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Mercury (Hg) contamination remains a major environmental concern primarily due to its presence at trace
levels, making monitoring the concentration of Hg challenging. Sensitivity and selectivity are significant
challenges in the development of mercury sensors. Surface-enhanced Raman spectroscopy (SERS) and
ion-imprinted polymers (lIPs) are two distinct analytical methods developed and employed for mercury
detection. In this review, we provide an overview of the key aspects of SERS and IIP methodologies,
focusing on the recent advances in sensitivity and selectivity for mercury detection. By examining the
critical parameters and challenges commonly encountered in this area of research, as reported in the lit-
erature, we present a set of recommendations. These recommendations cover solid and colloidal SERS
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substrates, appropriate Raman reporter/probe molecules, and customization of [IPs for mercury sensing
and removal. Furthermore, we provide a perspective on the potential integration of SERS with IIPs to
achieve enhanced sensitivity and selectivity in mercury detection. Our aim is to foster the establishment

rsc.li/nanoscale of a SERS-IIP hybrid method as a robust analytical tool for mercury detection across diverse fields.

resources (Table 1). These limits coupled with mercury’s vola-
tile nature make trace level detection challenging.

1. Introduction
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A quarter of the most lethal diseases afflicting humanity stem
from the contact with water, soil, and air contaminated with
pollutants, particularly heavy metals." Among these heavy
metal contaminants, mercury ranks as the third most perilous
substance, contributing to over three billion individuals
suffering from chemical poisoning, especially those who rely
on seafood as their primary source of protein.>® The UN
Environmental Program and WHO state that 1.5 to 17 out of
1000 children are at risk of developing cognitive disorders due
to the consumption of mercury-contaminated fish. Despite
mercury’s valuable industrial applications,*” its extensive use
has led to a 450% surge in atmospheric concentrations, con-
taminating water, air, and s0il.® This results in severe health
issues, including developmental disorders and damage to the
nervous system and kidneys.””® Given these alarming health
implications, stringent permissible limits are set by regulatory
agencies for mercury concentrations in the environment, such
as 20 pg L" in blood or 0.002 mg L' in potable water
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Most reported strategies concentrate on detecting the in-
organic form of mercury (Hg”*), paying less attention to quan-
tifying the more toxicologically relevant methylmercury, prob-
ably owing to its high volatility that makes it difficult to
handle.’ Another persisting challenge is the inability of several
novel Raman tags to discriminate between different mercury
species. This challenge may arise from dynamic interconver-
sion processes among various species, posing a significant

Table 1 Summary of mercury exposure limits in environmental and
human samples

Enacting body/

Sample Exposure limit document Ref.
Drinking water 0.002 mg L™* USEPA 12
Air 0.05 mg m™> — 13
Soil (farmland) 4mgkg™" — 14
Soil (industrial 16 mg kg™ — 14
site)
Industrial 0.05 pg mL™" — 15
wastewater
Human blood 20 pg L7 ACGIH 13
Human urine 20 pg g™t OSHA 16

creatinine

U.S. Environmental Protection Agency (US EPA), American Conference
of Governmental Industrial Hygienists (ACGIH), Occupational Safety
and Health Administration (OSHA).
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obstacle to precisely determining mercury species in natural
aqueous environments.*°

Efforts are underway to develop analytical strategies for the
early and accurate detection of ultra-trace levels of mercury in
environmental samples. This is crucial for timely remediation
and controlling contamination sources to mitigate the adverse
effects of mercury exposure.

Various analytical techniques are currently in use for
mercury detection. For example, atomic absorption spec-
troscopy (AAS) is employed for total mercury and methyl-
mercury analysis in dried blood and fish samples."”>° Cold
vapor atomic fluorescence spectrometry (CV-AFS) is employed
for detecting mercury in environmental water samples.”'>?
Additional methods include cold vapor atomic absorption
spectroscopy (CV-AAS),>* inductively coupled plasma-mass
spectrometry (ICP-MS),>**” anodic stripping voltammetry,>®>°
and X-ray fluorescence spectrometry (XFS).*>*! Many of the
aforementioned analytical methods allow for the analysis of
numerous samples including multiple elements simul-
taneously. However, it is worth noting that most of these
methods involve a multi-step process, including sample collec-
tion, laboratory pretreatment, and subsequent mercury level
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analysis.>” This makes the procedures operationally complex,
labor-intensive, time-consuming and costly.

Moving away from conventional, stationary, expensive, and
skill-intensive instrument that necessitates complex sample
preparation procedures, there is a high demand for a new gene-
ration of analytical techniques that are user-friendly, cost-
effective, reliable, accurate, and portable for on-site deployment
(Fig. 1).>® A novel approach attracting attention in mercury
sensing techniques involves the use of functional materials such
as metal nanoparticles (NPs) and thin-film nanostructures.** The
unique characteristics of metal NPs and thin-film nanostructures,
such as size and shape variability, surface functionalization, and
high surface area-to-volume ratio, have gained interest for their
application in heavy metal detection, including mercury.*> For
example, surface-enhanced Raman spectroscopy (SERS) tech-
nique, in which the Raman scattering vibrations of molecules
adsorbed to nanoscale metal surfaces are strongly enhanced, has
emerged as a viable alternative to overcoming the limitations of
conventional analytical methods, offering a more sensitive, cost-
effective and non-destructive solution.

Although nanomaterial-based sensors possess high sensi-
tivity, achieving selectivity for specific targets remains a for-
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Fig. 1 Schematic diagram showing the major sources and forms of mercury contaminants and various conventional and emerging techniques for

the detection of mercury species in environmental samples.
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midable challenge. In addressing this issue, molecularly or
ionically imprinted polymers (MIPs or IIPs) have surfaced as a
promising technique for enhancing the selectivity of detection
across various analytes.’®?” Remarkably, MIPs/IIPs boast cus-
tomizable features that support elevated affinity and selectivity
toward designated target molecules. As a result, they play a
pivotal role in mitigating the selectivity constraints observed in
other chemosensor platforms.

In this review, we thoroughly examine the significant recent
advancements in SERS and IIP-based mercury sensors, evaluat-
ing their potential as simplified alternatives to complex
mercury detection methods. We begin by exploring various
SERS sensor structures and configurations, with a specific
focus on the strategic use of metal NPs and thin-film nano-
structures for signal enhancement. These elements contribute
to the development of robust SERS platforms, emphasizing the
selection of molecular species as Raman reporters and capture
molecules for mercury species.

Moving forward, we delve into the MIP- or IIP-based chemo-
sensing approach, highlighting the strategies used for tailoring
the properties of the polymer platform to ensure the selective
capture of mercury. We encompass the approaches to enhan-
cing sensitivity through the utilization of nanomaterials and
complementary sensing strategies for precise mercury detec-
tion in environmental samples.

The review discusses the challenges associated with both
SERS and MIP techniques, particularly in achieving sensitive
and discerning mercury capture in environmental samples.
The concluding remarks shed light on viable SERS and MIP/
IIP platforms that could be successfully implemented in the
realm of environmental protection while providing valuable
insights into future research prospects of these technologies.

2. Environmental mercury species

Mercury typically manifests in three distinct states: elemental
(Hg®), ionic (Hg®" and CHzHg"), and molecular (phenylmer-
cury and dimethylmercury (CH;),Hg). Once released into the
environment, it can easily transition between air, water, sedi-
ment, soil, plants, and animals. Notably, 80% of anthropo-
genic mercury emissions into the atmosphere result from
industrial processes, with coal-burning power plants contribut-
ing 42% to this total.*®**° These processes release elemental
mercury into the air in the form of vapor or particles, which
are dispersed by wind currents, eventually settling on land and
water bodies. Rainfall can further wash down oxidized
mercury ions, which may be absorbed by plants.
Approximately 5% of elemental and aqueous mercury contami-
nation in terrestrial environments stems from the discharge of
industrial wastewater and the weathering of geologic reser-
voirs.?® In soil and water, elemental mercury and mercury ions
can undergo oxidation, transforming into mercury sulfide
(HgS) or methylmercury in the presence of dissolved organic
matter and microbes (Fig. 2). Methylmercury, known for its
neurotoxic effects on the central nervous system, poses a sig-
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nificant risk. Seafood, particularly swordfish, tuna, and mack-
erel, serves as the primary entry point for methylmercury into
the human body.*!

3. SERS-based mercury
chemosensors

The subsequent discussion delves into recent works in the
field of SERS chemosensors designed for the detection of
various mercury species. Raman spectroscopy is an analytical
technique that allows chemical identification based on the
inelastic scattering of incident light when impinged on mole-
cules of interest. While only a small fraction of the photons
are inelastically scattered, approximately 1 in 1 million, the
response can be exploited with enhanced orders of magnitude
in the presence of rough surfaces. Previous reports on SERS-
active substrates from our group and others, comprised of col-
loidal metallic and/or metallic oxides, show 10°-10° factor
enhancements in Raman signals.*>** Therefore, SERS has
emerged as a useful tool for the detection of traces of analytes
of interest in various media. Strategic selection of the media
used to probe analytes, i.e., solution, gas, or solid, and the use
of “hot-spot” bearing shape-selective metallic nanostructures,
i.e. rods, triangles, stars, etc., instead of spheres or targeted
arrangement on support, ie. distance, tip vs. side, oxidation
state, etc., can lead to different responses.*”™” The origin of
SERS signals arises from a combination of chemical contri-
butions from analytes, Raman tags if used, and the electro-
magnetic excitation of surface plasmons. These surface plas-
mons are essentially electromagnetic fields at the surface of a
metal-dielectric or semiconductor-dielectric interface.*®*°
Basically, by coupling the plasmon band of an irradiated nano-
metal (ie., gold, silver, copper, etc.) with the analyte’/mole-
cules’ electronic states, surface-enhanced Raman scattering
effects are produced. This synergistic approach enhances the
molecular scattering of light, leading to the amplification of
Raman signals and heightened sensitivity. The appeal of SERS-
based sensors lies in their ability to provide fingerprint identi-
fication of the analyte, ensuring a non-destructive and highly
sensitive detection method. The deployment of nanomaterials
in the construction of SERS substrates continues to provide
impressive signal enhancement by a factor ranging from 10° to
10", depending on the strength of the electromagnetic field
experienced by molecules at the surface of various plasmonic
nanostructures.’®>> Moreover, the use of nanomaterials in
SERS not only enhances sensitivity but also facilitates the min-
iaturization of sensing platforms.> This, in turn, enables the
implementation of these sensors for on-site or remote quanti-
tative analysis of analytes, offering a practical solution for real-
time monitoring of mercury levels in various environments.>*
The combination of enhanced sensitivity, non-destructive ana-
lysis or identification, and the ability to operate in on-site set-
tings positions SERS-based sensors as promising tools for
advancing our capabilities in detecting and monitoring heavy
metals, including mercury-based analytes.*

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic view of the environmental mercury cycle.

3.1. SERS substrate configurations

Before the emergence of SERS, first-generation Raman spec-
troscopy was utilized in molecular identification, but it exhibi-
ted limitations such as weak signal intensity for sensitivity
towards low-concentration analytes. In light of this, we pay
greater attention to the ongoing progress of SERS in detection,
specifically emphasizing the crucial aspects of sensor configur-
ations and probes employed for mercury sensing. The develop-
ment of chemosensors targeting mercury species through
SERS can be broadly categorized into two configurations: solid
SERS substrate (e.g., in lab-on-a-chip sensing configuration)
and colloidal SERS substrate (solution-based sensing configur-
ation). Table 2 presents the comparison in terms of perform-
ance, cost, and fabrication methodologies.

The performance of solid and colloidal SERS substrate con-
figurations demands careful consideration in selecting sub-
strate materials and carefully designing the structures,®
including NPs or nanostructures, Raman reporters, mercury-
specific ligands, and support materials (illustrated in Fig. 3).
These chosen materials must possess synergistic optical and
chemical properties crucial for the effective functioning of any
SERS sensor.*

Nanomaterials and nanostructures play a key role in gener-
ating localized electromagnetic field enhancements or “hot-
spots”, critical for amplifying SERS signals. Gold and silver
nanomaterials are commonly selected due to their distinctive
optical characteristics such as plasmonic enhancement, high
Raman-scattering efficiency, chemical stability, facile
functionalization, and ease of fabrication. These metals sig-

Table 2 Comparison of solid-SERS active substrates and colloidal SERS substrates

Reproducibility Fabrication
Configuration Example Fabrication methods and sensitivity scalability Cost  Functionalization Ref.
Solid-SERS Nanoslit arrays, Lithography, FIB Excellent High, with mature  High Excellent with 55
rough metal surface, milling, layer-by- reproducibility (5 manufacturing various and
surface-immobilized layer assembly, PVD, nM to 0.1 pM) processes functionalization 56
NPs, nanopillars 3D printing chemistries
Colloidal NPs, nanorods, Sol-gel Poor Fair Low  Excellent with 57-59
SERS nano cubes hydrothermal, reproducibility (5 various
chemical reduction, nM-1.11 fM) functionalization
laser ablation chemistries

This journal is © The Royal Society of Chemistry 2024
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nificantly influence the sensitivity efficiency of SERS sensors.®"
Other non-noble metal materials used in SERS include carbon
materials such as graphenes,®” transition metal dichalcogen-
ides such as MoS,,°>** metal oxides,’> metal-organic frame-
works,®® transition metal nitrides (MXenes) such as titanium
nitride,*” and conjugated polymers.® Raman reporters are
also known to amplify Raman signals through chemical contri-
bution while functioning as recognition molecules responsible
for capturing targets.®* Raman reporters are often self-
assembled or covalently tethered to the NPs or nanostructures.
In cases where recognition molecules lack the functionality to
firmly attach to the nanostructure, a linker molecule like ami-
nated alkane-thiol is used."” The organized and precise assem-
bly of metal nanomaterials, analyte probes, and Raman tags is
crucial for the sensitivity, selectivity, and overall reliability of
SERS platforms.

3.1.1. Colloidal SERS substrates: solution-based SERS.
Colloidal SERS platforms stand out as strong contenders for
serving as effective SERS substrates in mercury detection. The
dispersed colloidal material enhances the Raman signal of
analytes, making it a powerful tool for this purpose. The col-
loidal SERS substrate configuration employs two basic strat-
egies for detecting mercury species (Fig. 4).

The first strategy using colloidal substrates involves direct
sensing, where the responsive SERS signal generation occurs
when the analyte directly adsorbs onto the surface of the col-
loidal particles. The Raman signal is quenched or amplified
based on whether the analyte is in contact with the substrate
surface. To achieve this in a colloidal SERS system, the analyte
must have sufficient surface affinity to penetrate a layer of sta-
bilizing species and replace surfactants.”® Analytes with func-
tional groups enabling adsorption onto gold or silver nano-
structures are more suitable for this strategy. To achieve

1388 | Nanoscale, 2024, 16, 11384-11410

optimal results, it is crucial to ensure a monolayer of analyte
on the NPs. Furthermore, the NP junction and inter-particle
distance should be controlled and evenly distributed, for
instance, by employing dilute solutions and managing sample
volume. Hence, the quantitation of the analyte is possible by
correlating the Raman signal strength with the analyte concen-
tration. However, this strategy is not suitable for detecting
vibrationless atomic ion species such as Hg”* due to their poor
binding affinity to metallic surfaces.”

The second approach is indirect sensing by employing the
SERS-tag strategy. Here, Raman reporters with distinctive
Raman peaks are tethered onto the SERS substrate, acting as
beacons for analyte detection. The SERS spectrum of the repor-
ters provides characteristic spectral fingerprints that selectively
indicate the presence or absence of chemical or physical inter-
actions with the analytes.”” This approach requires the analyte
to have a significantly high affinity to the Raman reporter. The
interaction causes a change in the geometric conformation or
electronic redistribution of the reporter moieties, generating a
unique Raman signal for quantifying the analyte.”> An ideal
Raman reporter should exhibit a distinctive and sensitive SERS
signal response to enable better visibility of changes occurring
in the presence of the analyte. These changes could be in the
form of peak shifts, intensity fluctuation, appearance, or dis-
appearance of the SERS peaks of the Raman reporter. It is also
beneficial for the Raman reporter to have at least dual func-
tionality to bind to the substrate and form a complex with the
analyte target.

Given the challenges in directly detecting inorganic forms
of mercury, in particular Hg>* ions, and due to their small
Raman scattering cross-section and lack of vibrational modes,
the use of Raman reporters has proven to be beneficial in pro-
viding an indirect signal for quantifying the ion.”* For

This journal is © The Royal Society of Chemistry 2024
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instance, Lea et al. developed a silver NP (AgNP)-based SERS
platform, pioneering the use of a tethered rhenium carbonyl
complex as a Raman reporter for Hg”" detection.”” In a recent
study, magnetic Fe;0,@SiO,@Au core/shell NPs modified with
4-mercaptopyrindine (4-MPY) served a dual role of a Raman
reporter and a mercury-specific ligand. This strategic configur-
ation was used as a SERS sensor for detecting Hg>" in water
and macrophage cells.”® The recorded SERS signals of 4-MPY
were employed for quantifying Hg>*, demonstrating a linear
increase in the SERS response with rising mercury concen-
tration and a limit of detection (LOD) of 1 ppb (Fig. 5A). This
platform exhibited high performance in terms of repeatability,
selectivity, and long-term storage stability. Various other
Raman reporters including methylene blue,”® crown ether,"
MPY,”” 4,4'-dipyridyl (Dpy),** and DNA/oligonucleotide-conju-
gated dye tags such as cy3 7> have been used to indirectly corre-
late the changes in the absolute SERS intensity of a Raman
reporter for mercury detection.”® Table 3 provides a summary
of the different SERS sensor configurations and Raman repor-
ters employed for Hg”>* detection.

In the pursuit of detecting and discriminating mercury
species, Guerrini et al. developed a sensing platform consist-
ing of a self-assembled monolayer of 4-MPY on a hybrid plas-
monic material in the form of gold NPs anchored onto poly-
styrene microbeads.®” This platform achieved simultaneous
detection, quantitation, and discrimination of inorganic Hg>"
ions and organic mercury (CH;Hg") species. The mechanism
is based on the coordination of Hg”" and CH;Hg" to the nitro-
gen atom of the MPY ring. The chelation of Hg>" occurs via
multidentate N-bonding with MPY molecules, while methyl-
mercury forms unidentate complexes with the pyridine moiety
of MPY. The sensor demonstrated an LOD of 0.1 ppb and 1.5
ppb for mercury(n) ions and methylmercury, respectively. MPY
offers significant advantages compared to other ligands, being

This journal is © The Royal Society of Chemistry 2024

bifunctional, allowing binding to the gold surface via its mer-
capto group and coordinating both CH;Hg" and Hg”* species
differentially in the SERS signal via the nitrogen of the pyri-
dine moiety. The coordination of metal ions to the pyridinic
nitrogen atom induces a redistribution of electron density
within the aromatic ring, reflected directly in the vibrational
spectrum of the molecule.

In a more recent report, Chen, et al, proposed a bimodal
(colorimetric and SERS) detection strategy using a gold
nanorod, modified by a stimuli-responsive p-amino-thiophenol
(PATP) as signal readout to detect Hg>* and CH3;Hg" in water,
food and human hair (Fig. 5B).”° The authors noted that Hg*"
is reduced with the assistance of PATP to form Hg°, which is
deposited onto the surface of the GNRs, leading to a hypso-
chromic shift of the longitudinal SPR band. Furthermore,
CH;Hg" triggered an end-to-end aggregation of GNRs due to
its excellent coordination ability toward the -NH, group of
PATP, inducing color changes from wine-red to blue, thus
allowing visual detection with the naked-eyes. The “turn-on”
SERS method and colorimetric assays based on the interaction
between GNRs@PATP and mercury species provided an LOD of
3.2 fM for Hg>* and 0.3 nM for CH;Hg". A negligible cross-
interference between Hg>" and CH;Hg" was recorded, further
stressing the selectivity of the sensor scheme.

The colloidal SERS method, while sensitive to femtomolar
levels of mercury species, faces stability issues due to signal
fluctuations caused by dynamic colloid motion and auto-aggre-
gation of NPs from external interferences such as pH, tempera-
ture, and salt concentration.®® This can lead to false-positive
signals and reproducibility problems. Non-specific interaction
of most Raman reporters with other divalent metals, notably
Pb>", As**, and Cd*", is another key drawback.’® Some reported
strategies to overcome cross-selectivity and reproducibility
issues due to auto aggregation include masking colloidal NPs

Nanoscale, 2024, 16, 1384-11410 | 11389
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with reagents such as 2,6-pyridinedicarboxylic acid.

d.41:42,85

Notably, the use of DNA/oligonucleotides as probes provides a
popular approach, offering some level of aggregation control

1390 | Nanoscale, 2024, 16, 11384-11410

and selectivity toward Hg”" ions.®® The high affinity of Hg*" to
thymidine is exploited to induce hybridization or confor-
mational changes in DNAs tethered on the surface of metal

This journal is © The Royal Society of Chemistry 2024
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Table 3 Summary of SERS biosensors and probes for Hg?* detection

Probe-target interaction/sensing Linear
SERS biosensor design Raman reporter mechanism range LOD Ref.
Magnetic Fe;0,@Si0,@Au core/shell ~ 4-MPY, also to capture Hg”®  Hg”" causes changes in the electronic 10 ppm- 1ppb (499 73
NPs, functionalized with 4-MPY (col-  ion distribution of 4-MPY, resulting in 1 ppb nM)
loidal SERS) spectral blue shift and Raman signal

enhancement
AuNPs, functionalized with MBA 4-Mercaptobenzoic acid Hg”" complexes with -COOH group of 1 ppb-10 5 ppt 84
(colloidal SERS) (MBA) MBA, leading to AuNP dimers, ppt (0.025 nM)

trimers, etc. and hot spots creation.

Phenomena is not observed with

CH;Hg"
DNA modified AuNPs (colloidal 4-Nitrothiophenol (4-NTP) as  DNA selectively captures Hg>" by 0.001-0.5 0.45 pg 87
SERS) reporter forming T-Hg”"-T complex ng mL™" mL™" (2.24

PM)

Core-shell Au@Ag NPs (colloidal Rhodamine 6G (R6G) as In the presence of Hg”", citrate ion of ~ 10*-107° 0.001 pg 80
SERS) signaling probe for Hg*" Au@Ag NPs induced complexation pgg " mL ™" (4.99

and become amalgam, causing de- nM)

sorption of R6G, thus a decrease in

SERS signal intensity.
Au film deposited on nanorod arrays ~ 4-Mercaptophenylboronic Hg”" is trapped by 4-MBA through 107°-107"° 0.1 nM 104
etched on Si wafer, and acid (4-MBA) electrophilic substitution reactions M
functionalized with 4-MBA (solid- resulting in geometric reconstruction
SERS) of 4-MBA to 4-mercaptophenyl

mercury chloride
Au nanostar@Ag satellite 1,4-Benzenedithiol (BDT) The presence of Hg>" resulted in amal-  50-1000 0.1 ppb 105
(AuNSt@AgSAT) sandwiched with gamation of the AUNSt@AgSAT, which  ppb (0.5 nM)
BDT (colloidal SERS) altered both its structural morphology

and Raman enhancement properties
Ag nanowires/glass transparent L-Cystein Hg”" adsorption onto -COOH- of 1-Cys  107*-1077 1 nM 106
conductive film functionalized with causes a change in the ring-breathing M
L-cysteine (solid SERS) of associated SERS bands of Ag NW-L-

Cys
Capillary decorated with AuNPs, 4-MPY, also to provide Pyridine nitrogen of 4-MPY captures 0.1 pM-1 0.2 pM 107
functionalized with 4-MPY (solid anchoring sites for Hg>" Hg>*, changing 4-MPY orientation pM
SERS) from flat to perpendicular, thus modi-

fying SERS signal intensity ratio
Au@Au core-shell NP modified with ~ R6G as Raman reporter and  — 0.01nMto 0.3 pM 108
R6G Raman reporter and a thiolated ~ ssDNA as Raman probe 1 nM

single strand DNA probe
immobilized on a lateral flow strip
(solid SERS substrate)

NPs, offering control of interparticle distance.®® The strategy
produces either a turn-on or turn-off SERS signal.

The turn-on mechanism in SERS signals using DNA oligos
is based on thymidine-Hg*'~thymidine (T-Hg”*-T) coordi-
nation chemistry, generating plasmonic hotspots that enhance
SERS signals of Raman reporters when colloidal particles
aggregate. This strategy offers high selectivity and sensitivity
due to the affinity of Hg>" to thymidine and the strong electro-
magnetic field generated due to the plasmonic coupling of NP
assemblies. For instance, Xu et al, used Hg”" to induce the
aggregation of DNA-modified gold NPs (AuNPs) into chains.®”
They reported a remarkable SERS signal where the length of
gold nanochains was directly proportional to the mercury ion
concentrations over 0.001-0.5 ng mL~' and the LOD in drink-
ing water was as low as 0.45 pg mL™'. Adopting a similar
approach, a single-stranded DNA-modified gold nanorod
(ssDNA-AuNR) undergoes hybridization with a partly comp-
lementary, fluorescently tagged DNA to form a double-
stranded DNA-modified gold nanorod (dsDNS-AuNR) in the
presence of Hg>" ions.®® An SERS detection method of Hg”>* via
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the nanorod side-by-side assemblies recorded a limit of detec-
tion of 0.001 ng mL™" over a linear range of 0.01 ng mL™" to 10
ng mL™" in tissues and eggs of hens. Applying this strategy,
the authors also detected methylmercury in egg whites. Liu
et al. also utilized oligonucleotide-functionalized core/shell
magnetic silica@Au NPs for SERS detection of Hg”" ions based
on a signal turn-on mechanism.®® They recorded a distinct
SERS intensity as the Hg>" concentration increases in the
linear range of 0.1-1000 nM and an LOD of 0.1 nM. Without
necessarily undergoing any modification, the sensor effectively
detects silver and enables the removal of both mercury and
silver ions from the surrounding solutions by an external mag-
netic field.

The turn-off signal mechanism arises from the dispersion
of NPs, caused by mercury ions displacing the Raman reporter
from the NP surface. For instance, in a system utilizing
aptamer-modified Au@Ag core-shell NPs with microfluidics
for trace Hg”" analysis via SERS, a Cy3 molecule as a Raman
reporter attached at the 5’ end of a DNA aptamer exhibits sig-
nificant signal reduction with the increase in Hg?" ions.”” This

This journal is © The Royal Society of Chemistry 2024
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occurs due to the release of Cy3-labeled aptamer DNAs from
the NP surface, forming stable T-Hg”'-T-mediated hairpin
structures. The sensor achieves an LOD of 10 pM.

Despite the widespread use of DNA oligos to enhance
selectivity and control NP aggregation, their susceptibility to
temperature, stability, and pH changes poses challenges.’® To
address these challenges, a strategy involving the use of elec-
tron-rich inorganic compounds such as 4,4'-dipyridyl (Dpy) is
employed to induce colloidal dispersion. In this way, Du et al.
designed a SERS chip specifically for detecting femtomolar
concentrations of Hg>*.>* The chip utilized Au@Ag NPs that
were modified with Dpy. In the structure of Dpy molecules,
two pyridine rings are arranged symmetrically. The two elec-
tron-rich nitrogen atoms of Dpy bind to the silver shells of two
Au@Ag NPs, inducing colloid aggregation. This aggregation
creates a strong Raman hot spot effect, resulting in enhanced
SERS readouts. In the presence of mercury, Dpy exhibits a
strong affinity to mercury ions, leading to the formation of a
Hg>*-Dpy coordination complex. This coordination causes the
exchange of Dpy from the surface of the NPs into the aqueous
Hg>" droplet. As a result, Au@Ag NPs become dispersed and
the SERS signals are quenched. The chip demonstrates a rapid
response to as low as 10 femtomolar (fM) Hg>* within
4 minutes.

The detection and quantitation of mercury in traditional
Chinese medicine preparation were achieved by using silver
NPs (AgNPs) as the Raman substrate and Dpy as the signal
probe (Fig. 5C).*" In this methodology, Dpy was adsorbed onto
the surface of AgNPs through an Ag-N bond. Subsequently,
sodium chloride was introduced as a supplement to induce
the aggregation of AgNPs, thereby enhancing its signal. Upon
the presence of Hg*", Dpy forms a Dpy-Hg complex, which dis-
sociates from the surface of the AgNPs, resulting in the dis-
persion of AgNPs and a subsequent reduction in their signal.
The system demonstrated an LOD of 10 ng mL™" within the
linear range of 50-100 ng mL ",

Similarly, Hassan et al. utilized Rhodamine 6G (R6G) as a
molecular probe in a core-shell Au@Ag NP-based SERS sub-
strate for quantitative Hg?* detection in fish and water
samples (Fig. 5D).%° In the presence of Hg>", R6G is displaced
from the NP surface due to the formation of a mercury and
citrate ion amalgam, resulting in a quenched Raman signal.
The method exhibits an LOD of 0.001 pg mL~" over a mercury
concentration range of 107> to 10% pg g™ .

While these methods demonstrate satisfactory sensitivity
and selectivity, achieving repeatability and stability remains a
challenge.

3.1.2. Solid SERS-active substrates. A solid SERS substrate
consists of nanostructures (such as nano gratings and nano-
pillars) or nanomaterials (including NPs, quantum dots, and
magnetic NPs) that are either directly fabricated or indepen-
dently immobilized on a flat solid support. This support
imparts a balance of flexibility and mechanical robustness,
and materials such as glass, metals, polycarbonates, and other
polymers are commonly used.’™®> Glass supports offer good
mechanical strength, but they tend to be fragile. Furthermore,

This journal is © The Royal Society of Chemistry 2024
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supports like polymers possess necessary multifunctional
characteristics such as mechanical strength and flexibility, in
addition to cost-effectiveness, optical transparency, and metal-
loading capability, which make them suitable for hosting and
enriching metal nanostructures while providing tunable
sensing outcomes.”>%® The supports do not contribute typi-
cally to the SERS effect as they do not absorb or scatter light.

Active SERS nanomaterials can be introduced to a support
through methods like direct drop casting, support engineering
via etching or functionalization, or by growing nanomaterials
on the support during the synthesis process to form a compo-
site material.’* Higher-order assemblies can also be achieved
via these techniques or decorating the support surface with
SERS-active NPs, or modifying the support with materials such
as graphenes.®’

Solid-SERS substrates offer several notable advantages
including convenient handling and transport, enduring stabi-
lity over time, enhanced reproducibility, and the potential for
on-site applications. However, one of the primary challenges
encountered in SERS techniques for mercury analysis pertains
to the uniformity of the substrate, a factor that can signifi-
cantly impact the reproducibility and reliability of sensing
results. The consistency of SERS enhancement across the
entire surface relies on uniform substrates, thereby ensuring
more accurate and reliable measurements. In contrast, non-
uniform substrates may yield inconsistent SERS enhancement,
leading to unpredictable results and complicating the differen-
tiation between analyte peaks and substrate-induced signals.
Recent advancements addressing these challenges involve
employing 3D printing techniques with femtosecond lasers,
providing precise control over the size and distance between
nanostructures.>®*% This technology has shown promise in
creating substrates with improved uniformity and enhanced
sensitivity for mercury analysis.

Efficiency in SERS measurements is also influenced by the
incident laser wavelength, impacting both penetration depth and
light scattering efficiency.””*® In principle, the choice of material
for SERS substrates, such as gold or silver, determines the
optimal laser wavelength for the best Raman signal enhancement
in terms of intensity and spatial resolution. For instance, a
785 nm laser is most effective with gold NPs, while a 532 nm
laser performs better with silver nanoparticles.” " A 630 nm
laser can accommodate a mixture of both metals to leverage their
respective enhancements.'%>'%® With the expansion of SERS plat-
forms to include non-noble metallic materials such as titanium
nitrides, it becomes increasingly necessary to conduct SERS
measurements at various laser wavelengths to determine the
optimal wavelength for the specific material employed.

Another obstacle confronting SERS systems pertains to
their selectivity. The platforms are susceptible to interferences
owing to the restricted availability of mercury-specific probes
and the diminished selectivity exhibited by the currently acces-
sible probes. In studies aimed at detecting mercury species in
environmental samples, gold and silver NPs have been favored
for decorating support surfaces due to their excellent plasmo-
nic and light scattering properties, as well as their ability to
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conjugate recognition ligands or directly bind with targets for
improving selectivity.”®

Another study illustrated the detection and quantitation of
Hg>" ions in water samples containing Pb(u) and Cd(u) inter-
ferents, achieving an LOD of 0.51 pM.'? This was accom-
plished using a SERS sensor composed of gold nanostructures
deposited on a gold support substrate. The surface of the sub-
strate was functionalized with a crown ether derivative (from
aminodibenzo-18-crown-6 coupled with mercaptopropionic
acid, serving as a recognition molecule for Hg>* ions). The
capillary designed sensor exhibited a linear detection range of
1x10"" M to 1 x 107° M Hg”" ions.

Li et al. designed a methodology that integrates a self-
driven microfluidic surface-enhanced Raman scattering (SERS)
detection chip on a silicon support.®® This was achieved using
a femtosecond laser direct 3D writing (FLDW) technology,
which enabled the detection and quantification of Hg*" in
water samples. The platform consisted of microchannels fabri-
cated on silicon using a laser beam. Nanostructures were then
created by FLDW at the junction of the microchannels, fol-
lowed by the deposition of an Ag film, which served as the
active SERS detection sites. Rhodamine 6G (R6G) was
employed as the Raman probe molecule. Quantitative analysis
of Hg”" was achieved by separately injecting the Hg*" sample
and the probe molecule from two different inlets and collect-
ing the SERS signal at the detection site. The authors deter-
mined that the designed platform could detect and quantify
Hg”" within a linear range of 10~* to 10™° M, with an LOD of 1
nM. A detailed summary of recent representative SERS sensors
for mercury species detection is provided in Table 3.

3.1.3. Mechanisms of solid SERS for Hg”* detection. There
are three prominent proposed mechanisms involved in detect-
ing Hg>" in a solid SERS substrate.

Mechanism 1: the first mechanism involves the alteration of
the conformation or orientation of the probe immobilized on
a solid support by the analyte. The change in the structure of
the probe results in a unique Raman signal that corresponds
to the presence of mercury. For example, Lu et al., reported a
label-free SERS sensor based on the formation of T-Hg*'-T
pairs and the corresponding effect on the orientation of DNA
on the Au shell surface (Fig. 6A).'% The DNA aptamer immobi-
lized on the surface of SiO,@Au core/shell NPs consisted of
two segments, namely, the segment which has the consecutive
thymines (T) serving as the Hg>" recognition elements, and the
segment which contains the guanine (G) and adenine (A)
bases working as the signal reporter. The interaction of Hg*"
ions with the thymines between the adjacent single-stranded
DNA (ssDNA) causes the DNA molecule to adopt a vertical
orientation, resulting in an increase in the Raman intensity, as
the concentration of Hg>" increased. This allowed measure-
ment of trace amounts of Hg>" in aqueous solutions within a
wide concentration range (from 1 x 10% to 1 x 10™* M, LOD =
1078 M). In a recent study, AuNPs were used to develop a label-
free solid-SERS substrate chemosensor for the detection of
Hg®" and Ag" ions in breast cancer cells (Fig. 6B)."'® The
sensor was engineered by using a glass nanofiber support
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covered by the deposition of polystyrene-b-poly(4-vinyl pyri-
dine) (PS-P4VP) diblock copolymers, which was further deco-
rated by a layer of AuNPs that have been previously functiona-
lized with a recognition molecule 4-MPY. The authors reported
the intensity of the representative Raman bands to be increas-
ing with the increase in the concentration of Hg>* and Ag"
from 5 nM to 500 nM. The spectral changes were attributed to
the effect of the 4-MPY molecular orientation (from flatter to
more perpendicular with respect to the metal surface) arising
from the coordination between the nitrogen on 4-MPY and the
metal ions. The sensor achieved LOD values of 5 nM and 100
nM for Hg>" and Ag" respectively. Although the sensor showed
selectivity in the presence of potentially interfering ions such
as AI**, cu®", Pb**, Co**, Ni**, Ca®*, and Fe*", it could be chal-
lenging to detect Hg>* ions in a sample containing Ag* as an
interferent due to the high affinity of 4-MPY ligands to Ag".

Mechanism 2: the second mechanism involves leveraging
the chemical modification of the probe or Raman reporter
induced by mercury. In this process, a chemical reaction
occurs between mercury and the probe or Raman tag, resulting
in the creation of a completely new substance on the surface of
the Raman substrate. This transformation induces a modifi-
cation in the original Raman spectra of the probe or Raman
tag. For instance, Zhao et al., reported ordered Au nanorod
arrays (Au NRAs) modified with 4-mercaptophenylboronic acid
(4-MBA) as multifunctional SERS reporters to detect Hg”>* in
natural water (Fig. 6C).'°" Aqueous Hg*" was efficiently
trapped by 4-MBA via electrophilic substitution reactions, and
precisely appraise its concentration based on the collective
spectral changes of reporters including peak disappearance,
emergence, and Raman shift. Based on this, the optical nano-
probe shows an ultrahigh detection sensitivity of 0.1 nM for
Hg®" and was able to identify different chemical forms of
mercury based on their different chemical interaction with the
4-MBA probe. Another work, recorded the detection of Hg*" via
the galvanic replacement reaction (GRR) of Hg>" on the silver
nanorod surface using Victoria blue B as a molecular probe
(Fig. 6D).""* Upon addition of Hg>", the GRR occurred between
AgNR and Hg”* to form a larger size core-shell composite NP,
Ageore/HgoClognen, with low SERS activity that causes SERS
signal quenching. Therefore, with the increase in the Hg>*
concentration, the SERS intensity decreased linearly in the
range of 1.25-125 nmol L™, with a detection limit of 0.2 nM.

Recently, Guselnikova et al. have used gold gratings by
employing their ability to excite a surface plasmon polariton
(Fig. 6E).""* They designed a competitive SERS chemosensor
platform consisting of a recognition layer formed from a sun-
light-induced thiolyne reaction of 4-ethynylphenyl groups with
a mercaptosuccinic acid-based specific recognition layer in the
presence of photocatalyst eosin Y. The sensor detected and
quantified Hg>" ions as low as 0.027 pg L. The utilization of
periodic metal grating produces a substantial surface area with
an enhanced electric field uniformly distributed across the
entire active surface of the sample. Such substrate is character-
ized by its simplicity in preparation, cost-effectiveness, and
heightened sensitivity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Representation of various solid-SERS active substrate chemosensor designs, fabrication processes, and quantification techniques to detect
mercury species. (A) Label-free SERS method for Hg?* detection based on structure-change and orientation-switching ssDNA. Alongside is the
typical SERS response of DNA aptamer-modified SiO,@Au NP-based substrates in the absence (top spectrum) and presence (bottom spectrum) of
Hg?* ions. Reproduced with permission.'%® Copyright 2018, Elsevier. (B) A simultaneous quantification technique for Hg?* and Ag* in cancer cells
based on glass nanofibers decorated with AuNPs that are functionalized with 4-Mpy. Reproduced with permission.''® Copyright 2021, American
Chemical Society. (C) Schematic illustration of 4-MBA-based optical nanoprobes for accurate identification of Hg?* based on mercuration-ruled
electrophilic substitution to specifically anchor Hg?* onto the probe via a chemical change. The spectral changes involve disappearance, emergence,
and shift of vibrational peaks. Reproduced with permission.'®* Copyright 2020, Elsevier. (D) Illustrative steps for the detection of Hg?>*@Ag nanorods
via galvanic replacement reaction using SERS. Reproduced with permission.!'* Copyright 2016, Nature Publishing Group. (E) Hg?* ion capture via
gold grating with mercaptosuccinic acid. Reproduced with permission.**? Copyright 2019, Multidisciplinary Digital Publishing Institute. (F)
Mechanism of detection of a solid-SERS sensor for quantifying Hg?* via competitive ligand exchange in a capillary decorated with AgNPs that are
coated with Dpy ligands. Reproduced with permission.*** Copyright 2020, Elsevier. Copyright 2018, Elsevier.

Mechanism 3: the third mechanism for detecting Hg>"
entails a probe or ligand exchange between the SERS substrate
and the mercury species. In this process, the probe’s strong
affinity for mercury leads to the formation of a probe-Hg
complex, prompting the displacement of the complex from the
substrate’s surface. For example, Zhao et al. designed a quanti-
tative SERS chemosensor based on a ligand exchange approach
to detect Hg>" ions in drinking water (Fig. 6F).""* The chemo-

This journal is © The Royal Society of Chemistry 2024

sensor was designed as follows: (I) AgNPs were deposited on
the inner walls of a glass capillary, previously functionalized
with (3-aminopropyl)trimethoxysilane (APTMS); (II) the par-
ticles were conjugated with a 4,4-Dpy ligand acting as a
Raman tag and to capture Hg”*. The interaction of the Hg*"
ions with Dpy causes the Dpy-Hg”" complex to detach from the
AgNPs. The detachment of the Raman tag produces relatively
weak SERS readouts. The sensor was able to quantitatively
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measure the concentration of Hg”" ions, and there was a pro-
portional relationship between the Hg>" ion concentration and
the Raman peak response while achieving an LOD of 0.1 ppb
(4.99 nM). The sensor shows practical applications by detect-
ing Hg** spiked in environmental water samples and the recov-
eries were in the range of 96.10-102.06%.

The main challenge in the ligand exchange approach is the
poor selectivity of probes. Other divalent metal ions present as
impurities can also complex with ligands like Dpy, resulting in
non-specific interactions. As a result, the concentration of
Hg>* in the ligand exchange analysis of environmental
samples may be overstated and should be a source for further
investigations.

3.1.4. Hybrid substrates of solid SERS for enhanced pre-
cision in Hg”?* ion detection. Solid-SERS substrates merged
with colloidal or electrochemical approaches are shown to
provide enhanced precision in Hg>" detection. In the study by
Feng et al, a tetrahedral DNA structure was utilized in con-
structing a solid-colloidal hybrid substrate sensor that is
superior in terms of selectivity, sensitivity, and stability over
sensing approaches employing either colloidal or solid SERS
substrates alone.®® The hybrid SERS substrate was composed
of satellite AuNPs tethered by tetrahedral DNA structures to a
core AuNP supported on indium tin oxide (ITO). One edge of
the tetrahedron featured single-stranded DNA containing an
Hg>* aptamer. Upon binding to the target Hg”>*, the Hg>"
aptamer underwent a structural transformation to a hairpin
configuration due to the formation of the T-Hg”>*-T bond.
This transformation induced the tetrahedra to shift from a
relaxed state to a taut state. Consequently, the alteration in the
tetrahedral structure brought the satellite AuNP closer to the
core AuNP, generating robust SERS intensity owing to the
surface plasmon coupling effect. A significant amplification in
the SERS intensity was observed with the increase in the con-
centration of Hg>" at the single-particle level. The lowest detec-
tion limit for Hg”" was determined to be 0.36 nM.

In a recent study, Zheng et al. have unveiled a novel optical
sensor featuring voltage enrichment, elevating the precision
and sensitivity of Hg** ion detection.’>® As shown in Fig. 7, their
research utilized nanoporous gold (NPG) modified with a cy5-
labelled aptamer. The hybrid sensor leverages the coordination
chemistry of thymine-Hg?'~thymine interaction, coupled with
an applied voltage that strategically propels mercury ions
toward the NPG film. With a detection limit of 0.1 pM, the
optical sensor demonstrated exceptional performance in
aqueous solutions containing a diverse array of 13 metal ions.
Notably, the method maintains reproducibility and stability,
underlining its robustness for practical applications.

4. Mercury-based IIPs

IIPs have attracted considerable attention as a highly promis-
ing solution for the selective detection of heavy metals, such
as mercury.''* As synthetic materials, IIPs are designed to

recognize and bind specific target ions with high affinity and
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selectivity.''®> They are easy to produce, exhibit impressive
storage endurance without performance degradation, remain
stable across wide temperature ranges, and maintain reliable
imprint memory for over 100 cycles with little performance
1055.116’117

The principle underlying IIPs is rooted in ionic reco-
gnition."™® These polymers are prepared by polymerizing func-
tional monomers with template ions, which are subsequently
removed to leave behind a cavity that is complementary in
shape, size, and chemical functionality to the template ion.
The resulting IIPs can selectively bind to the template ion and
demonstrate high affinity and selectivity towards it.

Considering the various forms of mercury (elemental Hg®,
ionic Hg®>" and CH3Hg") and molecular states ((CH;),Hg), the
selection of a template governs target recognition and detec-
tion methods. In particular, the use of molecules such as
dimethyl mercury ((CH;),Hg) as the template during imprint-
ing characterizes the approach as molecular imprinting poly-
mers (MIPs). Conversely, the nomenclature IIPs denote the
practice of employing ions, such as Hg>", to facilitate polymer
imprinting.

4.1. Synthesis of IIPs

The synthesis of IIPs requires a functional monomer or poly-
merizable ligand, a crosslinker, and a polymerization initiator.
Typically, a template ion is added before polymerization to
model the target ion and create cavities intended for the selec-
tive recognition and binding of the target ion. For instance, to
develop IIPs that selectively target mercury, the template mole-
cules are usually small molecules containing a mercury ion,
such as HgCl, or Hg(NOj3),. Fig. 8 illustrates the three general
synthetic steps for IIPs, which are as follows: (a) the pre-
polymerization step where functional monomers interact with
the template ions in a solvent, (b) copolymerization of cross-
linkers with the functional monomers, and (c) removal of the
template from the imprinted polymers using an acid or a che-
lating agent.

This process is typically followed by grinding and sieving to
achieve the desired particle size. These steps are common to
various methods employed for synthesizing IIPs, including
bulk, radical, sol-gel, and emulsion polymerization
processes.''*' Among these methods, bulk polymerization is
the most common synthetic approach for IIPs.'** It is a one-
step process that is easy to carry out and offers the advantage of
controlling the amount and structure of the coordination com-
pound embedded in the polymer’s structure. However, it suffers
from drawbacks such as low rebinding capacity, slow mass
transfer, and incomplete removal of the template.'*>'** These
limitations arise from the restricted accessibility of the binding
sites within the rigid polymeric mixture. As a result, more atten-
tion is shifting towards surface imprinting techniques.

In the surface imprinting method, a thin layer of functional
monomers is immobilized on solid supports, such as silica or
glass beads.'*® Subsequently, the template ion is added to the
functionalized surface, followed by polymerization and tem-
plate removal. The resulting polymer layer contains imprinted

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (A) An NPG/aptamer sensor for Hg?* detection based on voltage enrichment. (B) SERS spectrum of Apt15-modified NPG films and character-
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solution with different Hg?* concentrations (circle). Reproduced with permission.>® Copyright 2019, American Chemical Society.

sites that are complementary to the template molecules/ions employed, crosslinker, porogen, initiator, and polymerization
and are located on the surface of the substrate. This arrange- conditions. These conditions influence the number of
ment enables easy removal and rebinding of the template, imprinted sites and the accessibility of the analyte to those
thereby overcoming the drawbacks associated with the tra- sites."'®'** The selectivity and sensitivity of the IIPs can be
ditional bulk polymerization method. improved by optimizing these factors.

4.2.1. Choice of monomers and imprinting process. The
selection of functional monomers is crucial for the develop-
The properties and performance of IIPs for mercury detection ment of IIPs for mercury detection, as the binding affinity and
depend on various factors including synthesis methods, selectivity of the polymer rely on the chemical structure and
nature of the target analyte, type of functional monomers functional groups of monomers. A critical requirement in

4.2. Tailoring IIP properties for Hg detection

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 11384-11410 | 11397
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choosing the appropriate monomer is the presence of polymer-
izable functional groups such as vinyl, along with other func-
tional groups such as thiols and carbonyls capable of interact-
ing with the template. It is essential that these functional
groups, apart from the polymerizable ones, do not interfere
with or inhibit polymerization. Additionally, the monomer
must remain stable throughout the polymerization process.
Commonly employed polymerizable commercial functional
monomers containing nitrogen, sulfur, or oxygen atoms, such
as acrylic acid, acrylamide, methacrylic acid, and 4-vinylpyri-
dine, are used for the detection of Hg®" and other heavy
metals such as Pb(n) and Cd(u)."****” The suitability of these
ionic templates arises from their distinct properties including
solubility under imprinting conditions, strong and stable

1398 | Nanoscale, 2024, 16, 1384-11410

interaction with functional monomers, rigid conformation
that fits the cavity of the polymer without altering its confor-
mation, and ease of separation from and enrichment into the
polymer matrix.">®

The choice of the functional monomer dictates the nature
of interactions between the functional monomers and tem-
plates during the pre-polymerization step. These interactions
can be categorized into covalent, non-covalent, and coordi-
nation complex interactions (Fig. 8). Monomers interact with
molecular mercury species such as dimethyl mercury through
covalent or non-covalent interactions to form molecularly
imprinted polymers (MIPs). Conversely, monomers can associ-
ate with mercury ions such as Hg?* and MeHg" through
coordination chemistry to form ion-imprinted polymers (IIPs).

This journal is © The Royal Society of Chemistry 2024
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Typically, monomers and ligands utilize heteroatoms (such as
oxygen, nitrogen, or sulfur) to donate electrons to the unfilled
orbitals of the outer sphere of the metal ions, thereby forming
complexes.’

The covalent imprinting approach in molecular imprinting
utilizes reversible covalent bonds such as reversible esterifica-
tion or condensation reactions between the functional
monomer and the template.'** To achieve covalent inter-
actions of analytes on IIPs/MIPs, the functional monomers
and crosslinkers used in the synthesis of the IIP/MIP should
facilitate chemical interactions with the template. The func-
tional monomers need to possess chemical groups such as
thiol, amino, or carboxyl groups, capable of reacting with the
template species. Additionally, synthesis conditions such as
polymerization temperature and time can be optimized to
promote covalent interactions. For instance, higher tempera-
tures and longer polymerization times can increase the degree
of cross-linking and promote the formation of stronger chemi-
cal bonds between the IIP/MIP and the analyte.'**

While this approach offers the benefits of producing
specific and homogeneous binding sites, it suffers from the
limited availability of monomers with the required functional
groups such as alcohols (diols), aldehydes, ketones, amines,
and carboxylic acids, which can participate in reversible
covalent bonding."*® This constraint restricts the applicability
of the covalent imprinting approach to a narrower range of
templates. Additionally, the removal of the template molecule
is challenging, often requiring aggressive methods that utilize
inorganic acids, which can damage the polymer matrix and
alter the binding site’s selectivity, reducing its effectiveness. As
a result, the covalent imprinting approach is less attractive in
practice.'®!

In comparing different eluents such as HCl, HCI + 5%
thiourea, and HNO; for mercury removal from IIPs, HNO; is
found to provide the best performance with over 99% recovery
of mercury.>>'*> However, other reports indicate that HCI +
thiourea offers enhanced performance and elution speed due
to the complexing abilities of thiourea with mercury.'*?

The non-covalent interactions such as hydrogen bonding,
n-n interactions, and hydrophobic interactions are more fre-
quently employed in molecular imprinting due to their
broader range of options for creating specific and selective
binding sites without the drawbacks associated with covalent
interactions. These interactions enable weak binding between
the imprint molecule and the polymer, facilitating easy recov-
ery of the imprint molecule through mild extraction. For
instance, Bahrami reported the first synthesis of IIP NPs using
a non-polymerizable ligand “dithizone” (Dz) and applied them
for the quantitative and selective separation and enrichment
of imprinted Hg*" ions in aqueous solutions."** They found
that the main binding force between Dz and the polymer
network (poly(EGDMA-Dz/Hg(u)) colloidal NPs) is hydrogen
bonding.

However, due to the inherent weakness of non-covalent
bonds, an excess of functional monomers are often required
during polymerization to promote the formation of template-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

monomer assemblies. The optimal approach to achieve better
selectivity, recognition, and binding efficiency involves the use
of multiple polymerizable monomers that can simultaneously
interact with the imprint molecule.'?>?®

Metal coordination is the most favorable method for ion
imprinting due to the robustness and directionality of metal
bonds compared to hydrogen bonds."*® Unlike MIPs, this tech-
nique overcomes the limitations associated with nonpolar and
aprotic solvents, thereby enabling the use of polar solvents
and even aqueous solutions as imprinting media."*® This capa-
bility opens new avenues for the imprinting of biomacro-
molecules such as proteins, DNA, RNA, antibodies, and bio-
logical receptors that typically have low solubility and tendency
towards denaturation in organic media.'**

Careful consideration of the metal ion’s characteristics
such as its compatibility with the polymerization process, well-
defined coordination sphere, and optimal affinity for the tem-
plate and monomer is essential.’*® A selective and stable inter-
action between mercury ions and various functional mono-
mers such as 4-vinylpyridine (4-VP) and acrylamide has been
recently reported.'*"'*> Table 4 summarizes the list of mono-
mers used for the synthesis of Hg-based IIPs. Vinyl group-con-
taining molecules are commonly employed as monomers, as
they can easily undergo free radical polymerization. Having
one, two or many additional functional groups in molecules
such as acrylic acid, pyrrole and thiourea gives them the ability
to serve as both functional monomers and complexing
agents.'*® They have the ability to form a hydrogen bond and
serve as a proton donor and a hydrogen bond acceptor.'**
These multifunctional monomers are generally preferred in
IIPs because the presence of functional moieties such as
—-C=0, -OH and -NH confers excellent coordination capabili-
ties on the monomers."*>

While numerous monomers hold promising potential for
creating IIPs, those with strong and selective binding affinity
to Hg species are relatively rare. Although widely used single
monomers with multiple functional groups such as MAA and
4-VP exhibit affinity towards mercury and can produce IIPs at a
reduced cost,'™ the simultaneous use of multiple monomers
(co-monomers) has proven more effective in the imprinting
and detection of Hg>".'*’7'*® Another common strategy
employed to enhance the recognition properties of IIPs is by
trapping mercury-selective ligands within the polymer matrix.

Mesa et al. employed this approach to evaluate the effective-
ness of 2-mercaptobenzimidazole (MBI) and 2-mercaptoben-
zothiazole (MBT) ligands immobilized in an IIP matrix for the
extraction of methyl mercury from water samples.’*® The
ligand-based IIPs were synthesized via bulk polymerization,
involving the initial formation of a pre-polymerization
complex by incubating the template (methylmercury), func-
tional monomer (acrylic acid, AA), and the ligand (MBI or
MBT) (Fig. 9). Subsequent polymerization produced
IIP-MBI-AA and IIP-MBT-AA, exhibiting 53% and 62% methyl
mercury sorption respectively. Table 5 gives the schematic
illustration of the IIP preparation processes and the Hg”" reco-
gnition mechanisms.

Nanoscale, 2024, 16, 1384-11410 | 11399
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4.2.2. Choice of crosslinkers. The binding capacity and
stability of IIPs exhibit a direct correlation with the degree of
crosslinking. The amount of crosslinkers plays a pivotal role in
generating porosity within copolymer networks. The insuffi-

1400 | Nanoscale, 2024, 16, 11384-11410

cient incorporation of a crosslinking agent may lead to com-
promised mechanical stability and render the recognition sites
vulnerable to damage, consequently impacting the selectivity
of the IIPs."®" On the contrary, an excessive amount of cross-

This journal is © The Royal Society of Chemistry 2024
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linking agents may result in an IIP characterized by an unu-
sually dense network structure. This, in turn, diminishes its
flexibility, mass transfer performance, and the number of
recognized adsorption sites per unit mass. Consequently, such
conditions can lead to an unsatisfactory adsorption rate and
diminished adsorption effectiveness. A comprehensive list of
commonly used crosslinking agents is provided in Table 6.
These crosslinking agents can be categorized into two groups.
The first group comprises agents containing polymeric groups
that can undergo copolymerization with monomers. The
examples include ethylene glycol dimethacrylate (EGDMA),
N,N'-methylene diacrylamide (MBAA), and divinylbenzene. The
second group consists of agents that do not react with them-
selves but are employed solely to crosslink linear or hyper-
branched polymers, such as glutaric dialdehyde and epichloro-
hydrin (ECH)."*°

4.2.3. Choice of initiators. Most imprinted polymers
undergo polymerization through free radicals, photoinitiated
polymerization, or electrically initiated polymerization. Among
these, free radical polymerization, commonly initiated by heat

This journal is © The Royal Society of Chemistry 2024

or light, is the most prevalent method. Initiators such as per-
oxides and azo compounds, captured in Table 6, are frequently
employed. Notably, the compound 2,2"-azobis(2-methyl-propio-
nitrile) (AIBN) is widely used due to its mild reaction con-
ditions with a thermal initiation temperature of 50-70 °C.
Critical to this process is the removal of dissolved oxygen from
the polymerization system, which inhibits free radical
polymerization. Techniques such as ultrasound, vacuum
extraction, nitrogen purging, or argon purging are typically
employed to eliminate dissolved oxygen.

4.2.4. Choice of solvent (porogenic agent). Solvents,
referred to as porogenic agents in IIP synthesis, dissolve reac-
tant species such as template ions, functional monomers,
crosslinkers, and initiators. They also control the morphology
and porosity of IIPs.'>”
orate, creating pores. The initial solvent quantity does not

During polymerization, solvents evap-

affect the polymer mass but significantly influences porosity
and hardness. More solvent increases porosity and reduces
hardness. Low solvent volume means fewer pores, limiting
Hg>" ion access and lowering Hg-IIP adsorption capacity."*?
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Solvents fall into two categories: non-polar, aprotic (e.g:,
chloroform and acetonitrile) and polar, protic (e.g., methanol
and water). Despite toxicity and storage challenges, non-polar
solvents are preferred for effective template-functional
monomer association.’® Non-polar solvents such as toluene
or hexane excel in pre-polymerization reactions, yielding IIPs
with a non-polar surface chemistry, promoting Hg>" ion physi-
sorption.'*® Polar solvents, while mild and non-toxic, disrupt
noncovalent interactions, which inform their less use in IIP
synthesis.

4.3. Applications of IIPs

The IIPs have been used in various formats such as bulk
materials, thin films, NPs, and sensors. IIPs play a dual role in
detecting and removing heavy metals, such as mercury
species. Bulk IIPs have been used for solid-phase extraction to
remove mercury from numerous environmental samples.
Furthermore, thin-film IIPs have been used for surface
imprinting and sensing applications."*® For mercury removal
or sorption, first, the presence of mercury in the sample has to
be confirmed by some other means such as AAS equipment.
The time consumption and complexity of this process have led
to a more elegant approach, where the selective adsorption of
1IPs for mercury has been harnessed to develop a platform
with capability to recognize, adsorb and simultaneously
provide detection signals corresponding to the amount of Hg
compounds in an environmental sample without the use of
any complex external equipment. This multifunctional
mercury detection and removal capability make IIP technique
stand out from other mercury detection sensors such as SERS,
electrochemical and colorimetric sensors.

This section will focus on the construction IIP sensors and
the application of IIPs for mercury detection and mercury
removal via sorption, highlighting the performances of recent
approaches, and the materials and methods used.

4.3.1. 1IPs for Hg>* detection. The construction of an IIP
chemical sensor for mercury detection is a multi-step process
that involves the integration of various components to create a
functional sensing device. The development of such sensors is
crucial for applications in environmental monitoring, medical
diagnostics, industrial process control, and food safety.

Chemical sensors, as devices designed to identify and
quantify specific chemical substances or changes in chemical
concentrations, require the integration of key components.
These include recognition elements, which can be biological
(enzymes, aptamers, and antibodies), or chemical receptors
like IIPs with specific binding sites for target analytes. Another
fundamental component is the transducer, responsible for
converting the recognition event into a measurable signal.
Transduction methods vary and can include electrochemical,
optical, piezoelectric, or resistive approaches. For example,
electrochemical transducers measure changes in electrical pro-
perties, while optical transducers utilize alterations in light
absorption, fluorescence, or refractive index. Following trans-
duction, a signal processing unit comes into play. This unit
amplifies, filters, and processes the raw signal to enhance sen-
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sitivity and selectivity. The processed signal is then presented
through an output display or interface, offering quantitative
information about the detected analyte in a user-friendly
manner. These components work together synergistically to
create effective chemical sensors capable of accurate and
reliable detection and quantification of target substances in
various applications.

In the context of IIP-based sensors for mercury detection,
the immobilization of IIPs on transducers such as quartz
crystal microbalance, electrodes, or SPR platforms is a
common practice. The binding of the target molecule to IIPs
induces changes in the physical or chemical properties of the
transducer, which are then detected by the sensor and dis-
played through the output display or interface. This integrated
approach allows for the fabrication of a cohesive and effective
chemical sensor for mercury detection. For example, Hande
et al. prepared IIPs using a monomer with fluorescence prop-
erty that is quenched in the presence of a Hg>" ion due to
intermolecular charge transfer from oxygen and nitrogen
atoms of the monomer to the Hg>" ion.'®® By polymerizing
their pioneered fluorescence monomer (N-[4-(2-ox0-2H-
chromen-3-yl)-thiazol-2-yl]-acrylamide) in the presence of
EGDMA (crosslinker), AIBN (initiator), and a Hg** template, an
IIP was achieved with high affinity to Hg”" ions. The fluo-
rescence responded in the linear range of 0.05-1.2 pmol L™
with a detection limit of 0.020 pmol L™,

In another pioneering work using pyrrole for the first time
as a functional monomer, the electrochemical analysis of Hg>"
in real water sample was achieved using differential pulse
anodic stripping voltammetry (DPASV)."* The Hg-IIP was syn-
thesized using EGDMA as a crosslinker agent and sodium per-
sulfate as an initiator. The proposed methodology presents a
limit of detection (LOD) of 0.02 mg L™ within a linear range
of 0.09 mg L™ to 20.05 mg L.

More recent methods combine ion imprinting with nano-
materials to develop a sensor with high efficiency and sensi-
tivity for ion or molecular detection and removal by leveraging
the high surface area and good electrical properties of nano-
materials.'®® Nanomaterial supports such as those of Fe;0,,"®”
reduced graphene oxide,'” Fe;0,@Si0,,"** and core-shell
Fe;0,@Si0,@Ti0, '*® have been used in IIPs. For example,
Soman et al., reported the development of an electrochemical-
IIP sensor based on graphene quantum dots covalently linked
to thiourea functional monomers (Fig. 10A and B).'*® The
sensor showed high selectivity for Hg*>" ions in the linear
range of 5 x 107 M to 2.3 x 10> M, and an LOD of 23.5 nM in
differential pulse voltammetry. Cyclic voltammetry showed
linear response ranges of 6 x 10~° to 8.5 x 1077 and 1.4 x 10~°
to 7 x 107® M with an LOD of 30.2 nM in real water samples.
Jiang et al. synthesized MeHg ion-imprinted magnetic NPs to
specifically detect and extract ultra-trace MeHg from water
samples (Fig. 10C)."** The MeHg IIP employed magnetic core-
shell Fe;0,@SiO, NPs as supporting structures, the complex
ion of 1-pyrrolidinecarbodithioic acid and MeHg as a template,
MAA as a functional monomer and trimethylolpropane tri-
methacrylate as a crosslinker. The IIP achieved an LOD of
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168

Copyright 2021, Journal of Polymer Research. (C) Experimental principle of preparing MeHg-ion imprinted magnetic NPs (MeHg IIMN) and detecting
MeHg in water samples using CE-ICP-MS together with MeHg IIMN. Reproduced with permission.*** Copyright 2017, Elsevier. (D) Schematic repre-
sentation of the synthesis of Fe;0,@SiO,@TiO,-1IP for mercury ion separation. Reproduced with permission.*>® Copyright 2019, Separation Science

and Technology.

0.084 pg mL™", a maximum adsorption of 25 mg MeHg per g
within 30 min and 50 times recyclability without any loss of
performance.

In a novel ultrasonically assisted spectrophotometric
method, an IIP immobilized on magnetic NPs was used to
achieve selective detection, separation, and pre-concentration of
Hg>" ion targets in a matrix of samples containing interferents
(Fig. 10D)."® The core-shell adsorbent (Fe;0,@Si0,@TiO,)
acts as a stabilizer to the polymer and enhances the sensitivity
efficiency, allowing for the easy separation of Hg”* using an
external magnetic field. The detection and adsorbent system
showed a linear dynamic range and a limit of detection of
0.20-28.00 ug L™ and 0.05 pg L' respectively.

Alizadeh et al. utilized IIPs immobilized on a graphite paste
electrode that was modified with multi-walled carbon nano-
tubes (MWCNTs) for the detection of mercury in environ-
mental water.'®* The IIP-Hg-NPs were synthesized via precipi-
tation polymerization using itaconic acid as a functional
monomer. First, a carbon paste electrode was impregnated
with the synthesized Hg-IP-NPs and MWCNTs. Mercury ions
were then accumulated on the electrode surface via an open
circuit procedure where Hg”" ions were reduced to their metal-
lic form at a negative pre-potential using square-wave anodic
stripping voltammetry to generate the electrochemical signal.

1404 | Nanoscale, 2024, 16, 11384-11410

The high affinity of the Hg-IP-NPs for Hg”" was substantiated
by comparing the signals of electrodes with imprinted and
non-imprinted polymers. The electrode’s sensitivity to Hg>"
(enhanced by the MWCNTSs) showed a linear response in the
range of 0.1-20 nM and an LOD of 29 pM.

Among the limited reports available for mercury detection
using IIPs, IIP-electrochemical sensors emerge as the most
common type, and are increasingly recognized as alternatives
to spectroscopic techniques for detecting Hg>". This popularity
stems from their high sensitivity, portability, low cost, simple
instrumentation, and ability to provide real-time analysis.
However, the electrochemical method encounters challenges
related to polymer matrix interferences. Consequently, separ-
ation and preconcentration procedures are often necessary
before the determination step. While the high adsorption
capacities of IIPs contribute to improved sensitivity and lower
detection limits, enhancing the selectivity for a specific
element remains an area for improvement. Efforts directed
towards enhancing the selectivity of IIP-based electrochemical
sensors can lead to more reliable and accurate detection of
mercury ions, further advancing their applicability in environ-
mental monitoring and analytical chemistry.

4.3.2. 1IPs for mercury capture and removal. While various
methods exist for mercury capture and removal, solid-phase

This journal is © The Royal Society of Chemistry 2024
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extraction (SPE), particularly using IIPs, stands out for its flexi-
bility, cost-effectiveness, environmental friendliness, speed,
simplicity, and versatility in adsorption, separation, and pre-
concentration processes. Despite the widespread adoption of
SPE, the selectivity of solid support materials such as active
carbon, ion-exchange resins, chelating fibers, and chelating
resins can still be improved for -certain elements.
Consequently, IIPs have emerged as a novel SPE approach for
the direct and selective removal of metal ions including Hg*".
Their advantages include the need for a small quantity of poly-
mers, reusability, and easy preparation, making them compati-
ble with traditional analytical instruments such as AAS,
CVAAS, HPLC, ICP-OES and modern electrochemical, SPR and
SERS platforms.

For example, Liu et al. reported the development of an MIP
tailored for methylmercury determination and analysis using
CVAAS.'"! Initially, the MIP was crafted through the formation
of a monomer complex involving methylmercury and (4-ethe-
nylphenyl)-4-formate-6-phenyl-2,2"-bipyridine. ~ Subsequently,
thermal polymerization with divinylbenzene (as the cross-
linker) occurred in the presence of 2,2’-azobisisobutyronitrile
as the initiator. The template was then removed using an
acidic thiourea solution. This MIP exhibited notable attributes,
featuring a higher adsorption capacity of 170 pmol g~ and an
LOD of 0.041 pg L™, while showcasing superior selectivity for
methylmercury in comparison to non-imprinted polymers.
The selective factor (a,) values for CH;Hg"/Hg?*, CH;Hg /Cu®",
CH;Hg"/Zn**, and CHz;Hg"/Cd*" were 24.0, 46.7, 50.7, and
40.2, respectively, all surpassing 1 which indicates that the
selective removal of methylmercury can be done even when
the coexisting metal ions are present. Moreover, the methyl-
mercury-imprinted polymers demonstrated reusability over at
least twenty cycles, consistently achieving recoveries of no less
than 95%. Table 7 showcases the efficacy of IIPs in mercury
adsorption across different monomers and mercury-selective
ligands.

Basir and colleagues successfully removed mercury ions
from water by synthesizing Hg>"-imprinted polymers (Hg-IIPs)
with a silica core via radical polymerization.'®® They used com-
plexes of Hg>* ions with 3-mercaptopropyltrimethoxysilane
ligands as templates, with vinyl-trimethoxysilane as a

View Article Online
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monomer and ethylene glycol dimethacrylate as a crosslinker
in a molar ratio of 1/6/6. The approach involved trapping Hg*"
ions in a polymer matrix using 3-mercaptopropyl-
trimethoxysilane (MPTS) ligands. The SH groups in the ligand
formed covalent bonds with Hg>" ions, while the other side of
the ligand bound to the silica core through hydrolysis. When
Hg-1IPs were used as the sorbent, optimal removal of mercury
ions was achieved in a batch at pH 4, with an interaction time
of 90 minutes, resulting in a notable adsorption capacity of
62.27 mg g~ In the presence of Pb(u), Cd(u), and Cu(u) ions
in quaternary solutions, Hg-IIPs exhibited remarkable selecti-
vity, with selectivity coefficients of 46.92 for Hg/Cu, 16.82 for
Hg/Cd, and 2.07 for Hg/Pb. The analysis was done using
CVAAS.

Mergola et al. detailed the preparation of IIPs designed for
the selective removal of Hg>* ions from aqueous media using
4-VP (monomer), EGDMA (crosslinker), AIBN (initiator), and 4/
1, v/v acetonitrile/water as porogens."””® Two synthesis
approaches were employed to investigate the impact of diphe-
nylcarbazone (DPC), a non-polymerizable ligand, on the
absorption performance. Initially, bulk polymerization was uti-
lized to create two polymers, namely, IIP1 and IIP2, in the
absence and presence of DPC. The incorporation of DPC in
1IP2 facilitated the formation of ternary complexes with
mercury ions. Additionally, 4-vinylpyridine monomer induced
an enhancement in binding performance, evident in the high-
affinity binding sites of IIP1 and IIP2, as reflected by their K,
values (1.7 x 10° + 0.4 M~" and 12.1 x 10* + 0.5 M, respect-
ively). A third polymer, IIP3, was synthesized using precipi-
tation polymerization to assess the influence of morphological
characteristics on the absorption performance in comparison
to the addition of DPC. Competitive studies underscored a
more pronounced impact of IIP3 morphology on selectivity
performance, with the formation of monodisperse microbeads
observed exclusively in this case. Finally, the practical appli-
cation of the polymers was demonstrated through batch
experiments involving drinking water spiked with 1 pg mL™" of
Hg>" ions. Among the tested polymers, IIP2 exhibited the
highest removal efficiency, nearing 80%.

Esmali et al. have recently developed a highly selective
approach for Hg>* adsorption by combining ionic imprinted

Table 7 Overview of the adsorption efficiency of IIPs for mercury, considering different monomers and ligands

Adsorption Analyte
Monomer Ligand Analyte  capacity (mgg™')  recovery (%)  Time Reusability ~ Ref.
DVB (4-Ethenylphenyl)-4-formate-6- MeHg" 42.68 95.0 24 h 20 times 141
phenyl-2,2"-bipyridine
VIMS MPTS Hg*" 62.27 — 90 min  — 169
4-vpP DPC Hg*" 70.00 80.0 60 min  — 170
Ether sulfone Bathophenanthroline Hg™" 21.60 98.1 12h 6 times 171
3-Vinyletriethoxy silane  N-(Pyridin-2-ylmethyl) ethenamine ~ Hg>* 147.00 98.3 2 min . 167
Methacrylic acid PDC MeHg" 25.00 95.0 30 min 50 times 133

Abbreviations: divinylbenzene (DVB), 3-mercaptopropyltrimethoxysilane (MPTS), diphenylcarbazone (DPC), 1-pyrrolidinecarbodithioic acid

(PDC), vinyl-trimethoxysilane (VIMS).

This journal is © The Royal Society of Chemistry 2024
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polymers with membranes.””" They obtained poly(ether
sulfone)-based ion-imprinted membranes (IIMs) via phase
inversion, using IIP particles produced via radical copolymeri-
zation of acrylamide, acrylonitrile, and EGDMA, along with a
Hg”>* template complexed with bathophenanthroline. The
study, which employed central composite design (CCD) in con-
junction with response surface methodology (RSM), investi-
gated the removal of Hg** from water and the pure water flux
of the IIM. The results demonstrated an impressive removal
efficiency of 98.1% and a flux of 37.5 kg m~> h™". Notably, the
IIM exhibited a maximum adsorption capacity of 432 mg m >
(or 21.6 mg g~ ), nearly four times higher than that of the non-
imprinted membrane (NIM; 105 mg m™> or 5.25 mg g '), pre-
pared without the Hg>* template. Furthermore, the IIM dis-
played remarkable selectivity for Hg>* ions over other metal
ions and proved to be recyclable for at least 6 cycles without
any significant loss of adsorption capacity.

The common problems associated with MIP/IIP handling
such as the need for filtration and centrifugation to separate
the polymer from the solution, which often led to significant
loss of polymer during filtration, are generally overcome by
using magnetically active particles for easy separation using a
magnet. For example, a magnetic sorbent IIP based on N-
(pyridin-2-ylmethyl)ethenamine coated on Fe;O, NPs was
investigated for the rapid extraction, preconcentration and also
determination of trace amounts of Hg>" ions in fish samples
by inductively coupled plasma-optical emission spectrometry
(ICP-OES). The maximum adsorption capacity of this sorbent
was 147 + 2 mg g~ ' with an LOD found to be 0.03 ng mL™*.*¢’

Jiang et al. successfully developed MeHg ion-imprinted
magnetic NPs (MeHg-IIMNs) for the rapid and specific extrac-
tion/concentration of ultra-trace MeHg from natural water
samples, achieving results within just 30 minutes.'*® The
MeHg IIMN used core-shell Fe;0,@SiO, NPs (Fe;0,@SiO,
NPs) as robust supporting structures. The complex ion of
1-pyrrolidinecarbodithioic acid and MeHg (PDC-CH;Hg')
served as the template, with methacrylic acid acting as the
functional monomer and trimethylolpropane trimethacrylate
as the cross-linker. Impressively, the adsorbent demonstrated
a maximum adsorption capacity of 25 mg MeHg per g, with
the ability to recycle up to 50 times while maintaining a recov-
ery rate greater than 95%. Notably, the adsorbent exhibited
minimal interference from other ions. Using electrophoresis-
inductively coupled plasma mass spectrometry (CE-ICP-MS),
the adsorbent achieved a low detection limit (LOD) of 0.084 pg
mL ™" for MeHg.

The sorption efficiency of IIPs can greatly be improved by
optimizing IIP synthesis conditions such as pH, analyte-IIP
incubation time, and temperature. For example, pH values
ranging between 4 and 8 are reported to be suitable for
enhanced mercury adsorption. At pH < 4, the ability of IIPs to
detect or remove Hg is diminished, because active groups such
as SH, C=0, and -NH in sorbents/ligands undergo protona-
tion due to the high concentration of H' ions in the solution.
This makes the sorbent surfaces positively charged, causing
electrostatic repulsion of the positively charged mercury

1406 | Nanoscale, 2024, 16, 1384-11410
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ions."® At a pH value >8, the mercury ions begin to form
hydroxylated complexes, and the number of OH™ and Hg(OH),
in the solution increases, which make it difficult for the major
Hg”>" species to bind to the IIP sites, hence reducing the detec-
tion and removal of the mercury ions.**®'*!

The effect of time could also manifest in the adsorption
rate of Hg(u) ions at the available binding sites of the IIP,
which generally occur in 3 phases: the rapid phase that occurs
within the first 15 minutes is characterized by a high affinity of
active groups of the sorbent to Hg(u) ions, due to sufficient
capacity. At the slow phase, the sorption rate slows down
leading to the third phase where equilibrium is reached. At
this stage, the adsorption of mercury ions to the surface ceases
due to the saturation of the sorbent surface by mercury
ions.'®

Ion imprinting indeed presents a promising technique for
developing materials geared towards the detection and
removal of mercury from environmental samples. The use of
IIPs can offer high selectivity and sensitivity for mercury ions,
rendering them valuable for environmental monitoring and
remediation. However, further research is warranted to opti-
mize the synthesis conditions and validate the performance of
IIPs in real-world applications. Through continued develop-
ment and optimization, ion imprinting holds the potential to
evolve into a valuable tool for onsite detection and removal of
heavy metals from the environment, thus contributing signifi-
cantly to environmental protection and human health preser-
vation efforts.

5. Conclusion and future directions

In conclusion, SERS and MIPs/IIPs demonstrate significant
potential and practical applications in the detection and
removal of mercury from various environmental and human
samples, including spanning water, soil, food, and blood. The
exceptional sensitivity of SERS and the specific recognition
and affinity of IIPs for Hg>" render them promising candidates
as efficient methods to determine and identify mercury
species in real samples. However, a critical analysis of the
existing literature reveals several gaps and areas for future
exploration:

« Limited synthesis and use of new mercury-specific ligands in
SERS: the synthesis, study, and use of new mercury-specific
ligands in SERS are underreported, despite traditional ligands
lacking exclusive selectivity for mercury and struggling to dis-
criminate between different mercury species.

« Focus on Hg”" species in sensors: most sensors reported in
the literature primarily target Hg>" species, neglecting MeHg,
which is considered the most hazardous form of mercury.

« Underexplored validation of IIPs in real-world applications:
the validation of IIPs for real-world applications including the
detection and removal of mercury species from complex
environmental samples such as seawater and industrial waste-
water has received limited attention. Further studies are
required to assess IIPs’ performance under diverse environ-

This journal is © The Royal Society of Chemistry 2024
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mental conditions and them for
applications.

« Imbalance in electrochemical-1IP vs. IIP-SERS sensor develop-
ment: there are a significant number of reports on the develop-
ment of electrochemical-IIP sensors for mercury detection,
while information on IIP-SERS sensors is comparatively scarce.

Addressing these gaps through focused research efforts can
enhance the efficacy and applicability of both SERS and IIPs in
mercury detection and removal, thereby contributing to
improved environmental monitoring and human health pro-
tection strategies. Considering these observations, future
research efforts are suggested to direct towards:

» Exploration of mercury-specific ligands: more attention
should be paid to exploring and synthesizing new mercury-
specific ligands that can be incorporated into SERS or IIP
detection platforms. These ligands should exhibit high selecti-
vity and sensitivity towards different mercury species including
Hg>" and MeHg.

 Development of SERS-IIP hybrid sensors: efforts should be
made to develop SERS-IIP hybrid sensors to address the limit-
ations of each technique individually. This strategic combi-
nation could leverage the high sensitivity of SERS and the
selective adsorption capabilities of IIPs. Achieving synergy
between these two techniques could represent a groundbreak-
ing advancement, providing a sensitive and selective tool for
on-site mercury detection.

« Advanced computation-assisted development: machine
learning (ML) technique has been increasingly used for bio/
sensor development including SERS'?> and MIP/IIP."*"173
Hence, the integration of ML offers promising opportunities
for advancing and facilitating the design, optimization, and
applications of SERS and MIP/IIP platforms, particularly for
mercury detection in complex samples.

Despite the current gaps, the practical application of IIPs
and SERS in detecting and removing mercury species from the
environment remains promising and holds good prospects for
future advancements. Collaborative research efforts across
multidisciplinary fields can accelerate progress in this direc-
tion, ultimately contributing to improved environmental moni-
toring and remediation, and human health protection.

optimize specific
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