD: <5 nM (0.31 ppb);

linear range:
10–100,000 nM for Cu(II)

Applied to tap
water samples High stability

L-Leucine/
Modified electrode

[63]

Cyclic voltammetry
(CV)

LOD: 5.4 × 10−7 M
for Cu(II) - -

L-Methionine [64]

Colorimetric (UV-Vis
absorption and surface-

enhanced Raman
scattering (SERS))

LOD: 300 nM for Cr(III)
Applied to tap water,

river water, and
seawater samples

Stable

L-Histidine [69] Colorimetric, and
chrominance

Colorimetric LOD:
2.62 µmol L−1 for Zr(IV)

Chrominance LOD:
6.25 µmol L−1 for Zr(IV)

Applied to tap and
river water samples,

and sewage from
treatment plants

Stability obtained at 4 ◦C
and maintained for

up to 10 days.

L-aspartic
acid/L-cysteine [71] Electrochemical, SWV LOD: 1 µg L−1 for Cu(II)

and Pb(II)
Potential application in

HMs analysis

For up to 20 days, the
current response retained

89.2% for Cu(II) and
86.3% for Pb(II) of the

original response

Glutathione/multi-
walled carbon
nanotubes [88]

Electrochemical LOD: 0.01 µM for Pb(II) Applied in rich
phloem sap

Excellent stability for
over 6 months
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3. Silver Nanoparticles (AgNPs)
Nanomaterial diameters range from 1 to 100 nm; in this range, the chemical, physical,

and biological properties of noble metals vary significantly from those of their bulk form,
because of their small particle size, high surface area-to-volume ratio, and quantum confine-
ment effects [96]. The shape, size, and size distribution of metal NPs are the properties that
govern their electromagnetic, optical, electrical, and catalytic properties. These parameters
can be influenced by the choice of synthetic method, reducing agent, and stabilizer. As
a result of their small size, NPs have a very high surface area compared to their volume;
thus, they have great antibacterial activity that is not observed in bulk silver. The reason
is that the increased surface area is more reactive; consequently, there are more effective
interactions with microbial cells [97].

AgNPs gained great consideration due to their usefulness in diverse fields (Figure 11).
They are widely used in medicine and healthcare as fine antimicrobial agents, effective
against a wide spectrum of bacteria, including multidrug-resistant strains. Their antibacte-
rial capabilities stem from multiple mechanisms of action, allowing them to simultaneously
attack microorganisms in different ways [98]. Furthermore, they have been employed in
food packaging to prevent contamination and in catalyzing various industrial processes
due to their excellent conductivity and chemical stability. Manipulating size and shape can
assist in drug target identification, diagnosis, detection, and imaging [97].

 

Figure 11. Key functional attributes of silver nanoparticles (AgNPs).

Stabilizing or capping agents control the morphology of AgNPs, prevent aggregation,
and control its unique properties. The electromagnetic, optical, electrical, and catalytic
properties are controlled by the shape, size, and functionalized AgNP distribution [96,97].

3.1. Amino Acid-Functionalized AgNPs
3.1.1. Glycine-Functionalized AgNPs

Janani et al. developed starch-stabilized AgNPs conjugated with glycine as a col-
orimetric sensor for the rapid detection of Hg(II) (Table 4) [98]. Synthesis of this sensor
included the chemical reduction method for capping the starch and stabilizing the AgNPs.
Then, the conjugate formation with glycine facilitates the interactions with Hg(II). These
interactions allowed colorimetric detection by causing the color to change from yellow to
colorless. An inverse relationship between the concentration of Hg(II) and the intensity of
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the UV-Vis absorption band was observed. Therefore, the LOD was very low at 17 nM for
Hg(II) compared with other detection methods. This method can potentially be applied at
nanomolar levels with high selectivity for Hg(II) and insignificant interference. Further-
more, the sensor’s sensing potential remained unaffected for over a month. Hence, it was
successfully used for the analysis of Hg(II) in Bhavani River water (74 nM), and the results
were validated by atomic absorption spectroscopy [98]. Burrati and co-workers inserted
AgNPs capped with citrate and L-cysteine into poly(ethylene glycol) diacrylate hydrogels
and applied successfully for the removal of Hg(II) ions from water samples [99].

Table 4. Functionalized AgNPs for heavy metal detection and removal.

Functionalizing Agents Detection
Method

Targeted Metals and
Sensitivity

Real Sample
Application

Stability/Regeneration
and Reusability

Glycine/starch
modified [98] Colorimetric LOD: 17 nM for Hg(II)

Applied to samples
collected from the

Bhavani River

After a month of retention,
they sustained

excellent selectivity

L-cysteine/citrate inserted
into poly(ethylene glycol)
diacrylate hydrogels [99]

Chemisorption Removal efficiency of
94% for Hg(II)

Applied to 10 mL of
Hg(II) polluted water

at 8 mg/L
-

Glycine-modified
chitosan [100]

Adsorption
via ion

exchange

Loading capacity:
270.2 mg/g removal

efficiency of 93%
for Pb(II)

-

Regeneration by acid
treatments. The removal

efficiency declines after the
first two cycles.

L-cysteine/trisodium
citrate [101] Adsorption

Maximum lead
adsorption capacity of
105.4 mg/g for Pb(II)

- -

L-cysteine [102] Colorimetric LOD: 45.39 nM for Hg(II)
and 49.39 nM for Pb(II)

Applied to tab
water samples

Highly stable, stored
at 5 ◦C

Methionine [103] Colorimetric

Sensitive, sensitivity
decreases with an

increase in concentration
of Hg(II)

Applied to sewage water
treatment plants -

Tyrosine [104] Fluorescence LOD: 36 ppb for Cu(II)
and 48 ppb for Co(II) - Stable for several weeks

Histidine [105] - - -

Stability obtained at room
temperature and

maintained for up to
one month

Arginine/loaded
graphene hydrogel [106] Adsorption

Maximum adsorption
capacity is 434.78 mg/g

for U(VI)

Applied to
simulated seawater

The desorption efficiency
was 91.6% for the first time.
The desorption efficiency
still reached 80.21% after

the fifth cycle.

Glutamine/histidine
[107] Colorimetric LOD: 25.48 µM

for Hg(II)

Applied to real water
samples (drinking water,

tap water, and
river water)

Stable for over 1 to 17 days
at room temperature

Recent research has developed a green approach to incorporating AgNPs into glycine-
modified chitosan (SCG) for the adsorption of Pb(II). The binding affinity of SCG-AgNPs
for HM ions was provided through the amino and hydroxyl groups in chitosan polymers.
The strong interaction with these groups adsorbs Pb(II) via ion exchange, adsorption, and
electrostatic attraction. The significant increase and improvement in adsorption are at-
tributable to the glycine modification. The effectiveness of the ion exchange mechanism was
confirmed by the Langmuir isotherm and pseudo-second-order kinetic models. Moreover,
ion exchange plays an important role in the mechanism supported by an average potential
energy of 9.4 kJ/mol. The study reports that the glycine-modified chitosan-stabilized
AgNPs demonstrated an improved loading capacity of Pb(II) of 270.2 mg/g with a removal
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efficiency of 93% from aqueous solution. The removal efficiency of SCG-AgNPs was pre-
served even after multiple cycles. Therefore, these modified AgNPs have great potential
for practical applications in environmental remediation. In addition, it exhibited good
antioxidant activity and wide antibacterial activity [100].

3.1.2. Cysteine-Functionalized AgNPs

Hosseini et al. investigated an environmentally friendly and effective approach to
synthesizing surface-modified AgNPs for the removal of Pb(II) [101]. L-cysteine was used as
a functionalizing agent and trisodium citrate as a reducing agent. Parameters, including the
amounts of precursors and agents, were controlled by response surface methodology (RSM).
These parameters affect the synthesis of AgNPs and their effectiveness in removing Pb(II)
ions. According to the analysis of variance (ANOVA), the sodium citrate concentration
had the greatest influence on lead removal efficiency. The effective removal of Pb(II) from
contaminated water was maintained at a maximum adsorption capacity of 105.4 mg/g.
Furthermore, the highest adsorption was observed at slightly acidic conditions. Overall,
this method outperformed other reported methods in both adsorption capacity and contact
time, highlighting the efficiency of lead removal from water using L-cysteine-AgNPs [101].

Recent research investigating cysteine as a capping agent for enhanced properties
of AgNPs and application in HM identification synthesized Cys-AgNPs as a dual-color
sensor for the detection of Hg(II) and Pb(II) in water. The functionalization of AgNPs with
cysteine and their stability were confirmed through various characterization techniques
such as UV-Vis spectroscopy, SEM, and FTIR. Upon the interaction of Hg(II) and Pb(II)
with Cys-AgNPs, the color changed from yellow to white and dark yellow, respectively.
The color changing from yellow to orange during simultaneous detection indicated the
successful chelation and aggregation of HMs with the nanoparticles. LOD was 45.39 nM for
Hg(II) and 49.39 nM for Pb(II). These values demonstrate high sensitivity for both ions. The
study confirmed that Cys-AgNPs selectively detected Hg(II) and Pb(II) over other metal
ions, demonstrating their suitability for real-world water sample applications. Experiments
were also conducted on real water samples and found Cys-AgNPs to be effective and
reliable in identifying HM contamination [101].

3.1.3. Methionine-Functionalized AgNPs

Balasurya and co-workers reported that a AgNP-based sensor was established for
the rapid and highly sensitive colorimetric identification of Hg(II) ions at nanomolar
levels [103]. The synthesized AgNPs were stabilized by PVP and conjugated to methionine.
Hg(II) detection in a system using AgNPs depends on the aggregation of NPs in the
presence of Hg(II) ions. One reason for this strong aggregation is the strong affinity
between Hg(II) and sulfur in methionine. The addition of Hg(II) to the AgNPs–methionine
conjugate can induce electron transfer via a redox mechanism, leading to changes in particle
size and zeta potential. The appearance of a color change from yellow brown to colorless
indicates the presence of the Hg(II) ions. The sensor showed high sensitivity and selectivity
for Hg(II), with linear detection ranges of 20–100 nM and no interference from other metals.
Moreover, the effect of pH, temperature, salinity, on the detection efficiency of the sensor
was investigated. A good detection efficiency was obtained at an optimal temperature
of 35 ◦C, where good binding and sensitivity were observed. In addition, efficiency was
affected by the decrease in pH, and its highest point was reached at pH 8. However,
the sensor remained stable across different salinity levels. Furthermore, Balasurya and
co-workers discussed the potential application of AgNPs–methionine sensor in real water
samples for environmental monitoring [103].

https://doi.org/10.3390/chemosensors14050115

https://doi.org/10.3390/chemosensors14050115


Chemosensors 2026, 14, 115 20 of 27

3.1.4. Tyrosine-Functionalized AgNPs

Contino and co-workers explored a fluorescence sensor of L-tyrosine functionalized
AgNPs for the detection of Cu(II) and Co(II) ions [104]. Synthesis of AgNPs was performed
following the method pioneered by Creighton in 1979 with slight enhancement of the
procedure. In addition, UV-Vis spectroscopy, transmission electron microscopy (TEM) and
dynamic light scattering (DLS) were used to characterize AgNPs, indicating their stable
colloidal behavior for up to a month. Moreover, UV-Vis demonstrated a linear relationship
between metal ion concentration and the decrease in silver surface plasmon adsorption
and indicated effective coordination with surface-attached tyrosine groups. Fluorescence
experiments showed extremely high fluorescence intensity for the L-Tyr-capped AgNPs,
which was quenched upon addition of metal ions. Stern–Volmer plots confirmed the linear
relation of fluorescence quenching against metal ion concentration, with detection limits of
36 ppb for Cu(II) and 48 ppb for Co(II). Overall, the study demonstrated L-tyrosine-capped
AgNPs as a facile, sensitive, and rapid method for the detection of heavy metal ions in
aqueous solutions [104].

3.1.5. Histidine-Functionalized AgNPs

Liu et al. presented the synthesis and characterization of L-histidine (His)-capped
AgNPs using a hydrothermal method to obtain a stable and biocompatible nanoparticle
system for sensing purposes, focusing on the detection of Ni(II) in aqueous solutions [105].
The His-AgNPs were characterized by TEM and atomic force microscopy (AFM), with
an average diameter and height of 21 ± 2 nm and 21 ± 3 nm, respectively. The zeta
potential of −24.25 ± 1.10 mV measured by DLS indicated their good stability in solution.
Moreover, SERS results showed that the imidazole group of histidine is bound to the Ag
surface, while the COO− group remains exposed to interact with analytes. Upon addition
of nickel chloride (NiCl2), the color of the colloidal silver solution changed from yellow
to reddish-brown, and a shift in SPR peak was also observed, suggesting the aggregation
of the nanoparticles and the detectability of nickel ions. Furthermore, the synthesized
His-AgNPs showed remarkable stability in aqueous solutions, maintaining their efficiency
for about one month, which is essential for any real-world applications in sensing and
biomedicine [105].

3.1.6. Arginine-Functionalized AgNPs

Zhu and co-workers developed an adsorbent of L-arginine–graphene hydrogel loaded
with AgNPs (Ag-L-Arg-rGH) for U(VI) from seawater. The synthesis of Ag-L-Arg-rGH
composites was performed in a one-step thermal reduction process. The role of L-arginine
(Figure 12) is that of a functionalizing and crosslinking agent. These composites exhibited a
maximum U(VI) adsorption capacity of 434.78 mg/g, according to the Langmuir isotherm
model, proposing the monolayer adsorption on a homogeneous surface. The adsorption
kinetics showed good correlation with the pseudo-second-order model, indicating that
chemical adsorption is the rate-controlling step. A high selectivity of Ag-L-Arg-rGH
composite was observed in the presence of competing metal ions with a distribution
coefficient (Kd) value of 2.41 × 104 mL/g. Additionally, it exhibited anti-algae effects and
a reduction in algal growth during the soaking experiments. Its good performance was
monitored in simulated sweater systems, indicating the high removal rates of uranium and
the promising practical applications in osteointegration of uranium from natural seawater.
Moreover, this good performance was retained even after several adsorption–desorption
cycles, highlighting that it can be reused in real-world applications [106].
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Figure 12. Structure of L-arginine.

3.1.7. AA Bifunctionalization of AgNPs

For the detection of Hg(II) ions, a simple and rapid detection sensor based on
glutamine- and histidine-functionalized AgNPs (Gln-His-AgNPs) was developed by
Buduru et al. The synthesis of AgNPs included the reduction in AgNO3 with NaBH4

where Gln and His were acting as capping agents. Characterization techniques of UV-Vis,
FT-IR, and TEM confirmed the successful functionalization process of stable NPs having
10 nm diameter. Upon the addition of Hg(II) ions, the aggregation of Gln-His-AgNPs occurs
and results in the color change from yellow to orange. The coordinate covalent bonding
between Hg(II) and the functional groups of Gln and His on the surface of AgNPs causes
a red shift in the SPR peak from 407 nm to 480 nm. The linear response of the method
ranges from 100 to 1000 µM of Hg(II), with an LOD of 0.90 µM. The presence of 0.2 M NaCl
enhanced sensitivity, promoting aggregation without interference. Gln-His-AgNPs showed
excellent selectivity for Hg(II) in the presence of other metal ions, because Hg(II) alone
causes significant changes in the UV-Vis spectrum and color of the NPs. This method has
been effectively applied to Hg(II) detection in real water samples (drinking, tap, and river
water) with a range of recovery rates of 95.00 to 98.66% [107].

4. Bimetallic Nanoparticles (BNPs)
Bimetallic nanoparticles (BNPs) are a unique class of nanomaterials, synthesized by

mixing two metallic components. These fine nanostructures offer superior properties
compared to their monometallic counterparts, making them of great interest for scientific
and technological applications. The way BNPs organize the two metals and exploit their
synergistic relationships develops catalytic, electronic, optical, and magnetic properties
that are superior to those of monometallic NPs [108].

In the synthesis process, bimetallic systems can produce different types of nanostruc-
tures, microscopically in the form of alloys or core/shell structures, whose properties are
controlled by varying the molar ratios of the constituent metals. For example, Au–Ag
bimetallic nanoparticles, produced by green methods involving fruit juice extracts, have
been reported to be excellent catalysts for the reduction in nitrophenols and the degradation
of organic dyes. Moreover, their capacity to enhance the thermal conductivity of alkali fluid
and exhibit prominent antioxidant activity will open up broader opportunities in the field
of functional nanofluids and biomedicine [109].

Amino Acid-Functionalized Bimetallic Au–Ag NPs

Du and co-workers proposed a novel method for the detection of Cd(II) in water, using
Au–Ag NPs functionalized with L-cysteine. Bimetallic nanoparticles are synthesized by
reducing HAuCl4 and AgNO3 in aqueous solution and then functionalizing them with
L-cysteine [110]. When Cd(II) is present, it induces the aggregation of the functionalized
Au–Ag NPs, simultaneously resulting in a visible color transition of the suspension from
orange-yellow to green, which can be followed by UV-Vis spectroscopy. This method is
simple, selective, and sensitive, justifying its prospective implementation in the analy-
sis of raw water environments (Table 5). Bimetallic nanoparticles such as Au/Ag have
been reported to be of interest because gold and silver can potentially form alloys due to
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their nearly similar crystal lattice constants, offering better properties than monometallic
nanoparticles [110].

Another study has revealed a relatively short peptide of six AAs capable of directly
converting Au(III) or Ag(I) ions to nanoscale by reduction, while simultaneously stabilizing
them as capping agents under ambient conditions [80]. The authors also addressed the
dissolution of peptide-capped gold and silver nanoparticles for pH-dependent detection of
HMs such as Hg(II), Mn(II), and Fe(II) based on absorbance changes. The studies further
addressed bimetallic nanoparticles by demonstrating the formation of core/shell Au–Ag
nanoparticles. Gold nanoparticles are coated with a silver shell through peptide-mediated
photoreduction. These bimetallic Au–Ag core/shell nanoparticles were analyzed using UV-
Vis spectroscopy, high-resolution scanning transmission electron microscopy (HR-STEM),
and energy-dispersive X-ray spectroscopy (EDS). The study focuses on the use of this novel
peptide in the one-step, one-pot synthesis and stabilization of AuNPs, AgNPs, and Au–Ag
core/shell nanoparticles, with selective detection of different metal ions. The study also
highlights the advantage of bimetallic nanoparticles, which combine the properties of both
the core and shell materials. Au–Ag core/shell nanoparticles benefit from the stability of
AuNPs and the high surface plasmon band density of AgNPs, making them useful for
colorimetric or spectroscopic detection.

Table 5. Bimetallic nanoparticles properties and applications.

Characteristic Au–Ag (Green Synthesis) [109] Au–Ag (L-cysteine
Functionalized) [110]

Au–Ag (Protein-Mediated
Core/Shell) [80]

Synthesis method Green method involving fruit
juice of pomegranate

Reduction in HAuCl4 and
AgNO3, functionalized

with L-cysteine
Peptide-mediated photoreduction

Application Catalysis, nanofluids,
biomedicine Cd(II) detection in water Colorimetric or spectroscopic

detection of metal ions

Properties
Excellent catalysts, enhanced

thermal conductivity,
antioxidant activity

Aggregation upon Cd(II)
presence, color transition

Stability of AuNPs, high surface
plasmon band density of AgNPs

5. Conclusions
This review reflects the growing interest in the application of amino acid-modified

AuNPs and AgNPs in the detection and removal of various HMs from the environment.
Studies show that incorporating Au and Ag NPs with different AA moieties improve
their stability and reusability, extending their lifespan to several months and cycles, as
well as their biocompatibility in diverse real-world environmental applications, such as
wastewater and soil remediation. Au and Ag NPs can bind to various functional groups
of the AAs, such as carboxyl, amine and thiol. Furthermore, AAs can act as reducing or
stabilizing agents, preventing nanoparticle aggregation and thus increasing their effective-
ness over extended periods. Furthermore, this review indicates the potential for easily
monitoring and measuring the effectiveness of AA-functionalized Au/AgNP complexes
in detecting and binding various heavy metals using diverse electrochemical and optical
detection techniques. These complexes exhibit high sensitivity and efficiency in detecting a
wide range of heavy metals. Therefore, this review highlights the potential of processing,
applying and reusing functionalized amino acid NPs in detecting and removing heavy
metal contamination, emphasizing the use of advanced, low-cost, sustainable and envi-
ronmentally friendly synthesis and deployment methods. Furthermore, integrating future
computational studies on the binding of these complexes to heavy metal ions will enhance
researchers’ understanding of the types of binding, structural changes, energy variations,
and stability of these bonds. Current research on AA-functionalized nanoparticles holds
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promising potential for advancing scientific research, environmental sustainability and
public health. Continued research into their applications can lead to innovative solutions
for combating heavy metal pollution and protecting ecosystems from its destructive effects.
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