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Abstract

There is a growing need for low-cost, portable, and sensitive sensors capable of detecting trace
metal ions in water for environmental and public health protection as well as energy applications.
Existing analytical techniques, while accurate, are often expensive, time-consuming, and less-
practical for field deployment because they rely on bulky instrumentation and complex electrode
modifications. lon-imprinted polymers (IIPs) offer a promising alternative by enabling selective
recognition of target ions through engineered binding sites within a polymer matrix. However,
most [IP-based electrochemical sensors rely on surface coating of electrodes, which introduces
variability, limits reproducibility, and increases fabrication complexity. Furthermore, the
integration of IIPs into microfluidic platforms, especially as stand-alone sensing membranes rather

than surface-bound films, remains underexplored.

This research aims to develop a novel microfluidic electrochemical sensing platform that
leverages in-situ synthesized, stand-alone IIP membranes for the selective detection of sodium
(Na*), lead (Pb*"), and lithium (Li*) ions in water. In Objective 1, an ion-selective polymer (ISP)
membrane sensor was developed to detect low-level salinity in drinking water. The sensor achieved
a limit of detection (LOD) of 0.45 ppm and demonstrated a 28-fold sensitivity improvement
compared to the membrane-less configuration. In Objective 2, sodium-specific IIP membranes
were fabricated using 15-crown-5 as the ionophore. The Na-IIP sensor achieved an LOD of 58 ppb
and a sensitivity of 9.1 nA/ppm, showing over 3-fold improved sensitivity compared to the non-
imprinted sensor and strong selectivity over competing alkali metals. In Objective 3, the platform
was extended to detect Pb*" and Li* using tailored IIP formulations. The Pb-IIP sensor achieved a
LOD of 7.3 ppb with 6.1-fold higher sensitivity than the membrane-less control, while the Li-IIP

sensor achieved a LOD of 168 ppb and exhibited a 138.8% higher response to Li* over K*. In all



cases, the sensors exhibited high reproducibility, effective selectivity in multi-ion environments,

and strong recovery rates (69—-109%) in municipal tap water.

This work demonstrates that the integration of IIP membranes as stand-alone structures in
microfluidic chips provides a robust, cost-effective, and scalable approach for metal ion detection
without the need for electrode pretreatment. The photopolymerizable design simplifies fabrication
and enables future automation. The developed platform holds promise for environmental
monitoring, lithium resource management, and public health surveillance. Future research should
focus on multiplexing, enhancing membrane stability in harsher matrices, and integrating the
system into fully automated Point-of-Need (PoN) diagnostic devices for real-time water quality

monitoring.
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Chapter 1

1. Motivation and introduction

Water pollution poses significant risks to public health and the environment, necessitating the
development of rapid and reliable methods for drinking water quality monitoring [1]. Diseases
caused by contaminated drinking water result in the death of a million people every year—the
majority of which are children [2]. Water pollution arises when substances, such as chemicals or
microorganisms, are present in harmful concentrations in water bodies, causing disruptions to the
water's beneficial use and the natural balance of the ecosystem [3]. Contaminated water can harbor
pathogens responsible for diseases such as cholera, typhoid fever, and dysentery, while exposure
to pollutants like heavy metals, pesticides, and industrial chemicals has been linked to
neurological disorders, cancer, and reproductive complications [4]. Water contaminants, whether
inorganic, organic, or biological, exhibit dynamic concentration variations influenced by
geographical location, contamination sources, environmental conditions, and treatment methods.
For instance, sodium levels in Canadian drinking water fluctuate seasonally and geographically
[5, 6]. Groundwater, surface water, and tap water exhibit sodium concentrations ranging from
6—130 ppm [6], 1-300 ppm [7], and 0.3—242 ppm [8], respectively due to natural mineral deposits,
agricultural runoff, and industrial effluents. To comply with the widely recommended total daily
sodium intake of 500 ppm for individuals on a sodium-restricted diet, drinking water sodium
concentrations should not exceed 20 ppm [9, 10]. Among heavy metals, lead remains one of the
most hazardous contaminants in drinking water, often attributed to aging infrastructure containing

lead pipes in residential areas [11]. The World Health Organization (WHO) has established a



maximum acceptable concentration (MAC) of 10 pg/L for lead in drinking water [12]. Lead
exposure primarily results from the corrosion of plumbing materials or contamination from
external sources, as exemplified by the Flint, Michigan water crisis [13, 14]. Table 1-1 summarizes

the maximum permissible concentration limit of the contaminant, contamination sources and

some effects exposure to these contaminants.

Table 1-1 Contaminants and their potential effects on human health.

Contaminant Health effects Sources References

MAC (ppm)

Arsenic (0.01) Skin and internal cancer, Peripheral | Agricultural application, | [15, 16]
neuropathy, Cardiovascular, | geothermal activity, mining and
dermatologic diseases smelting, electronic wastes

Lead (0.01-0.015) Birth defects, autism, dyslexia, | Mining, natural deposits, PVC | [17, 18]
kidney damage, paralysis, internal | pipes, lead batteries, lunch boxes,
cancer, muscular weakness manufacturing processes

Cadmium (0.004) Preterm birth, cancer (pancreatic, | Plastic synthesis, natural deposits, | [19, 20]
breast, ovarian), neuron cell damage, | photovoltaic cell, mining, tobacco,
kidney disease, DNA damage, | sewage disposal
oxidative stress

Copper (1-2) Liver and kidney damage, anemia, | Electronic  product, fertilizers, | [21, 22]
hyperactivity, alopecia, adreno- | tanning, transmission industry,
corticol electroplating

Nitrite (0.2) Gastric problem, blue baby syndrome | Natural deposits, animal waste, | [23, 24]

septic tanks, Agricultural wastes

Sodium (20 for low | Blood pressure, heart disease, kidney | Natural (rock and soil), de-icing | [5, 9]

sodium diet, 200 | disease salts, , sewage, effluents

for drinking water)

Pesticide (1,3- | Low birth weight, skin irritations, | Agricultural applications [25]

dicholorphoropene) | brain tumors

(0.02)




Effective water quality monitoring necessitates rapid, efficient testing in potentially
contaminated environments [26]. However, the extensive sample testing required across varying
locations and times places a substantial burden on specialized laboratories, which primarily rely
on centralized analytical techniques. This reliance on conventional detection methods impedes
prompt intervention and water resource management [27]. Traditional water quality assessment
methods, such as solid-phase extraction coupled with liquid chromatography-tandem mass
spectrometry, are highly effective for targeted analysis of known contaminants [28]. These
techniques offer low limits of quantification (LOQ), high precision, and robust quality
assurance/control (QA/QC) protocols. Nevertheless, they are expensive, time-intensive, and
require specialized equipment and trained personnel, making them unsuitable for field monitoring.
Additionally, current methods involve sample collection, transportation, and laborious

pretreatment using toxic solvents that pose environmental hazards [29].

In this context, chemo-sensors have emerged as highly sensitive detection devices capable of
converting chemical or physical events into measurable signals [30, 31]. These sensors utilize
molecular receptors that selectively bind to target analytes. A typical sensor integrates molecular
recognition elements with transducers (e.g., optical or electrochemical devices), signal processors,
and end-user interfaces tailored for diverse applications (Fig. 1-1). Such systems can detect a wide
range of contaminants, including heavy metals, pesticides, pharmaceuticals, and biological agents

(e.g., bacteria or viruses) [32, 33].
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Fig. 1-1 Schematic illustration of a sensor system comprising key components: receptor (recognition
unit), transducer, and signal processor (output system), and end-user interface. Adapted from Ref. [1],

with permission from American Chemical Society (ACS).

The popularly used transduction mechanisms are broadly categorized into electrochemical,
optical, and mechanical transducers (Fig. 1-1). Mechanical transducers, such as piezoelectric and
micro-electro-mechanical systems (MEMS), detect mechanical property changes induced by
recognition reactions. Quartz Crystal Microbalance (QCM), a widely used piezoelectric
transducer, measures oscillation frequency variations corresponding to layer thickness changes
during analyte interactions [34]. Optical transducers employ techniques like Surface Plasmon
Resonance (SPR) and Total Internal Reflection Fluorescence (TIRF), which are extensively
documented in the literature [35, 36]. Electrochemical transducers are considered the most
sensitive and reliable due to their rapid response, cost-effectiveness, and miniaturization potential,

making them ideal for point-of-need (PoN) applications [1] as pursued in this thesis work.

Electrochemical detection employs techniques such as amperometry, voltammetry, and impedance
spectroscopy, ensuring signals with high sensitivity and specificity [37]. Conventional
electrochemical sensor designs employ either a two-electrode or a three-electrode system [38]. In
the three-electrode system, the setup includes a working electrode (WE), a reference electrode
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(RE), and a counter electrode (CE). The WE, typically made of inert materials like gold, platinum,
or glassy carbon, is where the electrochemical reaction of interest occurs, enabling the detection
and quantification of analytes. The RE, often an Ag/AgCl or saturated calomel electrode, maintains
a stable potential against which the WE's potential is measured. The CE, usually made of graphite
or platinum, completes the circuit and balances current flow to prevent charge accumulation at the
WE [96]. Two-electrode systems, simpler in design, combine the functions of the RE and CE into
a single auxiliary electrode. This electrode arrangement facilitates electrical signal generation
through the interaction of the analyte with the electrode surface. Measurement techniques in such
systems include voltametric, potentiometric, and impedimetric methods [39]. Voltametric sensors
apply potential and measure current, with variations like amperometry, linear sweep voltammetry,
cyclic voltammetry (CV), and chronoamperometry. Potentiometric sensors use a constant electric
current to measure potential changes for analyte detection. Impedimetric sensors apply alternating
potential, measuring the resulting impedance, which provides analytical information about the

analyte.

Recent years have witnessed increased adoption of recognition elements such as aptamers,
molecularly imprinted polymers (MIPs) and ion-imprinted polymers (IIPs) [40] in the
advancement of portable chemical sensors and biosensors, facilitated by the discovery of novel
recognition elements and the integration of nanotechnology, ultimately enhancing the capabilities
of sensors in terms of sensitivity, specificity, and limits of detection (LOD) and quantification

(LOQ) [41, 42].

MIPs and IIPs are synthesized via the molecular imprinting technique (MIT), wherein a target

analyte serves as a template to create specific recognition sites within the polymer matrix. While



MIPs offer advantages over conventional receptors, their development poses challenges, including
the absence of a universal preparation method, complex transducer integration, and difficulties in

translating binding events into measurable signals [43].

This research aims to deepen the understanding of IIPs in microfluidic chemical sensing by
developing and optimizing methodologies for the controlled synthesis of stand-alone membranes.
Unlike conventional approaches that coat electrodes with MIPs or IIPs, this study explores an
innovative microfluidic chamber-based design featuring a membrane positioned between two

electrodes that transduce interactions between the membrane and target analytes electrochemically.

1.1. Biosensors and Chemo-Sensors

Sensors serve as complementary platforms to traditional analytical methods, offering rapid,
sensitive, and reliable detection of analytes. Their ease of operation, and minimal sample

pretreatment make them highly suitable for portable PoN applications [44, 45].
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Fig. 1-2 Working principles of biosensors and chemo sensors for contaminant detection. Adapted from

Ref. [1, 46] with permission from ACS and Elsevier, respectively.



Biosensors (Fig. 1-2a) use biological recognition elements such as aptamers, antibodies and
enzymes to selectively interact with target analytes, generating a measurable signal that is
transduced into electrical or optical outputs (e.g., immunosensors, aptasensors, and enzyme-based
sensors) [47]. These biosensing platforms have been widely applied for detecting various water
pollutants [48], including pesticides [49], heavy metals, antibiotics as well as endocrine disrupting
chemicals [50]. The performance of biosensors is evaluated based on key parameters such as
sensitivity, selectivity, response time, LOD, LOQ, and stability. These factors are strongly
influenced by the properties of the recognition elements and transducers[51]. The downside of
biosensing technologies, however, include stability of the bioreceptor in real-word applications
and interference caused by nonspecific binding or adsorption of unwanted contaminants in

complex environmental matrices.

Chemo sensors (Fig. 1-2b) combine the selectivity of synthetic receptors (e.g., polymers, metal
complexes, ionophores) with the sensitivity of transducers to enable precise target detection [43].
They detect and respond to chemical substances by converting chemical information from the
binding interaction into a measurable signal. Two widely used chemosensor types include ion-
selective electrode/membrane (ISE/ISM)-based sensors and MIP/IIP-based sensors [52, 53]. ISMs
are commonly employed in various sensor configurations, including electrochemical
(voltametric/coulometric, potentiometric, and electrolyte-gated transistor-based) as well as optical
systems. ISMs, as used in potentiometric sensors, contain ionophores—ligands that preferentially
bind target ions in a lipophilic medium [54, 55]. This high specificity enables ISM-based sensors
to quantify free ion concentrations in environmental samples, even in the presence of other

chemical species, making them valuable tools for diverse applications [53]. On the other hand,



MIPs in MIP-based sensors function as stable polymeric receptors with molecular recognition
capabilities, achieved by imprinting a target analyte (template) during polymerization. The
subsequent removal of the template leaves binding sites that retain the analyte’s size and shape
[43]. The high thermal and mechanical stability, specificity, and sensitivity of MIP-based
electrochemical sensors make them superior alternatives to traditional instruments and other sensor
types [56]. Given their enhanced stability and versatility, imprinted polymers were selected as

synthetic receptors for this research and will be discussed in detail in subsequent sections.

1.2. Developing sensors with microfluidic technology

Microfluidics allows for low-cost mass production of compact and field-deployable devices
that require a short analysis time and small sample volume for measurement. Fundamentally, the
surface to volume ratio in microfluidic devices increases substantially due to the scaling laws of
physics, enabling the achievement of high levels of sensitivity and low detection limits [57, 58].
The miniaturization of on-chip/on-site sample analysis not only streamlines processes but also
mitigates contamination risks during sample handling and transportation. A typical microfluidic
detection system requires a method for reagent and sample introduction, a method for transporting
and mixing the sample and reagent within the system, and a dedicated detection device (Fig. 1-3a)
[59]. Some advanced microfluidic detection systems incorporate features such as membranes,
monoliths, pillars, pneumatic controls, and acoustic controls, enhancing the overall performance

of the analysis [60].
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Fig. 1-3 Microfluidic technology for contaminant detection. Schematic illustrations of (a) a representative
microfluidic sensing device and (b) a typical microfluidic sensing scheme. Reprinted from Ref- [59, 61],

with permission from Elsevier.

Over the years, various detection mechanisms have been explored for microfluidics-based
monitoring systems. These include optical methods such as absorbance-based, fluorescence-based,
chemiluminescence-based, and surface plasmon resonance-based [34, 62, 63], electrochemical
techniques like voltammetry, amperometry, and impedance [41, 64, 65], and mass spectrometry
(e.g., QCM and microcantilevers) detections [34, 66]. Each of these methods brings unique
advantages to the microfluidic platform, offering versatility and adaptability to diverse analytical
needs. The applications of microfluidic detection systems are vast, ranging from drug screening
[67], diagnostics [68], protein studies [69, 70], and cell studies [71], to environmental monitoring

[72], power generation [73], and food analysis [74].

Recent advancements in microfluidic in lab-on-a-chip (LOC) systems have ushered in
automation, increased sensitivity, rapid analysis, and broad analytical capabilities, leading to major
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growth in diagnostics and other biological/chemical applications [74, 75]. Microfluidic chips can
be fabricated using various materials ranging from traditional materials like glass and silicon to
contemporary options such as paper and polymer (e.g., Polydimethylsiloxane (PDMS), Cyclic
olefin copolymer (COC), Polymethyl methacrylate (PMMA)) [75, 76]. Fig. 1-3b illustrates the
typical fabrication processes and detection approaches used in microfluidic devices. Selecting an
ideal material for microfluidics-based Point-of-Need/Point-of-Care (PON/POC) systems requires
careful consideration of factors like fabrication ease, integration capability, functionality,
modification potential, and cost-effectiveness. An ideal microfluidics-based sensing platform
should be easily fabricated, integrable, low-cost, and multifunctional. The selection of materials
significantly influences fundamental properties like optical characteristics, cost, and

chemical/physical attributes crucial for the realization and performance of microfluidic assays

[76].

1.3. Ion-imprinted polymers (IIPs)

A schematic representation of an ion-imprinting process is illustrated in Fig. 1-4.

\ ™
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Fig. 1-4 A schematic illustration of an ion imprinting technique. Reprinted from Ref. [77], with
permission from Royal Society of Chemistry (RSC).
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The ion imprinting technology (IIT) is a specialized form of molecular imprinting that mimics the
selective interactions between biological receptors and ligands [78]. In recent years, this technique
has gained significant attention across various fields, including the chemical industry, medicine,
food safety, environmental science, and analytical detection [79, 80]. The synthesis of IIP typically
follows a multi-step process. Initially, a preassembly stage involves the formation of ternary
complexes between template ions, functional monomers, and ligands. These complexes are then
polymerized in the presence of a crosslinking agent, creating a stable polymeric structure. The
subsequent removal of the template ions—often achieved through protonation—Ileaves behind
highly specific recognition sites that are capable of selectively binding the target ions upon re-

exposure while minimizing interference from non-target species [81].

IIPs are highly versatile due to their ability to generate recognition sites tailored to a wide
variety of target ions, regardless of differences in size, shape, or chemical functionality [81].
Furthermore, their synthesis is relatively straightforward, and their binding characteristics can be
fine-tuned through various engineering techniques to enhance selectivity and aftinity, making them
particularly valuable for water quality monitoring and contaminant detection [80, 82]. Hence, I1Ps
can be strategically synthesized and used as recognition elements for detecting emerging water

contaminants.

The composition of IIPs includes key components such as functional monomers, ligands, cross-
linkers, initiators, and solvents. The formulation and synthesis parameters directly influence the
final morphology and binding performance of IIPs. Among these factors, the selection of an
appropriate functional monomer and ligand is crucial, as it governs the interaction between the

polymer and the target ion, thereby affecting both binding efficiency and specificity. The choice of
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monomer and ligand is determined by the nature and strength of their interaction with the template

ions [77, 81]

The interactions between [1Ps and target ions during polymerization and subsequent recognition
phases can occur through covalent, non-covalent, or ion-exchange mechanisms. Covalent
interactions involve the formation of strong, reversible chemical bonds between the template ion
and functional monomer, leading to highly stable binding sites, though the rigidity of these bonds
may sometimes limit rebinding efficiency [83]. In contrast, non-covalent interactions, such as
hydrogen bonding, van der Waals forces, hydrophobic interactions, and electrostatic forces, allow
for more flexible and reversible recognition of target ions, making non-covalent imprinting the most
widely used approach due to its ease of synthesis and adaptability [81, 83]. Additionally, ion-
exchange interactions play a crucial role in the selective recognition of charged species, where
target ions are exchanged with counterions within the polymer matrix, enhancing the specificity
and affinity of IIPs [77]. By leveraging these molecular interactions, IIPs can achieve highly
selective binding properties, making them ideal candidates for applications in environmental

monitoring, wastewater treatment, and analytical sensing technologies.

The next section discusses the impact of each component on the synthesis and functionality of
IPs, as well as the parameters of polymerization and synthesis. Even though many studies have
been done to understand the effect of various parameters associated with the synthesizing IIPs, it is
still challenging to rationally comprehend them. Nonetheless, some findings can be highlighted,

based on earlier studies.

12



1.3.1. Components for the synthesis of IIPs

The synthesis of IIPs generally begins with the formation of a complex between the ion template
and at least one functional monomer. This complex is then copolymerized with a crosslinker,
resulting in a polymer network that encapsulates the ion templates. In the final step, the templates
are removed through a leaching process, leaving behind highly specific binding sites that are
optimized to selectively recognize and adsorb the target ion used during synthesis [84]. This
section presents a description of these components with reference to the most used ones in the
literature (Fig. 1-5).

FUNCTIONAL MONOMERS AND LIGANDS
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Fig. 1-5 Common functional monomers, ligands, and crosslinkers for synthesis of IIPs. Acrylic acid (AA),
Methacrylic acid (MAA), 1-Vinylimidazole (1-VI), 4-vinylpyridine (4-VP), N-methacryloyl-(L)-histidine
(MAH), Vinylbenzyl iminodiacetic acid (VbIDA), Dimethylglyoxime (DMG), N,N-o-phenylene bis
(SALEN), 2-hydroxy methacrylate (HEMA), Diphenylcarbazide (DPC), 8-hydroxyquinoline (8-HQ),
Ethylene glycol dimethylacrylate (EGDMA), Divinylbenzene (DVB), Tetraethoxysilane (TEOS),
epichlorohydrin (ECH). Reprinted from Ref. [85] with permission from Elsevier.
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1.3.1.1. Ligands, monomers, and crosslinker

Ligands, monomers, and cross-linkers play a central role in ion-imprinted polymer (IIP)
synthesis, collectively shaping the chemical specificity, binding affinity, and mechanical stability
of the final membrane. These components directly influence the sensor’s ability to recognize
target ions through selective binding interactions and maintain its structural integrity during
operation. Ligands enable template-specific interactions through ion chelation mechanisms,
where lone-pair-donating heteroatoms such as oxygen, nitrogen, sulfur, or phosphorus form
coordination complexes with the metal ion template. Effective ligands contain multiple chelating
groups to enhance affinity and selectivity. Many commercially available monomers possess
intrinsic chelating properties, such as acrylic acid (AA) [86], 4-vinylpridine (4-VP) [87], and 1-
vinylimidazole (1-VI) [88]. These monomers possess a polymerizable vinyl group, allowing them
to be directly incorporated into the polymer structure. However, their selectivity is often relatively
low. To enhance binding specificity, ligands without inherent polymerizable functionality can be
chemically modified to introduce reactive groups, as seen in vinylbenzyl iminodiacetic acid
(VbIDA) [89], N-methacryloyl-I-histidine (MAH) [90], and crown ethers [91]. Additionally, the
introduction of the trapping method has enabled the use of a broader range of ligands lacking
polymerizable groups, such as 8-hydroxyquinoline (8-HQ) [92], and dithizone [93]. This
approach involves forming a ternary complex between the metal ion, a vinylated ligand, and a
non-vinylated ligand. Typically, a commercially available monomer such as 4-VP, 2-VP, 1-VI,
methacrylic acid (MAA), or AA is incorporated into the system to facilitate polymerization [94,

95].

A crosslinker is also essential for IIP synthesis, as it forms copolymers with the functional
monomers to establish a three-dimensional polymer framework, stabilizing the imprinted binding
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sites and preserving membrane porosity. Ethylene glycol dimethylacrylate (EGDMA) is the most
widely used crosslinker, though alternatives such as trimethylolpropane triacrylate (TMPTA) [94],
divinylbenzene (DVB) [96], epichlorohydrin (ECH) [97], tetracthoxysilane (TEOS) [97], and

epichlorohydrin (ECH) [97].

1.3.1.2. Initiator, solvent and template leacher

The polymerization process requires an initiator to generate free radicals and initiate the
polymerization reaction. Azobisisobutyronitrile (AIBN) is among the most commonly used
initiators due to its mild fragmentation conditions and optimal decomposition temperature
(approximately 65°C), making it compatible with most conventional solvents. Alternative
initiators such as 2,2-dimethoxy-2-phenylacetophenone (DMPA) [98], and benzoyl peroxide

(BPO) [99] have also been reported in the literature.

The solvent, or porogen, plays a dual role in IIP synthesis: it provides a medium for the
polymerization reaction and influences the porosity of the final polymer. The choice of solvent
directly affects the thermodynamic properties of the polymer, including its porosity, surface area,
and adsorption efficiency. A well-structured porous network significantly enhances the
accessibility of binding sites, improving target ion capture. Commonly used porogens include non-
polar solvents such as toluene and chloroform, polar protic solvents like methanol and ethanol,
and polar aprotic solvents such as dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
acetonitrile (AC), and dichloroethane [85, 100]. The polarity of the porogen is particularly critical,
as it modulates interactions between the target ion and the ligand, thereby influencing the

selectivity and final properties of the IIP. Aprotic solvents with low polarity are generally preferred,
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as they minimize undesired interactions with the ligand-template complex, thereby stabilizing the

complex during polymerization [101].

The final step in IIP synthesis involves template leaching, where a suitable reagent removes the
ion template from the polymeric matrix, freeing the recognition sites. Strong acids such as HNO3,
HCI, or H2SOs4 are commonly used for this purpose due to their high affinity for ligands, which
facilitates efficient template removal [85, 102]. However, when acidic conditions are unsuitable
due to the sensitivity of certain functional monomers, alternative leaching agents such as thiourea

[86] and EDTA [86] can be employed to extract the target ion while preserving polymer integrity.

1.3.1.3. Templates used in IIPs

As mentioned earlier, IIT is a versatile technique that allows for the imprinting of various target
ions within polymer matrices. These target ions range from metal ions—including heavy metals,
alkali metals, and transition metals—to anions such as halides, oxyanions, and per- and
polyfluoroalkyl substances (PFAS) [85]. Due to their robustness and reproducibility, ion-imprinted
polymers (IIPs) offer tailored recognition elements that enable rapid detection of emerging water
contaminants. During synthesis, functional monomers and ligands coordinate with the ion template
to form a structured complex. Upon polymerization and subsequent template removal, these
interactions create chemically and geometrically complementary binding sites. The rebinding
mechanism is governed by ionic radius, charge density, and coordination geometry, as well as non-
covalent forces such as electrostatic attraction, hydrogen bonding, and van der Waals interactions

[100]. Table 1-2 provides a summary of recently developed IIPs with various ion templates.
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Table 1-2 Some studies on imprinted polymers with ion templates in recent years.

Template Monomer, Cross- Solvent Initiator Washing = Format Ref.
ion ligand linker agent
Arsenic MAA, 1-VI EDGMA Methanol AIBN HC1 Particle [88]
Arsenic MAA EDGMA Methanol AIBN NaoH Surface [103]
imprinting
Cadmium MAA, Dithizone EDGMA Water AIBN HNO3 Particle [93]
Cadmium @ 2-VP, EDGMA DMSO/ AIBN HNO; Particle [104]
Diphenylcarbazide AC (1:1, v/v)
(DPC)
Cadmium = MPS TEOS Ethanol/water - HC1 Surface [105]
(1.5:1) imprinting
Cobalt 8-HQ ECH Acetic acid, - HNO3 Particle [106]
water
Copper Itaconic acid EDGMA Methanol AIBN EDTA, Particle [107]
HCl
Copper MAA, EDGMA Ethanol AIBN HCI Particle [108]
Thiosemicarbazide
(TCBZ)
Lead 2-VP, DPC EDGMA Acetonititrile HC1 Bulk [109]
Lead 3aminopropyltrimeth- EDGMA Acetone AIBN HNO; Surface [110]
oxysilane (APTES), imprinting
DPC
Zinc MAA, EDGMA Ethanol- AIBN HCl Bulk [111]
Pentahydroxyflavone acetonitrile
(PHF) 2:1; v/v)
Nickel 2-VP, DPC EDGMA Acetonitrile AIBN HNO; Bulk [112]
Potassium = MAA, EGMA DMSO, AIBN HNO; Particle [113]
dicyclohexano-18- Acetonitrile
crown-6 (DC18C6)
Potassium = MAA, cryptand 222 EDGMA Acetonitrile AIBN HNO; Particle [114]
(C222)

The concept of IIPs was first introduced by Nishide et al. in 1976 [115]. However, the
foundation for molecular imprinting was laid earlier in 1972 by Wulff et al. [116] and Takagishi et
al. [117] who pioneered molecularly imprinted polymers (MIPs) based on enzyme-antibody

interactions. Nishide et al. demonstrated that crosslinking poly(4-vinylpyridine) with 1,4-
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dibromobutane, in the presence of different metal ions (Cu?", Co?*', Fe**, Ni**, Hg*", or Zn*"),

allowed for selective rebinding of the respective ions [115].

IIPs can be synthesized using various polymerization methods. The most common approach is free
radical polymerization, which includes bulk, precipitation, suspension, and emulsion

polymerization [81, 85]. The characteristics of the synthesis methods are illustrated in Fig. 1-6.
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Fig. 1-6 IP synthesis (a) Synthesis and application environments of imprinted polymers [118] (b)
Schematic illustration of different polymerization methods. Monomers (M); Initiator (I); Dispersing phase
(D); Surfactant (S), Insoluble nanoseeds (IN). Reprinted from Ref. [119] with permission from Elsevier.

1.3.1.3.1. Bulk polymerization

Bulk polymerization is the simplest and most traditional method for IIP synthesis, requiring
minimal specialized equipment [85, 100]. The template ion, functional monomer, crosslinker, and
initiator are dissolved in a suitable solvent and polymerized. After polymerization, the bulk
material is crushed, ground, and sieved to obtain IIP particles of the desired size. However, this

process can destroy some binding sites and result in irregular particle shapes, which limits its
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application in chromatography and separation technologies. To overcome these drawbacks,
alternative polymerization techniques have been developed to produce IIPs in bead form using

homogeneous or heterogeneous polymerization [85, 100].

1.3.1.3.2. Precipitation and dispersion

In precipitation polymerization, all reactants (monomers, ion templates, and initiators) are
dissolved in a single-phase porogen solvent. Polymerization begins in a homogeneous solution,
leading to the formation of insoluble polymer cores that precipitate and grow [85, 100].
Precipitation polymerization is the next commonly used method after bulk polymerization for the
preparation IIP in particle form. This method enables precise control over particle size, allowing
the synthesis of micrometer- and nanometer-scale I[IPs. However, a significant limitation is the
excessive use of porogen, requiring multiple purification steps to remove residual solvents and

prevent leaching of the template ion.

Dispersion polymerization, a variation of precipitation polymerization, involves the use of
stabilizing agents to prevent coagulation and improve control over particle morphology. This
technique yields uniform polymer beads (~100 um), but its widespread use is hindered by long

reaction times and the need for additional purification steps [85, 120].

1.3.1.3.3. Suspension and emulsion polymerization

In suspension polymerization, the synthesis of IIPs occurs in the dispersed phase containing
functional monomers, template ions, porogens, as well as initiators which can be described as a
set of micro-reactors for executing local bulk polymerization [85, 100]. The process necessitates
constant mechanical stirring for the particles to remain suspended in the continuous phase which
contains the stabilizers. This technique produces micrometer-sized IIPs (250-550 pm) with
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tunable porosity, controlled by the choice of porogenic solvents. To prevent template ion migration
between the organic and aqueous phases, inverse suspension polymerization using a mineral oil

dispersion phase is employed [85, 100].

In emulsion polymerization, the continuous phase is typically water, with hydrophobic
monomers dispersed in water with the aid of an oil-in-water (O/W) emulsifier. The continuous
phase has the initiators, which generate free radicals [85, 100]. In the reaction, a growing oil-water
interface is produced as a result of the generation and growth of new polymer cores. A stabilization
agent is needed, to prevent agglomeration of the developing nuclei. Reverse-phase emulsion
polymerization (water-in-oil) allows for greater size control, enabling the production of uniform
microspheres and nanospheres. However, the use of surfactants necessitates additional purification

steps [85, 100].

1.3.1.3.4. Surface-Imprinting

Conventional IIP synthesis can result in deeply embedded template ions, making removal
difficult and reducing affinity for the target species. Surface imprinting addresses these limitations
by creating recognition sites on the material's surface, enhancing adsorption efficiency and
selectivity [81, 85, 100]. Conventional IIP synthesis can result in deeply embedded template ions,
making removal difficult and reducing affinity for the target species. Surface imprinting addresses
these limitations by creating recognition sites on the material's surface, enhancing adsorption

efficiency and selectivity [81, 85, 100, 121].

1.3.1.3.5. Other technologies
With advancements in IIT, novel strategies such as multiple functional monomers and

dual/multiple template imprinting have gained interest [122]. The technology has also been
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integrated with various applications, including separation membranes, catalysis, and
electrochemical sensing [100, 121-123]. These emerging approaches enhance the efficiency and

selectivity of IIPs, expanding their potential applications in environmental monitoring and beyond.

1.4. I1P-based electrochemical sensors for metal ion detection

Monitoring metal ions is of critical importance due to their potential negative impact on both
the environment and human health [2, 124, 125]. Even trace amounts of certain metal ions can
have severe consequences, necessitating the development of analytical methods capable of
achieving low detection limits, even in complex matrices. Conventional techniques such as Atomic
Absorption Spectroscopy (AAS) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
remain the gold standard due to their high accuracy and sensitivity. Their reliance on specialized
instrumentation and centralized laboratories, however, can limit accessibility for frequent field
monitoring. This has motivated complementary research into portable and cost-effective

electrochemical sensors for trace metal ion detection.

Electrochemical sensors based on molecularly imprinted technology have already demonstrated
high efficiency in quantifying organic pollutants [42, 95]. MIPs serve as highly selective receptors,
significantly enhancing the sensitivity of coupled electrodes [43, 56]. The development of IIPs
followed MIPs, specifically targeting the selective extraction of metal ions [83, 118]. Interest in
the development of specific electrodes using IIPs for quantifying metal ions also growing [112,
126]. Like MIPs, I1Ps are designed to selectively recognize a target ion, known as the template
ion, which plays a key role in their synthesis. As earlier described, the typical procedure for IIP

synthesis involves forming a complex between the template ion and a ligand molecule containing
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at least one chelating group. This complex is then crosslinked to create a rigid three-dimensional
network that maintains the shape and size of the binding sites after template removal (Fig. 1-4).
Like MIPs, the selectivity of IIPs makes them particularly attractive as recognition elements for

sensing applications.

For optical sensors, direct metal ion quantification via optical signals is challenging. Thus, IIP-
based optical sensors often incorporate a fluoro-ionophore [127] or chromophore to generate or
quench an optical signal. Alternatively, fluorescent nanoparticles such as quantum dots can be used
[128, 129]. However, since most metal ions can be effectively quantified via electrochemical
methods, such as voltammetry and potentiometry [51, 130], [IP-based electrochemical sensors do
not require additional modifications for signal generation. Instead, IIPs act as highly selective
receptors, enhancing sensitivity and selectivity. These sensors are particularly useful for analyzing
complex environmental or wastewater samples, where interfering ions and matrix complexity

present analytical challenges.

[IP-based electrochemical sensors leverage the selective binding properties of IIPs to improve
metal ion detection, whether through potentiometry or voltammetry. In potentiometric sensors, 1P
particles typically replace conventional ionophores in ion-selective electrodes (ISEs). For
voltammetric sensors, [IPs function as selective accumulation sites for target metal ions [51].
Figure 1-7 illustrates various strategies for fabricating [IP-modified electrodes, using either IIP

particles or thin films in electrochemical detection.
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Fig. 1-7 Current methods for the fabrication of IIP electrochemical sensors [51].

1.4.1. Electrochemical sensors with IIP particles immobilized on electrode
surfaces

Electrodes modified with IIP particles are typically fabricated as polymeric membranes
containing a polyvinyl chloride (PVC) matrix, a plasticizer, and dispersed IIP particles. To improve
ion transport and electrical characteristics, anionic additives, such as sodium tetraphenylborate
(NaTPB) and potassium tetrakis(4-chlorophenyl) borate (KTpCIPB), are incorporated. These
additives reduce membrane impedance, promote charge transfer, and improve overall sensitivity
[51]. The plasticizer serves a dual purpose: it imparts flexibility to the otherwise brittle PVC film,
and, depending on its polarity, influences both ion mobility and recognition efficiency [131].

Typical formulations reported in the literature are summarized in Table 1-3 [132—-135].

Table 1-3 Composition of membrane electrodes.

Target I[P  Particles Monomer Anion additive Plasticizer LOD (M) Ref.
ion (% (PVO) percentage (%) (%) *?
composition)  percentage (%)
Copper 4 33.7 - 62.3 2e-6 [133]
(DBP)
Calcium 11 24 4 (NaTPB) 61 (DNP) 7.5e-7 [135]
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Nickel 11 21.4 3 (NaTPB) 64.5 5e-6 [134]
(DPB)

Lead 4-8 26 1 (KTpCIPB) 65 8.3e-8 [136]
(NPOE,
DOS)

Silver 9 27.6 1.9 (NaTPB)  61.3 le-6 [137]
(DNP)

Arsenic  10.1 27.6 4 (NaTPB) 64.5 5e-7 [132]
(DNP)

“DBP = Dibutylphthalate, DNP = Dinonylphthalate, NPOE = o-Nitropheny!l Octyl Ether, DOS = Dioctyl Sebacate,

KTpCIPB = Potassium Tetrakis (4-Chlorophenyl) Borate.

Comparison of these compositions (Table 1-3) reveals that membrane formulation strongly
influences detection performance. For instance, the lead (Pb*") — selective electrode exhibits the
lowest LOD (8.3 x 108 M), a performance attributed to the synergistic use of dual plasticizers
(NPOE, DOS) and the anionic additive KTpCIPB. This combination not only enhances ion-
exchange efficiency but also stabilizes charge balance within the sensing layer. In contrast, nickel
(Ni**) and copper (Cu*) sensors have relatively higher LODs (5 x 10 M and 2 x 10°¢ M,
respectively), suggesting slower ion-exchange kinetics and less effective imprinting of their

respective recognition sites.

The role of plasticizer is particularly evident: membranes based on DNP, e.g., calcium, silver,
arsenic sensors generally outperform those using DBP. DNP's higher polarity may facilitate
stronger ion solvation and binding, improving both selectivity and lower LODs. Similarly, the
incorporation of anionic additives (NaTPB, KTpCIPB) contributes to charge balance and

conductivity, further enhancing sensor performance. For example, the calcium electrode,

24



containing 4% NaTPB, achieves a LOD of 7.5 x 1077 M, markedly lower than nickel which lacks

such an additive.

IIP particle loading (composition) also exhibits a non-linear effect. Moderate concentrations (~9—
10%) yield favorable performance in silver and arsenic electrodes (LOD 107¢- 1077 M), whereas
lower loading (~4%) produces mixed outcomes: excellent performance in lead but poorer
sensitivity in copper. This suggests that while higher IIP content can improve recognition site

density, excessive loading may compromise membrane homogeneity and ion transport pathways.

From an application perspective, these results highlight the adaptability of IIP-based membranes
for specific sensing needs. Ultra-low limits of lead and arsenic are majorly relevant for
environmental monitoring, aligning with stringent regulatory standards (e.g., WHO limit for lead
at 4.8 x 107® M for drinking water). Conversely, electrodes with higher LODs (e.g., Ni** and Cu?*
may be more suitable in applications where concentrations are typically higher, such as for

industrial effluents or biological fluids.

Another class of IIP sensors that have been used as ISE are Carbon Paste Electrodes (CPE).
While they have been classified as liquid membrane type electrodes. Another class of IIP-based
sensors, used as ion selective electrode, utilizes Carbon Paste Electrodes (CPEs), which, although
classified as liquid membrane electrodes [87], differ significantly from PVC-based electrodes due
to their primary composition of graphite carbon paste [138]. In IIP-CPEs, IIP particles replace
conventional ionophores. These sensors are widely used due to their simple preparation: graphite
is mixed with a binder (e.g., paraffin oil) and IIP particles using a mortar and pestle. To enhance
electrode contact, high-surface-area conductive additives such as Single-Walled Carbon
Nanotubes (SWCNT) [139] , graphitic carbon nitride nanosheets (g-C3N4) [140] or Graphene

Nano Sheets (GNS) [141] are often incorporated.
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Fig. 1-8 Coupling a Carbon Paste Electrode and Magnetic IIP Nanoparticles for the selective adsorption

and analysis of the target analyte. Reprinted from Ref. [97] with permission from Elsevier.

An innovative method for immobilizing I[P particles on electrodes was demonstrated by
Ghanei-Motlagh et al. [97] who leveraged the magnetic properties of IIP-modified magnetic
nanoparticles (MNPs). This approach enables the selective adsorption and electrochemical
analysis of target ions by magnetically recovering IIP particles onto an electrode surface equipped
with a magnet (Fig. 1-8). Unlike conventional CPEs, this method does not require mixing IIP

particles into the carbon paste, allowing for easier cleaning and reuse.

In other studies, IIP particles have been directly cast onto electrode surfaces. Razmi et al. and
Rajabi et al. both dispersed the IIP particles in a solvent, applied them on electrode surfaces and

left them to dry [142, 143]. However, since IIPs can act as resistors, controlling polymer thickness
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is crucial. To mitigate this issue, conductive additives such as multi-walled carbon nanotubes

(MWCNTs) are often incorporated into the polymer matrix before application.

Additionally, some studies have explored the direct casting of [IP-modified magnetic nanoparticles
onto electrodes, enhancing signal strength through increased surface area and adsorption capacity
[95, 144]. A primary challenge with this approach is the potential loss of IIP particles during reuse
or washing, which can affect reproducibility. To address this, Di Masi et al. [145] reported the
functionalization of gold electrodes using a "grafting-to" method, where IIP nanoparticles were
chemically anchored to a self-assembled monolayer (SAM) of cysteamine, ensuring strong

polymer adhesion.

1.4.2. Electrochemical sensors with electrode surfaces modified with IIP film

A widely used technique for forming IIP films directly on electrodes is electropolymerization.
This method involves immersing the working electrode in a monomer solution and applying cyclic
potential scans to initiate polymerization, resulting in a polymer film on the electrode surface
[146]. One key advantage of this approach is that the formed polymer film is conductive,
facilitating electron transfer. Various studies utilizing this technique are summarized in Table 1-4,

where conductive nanoparticles are often added to improve conductivity and surface area.

Table 1-4 Some metal ion sensors studies involving IIP electrode by electropolymerization.

Targetion = Monomer Detection Mediator LOD Ref.
method * (M)

Copper p-phenylenediamine Potentiometry - 2.7e-9 [147]

Copper pyrrole/methyl red DPASV - 6.5e-9 [148]
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Arsenic p-phenylenediamine Cv Au (nano- 7.le-12 [149]

porous)
Cadmium pyrrole SWASV RGO 2.31e-9 [150]
Mercury mercaptobenzotriazole DPASV Au 8e-11 [151]
particles/
SWCNT

4 DPASV: Differential Pulse Anodic Stripping Voltammetry, CV: Cyclic Voltammetry, SWASV: Square Wave Anodic
Stripping Voltammetry.

Notably, arsenic detection was achieved an exceptionally low LOD (7.1e-12 M) when using gold
nanoporous mediators, demonstrating the effectiveness of increasing surface area and enhancing
electron transfer. Similarly, mercury sensors incorporating SWCNT and gold particles achieved
impressive detection limits (8e-11 M), reinforcing the role of conductive nanomaterials in
improving analytical sensitivity. By contrast, copper detection via potentiometry, without a
mediator, exhibited a comparatively higher LOD (2.7e-9 M), highlighting the significance of
mediator incorporation in lowering detection thresholds. These findings underscore the importance
of tailoring electrode materials and fabrication methods to enhance sensitivity for specific target

ions.

Another approach is in-situ polymerization, which involves spin-coating or dip-coating an
electrode with a pre-polymerization mixture followed by polymerization via established free
radical techniques. Table 1-5 presents studies employing in-situ polymerization for IIP sensor

fabrication.
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Table 1-5 Some metal ion sensors studies involving IIP electrode fabrication by in-situ polymerization.

Targetion  Fabrication method Additive LOD (M) Ref.
Zinc Spin-coating and in-situ  MWCNT 2.5e-10 [152]
polymerization
Copper Deposition of Graphene Oxide and = Graphene 1.5e-7 [153]
prepolymer solution, oxide
polymerization with
epichlorohydrin
Copper Spin coating of MWCNT and MWCNT 2.5e-10 [152]

prepolymer  solution mixture,

followed by in-situ polymerization

Cobalt Coating electrode with MNP, - le-10 [154]

followed by in-situ polymerization

Gadolinium = Spin-coating and in-situ = - 1.21e-10 [155]

polymerization

Unlike electropolymerized films, in-situ polymerized films are generally non-conductive. For this
reason, most studies incorporate conductive additives, as seen in the use of MWCNT for zinc and
copper detection (LOD: 2.5e-10 M) [152]. Here, Kumar et al. added MWCNT to the prepolymer
solution, spin-coated it on the electrode and polymerized to make an IIP film. Other studies have
explored different other conducting additives like graphene oxide [153], graphene [156] etc., either
prior to or together with the prepolymer solution. The incorporation of graphene oxide (LOD: 1.5e-
7 M) for copper detection resulted in a slightly higher LOD, suggesting that MWCNT may provide
superior electrical conductivity in this context. Notably, cobalt sensors utilizing magnetic

nanoparticles (MNP) achieved a remarkable LOD of 1e-10 M, highlighting the advantages of
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leveraging magnetic properties to improve sensor efficiency. The trends in detection limits suggest
that while in-situ polymerization methods benefit from structural flexibility, their reliance on

conductive additives is crucial to maintaining low LODs.

In summary, IIP-based electrochemical sensors represent a promising class of analytical tools
for metal ion detection. Their ability to selectively recognize target ions while enhancing electrode
sensitivity makes them valuable in diverse applications, particularly in environmental monitoring
and wastewater analysis. Ongoing research continues to refine fabrication techniques and improve

sensor performance, broadening the scope of [IP-based detection systems.

1.5. Microfluidic IIP-based sensors for metal ion detection

Microfluidics technology enables precise control and manipulation of fluids within channels
ranging from 5 to 500 um in size. This technology has witnessed growing applications in
chemistry, biology, and analytical biochemistry, owing to laminar flow, short diffusion lengths,
and high surface-to-volume ratios that improve mass transfer and reaction efficiency [157]. By
combining IIPs with microfluidic systems, portable, low-consumption and rapid detection
platforms can be developed for a wide range of analytes, including environmental pollutants [1,
158, 159]. IIPs can be immobilized onto microchannel surfaces or microparticles, facilitating
efficient target molecule capture and separation from complex mixtures. Microfluidic IIP-based
sensors offer several advantages over conventional sensing methods, including enhanced
sensitivity and selectivity via enriched surface interactions, improved reproducibility, reduced
sample/ reagent consumption and shorter analysis times [158, 159]. These systems enable the

creation of fast, automated, and self-contained detection platforms [158, 160], making them highly
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versatile across various applications [160]. Despite the promise, reports on IIP-integrated
microfluidics remain fewer than those using MIPs or bioreceptors, reflecting both fabrication

challenges (robust immobilization, channel wetting) and historical emphasis on MIP platforms.

Zhou et al. developed a three-dimensional (3D) paper-based microfluidic sensor incorporating
fluorescent ZnSe quantum dots for the detection of cadmium (Cd>") and lead (Pb*") ions [158].
Liquid-phase QD-IIPs were transferred to a glass-fiber paper, enabling capillary-driven, multi-
channel operation (Fig. 1-9 I(A—F)). The device showed linearity from 1-70 pg/L (LOD 0.245
ng/L; = 2.18 nM) for Cd** and 1-60 ug/L (LOD 0.335 pg/L; = 1.62 nM) for Pb?*". The sensor
combined high selectivity and sensitivity with simple,Jow-cost fabrication and multiplexed

readout, indicating potential for field monitoring.

Similarly, Qi et al. introduced a 3D origami ion-imprinted polymer microfluidic paper-based chip
for multiplexed detection of Cu?" and Hg?" ions (Fig. 1-9, G (II)) [159]. The paper surface was
modified by grafting CdTe quantum dots through amino processing, forming Cu?** or Hg?" IIPs
and CdTe QD complexes. This led to fluorescence quenching of the quantum dots via energy
transfer/inner-filter effects (Fig. 1-9, A-F (II)). The Cu** sensor exhibited good linearity from 0.11
to 58.0 png/L with LOD 0.035 pg/L (0.55 nM), while the Hg2+ sensor showed 0.26-34.0 pg/L with

LOD 0.056 pg/L (0.28 nM).

Across these optical microfluidic IIP applications, quantum-dot transduction is a primary driver of
sensitivity, yielding sub-nanomolar to low-nanomolar LODs (Cu** = 0.55 nM; Hg*" = 0.28 nM;
Cd** = 2.18 nM; Pb*" = 1.62 nM). This suggests a general design principle: pairing high-affinity
IIP recognition with high-quantum-yield reporters in short optical pathlength microchannels can
lower detection limits while preserving selectivity. The resulting performance aligns with trace-

level environmental monitoring requirements, where ultra-low concentrations are critical.
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Fig. 1-9 (1) The fabrication and description of a microfluidic-based ion-imprinted optic sensor for Cd and
Pb detection [158] and (1) (a-f) description and working (G) synthesis process of imprinted optic
sensor for Cu and Hg detection [159]. Images adapted from Ref. [158, 159], with permission from

Elsevier.

Wang et al. [161] also designed a rotary cloth/paper hybrid microfluidic analytical device
(uCPAD) that integrates a cloth-based fluorescent sensing pad t with a rotary paper microfluidic
manifold for simultaneous detection of Hg>* and Pb*" ions. The cloth provides mechanical
robustness and durable QD/IIP anchoring, simplifying production. The three-layers stack with
patterned hydrophilic channels and hydrophobic barriers, enables addressable multiplexing by
rotation. Fluorescence quenching readouts achieved LODs of 0.18 pg/L (0.90 nM) for Hg*" and
0.07 pg/L (0.34 nM) for Pb**. Compared with the origami device, WCPAD shows a slightly higher
Hg?* LOD (0.18 vs 0.056 ng/L) but comparable Pb** LOD (0.07 vs 0.335 ug/L), illustrating a
common trade-off in microfluidic IIP design: mechanical stability and user-friendliness can

modestly penalize ultimate sensitivity.
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While these optical microfluidic platforms can achieve lower absolute LODs, their reliance on
photoluminescent materials necessitates careful design considerations. Sensor stability,
photobleaching resistance, and reproducibility across varying environmental conditions remain
areas of ongoing research. Nonetheless, all these approaches demonstrate LODs well within
environmentally relevant ranges, reinforcing the suitability of [IP-integrated microfluidics for trace

metal ion monitoring in portable, field-deployable forms.

1.6. Scientific and technological gaps

A comprehensive review of the literature reveals extensive research on MIP, ISP and IIP sensor
technologies. Despite this, critical scientific gaps remain that limit their broader application in

microfluidic platforms for water quality monitoring.

1. Limited integration of IIPs in microfluidic electrochemical systems

While IIPs offer high selectivity for target ions, their integration into conventional (non-paper-
based) microfluidic systems remains scarce. This is especially true in electrochemical platforms,
where the few available studies rely on paper-based devices and optical detection methods [158,
159, 161]. The scientific community lacks a robust understanding of how IIPs behave when
incorporated into rigid microfluidic systems using electrochemical readouts, which have
advantages such as high sensitivity, selectivity, miniaturization potential, and compatibility with
microfabricated electronic components, which enhance portability [149, 162]. Addressing this gap
could significantly improve IIP-based sensing performance for metal ion detection in water quality

monitoring.
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2. Lack of research on free-standing or membrane-form IIPs within microfluidics

A review of current IIP electrochemical sensors indicates that current methodologies involve
coupling the IIP layer with an electrode via electropolymerization, in-situ polymerization, particle
coating, or film casting [51, 144, 163]. These methods often limit design flexibility, require
complex fabrication procedures, pre-treatment steps for electrode modification, and limited control
over the polymer morphology/thickness. There is a scientific gap in developing self-supporting,
free-standing IIP membranes that can be spatially integrated within a microfluidic chamber

without requiring direct bonding to electrodes.

3. Limited knowledge on the effect of synthesis conditions on IIP quality

Key parameters such as solvent selection, polymerization method, photoinitiator
concentration, and curing conditions significantly influence the morphology and functionality of
imprinted sites. Such influences have been scarcely studied especially in the context of on-chip

IIP fabrication, leading to inconsistent performance in prototype devices.

4. Underutilization of flow dynamics to enhance sensing performance

Most existing research prioritize material modification — e.g., using carbon nanotubes (CNTs)
or gold nanoparticles (AuNPs) to enhance sensing performance [50, 61, 163]. However, the role
of fluid dynamics in enhancing mass transfer to the sensing surface is poorly understood.
Optimizing flow channel geometry, membrane placement, and interaction time could significantly

enhance detection limits, even with simpler sensing materials

Following these scientific issues, additional technological gaps remain that impede the translation

of IIP-integrated sensors into field-deployable systems:
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5. Complex and cost-intensive fabrication processes
Electrode modification with IIPs, especially when coupled with nanomaterials, introduces
additional steps and cost, limiting scalability. A simplified, integrated fabrication strategy that

minimizes the use of expensive materials while ensuring reproducibility is of high interest.

6. Scarcity of in-situ fabrication approaches for both IIPs and electrodes

There is limited evidence of workflows where both the sensing electrode and the IIP membrane
are fabricated directly within the device (in-situ), using low-cost techniques. Such integration
would significantly reduce variability, improve sensor uniformity, and enable batch production for

deployment in water quality applications.

Based on the research gaps above, this dissertation seeks to address several key research

questions in the field of IIP-based chemo-sensors for metal ion detection:

* How can an IIP be incorporated into microfluidics for electrochemical detection of metal
ions in water?

= Can IIPs be synthesized as a standalone structure like a membrane within a microfluidic
chip without coating on or modifying the electrode surface?

= Can both the IIP and electrodes be fabricated in-situ using simple and repeatable
methods?

» How do different IIP compositions (e.g., template-to-monomer ratios, crosslinking
densities) influence sensor performance?

=  What is the effect of synthesis conditions (e.g. solvent choice, polymerization method,

initiator type) on the functionality of [IPs?
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» How do fluidic parameters (e.g., channel design, flow rate) influence analyte-membrane
interaction and signal output in the integrated system?
= Can the developed IIP-integrated microfluidic platform be adapted for different target

metal ions by modifying only the imprint templates?

1.6.1. Thesis Goals and Objectives

Addressing the identified research gaps and questions, this study aims to develop innovative
methods for cost-effective, portable, highly sensitive, and selective detection of metal ions in
drinking water. The research integrates IIP technology with microfluidics, leveraging the
advantages of microfluidics—such as portability, precise flow control, cost efficiency, and rapid

analysis—alongside the capability of IIP to create surface binding sites tailored to specific analytes.

A key innovation of this work is the synthesis and use of IIP as a standalone membrane within
the microfluidic device. This approach eliminates the cost- and labor-intensive fabrication
processes associated with conventional electrochemical sensors while allowing for precise control
over membrane thickness and enhanced sensing performance. The integration of electrical and
electrochemical detection is expected to optimally translate the physicochemical interactions
between the IIP and target analytes into measurable outputs. Fig. 1-10 provides a schematic

overview of the research, structured into three main objectives:
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Obj. 1 In-situ synthesis and characterization
of a porous stand-alone polymer membrane
in a microfluidic environment
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Fig. 1-10 Schematic description of the thesis research objectives.

Objective 1: In-situ synthesis of porous polymeric membranes and surface imprinting in

microfluidic environments

This objective integrates the direct polymerization of membranes in microfluidic channels,
optimizing their porosity and surface properties for selective permeability and ionic recognition. A
key focus is on developing free-standing microporous membranes to allow flow continuity within
the microfluidic environment and ensuring that these membranes are effectively incorporated into
the microfluidic channels. The membrane will also subsequently be able to facilitate surface

imprinting to enhance selective binding to target analytes. The ultimate goal is to test and optimize
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these membranes for specific ion-sensing, leveraging their tailored physical and chemical

properties for advanced microfluidic sensing applications.

Objective 2: Electrode integration and investigation of flow rate and analyte concentration

on electrochemical response.

This phase involves the in-device synthesis of electrodes to ensure consistent electrical signals
across the membrane. Systematic tests will be conducted to characterize the electrodes using
methods such as voltage-current (C-I) and chronoamperometry characterizations, which will help
establish the electrical stability parameters of the system. The study will also systematically assess
how different the flow rates of the fluid, and the concentrations of the analyte impact the sensor’s
electrical and electrochemical behavior. This comprehensive analysis aims to better understand the
operational parameters, sensitivity, and range of the sensor, which is critical for improving its

reliability and accuracy in applications like water quality monitoring.

Objective 3: Demonstrating the application of the membrane-integrated microfluidic device

for sensitive and specific ion detection.

This stage aims to validate the developed technology by demonstrating its application in
detecting specific ions such as sodium, lead, and lithium in water. The objective involves rigorous
testing and optimization to ensure the device's reliability, sensitivity, and selectivity. By utilizing
the tailored properties of the membrane and the microfluidic setup, the goal is to achieve enhanced
performance in ion detection, catering to applications such as environmental monitoring or

industrial processes. This phase is crucial for verifying the effectiveness of the membrane-
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integrated microfluidic device in addressing analytical challenges related to ion detection, with

potential applications in environmental monitoring and industrial processes.

1.7. Thesis Outline

This thesis comprises seven chapters:

e Chapter 1 introduces molecularly imprinted polymers (MIPs), ion-imprinted polymers
(ITPs), and chemosensors, followed by a review of conventional IIP sensor platforms for
metal ion detection, establishing the foundation for the research.

o Chapter 2 details the methodologies and materials used to fabricate microfluidic devices
and synthesize polymer membranes, including chemical synthesis, data collection,
statistical analysis, and performance evaluation.

e Chapter 3 discusses the in-situ polymer membrane and electrode synthesis,
characterization, and performance evaluation for salinity monitoring (Objectives 1 & 2).

e Chapter 4 transitions from ion-selective membranes to ion-imprinted polymer
membranes. It presents the development and testing of a sodium-ion imprinted polymer
(Na-IIP) sensor designed for selective sodium detection in water, addressing Objectives 2
and 3.

e Chapter 5 explores the integration of a lead-ion imprinted polymer (Pb-IIP) membrane
into the microfluidic device for the sensitive, selective, and low-limit detection of lead in
water (Objective 3).

o Chapter 6 investigates the incorporation of a lithium-ion imprinted polymer (Li-IIP)

membrane into the microfluidic device for lithium detection in water (Objective 3).

39



e Chapter 7 provides a summary of the thesis, highlighting its limitations and outlining

future research directions.

1.8. Research Contributions

This thesis has produced 5 journal manuscripts co-authored by the Ph.D. candidate, as listed in

the following sections. The content of Chapters 3 through 7 were culled from these manuscripts.

The first manuscript involved contributions from Dr. Alireza Zabihihesari (Year 1 mentor) and
Dr. Razieh Salahandish (supervisory committee member). Dr. Zabihihesari contributed to
conceptualization, methodology, investigation, data curation, formal analysis, validation, and

manuscript revision. Dr. Salahandish assisted with methodology and manuscript review.

In the second publication, Dr. Zabihihesari contributed to conceptualization, methodology, data
curation and manuscript revision, while Dr. Shapour Jafargholinejad supported investigation and

data analysis.

The final three publications were co-authored solely with Prof. Rezai. Across all four works, I
was primarily responsible for experimental design, data analysis, visualization, validation, and
manuscript writing (original drafts and revisions). Prof. Rezai contributed to conceptualization,
project oversight, methodology, investigation, analysis, supervision, manuscript review, funding

acquisition, and resource provision.
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1.8.1. Journal papers

e A.E. Oseyemi, A. Zabihihesari, R. Salahandish, P. Rezai (2025). Low-Level Salinity
Monitoring in Drinking Water Using an Electrochemical Microfluidic Sensor with an Ion-
Selective Polymer Membrane, Microchemical Journal 215 (2025) 114497

e A.E. Oseyemi, A. Zabihihesari, Shapour Jafargholinejad, P. Rezai (2025). Electrochemical
Microfluidic Sensor with Sodium lon-Imprinted Polymer Membrane for Sensitive and
Specific Detection of Sodium in Water, Microchim Acta 192 (2025) 520.

e A.E. Oseyemi and P. Rezai (2025). Microfluidic Electrochemical Sensor with Lead Ion-
Imprinted Polymer Membrane for Selective Trace Lead Detection in Water, Journal of
Water Process Engineering 77 (2025) 108574.

e A.E. Oseyemi and P. Rezai (2025). Sensitive and Selective Electrochemical Detection of
Lithium Using a Low-Cost lon-Imprinted Polymer Based Microfluidic Sensor, IEEE
Sensors Journal 25 (2025) 32074-32083.

e A.E. Oseyemi and P. Rezai (2025). Trace Detection of Perfluorooctanoic Acid in Water
Using a Microfluidic Electrochemical Sensor with a Stand-alone Molecularly Imprinted

Polymer. [Submitted, Journal of the Electrochemical Society]

1.8.2. Conference paper

e A.E. Oseyemi, P. Rezai. Low-Cost Lead-Ion Imprinted Polymer Membrane Microfluidic
Sensor for Selective trace lead monitoring in water. Proceedings from the 23rd
International Conference on Solid-State Sensors, Actuators, and Microsystems

(Transducers 2025), IEEE Explore 2025.(Peer reviewed)
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1.8.3. Conference presentations

e A.E. Oseyemi, P. Rezai. Low-Cost Lead-lon Imprinted Polymer Membrane Microfluidic
Sensor for Selective trace lead monitoring in water. The 23rd International Conference on

Solid-State Sensors, Actuators, and Microsystems (Transducers 2025). (Peer reviewed)

e A.E. Oseyemi, A. Zabihihesari, P. Rezai (2025). Low-Cost Electrochemical Microfluidic
Sensor with Lead-lon Imprinted Polymer Membrane for Low-Limit Heavy Metal
Detection in Water. Natural Science and Engineering Research Council of Canada
(NSERC), Collaborative Research and Training Experience Program (CREATE) Annual

Summit, York University

e A.E. Oseyemi, A. Zabihihesari, P. Rezai. Low-Cost Membrane-Integrated Microfluidic
Electrochemical Sensor for Low-Limit Detection of Specific Salt lons in Drinking Water.
The 28th International Conference on Miniaturized Systems for Chemistry and Life

Sciences (UTAS 2024). (Peer reviewed)

e A. Zabihihesari, A. Khalili, A.E. Oseyemi, Pouya Rezai. Electrothermal Coating of
Bacteria Imprinted Polymer on Metallic Microwires. The 28th International Conference

on Miniaturized Systems for Chemistry and Life Sciences (uTAS 2024). (Peer reviewed)

e A.E. Oseyemi, A. Zabihihesari, R. Salahandish, P. Rezai (2024). Low-Cost Membrane-
Integrated Microfluidic Electrochemical Sensor for Low-Limit Detection of Specific Salt
Ions in Drinking Water. Centre for Research and Applications in Fluidic Technologies

(CRAFT) Research Symposium. (Peer reviewed)
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A.E. Oseyemi, P. Rezai (2024). Innovative Low-cost Lead-Ion Imprinted Polymer
Membrane Microfluidic Sensor for Selective Heavy Metal Monitoring in Water.

WaterWise: Graduate Research Event, One WATER, York University. (Peer reviewed)

A. E. Oseyemi, A. Zabihihesari, P. Rezai (2024). lon-selective polymer (ISP) membrane -
Based Electrochemical Microfluidic Sensor for Selective Low-limit Water Salinity
Monitoring. 31st Annual Conference of the Computational Fluid Dynamics Society of

Canada (CSME/CFD2024). (Peer reviewed)

A.E. Oseyemi, A. Zabihihesari, P. Rezai (2024). Low-cost Membrane-Integrated
Microfluidic Sensor for Low-Limit Detection of Specific Salt Ions in Drinking Water.
Natural Science and Engineering Research Council of Canada (NSERC), Collaborative

Research and Training Experience Program (CREATE) Annual Summit, York University.

A.E. Oseyemi, A. Zabihihesari, P. Rezai (2024). Low-cost lon-selective polymer (ISP)
membrane — Integrated Electrochemical Microsensor for Low-limit Water Salinity
Monitoring. 59th CENTRAL Canadian Symposium on Water Quality Research, Western

University. (Peer reviewed)

A. E. Oseyemi, A. Zabihihesari, G. Kraft, and P. Rezai (2023). In-Situ Synthesis and Fluid
Flow Characterization of Vertical Cell Imprinted Polymer (Cip)-based Membranes in
Microchannels for Future Electrochemical Sensing Applications. The 27th International
Conference on Miniaturized Systems for Chemistry and Life Sciences (uTAS 2023). (Peer

reviewed)
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e A.E.Oseyemi, A. Zabihihesari, G. Kraft, and P. Rezai (2023). 3D UV-Curable Molecularly
Imprinted Polymer (MIP) Membrane for Microfluidic Biosensing Applications. Micro

Flow and Interfacial Phenomena (uFIP 2023) Conference. (Peer reviewed)

1.8.4. Intellectual property

e P. Rezai, A. Zabihihesari, A. Doostmohammadi, A. E. Oseyemi, J. Brown, “Methods and
systems for fabricating microstructures of imprinted polymers and integration with sensors

for biological and chemical detection,” Patent Reference No. BIPL 160-031USP.

1.9. Thesis Novelty and Contributions

This thesis introduces a novel platform that integrates stand-alone I[P membranes into microfluidic
electrochemical sensors without requiring electrode surface functionalization. In contrast to
conventional MIP/IIP strategies, which rely on direct polymer attachment to electrode surfaces and
often involve laborious, time-consuming, and costly surface treatments, the proposed method
employs in situ photopolymerization to generate a free-standing IIP membrane within designated
sensing chambers. A key novelty of this approach is that separating the membrane from the
electrode surface eliminates the formation of a non-conductive barrier layer on the electrode. This
enables the use of non-conductive I1Ps in electrochemical sensing, which would otherwise require
incorporation of conductive polymers if coated directly on electrodes. This design broadens
material choices, simplifies fabrication, reduces cost, and supports reproducible, scalable
production. The resulting system enables rapid detection through capacitive response modulation
and demonstrates adaptability across multiple analytes (Na*, Pb?", Li") with low detection limits
and high selectivity, even in complex sample matrices.
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Chapter 2

2. Materials and Methods

In this chapter, we introduce the chemicals used in our experiments and explain the common
methodologies between our various experiments. The chapter will continue with the data analysis

and statistical tests performed in this thesis.

2.1. Materials

Common materials used for the fabrication of the membrane-integrated microfluidic sensors
(Chapters 3 to 6) included polymethyl methacrylate (PMMA) sheets, polycarbonate (PC) sheets,
and double-sided pressure-sensitive adhesive (PSA) tape, all procured from McMaster-Carr (Clear
Scratch Cast Acrylic Sheet 8560K175, Clear Scratch and Impact-Resistant Polycarbonate
8707K 161, and Optically Clear Mounting Tape 7602A58). Blunt dispensing needles and soft
plastic tubing were also sourced from McMaster-Carr. Silver conductive paste (DuPont 5025,
whose company later changed to Micromax™ 5025) was used for in-situ electrode fabrication and
obtained from DuPont (Wilmington, Delaware, USA) or Insulectro (Lake Forest, CA, USA),
respectively. The polymer matrix for all sensors was synthesized using methacrylic acid (MAA)
as the functional monomer, ethylene glycol dimethacrylate (EGDMA) as the crosslinker, and 2,2-
dimethoxy-2-phenyl-acetophenone (DMPA) as the photoinitiator. Dimethyl sulfoxide (DMSO)
and acetonitrile were used as solvents. Supporting salts and electrolytes including NaCl, KCl,
NaNOs, and KNOs were obtained from Sigma Aldrich and used throughout for solution

preparation and electrochemical testing.
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For the ISP membrane-integrated microfluidic sensor (Chapter 3), additional monomers
such as acrylamide (AAM), methyl methacrylate (MMA), and N-vinyl pyrrolidone (NVP) were
used to enhance polymer structure and performance. Silver Conductor 5025 paste from DuPont
was used in this chapter instead of Micromax™ 5025.

The Na-IIP membrane-integrated microfluidic sensor (Chapter 4) employed 15-crown-5
ether (15C5) as the ion-recognition ligand for sodium ions. No other unique chemicals beyond
those listed in the general section were used.

The Pb-IIP membrane-integrated microfluidic sensor (Chapter 5) used AAM and 8-
hydroxyquinoline (8-HQ) as part of the prepolymer formulation for Pb** ion imprinting. Lead
nitrate (Pb(NO:s)2) served as the template ion, and cadmium nitrate tetrahydrate (Cd(NOs)2-4H-20)
and zinc nitrate hexahydrate (Zn(NOs)::6H.O) were used for interference studies.
Ethylenediaminetetraacetic acid (EDTA) was used as an eluting agent during post-polymerization
washing.

The Li-IIP membrane-integrated microfluidic sensor (Chapter 6) incorporated 12-crown-4
ether (12C4) as the Li*-specific ionophore. Lithium chloride (LiCl) was used as the imprinting
template, and additional salts such as sodium sulfate (Na.SO.) were included during selectivity

testing. EDTA was also applied during template removal.

2.2. Sample preparation

Stock solutions were prepared by dissolving raw metal salt powders in deionized (DI) water,
followed by serial dilution to achieve the desired concentration ranges. For example, salinity test
samples (0-800 ppm) were created by dissolving 200 mg of NaCl in 200 mL of DI water to form
a 1000 mg/L (ppm) solution. This solution was then serially diluted with DI water while
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maintaining a constant dilution factor to obtain concentrations of 800, 400, 200, 100, 80, 60, 40,
20, 10, 5, 1, 0.5, and 0.25 ppm. DI water was used as the blank solution in all experiments. The
same methodology was applied for other target analytes (lead and lithium) following standard

literature practices [144, 164].

2.3. Design and fabrication of microfluidic device

The microfluidic device comprises two primary components (Fig. 2-1): (i) an X-shaped fluid-
handling module, featuring a central chamber for housing the Pb-IIP membrane and microchannels
for sample flow, and (ii) two in-situ fabricated silver electrodes positioned on either side of the
membrane. The chamber (3.5 % 3.0 mm?) has the membrane at its center, serving as a semi-
permeable barrier to facilitate sample-membrane interaction. Anchoring structures ensure

structural stability by securing the membrane to the chamber walls.
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Fig. 2-1 Proposed microfluidic sensor design. (a) CAD model of microfluidic device highlighting key
components, (b) exploded view showing structural assembly of individual layers, and (c) fully assembled

device illustrating the integration of the polymer membrane with the electrode for sensing functionality.
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The fabrication of the microfluidic device follows a systematic process. The device is composed
of two primary layers: an upper layer containing microchannel networks and a bottom layer
serving as a seal. The upper layer was fabricated from a 1.5 mm thick PMMA substrate, with
microchannels milled to a depth of 200 pm using a CNC machine (MIKRON HEM 700U, Agno,
Switzerland). PMMA was chosen for its durability, optical transparency, UV permeability,
scalability, and chemical compatibility with the IIP membrane synthesis process. Following
milling, the PMMA substrates were cleaned with ethanol and air-dried to remove residues before
bonding.

Assembly was achieved by bonding the PMMA layer to a PC substrate using clear double-sided
adhesive tape, with clamps applied for five minutes to ensure a firm bond. PC was selected for its
structural strength and ease of manual handling. It also facilitated the use of PSA tape for sealing,
offering a cost-effective alternative to additional PMMA layers that would require laser cutting.

Once assembled, the device was integrated with electrodes and the membrane.

2.3.1. Electrode integration into the microfluidic device

The electrode fabrication process, illustrated in Fig. 2-2a, involved manually injecting
DuPont™ 5025 (now Micromax® 5025) silver conductive paste [165] into the electrode chamber
via designated injection ports. Micropillars (30 pm in diameter, spaced 50 um apart) at the
electrode-channel junction prevented the paste from entering the central microchamber during
injection and ensured proper placement during curing. The device was then thermally cured at
75°C for 24 hours. Electrical and electrochemical characterizations of the electrodes are discussed

in the results section.
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Fig. 2-2 Device fabrication. Sequential in-situ synthesis steps illustrating (a) electrode integration within
the microfluidic device, followed by (b) photopolymerization of the ion-selective polymer membrane

within the sensing chamber.

2.3.2. Integration of polymer membrane in the microfluidic device

The integration method for the stand-alone ISP/IIP/NIP membranes, while novel in the context
of microsensor design, was adapted from a prior study that employed a microfluidic filtration
system to isolate extracellular vesicles from blood [166]. The in-situ synthesis process (Fig. 2-2b)
began with injecting the prepolymer solution into the channels to fully occupy the chamber. A
precisely aligned shadow mask was then positioned over the chip, exposing only the designated
membrane thickness to UV light. The chip, with the mask in place, was subjected to 365 nm UV
light at an intensity of 15 mW/cm?. Following an initial 5-minute UV exposure, the excess
unpolymerized solution was carefully extracted using a syringe. A secondary 2-hour exposure

ensured complete polymerization. After photopatterning, the device was rinsed with water to
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remove residual components. Finalized devices were either immediately used for experimentation
or stored filled with water for future use.
With the integration process established, attention was next directed to the formulation and

synthesis of the ISP membrane tailored specifically for low-level salinity monitoring.

2.3.2.1. ISP membrane for low-level salinity monitoring.

ISP membrane synthesis involved the careful selection and incorporation of monomers, cross-
linkers, porogens, and inhibitors to optimize membrane properties. The prepolymer solution
included four monomers: MAA, AAM, NVP, and MMA, along with the cross-linker EGDMA, the
photo-initiator DMPA, and a binary porogen system (DMSO and acetonitrile). The monomer (M):
crosslinker (C): solvent (S) molar ratio was 1:6:1.2:12.3 (Table 2-1). Hydroquinone was added to
inhibit unintended polymerization outside the exposed region, which could occur due to molecular
diffusion or heat [167]. The formulation was inspired by prior work on Cell-Imprinted Polymer

(CIP) for bacteria detection in water [168].

Table 2-1 ISP Membrane formulation.

Functional Monomers Cross- Solvent Initiator
linker
Monomer MAA AAM VP MMA EDGMA | Acetonitrile DMPA
+ DMSO
Composition ~ (u)  (mg) (u) (u) (uD) (uD) (mg)
180 21 4.2 5.2 570 2000 14

Mole (mol) = 2.13e-3  2.95e-4  4.156e-5 4.864e-5 3.02e-3 0.03097e-2 5.463-4

Mole ratio 2.50 3.02 30.98 0.55
(mM)
Mole ratio 1 1.2 12.3
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Each component in the prepolymer solution played a crucial role in defining both the
functionality and structural integrity of the ISP membrane within the sensor. MAA, constituting
85.6% of the monomer composition, contains carboxylic acid (-COOH) groups that ionize in
aqueous solutions, forming negatively charged carboxylate (-COO-) ions. These act as ion-
exchange sites, facilitating electrostatic interactions with target cations. Methyl methacrylate
(MMA), a hydrophobic monomer comprising 2.47% of the composition, provides mechanical
strength and stability to the polymer matrix. N-vinylpyrrolidone (NVP), a hydrophilic monomer
accounting for 2%, enhances water absorption and swelling properties, improving ion transport
interactions. Acrylamide (AAM), making up 9.5% of the composition, contributes to the overall
stability of the polymer matrix through its amide (-CONH2) groups, which influence ionic
interactions within samples.

In our design, a binary solvent system of dimethyl sulfoxide (DMSO) and acetonitrile (3:1)
replaced acetonitrile alone, as the latter caused severe etching of the microfluidic device’s PMMA
substrate during polymerization. This optimized solvent mixture ensured strong membrane
adhesion while maintaining the necessary porosity and surface area. The approach aligns with
findings from related studies confirming the ability of DMSO-based binary solvents to generate
stable, high-surface-area monolithic polymers [169, 170]. Furthermore, the thermal initiator AIBN
used in previous work was replaced with DMPA, a popularly used photo-initiator [98], to enable
in-situ by photo-polymerization under UV light. Performance evaluation studies of the ISP
membrane-integrated sensor including dose-response characterization (including other design
variations of the membrane — e.g. without the MAA & AAM), specificity, and selectivity tests were

conducted on the device. The results of these studies are discussed in chapter 3.
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2.3.2.2. Na-IIP membrane synthesis for low-limit specific monitoring of sodium in water

The Na-IIP membrane synthesis also involved the careful material selection, informed by
previous studies on potassium (k+) ion-imprinted polymer [114, 171], being the closest available
related studies at to our study, a there are very limited reports on Na-IIP. The selection of 15C5 as
a ligand for Na" was guided by previous studies on sodium ion capture/transport [172, 173]. The

IIP synthesis process is shown in Fig. 2-3.

@
cl

Polymerizat:)

Fig. 2-3 Schematic illustration of the synthesis of Na-1IP.

For the prepolymer solution, 0.2 mmol of NaCl was dissolved in 40 pL of DI water and mixed with
0.2 mmol of 15C5 to form the Na:15C5 complex. This complex was then combined with 2 mmol
of MAA, 5.3 mmol of EDGMA, 2.0 mL of DMSO, 0.5 mL of acetonitrile, and 14 mg of the
photoinitiator DMPA. To prevent unwanted polymerization due to molecular diffusion or heat, 6.3
mg of hydroquinone was added as a polymerization inhibitor, following the same approach used
for the ISP membrane synthesis. The in-situ synthesis of the Na-IIP membrane employed selective
photo-polymerization, mirroring the ISP membrane integration method. Additionally, membrane-

less and MAA and AAM-based NIP membrane-integrated configurations were fabricated for
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comparative performance analysis. Following UV exposure, the imprinted membrane underwent
in-situ washing using a syringe pump to infuse ethanol, followed by rinsing with DI water at a
controlled flow rate. Elemental analysis of both the imprinted and non-imprinted membranes was
conducted to assess structural and compositional characteristics. The performance evaluation of the
Na-IIP membrane-integrated sensor included dose-response characterization, specificity, and

selectivity assessments, with results detailed in chapter 4.

2.3.2.3. Pb-IIP membrane synthesis for trace detection of lead

The synthesis of the lead-ion imprinted polymer (Pb-IIP) membrane required carefully tailored
material composition and an optimized washing solution. The Pb-IIP formulation was designed
based on established protocols [174, 175], involving complex formation with 8-hydroxyquinoline
(8-HQ) and polymerization with MAA and EDGMA. The synthesis process is illustrated in Fig.
2-4.
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Fig. 2-4 Schematic representation of the Pb-1IP synthesis process.
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To prepare the prepolymer solution, 0.1 mmol of Pb(NOs), serving as the template, was dissolved
alongside 0.1 mmol of 8-HQ in 2 mL of a binary solvent mixture of DMSO and acetonitrile (3:1
ratio) within a conical tube. Once fully dissolved, 0.4 mmol of MAA as the functional monomer
and 320 uL of EDGMA as the cross-linker were introduced. The solution was mixed thoroughly
using a vortex mixer (Vortex-Genie 2 Mixer, Scientific Industries, SI-0236) to ensure homogeneity.
Following this, 14 mg of the photoinitiator DMPA and 6 mg of a polymerization inhibitor were
added, consistent with the procedures followed for the ISP, Na-IIP, and Li-IIP membranes. The
solution was vortex-mixed again for approximately one minute until complete dissolution was
achieved. To prevent premature photopolymerization, the conical tube was sealed and wrapped in
aluminum foil to shield it from light exposure. The prepared Pb-1IP prepolymer solution was then
introduced into the microfluidic device and subjected to selective photopolymerization under UV
light, forming the imprinted membrane within the chip. Post-polymerization, an in-situ washing
process was carried out using 0.5 M EDTA [80] to extract the lead template ions, followed by a DI
water rinse to remove any residual organic solvents (Fig. 2-4). The imprinted and non-imprinted
membranes were subsequently analyzed for elemental composition, and performance evaluation
studies—including dose-response characterization, specificity, and selectivity assessments—were

conducted, with results presented in chapter 5.

2.3.2.4. Li-IIP membrane synthesis for trace detection of lithium

The synthesis of the lithium-ion imprinted polymer (Li-IIP) membrane followed a systematic
approach similar to that of the Na-IIP and Pb-IIP membranes, requiring careful selection and
integration of functional and crosslinking monomers, a complexing ligand, porogens, and

polymerization inhibitors to achieve the desired membrane properties. The material selection was
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informed by previous research on lithium recovery from aqueous solutions using Li-I1IPs [176].
We selected 12-crown-4 (12C4) as the complexing agent for lithium (Li*), guided by multiple
studies demonstrating the superior selectivity of 12C4 and its derivatives—such as benzo-12-
crown-4 (B12C4), 2-methylol-12-crown-4 (2M12C4), and 2-(allyloxy)methyl-12-crown-4
(2AM12C4)—due to their cavity sizes, which closely match the ionic radius of lithium [176—-180].

The synthesis process is depicted in Fig. 2-5.
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Fig. 2-5 Schematic illustration of the Li-IIP synthesis process

For the preparation of the Li-IIP prepolymer solution, 0.1 mmol of LiCl was dissolved in 2.0 mL
of a binary solvent mixture of DMSO and acetonitrile (3:1 ratio). To this solution, 0.5 mmol of
MAA as the functional monomer and 2 mmol of EDGMA as the cross-linker were added,
maintaining a template:monomer:cross-linker ratio of 1:5:20. Additionally, 29.8 pL of 12C4 was
incorporated as the selective lithium-binding ligand.

To facilitate UV-induced polymerization, 14.1 mg of DMPA was added as the photoinitiator, along

with 6.3 mg of hydroquinone to suppress undesired polymerization outside the targeted exposure
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region [166]. This formulation followed the same photopolymerization protocol as previously
described for the ISP and Na-IIP membranes. Following polymerization, the imprinted membrane
underwent an in-situ washing process with 0.5M EDTA and DI water to remove template ions and
unreacted monomers. The washing procedure involved controlled infusion of ethanol via a syringe
pump, followed by a DI water rinse to eliminate any remaining organic residues. Post-washing,
elemental analysis of both the imprinted and non-imprinted membranes was performed.
Additionally, performance evaluations—including dose-response characterization, specificity, and

selectivity tests—were conducted on the integrated sensor, with findings discussed in chapter 6.

2.4. Experimental Setup and Procedures for Electrochemical

Measurements

2.4.1. Experimental setup for chronoamperometric measurements

The experimental setup for chronoamperometric measurements is illustrated in Fig. 2-6a. A
syringe pump (Legato 110, KD Scientific Inc., USA) was employed to deliver samples at a
controlled flow rate into the microfluidic sensor, which was positioned under an upright
microscope (Leica M125 C, Leica Inc., Canada). The sensor's outlets were connected to a waste
reservoir to ensure proper fluid disposal. A portable potentiostat (PalmSens4, De Indruk,
Netherlands) was interfaced with the electrodes of the microfluidic sensor and linked to a computer
running the manufacturer’s software (PSTrace) for signal acquisition, control, and analysis. Fig.
2-6b provides a schematic representation of the fluidic and electrical connections, illustrating the

integration of the working electrode (WE), reference electrode (RE), and counter electrode (CE)
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with the potentiostat and computer system. The setup also included a dual-channel syringe pump
to enable simultaneous sample delivery to both inlets of the microfluidic chip.

Electrochemical measurements involved two primary stages: the washing/blank stage and the
sample testing stage. The washing stage was essential for sensor stabilization before sample
introduction. For ISP membrane-integrated sensors, DI water was continuously flowed through
the system to remove any residual, unreacted monomers. In the case of IIP-based sensors, the
washing protocol involved an initial rinse with a leaching solution to remove template ions,
followed by DI water to eliminate excess reagents. In either case, DI water was allowed to flow
for 5-10 minutes until the chronoamperometric current reached a stable baseline close to zero,
indicating that the sensor was ready for sample testing.

During the sample testing stage, analyte solutions were introduced in increasing concentrations,
starting from the lowest and progressing to the highest. Each concentration was tested in triplicate
to ensure reproducibility and accuracy. The collected data was used to construct a dose-response
curve, which is discussed in detail in the subsequent section. The same two-stage procedure was

followed for additional tests assessing specificity, interference, and selectivity.
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Fig. 2-6 (a) Experimental setup for testing ISP/IIP microfluidic sensors, showing the instruments used for
sensor characterization. (b) Schematic of fluidic and electrochemical connections, depicting sample

injection, potentiostat integration, and data acquisition.

2.4.2. Data analysis for sensor characterization

Chronoamperometric measurements were performed using a step voltage of 0.6 V, a time
interval of 0.1 s, and a total run time of either 60 or 120 s. This method was selected due to its
capability to generate precise, time-resolved current measurements, facilitating detailed analysis of
the sensor’s electrochemical behavior [147, 181]. The 0.1 s time interval ensured frequent and

consistent sampling of the current response, capturing the kinetics of the electrochemical



interactions. A 120 s run time allowed sufficient data collection to observe changes in current over

an extended period, enabling steady-state conditions to be reached.

All statistical analyses were conducted using Microsoft Excel 365, GraphPad Prism 9.5.1, and
Lab Origin 2024. Dose-response curves were plotted as linear x-y graphs or semi-logarithmic (x-
log, y-linear) plots, depending on the data characteristics. Where appropriate, standard linear as
well as non-linear curve-fitting models, such as the Power Law Model and Power Model, were
employed to improve data representation.

The LODs and LOQs were determined using the three-sigma (3c) and ten-sigma (10c) methods,
respectively, based on the dose-response curve. The LOD was calculated as the blank readout
current (Ip;) plus three times the standard deviation of the blank measurement (op;), while the
LOQ was defined as Ip;4nr plus ten times the standard deviation (0g;qnk).- The corresponding
analyte concentrations for these current values were then extrapolated from the dose-response
curve, establishing the sensor’s detection and quantification limits.

Sensor linearity was assessed by fitting a regression line to the dynamic range of the dose-
response curve and analyzing the coefficient of determination (R?). Specificity, interference, and
selectivity studies were visualized using bar charts, with statistical analyses conducted using t-tests
and one-way ANOVA to determine significant differences. This comprehensive analytical
approach ensured a robust evaluation of the sensor’s sensitivity, selectivity, and overall

performance in detecting and quantifying target metal ions.
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2.4. Working principle of the membrane-integrated microfluidic sensor

The sensing mechanism of the ISP/IIP-integrated microfluidic sensor is hypothetically based on a
non-Faradaic capacitive detection principle. We hypothesize that the measured signal arises from
three coupled effects: (i) electrokinetic-driven ion transport across the channel width (lateral
electromigration), (ii) template-specific interaction within the free-standing polymer membrane,
and (iii) modulation of the electrical double layer (EDL) at the electrode—electrolyte interfaces,

yielding a transient displacement current.

When a step voltage is applied between the two laterally opposed silver electrodes, an electric field
is established across the width of the sensing chamber. This field drives ions laterally: in one
chamber ions are pushed toward the membrane, while in the opposite chamber they are driven
away from it. Because the bulk solution is homogeneous and the sensing chambers are narrow and

straight, no diffusion or pressure-driven gradients are invoked in this description, respectively.

Within the central sensing chamber, the free-standing porous membrane presents recognition sites
(templated binding sites and functional groups such as carboxylates from MAA) that preferentially
bind the target ion (e.g., Na*, Pb?*, Li*). Under the lateral field, selective interaction of target ions
with these sites adjusts the local ionic environment adjacent to the electrodes and the membrane.
When the voltage step is applied (e.g., 0.6 V), EDL charging dominates, and a transient capacitive

current is produced that can be expressed as:

dv
I1(t) = CE

Where C = total effective capacitance (dominated by EDL) and dv/ dt is rate of change of voltage

over time.
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This transient capacitive current is highly sensitive to ion concentration and the local ionic

environment near the membrane, enabling selective, non-Faradaic detection of the target analyte.

a) Device layout b) Electric Field c) Selectiveinteraction d) Capacitive Response
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Fig. 2-7 Working principle of the membrane-integrated microfluidic sensor. (a) Device layout showing
laterally opposed silver electrodes and a free-standing ion-selective polymer membrane in the central
sensing chamber. (b) Application of a step voltage generates an electric field across the channel width,
driving ions laterally. (c) Target ions (e.g. Na', Pb*', Li*) selectively interact with templated recognition
sites. (d) Redistribution of charges at the electrode—electrolyte interface leads to electrical double layer

(EDL) charging, producing a transient capacitive current.

The illustration summarizes how the applied electric field laterally drives ions across the sensing
chamber toward or away from the stand-alone membrane. Within the membrane, recognition sites
selectively interact with the target analyte, influencing the local ionic environment at the electrode
interfaces. This interaction alters the effective capacitance of the electrical double layer, giving
rise to the transient displacement current. The schematic complements the preceding description
by visually linking field-driven transport, selective capture, and capacitive signal generation in the

integrated sensor.

This hypothetical mechanistic framework, which requires future validations, underpins the sensor
performance demonstrated in later chapters and provides the foundation for evaluating material

choices, device fabrication, and experimental results.
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Chapter 3

Low-Level Salinity Monitoring in Drinking Water
Using an Electrochemical Microfluidic Sensor with an

TIon-Selective Polymer Membrane!

3.1 Introduction

This chapter entails the first, second, and third objectives of this thesis, covering the design,
fabrication, characterization, and application of an electrochemical microfluidic sensor integrated
with an ion-selective polymer (ISP) membrane for low-level salinity monitoring in drinking water.
The ISP membrane, synthesized in situ within a PMMA-based chip, enables selective detection of
Na* ions through functional group interactions that modulate the electrochemical signal.

Chronoamperometry was used to evaluate the sensor's sensitivity, selectivity, and detection limits
across different salts and concentration ranges, with and without the ISP membrane. By comparing
performance metrics and validating the sensor using municipal tap water, this chapter demonstrates
the feasibility of using ISP-integrated microfluidic platforms for sensitive, low-cost, point-of-need

salinity testing.

The contents of this chapter are adapted from our first manuscript: A.E. Oseyemi, A. Zabihihesari, R. Salahandish, P.
Rezai. Low-Level Salinity Monitoring in Drinking Water Using an Electrochemical Microfluidic Sensor with an Ion-
Selective Polymer Membrane, Microchemical Journal 215 (2025) 114497
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3.2 Results and Discussion

3.2.1 Localized photopolymerization of the ISP membrane

We characterized the fabrication process of the ISP membrane in devices made of PMMA (Fig.

3-1). Using photomasks of different opening sizes ranging from 100 pm to 600 um in width, we

aimed to achieve the target corresponding membrane widths.
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Fig. 3-1 Characterizing the localized photopolymerization of the ISP membrane in the microfluidic
device. (a) Exposure time and uniformity characterization, (b) Fabricated membranes with different

widths in the range of 100 to 600 um; (c) Comparison of measured and targeted membrane thicknesses.
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Initially, we investigated the minimum time required to achieve a full anchor-to-anchor length of
the membrane in the chamber (Fig. 3-1a). For a target membrane thickness of 100 um, we found
that a minimum of 10 minutes was necessary, followed by 6, 5, 4, 3, and 2 minutes for membrane
widths of 200, 300, 400, 500, and 600 um, respectively, as summarized in Fig. 3-1a i-vi. The
observed decrease in required exposure time with increasing membrane widths can be explained by
improved light diffusion and intensity over larger surface areas, enhancing uniform polymerization.
Additionally, enhanced cross-linking dynamics from better light penetration and a slight increase
in local temperatures due to larger exposed areas contribute to faster curing. Conversely, narrower
widths may encounter shadowing effects, where light scattering at the edges lowers curing
efficiency, necessitating longer exposure times. These insights highlight the necessity to tailor UV
exposure times to optimize the polymer curing process according to membrane width, ensuring

robust mechanical stability and material integrity in different sensor designs.

We also investigated the correlation between the photomask and membrane widths, observing
minimal variations (< 7%) for mask widths > 200 um (Fig. 3-1b and 4c). However, larger variations
were noted for 100 um mask width (Fig. 3-1b) such that the resulting membrane had a thickness
of 15319 um. This demonstrated an improved control over the membrane width with increasing
membrane thickness. We attempted a smaller membrane thickness with a 50 pm mask width but
could not obtain a full anchor-to-anchor membrane length across the chamber even under long

exposure times.

We quantified the thickness uniformity of membranes synthesized using different mask widths
(Fig. 3-1a). A lower CV% suggests that measurements are less variable, indicating greater
uniformity and control over the synthesized membrane thickness. The thinnest membrane with a

mask width of 100 pm (membrane width of 153+19 um) exhibited the lowest uniformity

64



(maximum variation in thickness) with CV = 12%. It was observed that thicker membranes
displayed better uniformity, as evidenced by the 600 pum thick membrane having the lowest
variation (CV = 2%). Based on these results, we selected the 300 um membranes for further
experiments, as it offered an optimal balance of structural reproducibility and functional suitability

for ion exchange and electrochemical detection (more discussion in the following section).

3.2.2. Effect of flowrate on sensor’s electrochemical response at different salt
levels

The research aimed to observe how the interplay between the dominance of diffusive or
convective flow of sample ions influences the stability of electrochemical behavior. Higher flow
rates can enhance convection and suppress diffusion in microfluidic devices. Therefore, we
investigated the impact of different flow rates on the electrochemical behavior of the ISP
membrane-integrated microfluidic device at various NaCl salt concentrations. Using
chronoamperometry readouts for NaCl concentrations ranging from 1 to 100 ppm at total flow
rates (Qrotar = Qinter1 + Qinterz) ranging from 100 to 1600 plL/min, we determined the optimal
flow rate that ensured the most reliable and efficient detection, highlighting the intricate relationship
between fluid behavior and electrochemical response within the device. We defined our optimal
flow rate as the minimum required to obtain negligible readout signal deviation, across all

concentrations.
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Fig. 3-2 Effect of flowrate on (a) the chronoamperometry current readout, and (b) readout stability
defined as standard deviation (SD) of current across different flow rates, highlighting the optimal flow
rate range that minimizes signal deviation for reliable electrochemical detection. Legends show NaCl

concentrations.

The results depicted in Fig. 3-2a, expectedly demonstrate a significant decrease in current
output with a reduction in salt concentration, with the minimum readout (0.02-0.04 pA) obtained
with DI water, and maximum (0.16-0.19 pA) for 100 ppm NaCl concentration. Furthermore, at
each concentration, there was a noticeable decline in current as the flow rate increased from 100
pl/min to approximately 800 uL/min. Beyond this point, the current became relatively stable and
reached a plateau, defined by standard deviations of the current being less than 0.001 (Fig. 3-2b).
This suggests a relative insensitivity to further increases in the flow rate, even up to the maximum
of 1600 pL/min. Stability at the highest salt concentration, i.e., 100 ppm, was achieved at a
minimum flow rate of 800 puL/min, which was selected as the testing flow rate for subsequent

experiments.

At higher flow rates, the improved ion transport reduces the influence of the diffusion layer on
sensor response [182]. However, at very high concentrations (e.g., 100 ppm), the current shows a
slight but continuous decrease. This suggests that the rate of ion consumption in the
electrochemical reaction might exceed the rate of ion replenishment, though the overall mechanism
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remains unaffected by significant redox interference. Thus, optimizing flow rates is crucial for
balancing diffusion and convection effects to ensure consistent and reliable current responses.
Shao et al. [183], investigated the electrical characteristics of an Electrical Field Flow
Fractionation (EFFF) system using chronoamperometry and electrochemical impedance
spectroscopy. Their chronoamperometric measurements demonstrated that increasing the flow rate
led to a decrease in current, attributed to enhanced ion transport and reduced boundary layer
thickness. In our study, we observed a similar decrease in capacitive current with increasing flow
rate. However, this behavior can be attributed to the reduced residence time of ions within the ISP
membrane at higher flow rates, leading to diminished ion accumulation at the electrode interface.
These differing observations underscore the distinct mechanisms at play in membrane-integrated

chronoamperometric systems compared to EFFF-based systems.

The electrochemical sensor operates in a non-faradaic chronoamperometric mode, in which step
voltage generates capacitive current through ion accumulation at the electrode—electrolyte
interface. The current is attributed to electric double-layer formation and not redox processes, as

indicated by cyclic voltammetry experiments that detected no faradaic peaks [184].

3.2.3. Evaluating ISP membrane impact on sensor performance for salt
detection

Our goal was to confirm the potential of the ISP membrane in augmenting the sensor's
proficiency for salt detection. We tested two sensor configurations, namely the membrane-less and
ISP membrane-integrated devices, to assess their effectiveness in detecting salt concentrations in

water samples ranging from 0.25 to 800 ppm NaCl. We measured the chronoamperometry response
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(Fig. 6a i-ii) of each concentration at a total flow rate of 800 puL/min (based on the flowrate study
described earlier) with 3 replicate devices, each tested three times to ensure repeatability. For the
ISP membrane-integrated sensor, we selected a membrane thickness of 300 um due to its fabrication
accuracy (Fig. 3-1Ic) and superior performance compared to thinner and thicker membrane
thicknesses [184]. The study suggests that a 300 pum thick membrane provides an optimal balance
between minimizing membrane resistance and maximizing trans-membrane ion conductivity, thus

enhancing the sensor's overall effectiveness in salt detection.
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Fig. 3-3 Dose-Response of Microfluidic Salinity Sensor. Chronoamperometric response of the microfluidic
salinity sensor to NaCl concentrations ranging from (i) 0 to (ii) 800 ppm NaCl, shown for (a) the
membrane-less sensor and (b) the ISP membrane-integrated sensor. (c) Dose-response curves comparing
the response of both the membrane-less and ISP membrane-integrated sensors. Each sample tested three

times in three replicate devices, with error bars representing SD
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The stabilized chronoamperometric currents at t=120s (Figs. 3-3 a-b) show that the ISP
membrane-integrated sensor consistently exhibited higher current responses across all
concentrations compared to the membrane-less variant. The incorporation of an ISP membrane
further enhances the sensor response by selectively enriching Na* ions at the electrode surface.
This is made possible through electrostatic interaction between Na® and carboxylate (COO")
functional groups, which are incorporated via MAA in the membrane. The functional groups
possess a preferential affinity towards Na® over competitive cations such as K* based on
differences in hydration energy, charge density, and ionic radius [185, 186]. Further detailed
theoretical explanation of the sensing mechanism is presented in our manuscript' .

In Fig. 3-3c, dose-response curves based on the chronoamperometric readings reveal the
pronounced impact of the ISP membrane on the sensor's performance characteristics. The ISP
membrane-integrated sensor demonstrated a non-linear sensor function of I(x)=0.02882-x> —
0.00641 (R? = 0.993) (I and x being the current and NaCl concentration, respectively). The
membrane-less sensor behaves linearly with a function of 1(x)=0.0007x + 0.006 (R? = 0.995).
Notably, the ISP membrane-integrated sensor achieved a limit of detection (LOD) of 0.45 ppm,
representing a 86.7% improvement over the membrane-less sensor's LOD of 3.39 ppm. Similarly,
the LOQ for the ISP membrane sensor was 0.49 ppm, showing a 91.6% reduction compared to the

membrane-less sensor’s LOQ of 5.84 ppm.

The inclusion of the ISP membrane significantly enhanced the sensor's sensitivity as well. The ISP
membrane-integrated sensor demonstrated a sensitivity of 20.1 nA/ppm at the LOQ concentration,
surpassing the membrane-less sensor's sensitivity of 0.7 nA/ppm, showcasing an improvement of

approximately 29-folds over the membrane-less sensor.
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The ISP membrane enables a higher recorded current in the sensor due to its porous nature and
electrochemical enhancement properties. Its significant porosity facilitates efficient ion transport,
while the negatively charged carboxyl groups from methacrylic acid selectively attract cations,
intensifying ionic interactions and transport near the electrode surfaces (see next section for more
details). This interaction generates a concentrated ion flux at the electrodes, resulting in an
amplified current response. Conversely, in the membrane-less configuration, ion transport is less
efficient, as convection predominantly moves the ions parallel to the electrodes, into and out of the

sensing chamber, leading to lower ionic concentration and current at the electrode surfaces.

Our device demonstrates highly competitive limits of detection and quantification compared to
those reported in previous studies on water salinity detection [183, 187-193]. As summarized in
Table S2, the most comparable results are from Farshchi Heydari et al. [193] which reported LOD
and LOQ values of 0.31 ppm and 0.44 respectively. While the ISP membrane-integrated sensor in
the present study achieved comparable values—0.45 ppm (LOD) and 0.49 ppm (LOQ), it offers a
substantially broader dynamic range (1-800 ppm vs. 1-120 ppm) and enhanced sensitivity (20.1
nA/ppm), enabling more responsive detection at low concentrations. Notably, the current sensor
also introduces selective detection capability through its integrated ISP membrane, allowing for

ion differentiation, as will be discussed in the following section.

3.2.4. Impact of key ion-exchanging monomers on ISP membrane-integrated
sensor performance

We hypothesized that the improved performance of the ISP membrane-integrated sensor results

from the presence of ion-exchanging functional groups within the composition of the ISP
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membrane and their interaction with salt ions. To test our hypothesis and confirm the significance
of ion-exchanging monomers in the ISP membrane's effectiveness, we conducted a control
experiment involving the synthesis of a membrane without the MAA and AAM functional
monomers, which contribute the carboxylic acid and amide functional groups, respectively. The
results, encompassing measurements within the same 0-800 ppm NaCl concentration range as in

the previous section, revealed a stark difference in the response of the sensors (Fig. 3-4).
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Fig. 3-4 Dose-response curves for the ISP membrane-integrated sensor and the sensor with the
membrane lacking the ion-exchanging monomers, for (a) concentrations of 0-800 ppm and (b) an inset
showing 0—100 ppm concentrations. Each sample tested three times in three replicate devices, with error

bars representing SD.

As depicted in Fig. 3-4, the sensor with the membrane lacking the ion-exchanging monomers
exhibited a low current response profile, indicating inferior sensitivity compared to its functional
monomer-integrated counterpart. This substantial difference in sensitivity is evident from the
steeper slope and greater current response of the ISP membrane-integrated sensor across the entire
concentration range. Specifically, the ISP membrane-integrated sensor's sensitivity measured at
20.1 nA/ppm at an LOD of 0.45, significantly outperforming the 2.75 nA/ppm sensitivity of the

sensor without the functional groups-representing a 7.3-fold improvement in sensitivity.
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Previously, ISEs have been widely used for water quality monitoring, using crystalline and
polymeric membranes to detect various metal ions through electrochemical techniques [194, 195].
Our device builds upon these advances by separating the ISP membrane from the electrodes,
allowing for independent membrane fabrication without the need for surface treatment, while
retaining high sensitivity. ISE-based sensors can experience challenges such as electrode fouling
and passivation, which may require periodic calibration and rejuvenation. Crystalline ISEs require
surface repolishing, while polymeric ISEs may need new membranes. Integrating ISEs with flow
injection or continuous flow analysis can reduce fouling by desorbing adsorbed substances, though
additional calibration and cleaning are often still necessary. Traditional liquid-contact ISEs, using
internal filling solutions, can encounter issues such as solution evaporation and handling
complexity. Solid-state ISEs, developed for better stability, reproducibility, and handling, include
substrates like coated-wire electrodes (CWE) [196], and modified glassy carbon [197, 198]. They
are prone to issues such as interior water film formation and irreproducibility of electrode potential.
To further enhance performance, to further advanced ion-to-electron transducers have been
introduced, incorporating materials like ionophores [199], and IIPs [123, 200]. These approaches
expand functionality, though they can involve additional fabrication steps and specialized

materials.

3.2.5. Evaluation of sensor sensitivity and selectivity

To further assess the performance of our sensor, we first examined its sensitivity to two closely
related salt ions, K™ and Na", taking into account their inherent mobility differences. Potassium
salts were used as sodium-free controls due to their comparable ionic strength, charge, and
hydration radius relative to sodium., allowing for a more precise assessment of sodium selectivity.
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This approach ensured that any observed differences in sensor response could be attributed to the

intrinsic selectivity of the ISP membrane rather than disparities in ionic properties.

First set of experiments were conducted using the two sensor configurations i.e., the membrane-
less sensor, where detection primarily relies on ion transport to the electrode surface; and the ISP
membrane-integrated sensor, where the membrane, owing to its functional group charge, interacts
with the sample and concentrates counter ions, thereby enhancing the transmembrane signal.
Previous studies have shown that membranes containing carboxylate functional groups can exhibit
preferential sensitivity towards Na* and K" ions [185]. Therefore, we tested KCI and NaCl samples
across concentrations ranging from 0.25 to 800 ppm, maintaining a consistent optimal flow rate of

800 pl/min, as in previous tests. Our findings are summarized in Fig. 3-5.
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Fig. 3-5 Sensitivity of the sensors. Dose-response curves for NaCl and KCI are compared for (a) the
membrane-less sensor and (b) the ISP membrane-integrated sensor. Each sample was tested three times,

with error bars representing SD.

As shown in Fig. 3-5 a-b, for concentrations up to 20 ppm, both sensors showed similar
responses to either salt, indicating minimal differences at lower concentrations. However, beyond
this threshold, the divergent response patterns of both sensor configurations become increasingly
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apparent, predominantly highlighted by the slopes of the curves. Notably, the membrane-less
device exhibited a sensitivity of 1.05 nA/ppm for NaCl and 0.7 nA/ppm for KCI, with a NaCl:KCI
sensitivity ratio of approximately 0.666. This indicates a higher sensitivity to KCI, which can be
attributed to the greater ionic mobility of K™ ions compared to Na'. The higher mobility of K" ions
facilitates more efficient ion transport and electrochemical interaction within the sensor, resulting
in a stronger response in the membrane-less configuration. Conversely, the membrane-integrated
sensor demonstrated a sensitivity of 20.1 nA/ppm for NaCl and 7.05 nA/ppm for KClI, yielding a
switch in sensitivity and NaCl:KCl sensitivity ratio of approximately 2.85. This suggests a higher
sensitivity to NaCl in the presence of the ISP membrane, potentially correlated with the
membrane’s higher affinity for Na" ions as supported by the literature [202, 203]. They highlight
the higher selectivity of carboxylate group-based membranes towards Na* compared to K, which
could be attributed to the lower activation energy for ion transfer associated with Na* (10.21
kcal/mol) compared to K™ (12.33 kcal/mol). This lower energy barrier suggests a higher rate of ion
exchange at the membrane interface, enabling more rapid and efficient transport of Na” within the
membrane matrix, promoting enhanced transport toward the electrode surface. This behavior
contributes to the stronger electrochemical response to NaCl observed in the ISP membrane-

integrated sensor.

Furthermore, we conducted studies to evaluate the sensor's selectivity by measuring its
differential response to sodium chloride in multi-ion mixtures (Fig. 3-6). In all experiments, total
salt concentration was maintained at 100 ppm, with equal contributions from each salt in multi-
salt mixtures. These experiments aimed to explore how the sensor’s response to sodium ions
changed in the presence of competing ions, using potassium-based salts due to their relevance in

similar applications and their distinct ionic properties.
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Fig. 3-6 Sensor sensitivity characteristics in duplex and multi-plex sample mixtures. Each sample was
prepared with a total salt concentration of 100 ppm, using equal concentrations of each component.
Duplex mixtures included KCI+KNQOs, NaCl+NaNOs, and KCIl+NaCl. Multiplex mixtures included
KCI+KNOs+NaCl and KCI+KNOs+NaCl+NaNOs. Error bars are SDs and ns: nonsignificant, *: p-value
< 0.05; **: p-value < 0.01; and ***: p-value < 0.001.

In singleplex studies, KCI and NaCl were used as negative and positive controls, respectively,
to establish a reference for multiplex samples. As shown in Fig. 3-6, the NaCl solution exhibited
a significantly higher response compared to KCI, with a 37.8% increase in current (P<0.0001),
underscoring the sensor’s lack of pure selectivity but heightened sensitivity towards sodium ions
as described before. The observed baseline signal for potassium is attributed to non-specific ionic
interactions and capacitive effects at the electrode surface. Three duplex solutions were then tested,
i.e., one fully potassium-based (KCI+KNO:s), one fully sodium-based (NaCl+NaNQO3), and another
containing both sodium and potassium (KCI+NaCl). The KCI+KNOs; mixture exhibited a response

nearly identical to the NaCl alone (p=ns). The significantly higher response in duplex sodium-
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containing mixtures emphasizes the selective interaction and enhanced sensitivity of the ISP
membrane towards sodium ions. This is why in the NaCl+NaNO3 and KCI+NaCl samples, the
signal was enhanced by 15.2% and 19.8% compared to the NaCl baseline (P<0.0001 for both),

respectively.

Building on the duplex results, multiplex studies evaluated the sensor’s performance in more
complex mixtures. The sodium-free baseline (KCI+KNOs) was compared to two sodium-
containing mixtures. The KCI+KNOs+NaCl mixture demonstrated a 20.9% increase in current
relative to the KCI+KNO:s baseline (P < 0.001). Notably, the KCI+KNOs+NaCl+NaNQO; mixture
exhibited a 22.9% higher response compared to the KCI+KNOs+NaCl mixture and a 48.7%
increase relative to the potassium-only (KCI+KNO:s) baseline (P<0.0001 for both). These results
demonstrate the ISP membrane sensors’ capacity to maintain elevated sensitivity towards sodium

ions even amidst competing ions in multiplex configurations.

While this study evaluated the sensor’s behavior in equimolar Na* and K* mixtures, future work
will include full calibration of NaCl response in the presence of a fixed KCl background to further
quantify ion-specific selectivity under competitive conditions. Notably, although some current
differences between salt mixtures may appear visually modest, statistical analysis consistently
confirms significantly elevated responses for Na'-containing solutions relative to K*-only
mixtures. This supports the ISP membrane’s ion-exchange-driven preference for Na*. The effect is
more pronounced in binary (duplex) configurations (Fig. 3-5), whereas competitive uptake in

multiplex systems naturally compresses the magnitude of response differentials.
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3.2.6. Real Water Sample Test

To evaluate the applicability of the ISP membrane-integrated electrochemical sensor under
realistic conditions, a recovery study was performed using unfiltered municipal tap water collected
from the York University campus. To bring the sample's conductivity within the low region linear
dynamic range of the sensor, the water was diluted 1:20 with deionized water, creating the working
matrix referred to as RW-20. The diluted water samples were spiked with NaCl at concentrations
of 10, 20, and 40 ppm. The calibration curve fit established in Fig. 3-3 was used to convert the
measured chronoamperometric currents into corresponding NaCl concentrations. Table 3-1
summarizes the test results including the recovery performance and relative standard deviation

(RSD), calculated from three replicate measurements at each concentration.

Table 3-1 Recovery analysis of NaCl-spiked RW-20 municipal tap water samples using the ISP
membrane-integrated sensor.

Added NaCl Measured Recovered Recovery SD (nA) RSD
(ppm) (ppm) (ppm) (“o)* (o)
0 5.45 - - 0.00235 3.98
10 13.92 8.47 84.7% 0.00906 9.39
20 28.86. 23.41 117.1% 0.00793 5.67
40 47.45 41.99 104.99% 0.00350 1.95

C —C i 1 =\ . . . .
* Recovery (%) = ( measuged baSElme) x 100, where Creqsyrea = (%) from the calibration fit established
spiked

in Fig. 3-3. Cpgseline: calculated baseline concentration of NaCl in tap water, Cspixeq: known added NaCl
concentration. C, I and c denote concentration, current and y-intercept, respectively.

As shown in Table 3-1, recovery values ranged from 84.7% to 105%, with relative standard
deviations (RSD) below 10%, indicating reliable precision and acceptable accuracy in a real water
matrix. For completeness, a comparative calibration plot is provided in the Supplementary File of

our manuscript!, showing sensor responses for NaCl-spiked samples in DI water and undiluted
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municipal tap water. While both systems exhibit a linear trend, the undiluted tap water condition
shows higher baseline and overall current, attributed to the inherent ionic content of the matrix.
This observation highlights the influence of matrix conductivity and emphasizes the importance
of baseline correction or matrix-matched calibration when applying the sensor in practical

scenarios.

3.3. Conclusion

In this chapter, an electrochemical microfluidic sensor integrated with an in-situ synthesized
ISP membrane was successfully designed, fabricated, and evaluated for trace-level salinity
monitoring in drinking water. The standalone ISP membrane, incorporating carboxylic and amide
functional groups, enabled selective interaction with sodium ions, resulting in measurable changes
in electrochemical current under chronoamperometric conditions. Performance evaluation
revealed that the ISP membrane significantly enhanced the sensor’s detection capability. The
membrane-integrated sensor achieved a sensitivity of 20.1 nA/ppm, an LOD of 0.45 ppm, and an
LOQ of 0.49 ppm. In contrast, the membrane-less device demonstrated a lower sensitivity of 0.7
nA/ppm, with an LOD and LOQ of 3.39 ppm and 5.84 ppm, respectively—highlighting
improvements of approximately 28-fold in sensitivity and over 85% in detection limits due to
membrane integration. Further tests showed that excluding the ion-exchanging monomers from
the membrane composition led to a marked decrease in performance, confirming the critical role
of functional groups in enabling selectivity. When tested with diluted municipal tap water, the
sensor produced recoveries between 84.7% and 105%, with relative standard deviations (RSDs)
below 10%, demonstrating its reliability under realistic conditions. Overall, this work

demonstrates that the ISP membrane-integrated sensor provides a sensitive, low-cost, and scalable
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approach for point-of-need detection of sodium ions in water. These findings lay the groundwork
for further adaptation of the platform to detect additional ions and water quality parameters in

subsequent chapters.

79



Chapter 4

Electrochemical Microfluidic Sensor with Sodium Ion-
Imprinted Polymer Membrane for Sensitive and

Specific Detection of Sodium in Water 2

4.1 Introduction

This chapter addresses the third objective of this thesis by advancing the integration of a sodium
ion-imprinted polymer (Na-IIP) membrane into a microfluidic electrochemical sensor for selective
sodium detection in water. The Na-IIP membrane, synthesized in situ using 15-crown-5 as the
ionophore and carboxylic monomers as functional groups, was embedded within a PMMA -based
chip to enable direct and selective interaction with sodium ions. The sensor’s performance was
assessed across a wide concentration range and demonstrated strong specificity towards Na*
compared to K* ions. Validation using multi-ion mixtures and spiked tap water further confirmed
the sensor’s applicability in realistic conditions. This chapter details the Na-IIP membrane
formulation, fabrication process, and electrochemical evaluation, emphasizing the advantages of
ion imprinting in enhancing selectivity, simplifying sensor architecture, and supporting future

point-of-need application.

2 A.E. Oseyemi, A. Zabihihesari, Shapour Jafargholinejad, P. Rezai. Electrochemical Microfluidic Sensor with
Sodium Ion-Imprinted Polymer Membrane for Sensitive and Specific Detection of Sodium in Water, Microchim
Acta 192 (2025) 520.
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4.2 Results and Discussion

4.2.1 Na-IIP membrane characterization

This section details the morphological and elemental characteristics of the Na-IIP and NIP

membranes, analyzed with SEM, EDS, and FTIR techniques.

4.2.1.1. Morphology and elemental composition

The SEM images of the NIP, unwashed Na-IIP, and washed Na-IIP are presented in Fig. 4-1.
The morphology of the NIP surface (Fig. 4-lai) appears rough with minimal porosity. The
unwashed Na*-IIP (Fig. 4-1bi), which retains the template ions, displays a relatively plain surface
without visible pores or cavities. In contrast, the SEM image of the washed Na-IIP (Fig. 4-1ci)
reveals a porous structure with well-defined pores that are expected to facilitate enhanced
interaction between target Na* ions and the imprinted binding sites within the polymer matrix. This
confirms that the imprinting and washing steps play a crucial role in developing accessible binding
sites for improved ion interaction within the Na-IIP matrix. The observed morphology aligns with
prior studies on similar ion-imprinted polymers [114, 171], supporting the polymer's suitability for

the intended application by ensuring sufficient surface area and accessibility for ion detection.

In Fig. 4-1, while some pore formation may result from template ion removal, the observed
porosity could also be attributed to phase separation, polymer network rearrangement during
solvent exchange, or localized fragmentation induced during the washing steps. These additional
mechanisms offer a plausible explanation for the larger pore structures seen in the SEM and

complement the understanding of morphological evolution in ion-imprinted membranes.

The elemental composition of the polymers was analyzed using EDS (Fig. 4-1aii, bii, cii). EDS

analysis of the NIP (Fig. 4-1aii) shows only the presence of C and O, with no detectable Na*,
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indicating the lack of template ions in the non-imprinted polymer. In contrast, the unwashed Na-
IIP (Fig. 4-1bii) displays both Na* and CI™ ions, confirming their incorporation into the polymer
matrix during the imprinting process. Following the washing step, the EDS of the washed Na-IIP

(Fig. 4-1cii) reveals the absence of Na* and Cl™ ions, verifying successful leaching.
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Fig. 4-1 Characteristics of the non-imprinted and Na" imprinted polymers. SEM image (i) and EDS
analysis (ii) of the (a) NIP, (b) unwashed Na-IIP, and (c) washed Na-IIP are shown. (b) FTIR spectra of
the leached and unleached IIP as well as the NIP membranes.
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4.2.1.2. FTIR analysis

The FTIR spectra (Fig. 4-1b) revealed characteristic peaks indicative of various functional
groups within the polymer. Specifically, the spectrum displayed peaks associated with C=0, C-O,
and C=C bonds, which correspond to the ester functional groups in EDGMA and the carboxylic
acid and olefin functional groups in MAA [204]. The strong bond observed at 1084 cm™ indicated
C-O stretching, primarily associated with the ester groups in EDGMA, while the peak at 1728 cm™
corresponded to the C=0 stretching of the ester groups. Additionally, the C=0O stretching vibration
of the carboxyl group from MAA appears around 1700-1725 cm . The broad band observed in the
range of 3600-3400 cm™ is attributable to free hydroxyl (-OH) groups [114]. Notably, the presence
of a broad absorption peak between 3600 and 2700 cm™ is also indicative of the intramolecular
hydrogen bonding [205]. A comparison with the FTIR spectrum of the NIP reveals similar
functional group peaks, affirming that both NIP and Na*-IIP polymers contain the same
foundational chemical structure. However, the Na-IIP spectrum shows slightly reduced peak
intensities for functional groups associated with the template binding, suggesting that imprinting
introduces some level of structural variation within the polymer matrix. Overall, the similarity
between the IR spectra of un-leached and leached IIPs suggests that the leaching process does not

significantly affect the different functional groups in the polymeric network [114, 153].

4.2.2 Effect of flowrate on sensor’s electrochemical response

To determine the flowrate for effective sample-membrane interaction, we evaluated NaCl
samples at varying concentrations (0 - 200 ppm) across a range of flowrates (50-1200 puL/min) in
the sensor. The results are shown in Fig. 4-2. The desired flowrate is identified as the point where

the output current stabilizes and shows minimal change (less than 2%) with further increases in
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flowrate, consistent across all tested concentrations. The current values used in Fig. 4-2 represent

plateau currents extracted from the final 10 seconds of each 60-second chronoamperometry

measurement.
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Fig. 4-2. Effect of sample flowrate on the chronoamperometry current readout of the device for different

NaCl concentrations. Error bars indicate the standard deviation (SD).

The observed trends in current response at different flowrates highlight critical dynamics in ion
transport and sensor functionality. Specifically, at flow rates between 0 and 200 pL/min, the current
for both 100 ppm and 200 ppm NaCl concentrations initially decreases. This decline can be
attributed to suboptimal mass transport, which hampers the sensor's ability to generate a robust
current response. As the flow rate increases from 200 to 400 uL/min, the current begins to rise
again. This increase suggests that at this range, the flow rate enhances the mass transfer of ions
toward the binding sites, thereby facilitating improved interaction with the membrane. The
dynamics shift as the system achieves a balance between the influx of ions and the membrane's
capacity to interact with them, allowing for an effective sensing response. Beyond 400 pL/min,
the current stabilizes and exhibits minimal fluctuation. This stabilization indicates that the sensor

reaches a steady state where the rate of ion flow is suitable for consistent current output.
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4.2.3 Quantitative detection of NaCl using the microfluidic sensor

The effectiveness of the Na-IIP membrane in the microfluidic sensor for detecting sodium salts

was investigated, specifically comparing its performance to that of the NIP membrane across a

wide range of NaCl concentrations from 0 to 1000 ppm. The chronoamperometry response for

each concentration was measured (Fig. 4-3) at an optimized flow rate of 400 puL/min, as determined

in the previous section. Each test was conducted using three replicate devices, each tested three

times to ensure consistency and repeatability. The sensor exhibited high reproducibility across

independent devices (RSD < 8%) and stable short-term performance over five consecutive runs

with less than 5% signal variation under continuous flow.
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4-3 Chronoamperometry response of (a) NIP-based membrane sensor and (b) Na-IIP-based membrane

sensor across NaCl concentrations ranging from 0 to 1000 ppm. (c) Dose-response curves comparing

both sensor configurations. (d) Extracted dose-response curve focusing on the 0—100 ppm range from

panel (c) Each experiment was conducted three times across three replicate devices. Error bars indicate

the SD.

85



In Fig. 4-3a, the chronoamperometry response of the NIP membrane-integrated sensor is shown,
revealing plateau currents that range from 23 nA to 1.32 pA for NaCl concentrations between 0
and 1000 ppm. Similarly, Fig. 4-3b depicts the response of the Na-IIP membrane sensor, which
exhibits plateau currents ranging from 35 nA to 2.87 pA over the same concentration range. In the
NIP sensor, the plateau current was achieved within 5 seconds of chronoamperometry at the
highest NaCl concentration of 1000 ppm, while the Na-IIP sensor needed a maximum of about 30
seconds to reach steady state at this salt concentration. This difference can be attributed to the
distinct mechanisms of ion interaction in the two sensors. The NIP sensor relies primarily on non-
specific interactions, which allow ions to bind and unbind more freely, resulting in faster current
stabilization. In contrast, the Na-IIP sensor depends on specific binding to the binding sites, which
requires more time to saturate due to the stronger and more selective interactions. Fig. 4-3c-6d
compare the plateau currents at various NaCl concentrations, i.e., the dose-response curves, of the
two sensors, clearly demonstrating a stronger response from the Na-IIP sensor compared to the
NIP sensor.

From the dose-response curves, the NIP sensor demonstrated a LOD of 170 ppb and LOQ of
920 ppb, with a sensitivity of 3.5 nA/ppm. In contrast, the integration of the Na-IIP led to a
significantly lower LOD of 58 ppb (a 66% improvement) and a LOQ of 190 ppb (a 79%
improvement). Additionally, the sensitivity of the Na*-IIP sensor is 9.1 nA/ppm, which is over 160
% higher than that of the NIP sensor. Although the NIP sensor’s performance is comparatively
lower, its response remains noteworthy due to the presence of the carboxylic group in the
functional monomer MAA, which facilitates ion exchange and enhances its detection capabilities.
Overall, the Na-IIP sensor configuration proves to be significantly more sensitive and precise in

detecting Na* salts across the tested concentration range. The enhanced performance of the Na-IIP
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sensor highlights its superior ability to detect and quantify sodium ions at low concentrations,
offering significant improvements in sensitivity. These findings are further supported by the
sensor's good repeatability, reproducibility, and operational stability. This underscores the
effectiveness of molecular imprinting in creating highly selective and responsive sensor
membranes, making the Na-IIP sensor a promising tool for sodium ion detection in various
applications.

In comparison to the literature, our Na-IIP sensor shows a significantly lower LOD and LOQ
as well as a higher sensitivity in the 0-100 ppm range. For instance, Lim et al. [206] presented an
Ion-Selective Electrode system based on an ISP for the selective detection of sodium, measuring
in the range of 10~*— 1 M (5.84 to 58,440 ppm), with a sensitivity of 56.1 mV/decade. Giovannitti
et al. [207], reported an optical ion sensing method using Na* and K* ion-selective conjugated CE-
based polymer for Na* detection. This approach measured concentrations from 0.2 x 107 to 103
M (11.67 to 58.44 ppm), presenting a peak sensitivity at 0.4 mM and a LOD of 102 M (58.44
ppm). Similarly, Ozer et al. [208] developed a microfluidic-based ion-selective thermoplastic
electrode (TPE) array for point-of-care detection of K* and Na* ions. This TPE array, which
featured two working electrodes—one modified with carbon black nanomaterial and the other with
an ion-selective membrane—demonstrated a sensitivity of 54 mV/decade to Na* in the range of 1
- 1073 M (58,440 to 58.4 ppm) with a LOD of 10* M (5.84 ppm). This demonstrates the enhanced

selectivity and sensitivity of our molecular imprinting approach for precise sodium ion detection.

4.2.4 Specificity and selectivity of the Na-IIP sensor

The Na-IIP sensor was evaluated for specificity by comparing its responses to NaCl, KCI, and

KNO:s solutions. KCI was selected because it contains the cation K*, which is chemically similar
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to Na*, allowing us to assess how well the sensor discriminates between Na* and K* ions, which is
critical for the sensor's selectivity in mixed-ion environments. KNOs was also involved because it
also contains the K* ion but with a different anion (NOs~) compared to NaCl (Cl"), providing
insight into whether the sensor’s response is influenced by the anion or primarily by the cation.
We hypothesized that the sensor would exhibit a significantly higher response to NaCl compared

to the other salts. The dose-response results of the specificity study are presented in Fig. 4-4.
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Fig. 4-4. Specificity study of the proposed microfluidic sensor. (a) Dose response curves of the Na*-1IP
sensor for NaCl, KCIl, and KNO3 across a 0 — 1000 ppm concentration range (template used to fabricate
the IIP membrane in all conditions was NaCl). Sample comparison of sensor responses _for NaCl, KCI,

and KNO:s are shown at (b) 1 ppm, (c) 10 ppm, (d) 100 ppm, and (e) 1000 ppm, with differences annotated
by statistical significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Experiments were conducted in triplicate. Error bars are SD:s.

In Fig. 4-4a, dose-response curves are displayed for each salt across a concentration range from

0 to 1000 ppm. Each dose-response curve exhibits linearity from 0 to 100 ppm, highlighting the
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sensor’s consistent sensitivity within this range. Notably, the NaCl dose-response curve in the 200—
1000 ppm range maintains a positive slope, although less steep than in the linear region, indicating
the sensor’s sustained sensitivity even at higher concentrations. By contrast, the non-specific
responses for KCl and KNOs due to interactions with the electrodes reach a plateau in the 200—
1000 ppm range, reflecting a limited interaction of these ions with the membrane, which lacks

specific binding sites for K* ions.

Figs. 4-4 b—e provide a comparative response of the sensors to the three salts at 1, 10, 100, and
1000 ppm concentrations. Quantitative comparisons revealed that at 1 ppm, the response to NaCl
was 74.5% higher than KCI and 59.3% higher than KNOs (p < 0.01). At 10 ppm, similar trends
were observed with NaCl responses exceeding KC1 and KNOs by 74.5% and 59.3%, respectively
(p <0.01). At 100 ppm, the sensor’s response to NaCl was 60.1% and 58.4% greater than KCI and
KNO;, respectively (p <0.001). Notably, at 1000 ppm, the NaCl response was 129.7% and 146.1%
higher than KCIl and KNO:s, respectively (p < 0.0001). The elevated response to NaCl across all
concentrations highlights the Na*-IIP membrane's tailored binding sites, optimized for Na*
recognition. This specificity, although not completely exclusive to Na*, underscores the sensor's
design efficiency and its capability to differentiate NaCl from closely related salts like KCI and

KNO:.

While K* salts induce low baseline capacitive responses due to non-specific double-layer
charging at the electrode, the significantly higher response to NaCl—e.g., a 74.5% increase at 1
ppm (p < 0.01)—highlights the contribution of specific binding interactions with the imprinted
polymer matrix. These results emphasize that the sensor’s sensitivity arise from selective Na*

recognition, not from general ionic strength effects.
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Note on unit consistency: In the above specificity experiments, comparisons between Na* and other
cations were performed at equal concentrations in ppm. However, due to differences in molar mass
(e.g., Na* = 23 g/mol, K* = 39 g/mol), this means that the number of moles of Na* per ppm is
greater than that of K*. Consequently, selectivity analysis in ppm may slightly favor lighter ions
like Na*. While ppm-based comparison is more practical for field-relevant scenarios, future studies

may complement this with molarity-based trials to isolate binding preference more precisely.

For selectivity testing, we conducted experiments to evaluate the sensor’s differential response
to sodium chloride in multi-ion mixtures (Fig. 4-5). In all cases, the total salt concentration was
maintained at 100 ppm, with equal contributions from each salt in mixed solutions. These tests
aimed to assess how the sensor’s response to sodium ions is influenced by competing ions,

particularly potassium-based salts, which are relevant in similar applications due to their distinct

ionic properties.
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In singleplex studies, we tested 100 ppm solutions of NaCl and KCI as positive and negative
controls, respectively. As shown in Fig. 4-5, the response to NaCl alone was 30% higher than that
of KCI (P<0.001), confirming the sensor’s heightened sensitivity to sodium ions. Three duplex
solutions were then analyzed: (1) a fully potassium-based mixture (KCI+KNOs), (2) a fully
sodium-based mixture (NaCl+NaNQOs), and (3) a mixed sodium-potassium solution (KCI+NaCl).
The KCI+KNO: mixture produced a 26% lower response compared to KCI+NaCl and a 52% lower
response compared to NaCl+NaNOs (P < 0.0001). These results reinforce the sensor’s selective
sensitivity to sodium ions across different environments. The residual signal from KCI solutions
is attributed to baseline ionic conductivity contributions, included as negative controls to validate
sodium selectivity. Notably, the NaCl+NaNOs; and KCI+NaCl mixtures exhibited signal
enhancements of 20% and 30.6%, respectively, relative to their NaCl and KCl baselines (P <0.001

for both), further emphasizing the Na-IIP membrane’s selective interaction with sodium ions.

In multiplex studies, sodium-free baseline result (KCI+KNOs) was compared to two sodium-
containing mixtures: (1) KCI+KNOs;+NaCl and (2) KCI+KNOs+NaCl+NaNOs. The addition of
NacCl to the baseline resulted in a 31% increase in response (P < 0.01), while the fourplex solution
(KCIHKNOs+NaCl+NaNOs) exhibited a 51% higher response (P<0.0001). These results
demonstrate the Na-IIP membrane sensors’ capacity to maintain elevated sensitivity towards

sodium ions, even in the presence of competing ions in complex environments.

While the primary focus of this study was on establishing proof-of-concept with monovalent
ion selectivity, future work will expand the evaluation to include common water constituents such

as Ca*, Mg?*, SO+*, and Br™ to further assess interference tolerance. This consistency in sodium-
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specific signal, even in the presence of competing ions, suggests limited interference from other

ionic species commonly found in real water sources.

4.2.5 Performance evaluation in tap water samples

To evaluate the real-world applicability of the Na-IIP microfluidic sensor, a recovery study was
conducted using municipal water collected from public tap on York University campus. The
samples were spiked with NaCl at concentrations of 10, 50, and 100 ppm, and all experiments
were performed under identical flow and electrochemical conditions as those used for DI water
tests. Each concentration was measured in triplicate using independent replicates. A matrix-
matched linear calibration curve was generated using the measured currents in tap water samples.
The results confirmed strong linearity across the tested concentration range and a stable
electrochemical response. Table 1 summarizes the recovered Na® concentrations, calculated

recovery percentages, and precision metrics.

Table 4-1 Recovery of sodium ions in tap water samples using the Na-IIP sensor.

Added Na (ppm) Recovered Na (ppm) Recovery (%)* SD (nA) RSD (%)*

0 0.00 - 0.0063 -
10 11.45 114.53 0.0220 1.20
50 53.00 106.00 0.0302 1.45
100 98.46 98.46 0.0435 1.86

c 1 ~Ipaseli .
* Recovery (%) = (%) * 100, where Crecoverea = (%N) from the matrix-matched dose-
spiked

response linear fit in Fig S5; C and I denote concentration and current, respectively.

# RSD: Relative standard deviation.

The sensor demonstrated precise and reproducible detection of Na* in tap water, with recovery

rates ranging from ~114% at 10 ppm to ~98% at 100 ppm, and RSD values consistently below 2%.
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The slightly elevated recovery values at lower concentrations likely reflect the presence of trace
native sodium in the unspiked tap water. These results indicate good matrix tolerance and validate

the Na-IIP sensor’s suitability for real-sample analysis.

For completeness, recovery was also assessed using the direct calibration model established in
DI water (Fig. 4-3). As presented in the supplementary file section 4, this approach showed some
deviations, particularly at lower concentrations, attributable to matrix effects such as ionic strength
and inherent sodium content. This emphasizes the significance of matrix-matched calibration for
accurate quantification in real water samples. Overall, the results confirm good repeatability and
validate the sensor’s ability to perform in untreated water samples. Meanwhile, the stable
performance observed in untreated tap water (pH ~7.4-7.6) suggests that the sensor maintains

functionality within near-neutral pH conditions.

Several studies have explored different approaches to sodium ion detection, each with distinct
advantages and challenges. Samreen et al. [209] developed a Cu-doped ZnO nanoparticle (Cu-
ZnONP) electrode for Na* detection in water samples. The Cu-ZnONPs were synthesized via a
solution-based process and integrated into a glassy carbon electrode (GCE) for electrochemical
sensing. This sensor demonstrated high sensitivity, strong selectivity, and a linear response to Na*,
with a detection limit of 0.1 ppm. However, the complex synthesis process of the Cu-ZnONPs may
be labor-intensive, time-consuming, and challenging for scalability. Cho et al. [210] introduced a
sodium ion sensor featuring a Na-ionophore X-based sodium-selective membrane as the extended
gate (EG) sensing element, combined with a dual-gate (DG) silicon nanowire (SINW) field-effect
transistor (FET) as the transducer. The sensor exhibited good electrical performance with a
sensitivity of 1464.66 mV/dec toward NaCl solutions, and a reasonable LOD of 10~* M (5.84 ppm).

Besides all advantages, its complexity, potential ion interference, and reliance on dry etching for
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silicon substrate fabrication may pose challenges for large-scale application. Similarly, Cazale et
al. [211], developed a sodium ion-selective field-effect transistor (pNa-ISFET) with
fluoropolysiloxane-based sensitive layers. It also demonstrated a LOD of 10* M (5.84 ppm) and
a sensitivity of 57 mV/pNa, with a selectivity coefficient (log K../K+) of -3, indicating limited
potassium interference. However, its inkjet-printed membrane requires precise deposition control,
complicating mass production. Additionally, the need for robust pre-calibration may reduce its

practicality for real-time, point-of-care applications.

4.3. Conclusion

In this chapter, a Na-IIP membrane was successfully synthesized and integrated into a
microfluidic electrochemical sensor for the selective detection of sodium ions in water. The in-situ
fabricated Na-IIP membrane incorporated crown ether-based ionophores and carboxylic functional
groups to create selective binding sites, enabling enhanced analyte—membrane interactions and
direct electrochemical readout. Experimental results confirmed the improved performance of the
Na-IIP sensor compared to the non-imprinted (NIP) counterpart. The Na-IIP sensor achieved a
sensitivity of 9.1 nA/ppm, an LOD of 58 ppb, and an LOQ of 190 ppb, outperforming the NIP
sensor, which recorded an LOD of 170 ppb, LOQ of 920 ppb, and a sensitivity of 3.5 nA/ppm.
Specificity tests further demonstrated a consistent and significantly stronger response toward Na*
ions over K* in both binary and multi-ion mixtures, with NaCl responses exceeding those of KCl
and KNO; by up to 146% at higher concentrations. Validation in spiked tap water samples
confirmed the sensor’s applicability in real-world settings. Matrix-matched calibration improved
accuracy, yielding recoveries between 98.5% and 114.5% and RSDs below 2%. The standalone

membrane architecture simplified fabrication and eliminated the need for electrode surface
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modification, offering a scalable and cost-effective approach for selective ion sensing. These
findings demonstrate the potential of Na-IIP-integrated microfluidic sensors for point-of-need
water monitoring and set the stage for further development of multi-ion detection platforms with

tailored membrane compositions.
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Chapter 5

Microfluidic Electrochemical Sensor with Lead Ion-
Imprinted Polymer Membrane for Selective Trace

Lead Detection in Water?

5.1 Introduction

This chapter addresses the fourth objective of this thesis by presenting the development of a
microfluidic electrochemical sensor integrated with a lead ion-imprinted polymer (Pb-IIP)
membrane for the selective detection of trace lead in water. The Pb-IIP membrane was synthesized
in situ using methacrylic acid and 8-hydroxyquinoline as functional monomers, with Pb** serving
as the template ion, and embedded between unmodified electrodes within a PMMA-based
microfluidic platform. The sensor was evaluated across a range of Pb?" concentrations and tested in
both single-ion and complex multi-ion environments. Compared to membrane-less and non-
imprinted polymer (NIP) configurations, the Pb-IIP sensor demonstrated significantly enhanced
sensitivity and selectivity toward lead ions. Validation using unfiltered municipal tap water
confirmed the sensor’s accuracy and repeatability in realistic conditions. This chapter details the
membrane formulation, device fabrication, and sensor performance, demonstrating the potential of

[TP-based microfluidic platforms for reliable, low-cost environmental monitoring of heavy metals.

3 A.E. Oseyemi and P. Rezai. Microfluidic Electrochemical Sensor with Lead Ion-Imprinted Polymer Membrane
for Selective Trace Lead Detection in Water, Journal of Water Processing Engineering 77 (2025) 108574.
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5.2 Results and Discussion

5.2.1 Effect of Membrane Integration on Sensor Performance for Lead
Detection

We hypothesized that integrating the Pb-IIP membrane into the microfluidic sensor would
enhance its sensitivity and selectivity for Pb(I) detection by providing both chemical affinity
mechanisms and physical binding sites tailored for lead ions. Specifically, the Pb-IIP membrane
offers three primary mechanisms of affinity for Pb(Il), i.e., monomer affinity, ligand affinity, and
imprinted site affinity. Monomer affinity arises from the carboxylic acid groups of the MAA
functional monomer which can attract Pb(Il) ions through electrostatic interactions binding [212,
213]. Ligand affinity relates to the use of 8-HQ in the polymer composition while imprinted site
affinity is achieved through the formation of spatially selective binding sites in the IIP matrix
during synthesis, which are capable of rebinding Pb(II) ions selectively even in the presence of

other ions.

To systematically assess the roles of these affinity mechanisms and understand the Pb-IIP
membrane’s contribution to sensor performance, we tested four different sensor configurations
containing Pb-IIP membrane, MAA-based NIP membrane, AAM-based NIP membrane, or no
membrane at all (Fig. 5-1). The Pb-IIP membrane contained MAA with carboxylic acid groups, 8-
HQ ligands, and lead ion-imprinted sites, hypothetically resulting in high-specificity towards Pb(II).
In contrast, the MAA-NIP membrane, synthesized with the same chemical composition but without
the lead template, included MAA and 8-HQ but lacked the specific lead-binding sites, allowing us
to evaluate the effects of the ligands and the functional monomers. Finally, the AAM-NIP

membrane contained the neutral AAM monomer without carboxylic acid groups. This substitution
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of MAA with AAM allowed us to test the effectiveness of 8-HQ ligands in Pb binding without any
carboxylic acid functionality and binding sites. For each of these configurations, we measured the
chronoamperometric response across various Pb(II) concentrations. This approach allowed us to

capture consistent response patterns across different sensor configurations and provided robust

data for each concentration level.
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Fig. 5-1 Chronoamperometric responses of various sensors to lead nitrate (0—100 ppm) in DI water. (a)
Responses from (i) Pb-1IP, (ii) MAA-NIP, (iii) AAM-NIP, and (iv) membraneless sensors. (b) Dose—
response curves from stabilized current at 60 s, shown for (i) full range (0—100 ppm) and (ii) 0—10 ppm

region. Flow rate: 400 uL/min, samples tested in triplicate across three devices. Error bars = SD.
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The results revealed distinctive performance characteristics for both the membrane-integrated
and membrane-less sensor configurations. Each configuration exhibited unique stabilization
patterns and current ranges, reflecting the varying affinities and binding characteristics associated
with their respective membrane compositions. The Pb-IIP membrane sensor demonstrated the
highest sensitivity, with an output current ranging from 14 to 272 nA and stabilization times of
approximately 30 s to 1 s for Pb(II) concentrations of 100 to 0.1 ppm, respectively. The longer
stabilization time at higher concentrations may be attributed to the increased availability of Pb(II)
ions interacting with the imprinted sites, leading to a more gradual equilibrium. In contrast, the
MAA-NIP membrane, synthesized without the lead template, exhibited a reduced current range of
16 to 151 nA, stabilizing at 15 s to 1 s for the respective concentrations. Interestingly, the MAA-
NIP sensor showed a relatively strong response, supporting the hypothesis that carboxyl groups in
MAA might act as ion exchangers, similar to previously reported findings [212, 213]. To further
investigate this, MAA was replaced with the neutral monomer AAM, which lacks carboxyl
functionality. The resulting AAM-NIP membrane exhibited a much lower current range of 8 to 46
nA, stabilizing at 9 s to 1 s. This significant reduction, despite the availability of 8-HQ, in response
suggests that the removal of carboxyl groups diminished Pb(II) interactions, reinforcing the ion-
exchange role of MAA. The membrane-less sensor displayed the lowest response, with a current
range of 2.9 to 35 nA and rapid stabilization at less than 5 s. The immediate stabilization across all
concentrations indicates a simple diffusion-limited response, underscoring the critical role of
membrane integration in enhancing Pb(II) detection sensitivity and selectivity.

The current ranges in Fig. 5-1a provided a comparative view of sensor performance under
controlled flow conditions, highlighting the importance of both functional monomers and

template-driven selectivity in enhancing Pb(II) detection sensitivity. The stabilized current values
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at t = 60 s, the point at which all sensors’ currents reached a plateau, were then used to construct
dose-response curves of each configuration in Fig. 4b, using three replicate devices, with each

device tested three times to ensure the repeatability and reliability of our findings.

Fig. 5-1(b) and Table 1 highlight the performance variations among different sensor
configurations, reinforcing the effectiveness of IIP membranes for selective Pb(Il) detection. The
Pb-IIP sensor exhibited the highest sensitivity (6.1 nA/ppm, based on Fig. 5g-1bii) and the lowest
LOD (12 ppb), underscoring the advantage of selective binding sites. In contrast, the MAA-NIP
sensor, despite lacking imprinted sites, still displayed moderate sensitivity (4.1 nA/ppm),
attributable to carboxyl functional groups acting as ion exchangers, as previously mentioned.
However, the LOD increased by an order of magnitude in the MAA-IIP sensor showing the
importance of the imprinted sites in Pb(II) detection. The AAM-NIP membrane, designed to
eliminate the polymeric functional groups, resulted in a dramatic loss of sensitivity (0.47 nA/ppm)
and significantly higher LOD (13.16 ppm), confirming the importance of monomer chemistry in
Pb(II) interactions. The membrane-less sensor, though slightly better than AAM-NIP, exhibited
poor sensitivity (1 nA/ppm), emphasizing the necessity of a selective membrane for optimal Pb(II)
detection. These results emphasize the critical role of functional monomers and ion-imprinting in
achieving high-performance sensing for lead detection. The sensor reproducibility, evaluated
across three replicate devices with triplicate measurements per condition, demonstrated good
precision, with a mean coefficient of variation of 5.4%. Furthermore, consistent responses
observed across repeated measurements on the same device (up to five uses) showed no significant
signal drift, with intra-device variation remaining below 6%, hence supporting the reusability of

the sensor under the tested flow and cleaning conditions.
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Table 5-1 Performance comparison of microfluidic sensors of Fig. 4b for Pb(Il) detection.

Fold increase Fold increase Sensitivity
LOD LOQ  Sensitivity in LOD in LOQ reduction (%)

Sensor¥PC (ppb)  (ppb)  (nA/ppm)

Compared to the Pb-IIP sensor
Pb-ITP 12 13.9 6.1 — — —
MAA-NIP 290 560 4.1 24.1x 40.3x 32%
AAM-NIP 13,160 16,600 0.47 1,096x 1,194x 92%
Membrane-less 67 350 1.0 5.6% 25.2x 84%

5.2.2. Effect of Electrolyte on Lead Detection

To understand the role of supporting electrolytes in enhancing lead detection, we investigated
potassium nitrate (KNOs) and potassium chloride (KCI) based on their distinct ionic properties
and widespread use in electrochemical studies [214, 215]. Both electrolytes are commonly
employed for their potential to influence ion availability and signal stability. Their effects on
electrochemical response characteristics—specifically on charge stabilization and interference
reduction—are crucial considerations for optimizing Pb(II) detection. KNOs, due to its weaker
ion-pairing tendency compared to KCl [216], may facilitate improved ion mobility and charge
transfer at the electrode surface, leading to enhanced signal stability and detection efficiency. To
explore these differences, we assessed the performance of both KNOs and KCl in membrane-less
and Pb-IIP membrane-integrated sensors across a lead concentration range of 0 to 100 ppm, with
a fixed 1 ppm concentration of the chosen electrolyte. Chronoamperometric measurements were
conducted using the same parameters as in previous tests, with dose-response curves constructed

to compare the sensor performance under each electrolyte condition, as illustrated in Fig. 5-2.
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Fig. 5-2 Effects of 1 ppm KNOs and KCI electrolytes on lead detection in DI water using (a-b) membrane-
less and (c-d) Pb-1IP membrane-integrated microfluidic sensors. Experiments were conducted with each

sample tested in triplicate across three replicate devices. Error bars represent SD.

As shown in Fig. 5-2, both electrolytes enhance lead response in both sensor configurations,
with KNOs demonstrating a greater impact than KCl. This difference may be due to the varying
ionic strengths of the electrolytes, which might influence the mobility of lead ions more
significantly in the absence of a membrane. In contrast, while the Pb-IIP membrane-integrated
sensor still exhibits electrolyte-dependent variations, its selective binding properties help stabilize
ion exchange processes, reducing the extent of these variations compared to the membrane-less
sensor. This is desirable in moving towards more realistic samples in the future where the presence

of electrolytes and other impurities will be prominent.
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Table 5-2 summarizes the influence of the electrolyte choice in sensor optimization. The results
indicate that KNOs provides the best detection capabilities, with the lowest LOD and highest
sensitivity across both membrane-less and Pb-IIP membrane-integrated sensors. In contrast, KCI
resulted in a moderate decline in performance, likely due to competing chloride interactions
affecting Pb(II) binding. Notably, the absence of an electrolyte significantly reduced sensitivity,
emphasizing the importance of ionic strength in facilitating efficient electron transfer and Pb(II)

interactions at the sensor interface.

Table 5-2 Effect of electrolyte choice on microfluid sensor performance

Sensor Configuration | Electrolyte LOD (ppb) LOQ (ppb) Sensitivity (nA/ppm)
Membrane-less KNOs 15 48 0.9

KCl 22.2 78.2 0.54

None 67.2 354 0.31
Pb-ITP Membrane KNOs 7.3 56 2.2

KCl 31 170 23

None 12 140 2.4

Overall, these findings emphasize the critical role of supporting electrolytes in optimizing sensor
performance. KNOs, with its higher ionic strength, enhances sensitivity and lowers detection
limits, particularly in the membrane-less sensor. However, the Pb-IIP membrane provides an added
advantage by stabilizing ion exchange processes, thereby minimizing the variability introduced by
different electrolytes. This capability ensures that the Pb-IIP membrane sensor delivers more
consistent, and reliable performance, highlighting its advantage over the membrane-less

configuration.
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5.3.3 Sensor Specificity for Lead Detection

To evaluate the specificity of both the Pb-IIP membrane and membrane-less sensors, we
assessed their response to sources of cadmium (Cd(II)), zinc (Zn(I1)), and lead (Pb(II)) ions, with
DI water as the base fluid. The Pb-IIP membrane sensor was hypothesized to demonstrate a
significantly higher response to Pb(Il) due to its tailored binding sites, while the membrane-less
sensor was anticipated to exhibit less consistent specificity, if any. Fig. 5-3 presents the specificity

results across different concentrations (0.1, 1, 10, and 50 ppm) of these ions.
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Fig. 5-3 Sensors’ specificity characterization towards lead. Responses of the a) membrane-less and b) Pb-
1IP membrane integrated sensor to lead, cadmium, and zinc are demonstrated at concentrations of 0.1, 1,
10, and 50 ppm. Error bars represent SD and statistical significances are noted with *p-value < 0.05,

**p-value < 0.01, ***p-value < 0.001, and ****p-value < 0.0001.

The membrane-less sensor exhibited no consistent specificity towards Pb(II) compared to
Cd(II) and Zn(II). At all concentrations, the response to Zn(II) was higher than Pb(II), while Cd(II)
produced the weakest signal. These results highlight the membrane-less sensor's challenges in
maintaining specificity, as its responses to zinc were often higher than lead, particularly at lower
concentrations, likely due to zinc's higher mobility. Responses to cadmium, however, showed less

consistent trends, suggesting potential variability in ion-sensor interactions.
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In contrast, the Pb-IIP sensor consistently exhibited a higher response to Pb(II) than to Cd(II) and
Zn(II), highlighting its specificity. At a 0.1 ppm concentration, the sensor's response to Cd(II) and
Zn(Il) was 12.5% and 54.2% lower than to Pb(Il), respectively, with statistical significance
achieved (p<0.05 and p<0.001, respectively). At 1 ppm, the differences became more pronounced,
with responses to Cd(II) and Zn(II) being 35.5% and 61.3% lower than to Pb(II), both with a high
level of statistical significance (p<<0.0001). This trend persisted at 10 ppm, where Pb(II) responses
exceeded Cd(II) and Zn(II) by 64.2% and 70.3%, respectively (P <0.0001). At 50 ppm, the Pb(II)
response remained higher by 63.9% and 69.4% compared to Cd(Il) and Zn(Il), respectively,

maintaining strong statistical significance (p < 0.0001).

The Pb-IIP membrane sensor demonstrated consistent and reliable specificity for lead, with
markedly higher responses and greater statistical significance across all tested concentrations. The
sensor’s ability to maintain a strong and consistent response to Pb(II), while minimizing responses

to non-Pb ions, reflects the critical role of the Pb-IIP membrane in its performance.

5.3.4 Pb-IIP Sensor Selectivity for Lead Detection

To evaluate the selectivity of the Pb-IIP sensor, we conducted experiments measuring its
differential response to Pb(II) ions in multi-ion mixtures containing closely related Cd(Il) and
Zn(1II) ions (Fig. 5-4). Three scenarios were simulated with multiplex ion solutions, i.e., (1) equal
proportions (Pb:Cd:Zn at 10 ppm in a 1:1:1 ratio), (ii) Pb-dominant (Pb:Cd:Zn at 10 ppmina 2:1:1
ratio), and (iii) a competitive environment (Pb:Cd:Zn at 10 ppm in a 1:2:2 ratio). The individual
responses of Pb(Il), Cd(Il), and Zn(Il) at equivalent concentrations served as controls. This
approach allows assessment of the sensor's selectivity in varying, multi-ion water conditions,

where competition among ions could impact detection accuracy.
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Fig. 5-4 Selectivity characteristics of the Pb-1IP membrane sensor tested in 10 ppm solutions of Pb(1l),
Cd(1l), and Zn(1l) in ratios of 1:1:1, 2:1:1, and 1:2:2. Error bars represent SDs and statistical

significances are noted with *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, and ****p-value <

0.0001.

For individual ions, the Pb-IIP sensor’s response to Pb(Il) alone was 195% higher than Cd(II)
and 240% higher than Zn(Il), demonstrating strong specificity for lead ions (p < 0.0001), while
the responses to cadmium and zinc were not significantly different (ns). In the 1:1:1 mixture (equal
proportions), the sensor exhibited a 16.5% higher response than Pb(Il) alone, suggesting a minimal
increase due to the presence of non-target ions. Moreover, the response was 19.2% higher
compared to the competitive solution (1:2:2), underscoring the sensor’s ability to maintain
selectivity even when the concentrations of competing ions were twice that of Pb(II). In contrast,
the competitive solution (1:2:2) showed a 14.7% lower response than the equal proportion solution
(p<0.05), highlighting the impact of increased interfering ion concentration on sensor

performance. Meanwhile, the Pb-dominant solution (2:1:1) produced a 26.8% higher response than

106



the competitive solution (1:2:2) (p <0.0001), further confirming the sensor's strong preference for

Pb(II).

Overall, the elevated response to Pb(II) across all tested scenarios underscores the Pb-IIP
membrane's strong selectivity for Pb(Il), even in the presence of potential interfering ions.
Although Cd(IT) and Zn(II) produced measurable signals in all conditions, these signals likely
resulted from weak, nonspecific interactions with the imprinted polymer matrix and simultaneous
capacitive charging of the electrode. These effects, however, did not compromise the sensor's
selectivity. The Pb-IIP membrane’s ability to reliably distinguish Pb(II) in complex ion mixtures
highlights its potential for reliable lead detection in real-world water monitoring applications such

as the ones shown in the next section.

Our sensor maintains its performance advantages when compared to conventional ion-selective
electrodes (ISEs) that have been employed for heavy metal detection, using crystalline or
polymeric membranes. Despite their sensitivity, these sensors often face challenges such as
electrode fouling, signal instability, and maintenance requirements like membrane replacement or
surface repolishing [55, 194, 196, 217]. While integrating ISEs with flow-based systems helps
reduce fouling, issues such as water layer formation and potential drift persist, particularly in solid-
contact configurations like coated-wire electrodes and modified glassy carbon electrodes [198,
218]. Efforts have been made to improve performance through ion-to-electron transducers or IIP-
functionalized membranes [123, 199, 218-220], but these typically involve complex and costly
surface treatments. In contrast, the architecture of our Pb-IIP sensor decouples the I[IP membrane
from the electrode, enabling independent membrane fabrication without the need for electrode
surface modification. This simplifies manufacturing, enhances scalability, and preserves high

selectivity and sensitivity, as demonstrated in both multiplex and real-water recovery validation
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studies. A cost analysis supporting the sensor’s economic viability is provided in the

Supplementary File Section 5 of our manuscript® .

5.3.5. Lead Detection in Real Water Sample using the Pb-IIP Sensor

To evaluate the applicability of the Pb-IIP sensor in realistic conditions, a recovery study was
performed using unfiltered municipal tap water collected from the York University campus. The
water samples were spiked with Pb(NOs). at concentrations of 1, 2, and 5 ppm. A comparison
between the dose-response curves of the sensor and their linear regression analysis using real water
and DI water is shown in Supplementary File Section 6 of our manuscript’. A matrix-matched
linear calibration curve was generated using the tap water matrix, and sensor responses were used
to calculate the recovered Pb(II) concentrations. Table 5-3 summarizes the recovery results,
including the recovered concentrations and the associated precision in terms of standard deviation

and relative standard deviation (RSD) across three replicate measurements per concentration level.

Table 5-3 Pb(ll) Recovery from Spiked Municipal Water Samples

Spiked Pb, Cipikea Recovered Pb, Ciecoverea Recovery (%)“ SD (ppm) RSD (%)
(ppm) (ppm)

0 -0.08 - 0.20

1 0.97 96.6% 0.02 2.4%

2 2.18 109.0% 0.04 2.1%

5 4.94 98.7% 0.32 6.5%

c 1 ~Ipasels
* Recovery (%) = (TC“LM) * 100, where Crecopered = (%pe’me“m) was measured from the dose-response
spiked

curve in Fig S6 of manuscript®.

As shown in Table 5-3, the sensor demonstrated good accuracy and precision across all tested

concentrations, with recoveries ranging from 96.6% to 109% and RSD values below 7%. These
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performance metrics fall within accepted analytical criteria for trace metal detection in
environmental samples. Overall, the results confirm the Pb-IIP sensor’s robustness and suitability
for Pb(II) detection in municipal water, particularly when supported by matrix-matched calibration

strategies.

5.4 Conclusion

In this chapter, a lead ion-imprinted polymer (Pb-IIP) membrane was successfully integrated
into a microfluidic electrochemical sensor for trace Pb** detection in water. The in-situ synthesized
membrane, incorporating methacrylic acid and 8-hydroxyquinoline, enabled selective lead binding
and direct electrochemical readout between unmodified electrodes. The Pb-IIP sensor achieved a
LOD of 12 ppb, LOQ of 13.9 ppb, and a sensitivity of 6.1 nA/ppm—representing an 84%
sensitivity improvement over the membrane-less sensor. Among NIP controls, the MAA-based
NIP outperformed the AAM-based variant, highlighting the role of carboxylic groups in enhancing
ion interaction. KNOs as a supporting electrolyte further reduced the LOD to 7.3 ppb, while KCI
showed diminished performance. Specificity tests confirmed significantly higher responses for
Pb*" over Cd** and Zn** across all concentrations. Multi-ion selectivity studies reinforced this
preference, with Pb-dominant mixtures yielding up to 26.8% stronger signals. Validation in
municipal tap water showed excellent recoveries (96.6—-109.0%) and precision (RSD <7%).These
findings demonstrate the sensor’s high selectivity, sensitivity, and suitability for low-cost, real-

world lead monitoring, supporting future adaptation toward portable, field-deployable platforms.
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Chapter 6

Sensitive and Selective Electrochemical Detection of
Lithium Using a Low-Cost Ion-Imprinted Polymer

Based Microfluidic Sensor?

6.1 Introduction

This chapter addresses the third and fourth objectives of this thesis by introducing a lithium ion-
imprinted polymer (Li-IIP) membrane integrated into a microfluidic electrochemical sensor for the
selective and sensitive detection of lithium in water. The Li-IIP membrane, synthesized in situ using
methacrylic acid as the functional monomer and 12-crown-4 as the ionophore, was embedded
within a PMMA-based microfluidic chip to enable direct interaction with Li* ions. The sensor’s
performance was evaluated across a range of lithium concentrations (< 50 ppm) and under
interference from competing salts. Compared to membrane-less and non-imprinted configurations,
the Li-IIP sensor demonstrated significantly improved sensitivity and specificity. Validation in
spiked tap water further confirmed its practical applicability. This chapter details the membrane
formulation, sensor fabrication, and performance evaluation, highlighting the potential of the Li-

[IP platform for low-cost lithium monitoring in environmental and health-related applications.

* A.E. Oseyemi and P. Rezai. Sensitive and Selective Electrochemical Detection of Lithium Using a Low-Cost Ion-
Imprinted Polymer Based Microfluidic Sensor., IEEE Sensors Journal 25 (2025) 32074-32083
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6.2 Results and Discussion

6.2.1 Characterization of NIP and Li-IIP membranes

As mentioned earlier, the imprinted polymer membrane composition was informed by a
previous study [176], which reported high adsorption capacity and favorable kinetics for Li*
capture. The optimal molar ratio of template:monomer:crosslinker (1:5:20) and the use of 12-
crown-4 as the complexing ligand were adopted accordingly. To ensure comparability across
membrane characterizations and electrochemical tests, all experiments were conducted under
controlled pH and ionic strength conditions. Fourier Transform Infrared (FTIR) spectroscopy and
Scanning Electron Microscopy (SEM) were employed to analyze the NIP and Li-IIP membranes
(washed and unwashed) (Fig. 6-1). FTIR confirmed the imprinting process and the structural
integrity of the polymer throughout the washing process, while SEM provided insights into the

surface morphology of the non-imprinted and imprinted membranes under different conditions.

a)

Li-IlP
(Unwashed)
e SN

Li-lIP
‘(Washe'd)

Wavenumber (cm-1)

Fig. 6-1 NIP and Li-IIP membrane characterization. (a) FTIR spectra of the NIP, and the unwashed and
washed Li-IIPs. (b) SEM images showing the surface morphologies of (i) NIP, (ii) unwashed Li-1IP, and
(iii) washed Li-1IP membranes.
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The FTIR spectra verified the successful synthesis of both Li-IIP and NIP membranes, with
similar profiles across all samples, confirming the retention of the polymer backbone structure,
including the complexing ligand 12C4. Key absorption peaks observed include 3307.8 cm™,
corresponding to stretching vibration of the —OH group as well as 1001.2 cm™ and 1227.2 cm™,
corresponding to stretching vibrations of the C—O group. These peaks are indicative of the presence
of the functional groups associated with 12C4 in both Li-IIP and NIP membranes. Notably, the
3401.2 cm™! peak observed in the Li-IIP spectra was broader and more intense compared to the NIP.
This broadening suggests the formation of hydrogen bonds, which is a typical feature of successful
imprinting. Furthermore, the absorption peak at 1729.3 cm™ observed in the Li-IIP spectra
corresponds to the C=O stretching vibration, signifying the presence of the carboxyl group from
MAA and the ester group from EGDMA. A distinct peak around 2300 cm™ was notably higher in
the unwashed Li-IIP membrane but diminished after washing, suggesting its association with
residual template molecules or unreacted monomers. These peaks confirm the successful
polymerization of the Li-IIP structure, as well as the successful integration of the imprinting
components (MAA, EGDMA, and 12C4) into both the imprinted (Li-IIP) and non-imprinted (NIP)
polymers. These results are consistent with previous studies [176, 221].

SEM imaging revealed notable differences in the surface morphology of the NIP, unwashed Li-
IIP, and washed Li-IIP membranes. The NIP surface appeared smooth and homogeneous, reflecting
a uniform polymer structure. In contrast, the unwashed Li-IIP membrane showed a dense and
irregular surface structure, likely due to residual template molecules and unreacted monomers. After
washing, the Li-IIP membrane displayed a more defined and porous appearance, a hallmark of

reacting monomers and effective template removal.
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6.3.2 Effect of membrane integration in the microfluidic sensor on Li
detection

We hypothesized that incorporating the Li-IIP membrane into the microfluidic sensor would
enhance its sensitivity and selectivity for Li-ion detection. This enhancement could hypothetically
be attributed to the combined effects of electrostatic interactions with the carboxylic acid groups of
MAA, specific binding to 12C4 ligands through crown-ether complexation [222], and or capturing
within the imprinted binding sites [178, 179, 222].

To systematically evaluate the contributions of the above Li-capturing mechanisms and assess
the role of the Li-IIP membrane in sensor performance, we tested three distinct membrane
configurations, i.e., Li-IIP membrane, MAA-NIP membrane, and AAM-NIP membrane. The Li-
ITP membrane provided all three mechanisms of Li-capturing. In contrast, the MA A-NIP membrane
was synthesized with the same chemical composition as the Li-IIP membrane but without the Li-
ion template, allowing for evaluating the effects of monomer and ligand binding in the absence of
template-induced binding sites. Finally, the AAM-NIP membrane was synthesized by replacing
MAA with AAM, a neutral monomer lacking carboxylic acid groups. This configuration without
monomer- and cavity-based binding enabled isolation of the effect of 12C4 ligand binding.
Chronoamperometric measurements (Fig. 6-2) were performed for each configuration across
various LiCl concentrations using three replicate devices, with triplicate measurements for each
device to ensure reliability. This approach allowed us to capture consistent response patterns across
different sensor configurations and provided robust data for each concentration level. All tests were
conducted at a flowrate of 200 puL/min, based on an optimization study (Supplementary File
Section 4 of manuscript*) that showed that it provided consistent responses with minimal variation

under all tested flow conditions.

113



Li-1IP

a) 500 | b) 500 MAA-NIP
E 50 ppm 20ppm  =——10ppm =5 ppm w0 20 10
450 E 1 ppm ==0.1ppm (.01 ppm  =—D| Water 450 ppm ppm - Ueem =5 ppm
200 E : 400 =1 ppm m=().1 ppm  ====0.01 ppm =Dl Water
~ 350 1 ~350 3
E <
E c
5300 ] :300
E 250 E 5 250
(] . -
= 200 7 £ 200 4
‘5 ] =1
O 150 ERTTE
100 4 100 ]
50 5 ss————————— 50
0 T o . : : : .
° 0 2 30 40 50 &0 0 10 20 30 40 50 60
Time (s) Time (s)
c) s00 AAM-NIP d) 50 Membrane-less
450 ] S0 ppm 20 ppm w10 ppm 5 ppm 450 é 50 ppm 20ppm  =——10ppm =5 ppm
—1ppm ——01ppm =——00ippm DI Water E
200 3 400 E =1 ppm =01 ppm ===001ppm =Dl Water
—~350 ] 350 3
£.300 ] < 300 |
E 250 A -E 250 ;
£ 200 | & 200 ]
3 150 1 3150 3
100 1 100 3
50 J—— 50 3
0 _— O S ——
0 10 20 ) 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)

Fig. 6-2 Chronoamperometric responses of different microfluidic sensors to lithium chloride.
Chronoamperometric responses of devices containing (a) Li-IIP membrane, (b) MAA-NIP membrane, and
(¢c) AAM-NIP membrane is compared to that of (d) membrane-less sensors. Water samples containing 0—

50 ppm concentrations of LiCl as shown in legends were used.

Each device configuration in Fig. 6-2 exhibited a distinct stabilization behavior and current
response ranges, reflecting the differences in Li ion affinity and binding mechanisms. The Li-IIP
membrane demonstrated the strongest response, stabilizing within 30 s at the highest LiCl
concentration. It exhibited a stabilized current response range of 27 to 400 nA, indicating
heightened sensitivity to Li ions, even at low concentrations. This performance is attributed to the
combined effects of monomer affinity from MAA, contribution from 12C4 capturing ligands, and

the selective binding sites created during the imprinting. The relatively long stabilization time is
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due to the need for Li ions to diffuse into the imprinted sties and interact with the polymer matrix
before reaching equilibrium.

In contrast, the membrane-less sensor stabilized more quickly within 3s, with a response range
of 2.4 to 18 nA. This rapid stabilization suggests that Li ions interact primarily with the electrode
surface rather than a structured binding network as in the membrane-integrated configuration. This
very low current response to Li ions in the membrane-less sensor, even lower than the NIP
membranes, underscores the importance of membrane integration in enhancing ion exchange and
improving sensitivity. The low response in the membrane-less sensor can be attributed to the lack
of specialized binding sites, leading to weaker ion adsorption and lower charge transfer efficiency.
The MAA-NIP membrane, synthesized without Li-ion templating, stabilized at ~12 s at the highest
LiClI concentration and exhibited a current response range of 14 to 150 nA. This response was
notably lower than that of the Li-IIP membrane, underscoring the role of template-induced binding
site formation in improving sensor performance. However, the MAA-NIP membrane still
outperformed the membrane-less sensor, suggesting that Li-ion interaction was facilitated by
electrostatic attraction from the carboxyl groups of MAA and weak crown ether affinity from
residual 12C4 ligands. This observation prompted an investigation into the role of the carboxylic
acid groups in MAA, which might be acting as ion-exchange sites, as previously reported in related
studies [223]. To explore this hypothesis, we replaced MAA with AAM, a neutral monomer,
lacking carboxylic acid groups. The resulting AAM-NIP membrane stabilized around within 3.5s
at the highest LiCl concentration, and exhibited a current response range of 8 to 48 nA-similar to
the membrane-less sensor. The significantly reduced current response suggests that removing the
carboxyl functionality drastically weakened Li-ion interactions, reinforcing the role of MAA as a

key ion-exchange component in the sensor's design.
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The current ranges presented in Fig. 6-2 provide a comparative view of sensor performance
under controlled flow conditions, underscoring the importance of functional monomers and
template-driven selectivity in enhancing the sensitivity of LiCl detection. The stabilized current
values at t = 60 s, the point at which each sensor's response reached a plateau, were used to construct

the dose-response curves in Fig. 6-3 to illustrate the dose-dependent responses of each

configuration.
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Fig. 6-3 Lithium dose-response curves of various microfluidic sensors using LiCl in water samples.
Chronoamperometric currents as a function of Li ion concentration are shown in (a) x-y linear format in
0-50 ppm LiCI concentration, and (b) x-log, y-linear format at lower concentrations. Data was collected

from four microfluidic sensor configurations. Li-IIP, MAA-NIP, and AAM-NIP-membraned ones and
control membrane-less sensors. Each experiment was performed in triplicate using three replicate devices.

Error bars represent the standard deviation (SD).

Table 6-1 presents a comparative summary of the detection performance of the Li-IIP, MAA-
NIP, AAM-NIP, and Membrane-less sensors, highlighting differences in their LOD, LOQ,

sensitivity, and goodness of fit (R?).
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Table 6-1. Performance metrics of microfluidic Li ion sensor configurations based on Fig. 6-3

Sensor I(x) fit to dose-response curve* R? of I(x) LOD LOQ Sensitivity #
(nA) O
1P 70.89 (x — 0.08395)0:38988 0.995 168 185 11.6
MAA-NIP 17.99 + 8.87(x — 0.1)070943 0.973 277 856.8 54
AAM-NIP 13.65 + 1.46 (x)°78213 0.998 2690 13288 1.3
Membrane- 2.16 (1 + x)°50746 0.926 1140 1638 0.5
less

* 1 is the sensor’s current output in nA and x is Li ion concentration in ppm

# Sensitivities of these non-linear functions were measured using linear fits across 0.1-5 ppm.

The Li-IIP sensor exhibited the lowest LOD (168 ppb) and LOQ (185 ppb), along with the
highest sensitivity (11.6 nA/ppm), demonstrating its superior detection capability. The sensor
reproducibility assessed via testing three devices per condition in triplicate measurements also
showed a high precision with a maximum coefficient of variation of 4.1%. This performance is
attributed to the presence of ion-imprinted binding sites that enhance Li selectivity. Further
investigation into the role of 12C4 in enhancing ion recognition and binding within the Pb-IIP
membrane is presented in Supplementary Section 5 of our manuscript* . In contrast, the MAA-NIP
sensor showed a 64.9% higher LOD, a 4.6-fold higher LOQ, and a 53.4% lower sensitivity
compared to the Li-IIP, emphasizing the role of imprinting in improving Li detection. The AAM-
NIP sensor performed even worse, with a 16-fold higher LOD, a 71.8-fold higher LOQ, and an
88.8% lower sensitivity, indicating the crucial role of carboxyl groups in Li detection. The

membrane-less sensor, lacking both imprinting and functional monomers, had a 6.8-fold higher
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LOD and an 8.9-fold higher LOQ than the Li-IIP, with sensitivity reduced by 95.7%, demonstrating
the necessity of both molecular imprinting and monomer affinity for effective detection.

These results underscore the advantages of the Li-IIP membrane, which combines imprinting-
induced selectivity with functional monomer interactions to achieve high sensitivity and low
detection limits. Its strong performance in Li detection highlights its potential for real-world water

quality monitoring applications.

6.3.3. Specificity and Selectivity Characteristics of the Li-IIP Membrane

Sensor

6.3.3.1. Specificity Study

To evaluate the specificity of the Li-IIP membrane-integrated sensor, we assessed its response
to closely related salt ions, namely NaCl and KCl, under the same conditions as the LiCl
quantification studies. NaCl and KCI were selected due to their structural and ionic similarities to
LiCl, including comparable ionic radii and charge states, which make them ideal for benchmarking
specificity [224]. We hypothesized that the sensor would demonstrate a significantly higher
sensitivity to LiCl than to NaCl and KCI due to the tailored binding sites in the ion-imprinted
polymer membrane. The results of this investigation for various analyte concentrations are

summarized in Fig. 6-4.
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Fig. 6-4 Specificity of the Li-IIP microfluidic sensor. Comparison of sensor responses to LiCl, NaCl, and
KCl at concentrations of (a) 0.1 ppm, (b) 1 ppm, (c) 10 ppm, and (d) 20 ppm, with statistical significance
indicated as follows: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and **** (p < 0.0001).

At 0.1 ppm (Fig. 6-4a), the sensor’s response to LiCl was 15.4% higher than that of NaCl (p <
0.05) and 29.3% higher than that of KCI (p < 0.001). At 1 ppm, the response to LiCl was 13.7%
higher than that of NaCl (p < 0.01) and 19.6% higher than that of KCI (p < 0.001). At this low
concentration, the differences in current responses are relatively modest. This can be attributed to
the low binding site saturation in the imprinted polymer, where the competition between Li*, Na*,
and K" for the active sites is minimal due to the low ion availability. Additionally, at such low
concentrations, even non-imprinted polymer regions may facilitate non-specific adsorption, leading
to small differences in responses among the three ions.

At 10 ppm, the LiCl response was 31.5% higher than that of NaCl (p <0.0001) and 86.8% higher
than that of KCI (p <0.0001). The increase in specificity relative to 0.1 and 1 ppm can be attributed
to more significant ion—polymer interactions as a larger number of Li* ions interact with the
imprinted sites. The superior interaction of Li* relative to Na* and K* at this concentration indicates
the increased utilization of ion-imprinted recognition sites, which have a higher binding affinity for

Li* due to the imprinting process.
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At 20 ppm, the response to LiCIl was 35.5% higher than that of NaCl (p < 0.0001) and 138.8%
higher than that of KCI1 (p <0.0001). At this concentration, the imprinted polymer achieves optimal
specificity as the binding sites are fully utilized. This result underscores the critical role of the ion-
imprinting process, as the Li-IIP membrane demonstrated a clear preference for Li* ions compared
to its closely related counterparts. The significant differences in sensor responses at higher
concentrations reflect the saturation of non-specific sites for Na* and K*, while the imprinted sites
continue to exhibit high affinity for Li*. The carboxylic acid groups in the Li-IIP membrane
contribute to non-specific ion exchange with Na* and K*, influencing their observed current
responses. However, the imprinted sites exhibit a far greater affinity for Li*, leading to significantly
higher selectivity. These results confirm the effectiveness of the ion-imprinting process in creating
selective recognition sites for Li ions.

Overall, the specificity study demonstrates that the Li-IIP membrane sensor exhibits
significantly higher responsiveness to Li* than to Na* and K*, particularly at higher concentrations.
Although some interactions with Na* and K* occur due to non-specific ion exchange, their responses

remain substantially lower than that of Li*, reinforcing the membrane’s selectivity for Li detection.

6.3.3.2. Selectivity Study

To evaluate the selectivity of the Li-IIP sensor, we conducted experiments measuring its
differential response to Li* ions in multi-ion mixtures containing LiCl, NaCl, and KCl ions. Three
scenarios were simulated with multiplex ion solutions: (i) equal proportions (LiCl: NaCl: KCl at 10
ppm total concentration in a 1:1:1 ratio), (ii) Li-dominant (LiCl: NaCl: KCl at 10 ppm total
concentration in a 2:1:1 ratio), and (iii) a competitive environment (LiCl: NaCl: KCl at 10 ppm total
concentration in a 1:2:2 ratio). The Li-IIP sensor responses to 10 ppm LiCl, NaCl, or KCl alone

served as control for comparative analysis. This approach allowed for an assessment of the sensor's
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selectivity in varying, multi-ion water conditions, where competition among ions could impact
detection accuracy. The results of the study are summarized in Fig. 6-5.

4 2k %k %k
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Fig. 6-5 Selectivity of the Li-IIP microfluidic sensor. Solutions of LiCl, NaCl, and KCl in ratios of 1:1:1,
2:1:1, and 1:2:2 were tested, with a total concentration of 10 ppm. Error bars represent standard
deviations, and statistical significance indicated as follows: * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
and **** (p < 0.0001).

In the 1:1:1 mixture (equal proportions), the sensor exhibited an 11% higher response than LiCl
alone, suggesting an increase due to the presence of non-target ions. This increase is likely attributed
to the cumulative contribution of non-specific binding and the partial saturation of the imprinted
polymer sites by competing ions. Conversely, in the Li-dominant solution (2:1:1), the sensor
demonstrated a 37% higher response than Li* alone (p < 0.0001) and a 25% higher response than
the equal proportion solution. This marked increase reflects the greater availability of Li* ions,
resulting in enhanced binding interactions within the imprinted polymer binding sites and higher
sensor response. In the competitive solution (1:2:2), the sensor showed a 21% lower response than

Li" alone, and a 29% lower response than the equal proportion solution. The attenuated response is

121



attributed to the elevated concentration of interfering ions (Na* and K*), which likely compete for
non-specific binding sites within the polymer matrix, thereby reducing the sensor’s overall
sensitivity to Li*.

Overall, the elevated response to Li" across all tested scenarios underscores the Li-IIP
membrane's selectivity for Li*, even in the presence of potential interfering ions. Although Na* and
K* produced measurable signals in all conditions, these signals likely resulted from weak,
nonspecific interactions with the imprinted polymer matrix and simultaneous capacitive charging
of the electrode. These effects, however, did not compromise the sensor's selectivity. The Li-IIP
membrane’s ability to reliably show heightened response in the LiCl-dominant scenario and
reduced response in the competitive ion-dominant scenarios within complex ion mixtures highlights
its potential for Li detection in real-world water monitoring applications. Further information on
the attenuation characteristics of other competing ions, in an interference study, can be found in

Supplementary File Section 6 of our manuscript®.

6.3.4. Li Detection in Real Water

To evaluate the performance of the Li-IIP microfluidic sensor under realistic water matrix
conditions, water samples were collected from a public tap on York University’s campus and used
without further filtration or purification. To reach the sensor’s dynamic response range, LiCl was
spiked into diluted tap water samples at concentrations of C1=20, 30, and 40 ppm, following the
same chronoamperometry measurement protocol as described for DI water testing. The I(x) fit to
the dose-response curve of the Li-IIP sensor in Table 1 was then used to determine the detected
concentration of Li" (C). Experiments were repeated in triplicate and the sensor’s recovery

percentage was calculated as shown in Table 6-2.

122



Table 6-2 Recovery of lithium ions from spiked tap water samples using the Li-IIP microfluidic sensor

Spiked Li* Detected Li* Standard Deviation  Recovery” RSD #
Concentration C1 (ppm)  Concentration Cz (ppm) (ppm) (%) (%)
0 7.33 0.0015 N/A N/A
20 21.04 0.0046 68.53 1.98
30 29.61 0.0045 74.25 1.70
40 44.77 0.0094 93.60 3.00

2—C1,Blank

* Recovery (%) = ¢ x 100, where Cy gigni = 7.33 ppm (baseline).

# RSD: Relative standard deviation.

As shown in Table 6-2, the sensor demonstrated recoveries of ~69 to 94% across the spiking
range, with RSD values consistently below 3%. These results show that the Li-IIP sensor maintains
reliable performance in real tap water matrices and is capable of detecting lithium ions in the

presence of common background ions.

6.4. Conclusion

In this chapter, a lithium ion-imprinted polymer (Li-IIP) membrane was successfully
integrated into a microfluidic electrochemical sensor for selective detection of lithium in aqueous
environments. The membrane was synthesized in situ via UV photopolymerization using
methacrylic acid and 12-crown-4, forming selective recognition sites that enabled direct Li*—
membrane interaction without electrode surface modification. The Li-IIP sensor demonstrated a
sensitivity of 11.6 = 0.1 nA/ppm, an LOD of 168 ppb, and an LOQ of 185 ppb—marked

improvements over MAA-NIP, AAM-NIP, and membrane-less controls. Specificity studies
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confirmed enhanced responses to Li* compared to Na™ and K*, while selectivity tests in multi-ion
mixtures showed up to 37% stronger responses under Li-dominant conditions. Interference studies
indicated minimal suppression from background salts, with KCI and KNOs causing the highest but
manageable signal reductions. Validation in unfiltered tap water yielded recovery rates between
69% and 94% for 2040 ppm Li* spikes, with RSD below 5%, confirming the sensor’s reliability
in real water matrices. These results demonstrate the potential of the Li-IIP microfluidic platform
for accurate, low-cost lithium detection in environmental and industrial contexts. Future work will
focus on optimizing membrane formulation and expanding detection capabilities to additional target

ions.
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Chapter 7

Summary of Thesis and Prospects

7.1 Thesis Summary

This thesis focused on the development of low-cost, stand-alone IIP membrane-integrated
electrochemical microfluidic sensors for the selective and sensitive detection of target ions, namely
sodium (Na*), lead (Pb®"), and lithium (Li*), in water. The principal objective was to design,
fabricate, and characterize stand-alone membrane-based sensors that address some of the
challenges associated with conventional electrode-modified systems, thereby contributing to more

reproducible, scalable, and portable sensing platforms for real-world applications.

7.1.1 ISP Membrane Integration and Proof-of-Concept for NaCl Detection

A non-imprinted ion-selective polymer (ISP) membrane sensor was first developed to
demonstrate the feasibility of integrating a polymer membrane between electrodes within a
microfluidic chip. This proof-of-concept study established that the membrane platform allows for
robust electrochemical detection of NaCl, showing improved signal intensity and sensitivity
compared to membrane-less configurations. This chapter validated the design and fabrication
processes, including electrode injection, photopolymerization, and channel layout, and
demonstrated that ion diffusion through the membrane can generate measurable and reproducible
chronoamperometric responses. These results confirmed the technical viability of the membrane-

integrated sensing platform for low-concentration salt detection (Chapter 3).
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7.1.2 Sodium Ion-Imprinted Polymer (Na-IIP) Sensor

Building on the previous design, a sodium-selective IIP membrane was synthesized in-situ
using 15-crown-5 and methacrylic acid to form selective binding sites for Na* ions. The sensor
exhibited a limit of detection (LOD) of 58 ppb and a sensitivity of 9.1 nA/ppm, significantly
outperforming the NIP and membrane-less controls. Specificity tests revealed sodium responses
exceeded those for KCl and KNOs by up to 129.7% at 1 ppm. Validation in tap water showed
reliable recoveries using matrix-matched calibration. This study demonstrated the potential of I1P-
enhanced microfluidic sensors for selective ion monitoring in complex ionic backgrounds,

fulfilling the third objective of the thesis (Chapter 4).

7.1.3 Lead Ion-Imprinted Polymer (Pb-IIP) Sensor

A Pb?*-selective [IP membrane was synthesized using methacrylic acid and 8-hydroxyquinoline
as functional monomers and ligands, respectively. The sensor demonstrated high performance with
an LOD of 7.3 ppb and a sensitivity of 6.1 nA/ppm, surpassing the membrane-less and NIP
counterparts by 6.1- to 13-fold. Statistical analysis confirmed superior specificity for Pb*
compared to Cd*" and Zn*'. In spiked tap water, recovery values ranged from 96.6% to 109.0%
with RSDs <7%. This chapter showcased the potential for scalability and selectivity of the Pb-IIP

sensor for environmental lead detection (Chapter 5).

7.1.4 Lithium Ion-Imprinted Polymer (Li-IIP) Sensor

The final study introduced a Li*-specific I[P membrane formed with methacrylic acid and 12-

crown-4, tailored for lithium detection in both simple and complex matrices. The Li-IIP sensor

126



achieved an LOD of 168 ppb, an LOQ of 185 ppb, and a sensitivity of 11.6 nA/ppm. It significantly
outperformed AAM-NIP, MAA-NIP, and membrane-less configurations. Specificity and
selectivity analyses showed Li* responses were 25—74% higher in Li-dominant mixtures compared
to mixed-ion conditions. Recovery studies in unfiltered tap water returned values of 68.5-93.6%,
confirming real-world applicability. This final study further extended the platform’s adaptability

to a wider range of critical contaminants (Chapter 6).

7.2 Thesis Prospects

This thesis establishes a novel, stand-alone IIP membrane-integrated microfluidic sensor
architecture for sensitive and selective detection of metal ions in water. While the platform
demonstrates strong potential across various analytes, continued optimization is essential to extend
its utility across more complex real-world matrices, ensure broader adaptability, and support

scalable deployment.

7.2.1 Thesis Prospects

Despite the promising outcomes demonstrated by the ISP and IIP-based sensor platforms,

several limitations and challenges must be acknowledged:

First, although the use of in-situ synthesized, stand-alone polymer membranes circumvents the
complexities of electrode surface modifications, it still requires precise control of UV
photopolymerization conditions and membrane formulation. Small deviations in curing time,

monomer ratios, or chamber alignment can introduce variability in membrane thickness and ion-
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binding site density, potentially impacting reproducibility across devices. Future studies should
explore real-time fabrication monitoring and closed-loop process control to minimize such

variations.

Second, while the selectivity of each IIP membrane was successfully validated against specific
interfering ions and municipal tap water, broader interference studies involving complex matrices
such as industrial wastewater or seawater will be needed for environmental applications. These
matrices may introduce unpredictable fouling agents, pH fluctuations, or ionic competition that
could affect membrane stability or alter electrochemical responses. Future work should incorporate

antifouling coatings, pH buffers, or pretreatment modules to improve robustness.

Third, although chronoamperometry was effective for signal acquisition, it does not offer major
molecular-level insight into binding kinetics or thermodynamics. Complementary characterization
techniques such as electrochemical impedance spectroscopy (EIS) or surface plasmon resonance
(SPR) could provide deeper understanding of binding mechanisms and guide membrane design

optimization.

Fourth, current designs target one analyte per sensor membrane. While this simplifies
interpretation, it also limits throughput and versatility. Future efforts could pursue spatial
multiplexing by integrating multiple IIP membranes into distinct chambers on the same chip, each

tailored to a different ion, enabling simultaneous multi-analyte detection.

Lastly, transitioning from laboratory validation to field deployment will require integrating the
sensor chip into a fully functional Point-of-Need (PoN) platform. This includes coupling with

portable electrochemical readers, microfluidic flow controllers, wireless data logging, and robust
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packaging for field resilience. Low-cost manufacturing methods such as roll-to-roll or injection

molding could be investigated for large-scale production.

In summary, while the proposed platform has proven highly effective for trace ion detection in
controlled and tap water conditions, future research should prioritize enhancing device
reproducibility, interference resilience, multiplexing capabilities, and real-world integration to

support widespread deployment in environmental, industrial, and healthcare settings.
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Appendix

In this chapter, we dug deeper into the working of the membrane-integrated sensor by
investigating the effects of the key parameters associated with sensor fabrication and operation,
towards optimizing its overall performance. This study was conducted on the lead-ion imprinted
polymer (Pb-IIP) membrane sensor using the Taguchi Design of Experiments (DOE) approach.
Three main factors were selected for optimization, namely: flowrate, template:monomer ratio, and
template:crosslinker ratio. Applied voltage was maintained at the optimal 0.6 V while membrane
thickness was 300 um all through. The goal was to identify the most effective combination of

synthesis parameters to enhance the sensor's electrochemical response for Pb*" detection.

A.1 Optimization of Complex Pb-IIP Compositions Using Taguchi Design

of Experiment (DOE)

In this chapter, the optimization of lead-ion imprinted polymer (Pb-IIP) membrane sensor
compositions was performed using the Taguchi Design of Experiments (DOE) approach. Three
main factors were selected for optimization while keeping the applied voltage (0.6 V) and
membrane thickness (300 um) constant. The goal was to identify the most effective combination

of synthesis parameters to enhance the sensor's electrochemical response for Pb** detection.

150



A.1.1 Experimental Design

The factors and their respective levels used in the Taguchi L9 orthogonal array are listed below:

¢ Flow Rate (uL/min): 100, 400, 800
e Template:Monomer Ratio: 1:1, 1:2, 1:4

e Template:Crosslinker Ratio: 1:10, 1:20, 1:30

Table A-1 presents the Taguchi L9 design matrix along with the chemical composition for each

run.

Table A-1 Taguchi L9 DOE matrix and composition details.

Run Flow Rate Template: Template: Pb(NO:s): 8-HQ MAA EGDMA Solvent
(nL/min) (mg) (uL)  (uL) (mL)
Monomer Crosslinker (mg)
1 100 1:1 1:10 33.12 14.54 17.24  206.8 2.0
2 100 1:2 1:20 33.12 14.54 3448 413.6 2.0
3 100 1:4 1:30 33.12 14.54 68.96 620.4 2.0
4 400 1:2 1:30 33.12 14.54 3448 6204 2.0
5 400 1:4 1:10 33.12 14.54 68.96 206.8 2.0
6 400 1:1 1:20 33.12 14.54 17.24  413.6 2.0
7 800 1:4 1:20 33.12 14.54 68.96 413.6 2.0
8 800 1:1 1:30 33.12 14.54 17.24 6204 2.0
9 800 1:2 1:10 33.12 14.54 3448 206.8 2.0

A.1.2 Sensor Performance Evaluation

Each run was evaluated using Pb(NOs)2 concentrations of 0, 0.01, 0.1, 1, 10, 50, and 100 ppm.

Current responses were measured and tabulated (Table A-2). Among these, the current response at
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10 ppm was selected as the representative metric for Taguchi analysis. The concentration of 10
ppm was chosen as a mid-range value to capture reliable performance trends while ensuring sensor

response remains within the linear operating range.

Table A-2 Expansion of Taguchi of DOE matrix L9 (to L27) with current response of each run on 0-100
ppm Pb(NO:s): concentration.

Run Flow Template: Template: Pb** Current Standard
Rate Monomer Crosslinker Conc.  Response Deviation
(uL/min) (ppm) (nA)

1 100 1:1 1:10 0 0.0545 0.001121
1 100 1:1 1:10 0.01 0.0785 0.002155
1 100 1:1 1:10 0.1 0.0976 0.016455
1 100 1:1 1:10 1 0.1248 0.002358
1 100 1:1 1:10 10 0.1483 0.004613
1 100 1:1 1:10 50 0.2460 0.013352
1 100 1:1 1:10 100 0.3365 0.011566
2 100 1:2 1:20 0 0.0513 0.002063
2 100 1:2 1:20 0.01 0.0741 0.004051
2 100 1:2 1:20 0.1 0.0718 0.002109
2 100 1:2 1:20 1 0.0578 0.001896
2 100 1:2 1:20 10 0.0685 0.000991
2 100 1:2 1:20 50 0.0926 0.002584
2 100 1:2 1:20 100 0.1009 0.007119
3 100 1:4 1:30 0 0.0144 0.000125
3 100 1:4 1:30 0.01 0.0125 0.000672
3 100 1:4 1:30 0.1 0.0140 0.000936
3 100 1:4 1:30 1 0.0101 0.000286
3 100 1:4 1:30 10 0.0098 0.000228
3 100 1:4 1:30 50 0.0094 0.000323
3 100 1:4 1:30 100 0.0088 0.00038
4 400 1:2 1:30 0 0.0176 0.000285
4 400 1:2 1:30 0.01 0.0166 0.000563
4 400 1:2 1:30 0.1 0.0152 0.000945
4 400 1:2 1:30 1 0.0153 0.001779
4 400 1:2 1:30 10 0.0149 0.000493
4 400 1:2 1:30 50 0.0160 0.000406
4 400 1:2 1:30 100 0.0155 0.000627
5 400 1:4 1:10 0 0.0655 0.0027
5 400 1:4 1:10 0.01 0.0671 0.003517
5 400 1:4 1:10 0.1 0.0724 0.000998
5 400 1:4 1:10 1 0.0769 0.002685
5 400 1:4 1:10 10 0.1334 0.001266
5 400 1:4 1:10 50 0.2895 0.002466
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5 400 1:4 1:10 100 0.4194 0.000404
6 400 1:1 1:20 0 0.0177 0.000666
6 400 1:1 1:20 0.01 0.0207 0.000225
6 400 1:1 1:20 0.1 0.0211 0.000688
6 400 1:1 1:20 1 0.0215 0.00074
6 400 1:1 1:20 10 0.0397 0.001525
6 400 1:1 1:20 50 0.0983 0.001722
6 400 1:1 1:20 100 0.1466 0.003459
7 800 1:4 1:20 0 0.0409 0.002367
7 800 1:4 1:20 0.01 0.0520 0.001352
7 800 1:4 1:20 0.1 0.0308 0.00037
7 800 1:4 1:20 1 0.0419 0.000705
7 800 1:4 1:20 10 0.0964 0.000733
7 800 1:4 1:20 50 0.1765 0.000872
7 800 1:4 1:20 100 0.2526 0.001168
8 800 1:1 1:30 0 0.0092 0.000301
8 800 1:1 1:30 0.01 0.0094 0.001075
8 800 1:1 1:30 0.1 0.0072 0.000217
8 800 1:1 1:30 1 0.0080 0.000623
8 800 1:1 1:30 10 0.0076 0.000309
8 800 1:1 1:30 50 0.0065 0.000407
8 800 1:1 1:30 100 0.0061 0.000284
9 800 1:2 1:10 0 0.0212 0.000877
9 800 1:2 1:10 0.01 0.0213 0.001548
9 800 1:2 1:10 0.1 0.0214 0.000358
9 800 1:2 1:10 1 0.0215 0.000704
9 800 1:2 1:10 10 0.0374 0.003559
9 800 1:2 1:10 50 0.0612 0.005026
9 800 1:2 1:10 100 0.0944 0.006031

A.1.3. Signal-to-Noise Ratio Analysis

The Taguchi method considers "larger is better" for maximizing sensor signal output. The

Signal-to-Noise (S/N) ratio for each experimental run is calculated using the formula:

S/N=-101 1271:1
/N = 09107 nlay?
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where y; represents the observed response (current in pA) for it" trial, and n is the number of

repetitions.
The S/N ratio analysis for the three factors is shown in Table A-3.

Table A-3 Response table for S/N ratios (larger is better)

Level Flowrate (uL/min) Template : Monomer Template : Crosslinker
1 -26.68 -29.00 -20.87
2 -27.35 -29.46 -23.88
3 -30.41 -26.00 -39.70
Delta 3.74 3.46 18.83
Rank 2 3 1

The crosslinker ratio had the most significant impact on current response. This is likely since
crosslinkers influence the rigidity and porosity of the polymer matrix, thereby affecting the
accessibility of imprinted sites to Pb*" ions. Lower crosslinking (1:10) may result in more flexible

polymer chains and improved analyte diffusion.

A.1.4. Mean Response Analysis

Mean response values at 10 ppm Pb?** for each factor level are summarized in Table A-4.

Table A-4 Response table for means

Level  Flowrate (nL/min) Template : Monomer Template : Crosslinker
1 0.07553 0.06520 0.10637

2 0.06267 0.04027 0.06820

3 0.04713 0.07987 0.01077

Delta  0.02840 0.03960 0.09560

Rank 3 2 1
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Fig. A-1. illustrates the main effect of each factor on the current response at 10 ppm.

a) Main Effects Plot for SN ratios
Data Means
Flowrate (uL/min) Template:Monomer Ratio Template:Crosslinker Ratio
-20-
-25-
8
.g .__ﬁq_‘_.
P4 \
v 4
% -30 °
c
[
[
=
.35
-40- \
100 400 800 11 12 14 110 1:20 130

Signal-to-noise: Larger is better

b) Main Effects Plot for Means
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Fig. A-1 Main effects of flowrate, template:monomer ratio and template:cross-linker ratio on current

response (a) SN ratios (b) Means .

e Main effect plot for Flow Rate on Current Response: A decreasing trend is observed
as flow rate increases, indicating reduced interaction time between analyte and sensor
surface. At higher flow rates, the residence time of Pb*" ions on the membrane decreases,

potentially limiting effective binding.
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e Main effect plot for Template:Monomer Ratio on Current Response: The optimal
monomer ratio appears to be 1:4, yielding the highest mean current response. Higher
monomer content likely increases the density of binding sites, enhancing Pb** capture
efficiency.

e Main effect plot for Template:Crosslinker Ratio on Current Response: A strong
decrease is observed as crosslinker content increases, showing that 1:10 is optimal.

Excessive crosslinking may hinder ion diffusion into the imprinted sites by reducing

polymer flexibility.
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Fig. A-2 Pareto chart of standardized effects(4 Mean Response)

The Pareto chart visually confirms that Template : Crosslinker ratio has the highest influence on
sensor response, followed by Template : Monomer ratio and Flow Rate. The effect sizes are based

on the A values from mean response analysis, helping prioritize factors during optimization.
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A.1.5. Optimal Conditions and Interpretation

From the above analysis:
e Most influential factor: Template:Crosslinker ratio (1:10 optimal)
o Optimal Conditions:
o Flowrate: 100 pL/min
o Template:Monomer: 1:4
o Template:Crosslinker: 1:10
This combination ensures sufficient residence time, high density of monomer sites for

imprinting, and a flexible matrix structure that facilitates efficient Pb*" ion uptake.

A.1.6. Regression Analysis

A linear regression model was developed to further evaluate factor contributions. The
coefficients for all combinations are listed in Table A-5. Notably, the template:crosslinker ratio of
1:30 exhibited a nearly significant negative coefficient (p = 0.068), indicating excessive

crosslinking reduces sensor performance.

Table A-5 Summary of regression coefficients.

Term Coef SE Coef T-Value P-Value
Constant 0.1273 0.0377 3.38 0.043
Flowrate (ul./min) -0.000040 0.000049 -0.83 0.467
Template:Monomer Ratio
1:2 -0.0249 0.0342 -0.73 0.519
1:4 0.0147 0.0342 0.43 0.697
Template:Crosslinker Ratio
1:20 -0.0382 0.0342 -1.12 0.346
1:30 -0.0956 0.0342 -2.80 0.068
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Summary of regression analysis.

R-sq = 76.89%

Adjusted R-sq = 38.37%

A.1.7. Analysis of Variance (ANOVA)

Template : Crosslinker = most impactful (p ~ 0.068)

Flowrate and Template : Monomer not as significant (p > 0.1).

Table A-6 shows the ANOVA summary. Although none of the factors show statistical

significance (p < 0.05), the relatively higher F-value and lower p-value for Template :

Crosslinker ratio support its dominant influence, consistent with physical observations and prior

sections.

Table A-6 ANOVA table.

Source DF Adj SS

Regression 5 0.01751
Flowrate 1 0.00121
Template : Monomer 2 0.00240
Template : Crosslinker 2 0.01389
Error 3 0.00526
Total 8 0.02278

Adj MS
0.00350
0.00121
0.00120
0.00695

0.00176

F-Value

2.00

0.69

0.69

3.96

P-Value

0.302

0.467

0.569

0.144

A.1.8. Conclusion

Taguchi DOE successfully identified the optimal composition for maximizing the current

response of Pb-IIP membrane sensors. Among the factors studied, the Template : Crosslinker

ratio was the most influential. The regression model supports the observed trends.
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Optimization
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Fig. A-3 Comparison of the dose-response curves of Pb-IIP membrane design number 6, 5 and 8
(according to table A-1)

Key Optimal Parameters:
e Flowrate: 400 pL/min
o Template:Monomer: 1:4

e Template:Crosslinker: 1:10

These parameters provide the highest current responses across all tested concentrations (0-100
ppm) of Pb** (Fig. A-3), highlighting their utility in designing highly sensitive Pb-1IP-based
membrane sensors. The observed results can be mechanistically explained by improvements in

binding site availability and matrix permeability under optimized polymer compositions.
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