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Abstract
Gold Nanoparticles-Based Tablet (AuNPs-Tablet) Sensor for Point-of-Use Applications
Zubi Sadiq, PhD

Concordia University, 2025

Point-of-use sensors are essential for environmental monitoring, food quality assessment, and
disease diagnostics, particularly in remote and in-field settings. However, sensitivity, user-
friendliness, and portability challenges limit their commercial availability, highlighting the need
for improved sensing platforms. Gold nanoparticles (AuNPs) are promising for assay
development due to their rapid synthesis, functionalization, and naked-eye colorimetric response,
making them ideal for point-of-use applications. The central objective of this research is to
develop a novel sensing platform called "lab-on-a-tablet" device as a potential point-of-use

detection system.

This thesis introduces a low-cost, portable, and user-friendly detection platform using dextran-
gold nanoparticles (dAuNPs), selected for their enhanced stability and simple synthesis. The
dAuNPs-based tablet platform was developed using a pipette-out technique, ensuring solid,
stable tablet formation (dAuNPs-Tablet). The pH-responsive behaviour of the tablet was assessed
in various ionic solutions; the concentration of dextran was optimized; and different solid
supports (e.g., composite, powder) were tested for optimal performance. The tablet-based
approach offers superior portability, storage, and transportation compared to solution-phase
dAuNPs (dAuNPs-Solution), quick production, easy handling, long-term stability (over four
years), and low-cost (~1.22 CAD/100 tablets). Spectroscopic and microscopic analyses
confirmed that dAuNPs retain their morphology during tablet formation, making dAuNPs-Tablet
a robust and user-friendly alternative. A plasmonic tablet sensor was developed using dAuNPs-
Solution, prepared under reflux conditions with post-synthetic dextran addition to facilitate tablet
formation. This sensor detected reactive small species like hypochlorite and hydrogen peroxide.
Hypochlorite was tested in swimming pool water, while hydrogen peroxide as an oxidative stress
biomarker, was analyzed in urine sample using Fenton chemistry. Additionally, the antioxidant

effect of green tea in reducing oxidative stress was explored.



Next, the tablet platform was advanced by developing a dual-functional system. We directly
transformed dAuNPs-Solution into a tablet form, eliminating reflux conditions and post-
synthetic dextran addition, resulting in the formation of a "direct tablet". This dual-functional
tablet detected uric acid via its plasmonic response and glucose through its nanozyme activity,
producing colorimetric signals within biologically relevant range. Thus, this thesis presents a
transformative tablet-based detection platform with multiplexed capabilities, advancing point-of-
use assays. The biocompatibility of dextran in dAuNPs-Tablets further highlights their potential

for biomedical applications.
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CHAPTER 1 Introduction

A sensor is a device that detects a specific stimulus and responds through a sensing element,
transduction system, and output interface. The global sensor market, valued at USD 216.76
billion in 2023, is expected to expand at a compound annual growth rate of 8.7%, reaching USD
388.69 billion by 2030 [1]. Remote settings and in-field applications widely use point-of-use
sensors to identify and quantify toxic analytes. These sensors are essential for environmental
monitoring, facilitating pollution control, and contributing to improved quality of water, soil, and
air, thereby promoting a sustainable environment [2,3]. Similarly, the healthcare field extensively
uses these sensors for prompt disease detection and patient management [4]. The need for point-
of-use sensors becomes indispensable at the time of sudden outbreaks of pathogens caused by
contaminated food or sudden disease transmission. Also, the food industry utilises these sensors
to track food quality through intelligent packaging or smart sensors [5,6]. As a result, the demand
for point-of-use detection systems has significantly increased. In recent years, the focus of
research is to design new low-cost smart sensing platforms with enhanced functional features
that facilitates portability and user-friendliness. Conclusively, the point-of-use sensors are
commonly employed in environmental monitoring, food quality assessment, and disease

diagnostics.

This study aims to develop an innovative, user-friendly, robust, and low-cost point-of-use
sensing platform for the detection of analytes useful for environmental monitoring and disease
diagnosis. The proposed sensing methodology has the potential to improve existing detection
assays through encapsulation strategy, well-suited for on-the-spot detection and in-field
evaluations, particularly in low-resource settings and developing countries. The proposed sensing
device can be utilized in other demanding applications like food quality assessment and

forensics.

1.1  Point-of-Use Sensors

Detection with point-of-use sensors is demanding because it can be performed at the time and
place of need with simple-to-use methods. More precisely, when a point-of-use sensor is used to
detect a disease biomarker, the sensor is called a “point-of-care” (POC) sensor. The POC sensors
can be used at any level of the diagnosis system, such as at home, in the emergency room of a

hospital, in clinics, in laboratories, and testing at resource-limited regions. In 2003, the World



Health Organization announced the ASSURED (Affordable, Sensitive, Specific, User-friendly,
Rapid, Equipment-Free, Delivered) framework for POC diagnostics, which became a benchmark
in 2006 [7]. Since the advances in mobile technology, a modified REASSURED (Real-time
connectivity, Ease of specimen collection, Affordable, Sensitive, Specific, User-friendly, Rapid
and Robust, Equipment-free or Environment-friendly, Deliverable to user) criteria were the
benchmark until recently. In the post-COVID era, the new REST-ASSURED (Real-time
connectivity, Ease of specimen collection, Scalable, Transferability, Affordable, Sensitive,
Specific, User-friendly, Rapid and Robust, Equipment-free or Environment-friendly, Deliverable
to user) criteria are considered for the selection of POC diagnostics [8]. Ideally, these criteria can
be followed for the development of point-of-use sensors. In point-of-use sensors, detection
methodology should be straightforward and preferably rely on sample-to-answer methods. The
main element of a sensor is the sensing probe, which is responsible for the selective and sensitive
detection of an analyte. The sensing material interacts with a targeted analyte, resulting in
molecular recognition through covalent bonding or noncovalent attractions (i.e., hydrophobic
interactions, hydrogen bonds, electrostatic forces, van der Waals forces, and 7~ interactions) [9].
Advanced functional materials like nanoparticles are suitable candidates for molecular
recognition. The recognition event resulting from the analyte-sensing probe interactions is
translated into a measurable signal through the transducer. A transducer is the detector element
that translates a concentration signal into color intensity (colorimetric sensor), enabling the
quantitative or qualitative analysis of an analyte. Sometimes a sensing probe itself acts as a
transducer (i.e., gold nanoparticles) or requires chromogenic substances (i.e., 3,3'.5,5'-
tetramethylbenzidine) to show the color output of a colorimetric detection [10]. Different
platforms have been well-explored for point-of-use sensors, including microfluidic and lab-on-a-
chip devices [11]. Commonly reported substrates are paper and polydimethylsiloxane (PDMS)
chips [12]. Other examples include threads, swabs, face masks, tape, polymeric surfaces, and
fabrics [13,14]. None of these platforms are fully established to comply with the REASSURED
criteria or have been explored for selected analytes. In this context, the exploration of innovative

sensing platforms for point-of-use sensors remains necessary.



1.1.1 Why Tablet-Based Assay is Needed?

The tablet-based assay offers a portable and user-friendly platform for the detection of analytes
for in-field applications. Tablet as a detection platform was first introduced in early 1940s [15]
but it became popular after Jahanshahi-Anbuhi ef al. research in 2014 [16]. Tablets are cost-
effective and pre-measured quantities of reagents can be encapsulated into the tablet that possess
long shelf life. Tablets can be developed from liquid reagents or powdered chemicals by casting
or pressing techniques, respectively. Jahanshahi-Anbuhi et al. proposed a tablet system from
liquid reagent for the detection of a malathion pesticide in water. A known concentration of
acetylcholinesterase enzyme and indoxyl acetate chromogenic substrate were encapsulated in
two separate tablets by casting their liquid solutions in molds [16]. The encapsulation of reagents
by pullulan has increased their shelf-life from weeks to months, which is an important criterion
for developing ready-to-use assay kits. Tablet-based assays by direct compression of reagent
powders were reported by Udugama and co-workers [17]. Initially, tableting reagents were
lyophilized into powder using trehalose sugar due to their stabilizing property. Then, a pre-
measured amount of the lyophilized reagent powder was mixed with mannitol sugar due to its
bulk-forming property, followed by the compression of powder into ready-to-use tablets. These
color-coded tablets stabilized heat-sensitive reagents and showed a broad range of applicability
in detection (i.e., enzyme-based immunoassays and microbead diagnostics) [17]. Since then,
tablet-based assays have been reported for different applications such as glucose and hepatitis B
detection [17,18]. Also, multi-step assays have been reported using multi-layered tablets that

enabled the sequential release of reagents [19].

In short, the tablet-based platform has great potential to produce user-friendly kits for in-field
applications. However, a key challenge of tablet-based assays is their ability to encapsulate only
selected reagents/chemicals, which limit the development of new assays. Also, only selected
methodologies have been tested using the tablet platform, thus, innovative approaches are needed

that can significantly expand the applicability of tablet-based detection in point-of-use devices.

1.1.2  Why Gold Nanoparticles (AuNPs) is Selected?
Gold nanoparticles (AuNPs) have been successfully applied in various applications worldwide
from food and water monitoring to disease diagnostics and forensics [20,21]. Their role in sensor

fabrication is appreciated due to their simple preparation, diversified surface functionalization,



high extinction coefficient, unique optical and catalytic properties, high surface-to-volume ratio,
and visual observation without using any advanced instruments [20,22,23]. Mostly, AuNPs act as
a complete nanoprobe as they provide a platform for molecular recognition and a signal output.
They act as a transducing element and responsible for converting the molecular recognition
process into a measurable optical signal in the form of a color change. A change in color from
pink to purple happens upon aggregating, making them ideal components of colorimetric

Sensors.

The AuNPs-based plasmonic sensors work based on their optical property where the morphology
of nanoparticles is highly important. In contrast to plasmonic sensors, AuNPs themselves did not
contribute to visual read-out in nanozyme sensors so a chromogenic substance such as 3,3',5,5'-
tetramethylbenzidine (TMB), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS), or
o-phenylenediamine (OPD) is required to generate a color signal [24]. The choice of
chromogenic agent in a sensing system depends on different parameters such as pH, temperature,
choice of analyte, and surface functionality of AuNPs. The operational concept of AuNPs-based

plasmonic and nanozyme sensors is illustrated in Figure 1.1.
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Figure 1.1 Functional overview of gold nanoparticles-based detection system.
A) Basic components of a plasmonic sensor; B) Illustration of AuNPs-based nanozyme sensor

Among a broad range of stabilizers, polysaccharides such as dextran, pullulan, alginate,
cellulose, guar gum, and chitosan are famous capping agents to stabilize AuNPs due to their
abundant oxygen-rich functional moieties in their structure [25,26]. These carbohydrates tightly

bind with nanogold clusters via electrostatic interactions and offer steric and electrostatic



stabilization. Additionally, polysaccharides act as a reducer to facilitate the reduction of Au’" to
Au® making its synthesis eco-friendly, facile, one pot, and inexpensive [27]. The synthesized
AuNPs get embedded and stabilized within the polymer matrix. Such AuNPs are biocompatible
due to their non-toxicity nature and are suitable for biomedical applications. Although
polysaccharide-AuNPs present enormous potential in scientific research, their instability under
physiological conditions (e.g., variations in pH, ionic strength, and temperature) prevents further
uses [28]. Colloidal solution of AuNPs (AuNPs-Solution) surrounded by polysaccharides suffers
unwanted aggregation because of fungus attack and/or deposition of particles at the bottom if
stays at room temperature for a longer duration [29]. Such challenges have been overcome by
presenting alternate platforms of solution phase AuNPs where polysaccharides act as a nano-
template. Solid phase AuNPs (i.e., powder, hydrogel, and nanocomposite) require special
treatment of AuNPs-Solution such as centrifugation, spray drying, labor-intensive experimental
steps etc [29,30]. Also, these solid AuNPs require multiple weighing and careful optimization of
experimental conditions. To overcome these limitations associated with AuNPs, there is a need to
introduce new user-friendly platforms with enhanced stability, simple fabrication, easy storage,

and transportation at room temperature.

1.2 Motivation of this Research Work

The AuNPs-Solution has been successfully applied in various applications worldwide, from food
and water monitoring to disease diagnostics and forensics [20,21]. There are several challenges
associated with AuNPs and point-of-use detection platforms that limit their applicability and
reliability. I) the AuNPs dispersion in solution is highly prone to environmental changes (i.e.,
temperature, salt), and AuNPs quickly aggregate; thus, there is a need to improve the stability
profile of AuNPs, II) transportation of AuNPs-Solution is challenging due to their low stability
and difficult handling, III) the distribution of AuNPs varies from batch-to-batch synthesis and
raising reproducibility issues that reduce the reliability of colorimetric assays, hence hindering
their progression towards commercialization. On the other hand, solid format AuNPs, such as
lateral flow immunoassays (LFIAs), are user-friendly due to their simplicity and low cost.
However, they lack sufficient accuracy and exhibit relatively low sensitivity [31,32]. To
overcome these challenges, there is a need to introduce a new stable platform that is easy to
handle and transport and produces accurate, reproducible, and sensitive outcomes in the

detection of targeted analytes.



Despite the increasing scientific research, only a few devices meet all REASSURED criteria with
varying levels of complexity, cost, and other factors. The main drawbacks of the existing devices
include a lack of portability and sensitivity. Hence, the whole motivation was to introduce a new
sensing platform that is portable, user-friendly, ultra-sensitive, and has the capability of
multiplex detection. We developed the device by encapsulating dextran-gold nanoparticles
(dAuNPs) and named it a tablet sensor (dAuNPs-Tablet). The encapsulated dAuNPs in a tablet
can be released at the time of use, showing a sensitivity comparable to the dAuNPs solution.
Hence, the dAuNPs-Tablet is a promising approach to solve stability, handling, and
transportation issues. The tablet sensor facilitates immediate testing for field applications and at-

home testing for health monitoring and disease diagnostics.

1.3 Thesis Aim and Objectives

This PhD research is motivated by the growing demand for rapid, reliable, and user-friendly
point-of-need detection platforms with real-world applicability. Drawing on the transformative
potential of sensor technologies to bridge the gap between laboratory research and market-ready
solutions, this work contributes to the broader vision of developing cost-effective and accessible

tools for environmental monitoring and disease diagnostics.

The central objective of this research is to develop a novel sensing platform called "lab-on-a-
tablet" device as a potential point-of-use detection system. Utilizing a unique encapsulation
strategy, the aim is to produce a portable, robust, and easy-to-use tablet-based sensor suitable for
in-field applications. In this thesis, the fabrication of a plasmonic tablet and a dual-functional

tablet for in-field detection is presented.

1.3.1 Methodology

The methodology of this research work can be outlined as follows:

o Preparation of AuNPs-Solution using conventional and eco-friendly synthetic methods.

o Encapsulation of colloidal nanogold solution into a solid format, making it an easy-to-
handle nanoscale material.

o Characterization of a tablet using various techniques, such as ultraviolet-visible
spectroscopy (UV-vis), Fourier transform infrared spectroscopy (FTIR-ATR),
transmission electron microscopy (TEM), dynamic light scattering (DLS), X-ray



diffraction spectroscopy (XRD), differential scanning calorimetry (DSC), and atomic
force microscopy (AFM).

o Optimization of assays for point-of-use detection.

o Exploring the plasmonic behaviour of the tablet sensor for detecting an environmental
analyte, hypochlorite (OCI ), and a disease biomarker, hydrogen peroxide (H20>).

o Development of a dual-functional tablet as an advancement in tablet technology.

o Exploring the dual-detection capabilities of a dual-functional tablet as both a plasmonic

and nanozyme sensor, considering uric acid and glucose as biomarkers.

1.4  Organization of the Thesis

This thesis has been organized into following 7 chapters.

Chapter 1 — Introduction: This chapter highlights the significance of point-of-use detection
system, the importance of gold nanoparticles (AuNPs), and the challenges associated with their
applications in sensor technology. I describe the motivation and objectives of the research, then
move on to the organisation of the thesis. Finally, I report the research outcomes in the form of

publications and participation in conferences.

Chapter 2 — An Overview of Gold Nanoparticles-Based Colorimetric Assays: From
Fundamentals to Advanced Applications: The research journey starts with a comprehensive
overview of the literature that frames the thesis research area. This chapter emphasises the
exponential growth in research on AuNPs-based colorimetric sensors for point-of-use
applications. It examines recent advancements in their design and performance, starting with
AuNPs characteristics, synthesis, and functionalization. Mechanisms are categorized into two
types: surface plasmon resonance (SPR)-based sensors and nanozyme-based sensors. Detection
of inorganic, organic, and biological pollutants in environmental and food samples is thoroughly
reviewed. The study concludes by emphasizing the need for improved sensitivity, reproducibility,
multiplexing, and cost-effectiveness to enhance rapid testing and mitigate environmental
pollution and food contamination. This work has led to a publication in Critical Reviews in

Analytical Chemistry journal [10].

Chapter 3 — Development of a Plasmonic Tablet using Dextran-Gold Nanoparticles
(dAuNPs) and its pH-Sensitive Behaviour: The next goal of my project was to fabricate a

solid, sensitive detection platform in a ready-to-use format for point-of-use applications. This



study presented a portable, cost-effective tablet platform (1.22 CAD per 100 tablets) using
dextran-gold nanoparticles (dAuNPs-Tablet), fabricated through a ligand exchange reaction
between citrate-gold nanoparticles solution and dextran powder. The tablet's pH-responsive
behavior was studied, which showed stable dispersion in neutral and alkaline conditions and
controlled concentration-dependent aggregation in acidic environments, suitable for the detection

of acid labile analytes. This work has led to a publication in the ACS Omega journal [33].

Chapter 4 — Optimization of the Plasmonic Response of a Tablet for Point-of-use Detection
of Environmental Analyte: In this chapter, a tunable plasmonic sensor was developed by
varying dextran content in the dAuNPs-Solution. The dAuNPs-Solution was synthesized using
one-pot wet chemical reduction method using dextran and gold salt in alkaline media. Liquid and
solid formats, including tablet, powder, and composite, were prepared and characterized using
UV-vis spectroscopy, TEM, DLS, and zeta potential analysis. Dextran content significantly
influenced surface charge and hydrodynamic size, with low dextran content (0.01%) achieving
the highest sensitivity, detecting hypochlorite (OCl ) concentrations as low as 50 uM. The
sensor demonstrated selectivity and real-world applicability through interference analysis and
swimming water sample testing. Furthermore, a 20X concentration of dAuNPs was achieved
without centrifugation or morphological changes, highlighting the method's simplicity,
scalability, and cost-effectiveness. This work has led to a publication in the Microchimica Acta

journal [34].

Chapter 5 — Fabrication of Plasmonic Tablet and Swab Sensors for Point-of-care Detection
of an Oxidative Stress: This chapter focuses on the detection of a disease biomarker using tablet
and swab sensors. We utilized a nanoscale, reagent-free approach for colorimetric detection of
urinary hydrogen peroxide (H20:), a key oxidative stress biomarker. Initially, the colloidal
dAuNPs-Solution was transformed into tablet (dAuNPs-Tablet) and cotton swab (dAuNPs-
Swab) formats, leveraging their plasmonic properties for sensitive detection. The H>O» detection
follows Fenton chemistry, triggering dextran degradation, which induces nanoparticle
aggregation and results in a color change visible to the naked eye. This phenomenon is enhanced
by sodium chloride. Detection limits were 50 uM (tablet) and 100 uM (swab) in artificial urine.
We also explored the effect of antioxidant therapy in reducing oxidative stress. Green tea

antioxidants reduced urinary H>O; levels in volunteers, highlighting potential health benefits.



These portable sensors advance oxidative stress diagnostics and point-of-care platforms. This

work has led to a publication in the ACS Applied Nano Materials journal [35].

Chapter 6 — Development of a Dual-Functional Nanogold Tablet for Biomedical Sensing of
Glucose and Uric acid: This chapter advances tablet technology to dual functionality,
transforming the plasmonic tablet into a dual-functional tablet. We describe a colorimetric tablet
sensor with two functions that uses dAuNPs-Solution to detect uric acid and glucose in urine.
Uric acid detection is achieved utilizing the plasmonic behaviors while glucose detection is
performed considering the nanozyme properties of dAuNPs. This customizable, cost-effective,
dual-functional platform advances POC testing, enabling rapid, accurate diagnostics. This work

has led to a publication in the Nanoscale Advances journal [36].

Chapter 7 — Conclusion and Future Directions: This chapter summarizes the key findings of
the research on developing the plasmonic tablet platform and its advancement into a dual-
functional tablet for point-of-use environmental monitoring and disease diagnosis. Additionally,

it outlines future research directions and provides recommendations for further improvements.

To comply with the Concordia thesis regulations, figures and tables may have been modified

from the published article.

1.5  Research Contribution

The majority of the research presented in this thesis was conducted by the author of this thesis.
Amongst the co-authors in the journals, Dr. Sana Jahanshahi-Anbuhi has conceived and
supervised all the study and investigations presented in the thesis. Seyed Hamid Safiabadi Tali
did brainstorming session in organizing thoughts and did review and give useful comments to
enhance the clarity of the manuscripts. Muna Al-Kassawneh and Maryam Mansuri assisted me in
formal analysis, resources, and optimization of the methodology developed for hypochlorite and
glucose detection respectively. Hasti Hajimiri helped in drawing of graphics related to the

colorimetric assays published in Critical Reviews in Analytical Chemistry.
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applications, Nanoscale Advances (2025).
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*This research is presented in chapter 6.

» Zubi Sadiq, Muna Al-Kassawneh, Seyed Hamid Safiabadi Tali, and Sana Jahanshahi-Anbubhi,
Dextran-gold nanoparticle-based tablets and swabs for colorimetric detection of urinary H>O»,
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Co-author work
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scheme to enhance the clarity of the manuscript.

» Seyed Hamid Safiabadi Tali, Muna Al-Kassawneh, Maryam Mansouri, Zubi Sadiq, and Sana
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editing, visualizing, and providing thorough feedback to improve the clarity of the manuscript.
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*My contribution to this research includes project administration, review and editing,

visualization, and providing feedback to enhance the readability of the manuscript.

» Seyed Hamid Safiabadi Tali, Hasti Hajimiri, Zubi Sadiq, and Sana Jahanshahi-Anbubhi,
Engineered detection zone to enhance color uniformity on paper microfluidics fabricated via

Parafilm®-heating-laser-cutting, Sensors and Actuators B: Chemical, 380, 133324 (2023).

https://doi.org/10.1016/j.snb.2023.133324

*My contribution to this research includes review and editing, drawing chemical reactions,

visualization, and providing feedback to the manuscript.

* Hasti Hajimiri, Syed Hamid Safiabadi Tali, Muna Al-Kassawneh, Zubi Sadiq, and Sana
Jahanshahi-Anbuhi, Tablet-based sensor: a stable and user-friendly tool for point-of-care

detection of glucose in urine, Biosensors 13 (9): 893 (2023).
https://doi.org/10.3390/bi0s 13090893

*My contribution to this research includes participating in brainstorming sessions, data curation,

review and editing, visualization, and give feedback throughout the project.

* Muna Al-Kassawneh, Zubi Sadiq, and Sana Jahanshahi-Anbuhi, Pullulan-stabilized gold
nanoparticles tablet as a nanozyme sensor for point-of-care applications, Sensing and Bio-

Sensing Research, 38, 100526 (2022).
https://doi.org/10.1016/j.sbsr.2022.100526

*My contribution to this research includes conceptualization, project administration, drawing

graphics, review and editing, visualization, and providing feedback throughout the project.

* Seyed Hamid Safiabadi-Tali, Jason J. LeBlanc, Zubi Sadiq, Oyejide Damilola Oyewunmi,
Carolina Camargo, Narges Armanfard, Selena Sagan, and Sana Jahanshahi-Anbuhi, Tools and
techniques for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)/COVID-19
detection, Clinical Microbiology Reviews, 34 (3): 1-63 (2021).
https://journals.asm.org/doi/10.1128/CMR.00228-20
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https://www.sciencedirect.com/journal/sensors-and-actuators-b-chemical/vol/380/suppl/C
https://doi.org/10.1016/j.snb.2023.133324
https://doi.org/10.3390/bios13090893
https://www.sciencedirect.com/journal/sensing-and-bio-sensing-research
https://www.sciencedirect.com/journal/sensing-and-bio-sensing-research
https://www.sciencedirect.com/journal/sensing-and-bio-sensing-research/vol/38/suppl/C
https://doi.org/10.1016/j.sbsr.2022.100526
https://journals.asm.org/doi/10.1128/CMR.00228-20

*My contribution to this research includes browsing relevant literature, organizing ideas into

well-structured categories, and visualizing the manuscript.

1.5.2 Conferences
* Zubi Sadiq and Sana Jahanshahi-Anbuhi, “An advancement in tablet technology: From
plasmonic to nanozyme-based detection”, CIC Montreal Annual Symposium 2025, Montreal,

Canada, 26™ May 2025 (Poster).

* Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Plasmonic tablet sensor: A user-friendly tool for
uric acid monitoring”, Chemical Engineering Research Day, Montreal, Canada, 31% March 2025

(Oral).
#This participation was recognized with the Presentation Award, 2™ place.

* Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Fabrication of a plasmonic swab sensor for the

detection of oxidative stress biomarker”, Chemical Engineering Research Day, Montreal,

Canada, 27" March 2024 (Oral).

» Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Plasmon-based sensing platforms for colorimetric
detection of hypochlorite (OCI ) in environment”, PEOPLE 2023 conference, Montreal, Canada,
7-11" August 2023 (Poster).

*This participation was recognized with the first prize, the “‘Student Poster Presentation Award”.

* Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Plasmonic dextran-gold nanoparticles (dAuNPs)
probe as a user-friendly sensor for point-of-care detection of the oxidative stress biomarker”,
Canadian Chemical Engineering Conference, Calgary, Canada, 29" October-01° November 2023
(Oral).

*This participation was recognized through financial support from various sources, including the
Conference and Exposition Allowance (CAD 750), the GCS Conference Travel Support (CAD
500), and the GSA’s Conference Funding (CAD 125.27) for the CSChE 2023 International

Conference.

* Zubi Sadiq and Sana Jahanshahi-Anbuhi, “A tunable plasmonic nanosensor; Fabrication
approach and its application to detect hypochlorite (OCI )”, Chemical Engineering Research
Day, Montreal, Canada, 17" March 2023 (Oral).
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» Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Portable AuNPs tablet as a colorimetric sensor”,

Chemical Engineering Research Day, Montreal, Canada, 17-18™ March 2022 (Oral).
*This participation was recognized with the “Outstanding Presentation Award” valued CAD 200.

* Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Encapsulated nanoparticles into biopolymer tablet
as next-generation material for point-of-use applications”, 6™ Virtual Edition of Polymers,

Plastics, and Composites, 08-09" December 2022 (Oral).

*This participation was recognized through financial support under the Concordia University

Conference and Exposition Award (CAD 218).

» Zubi Sadiq and Sana Jahanshahi-Anbuhi, “AuNPs-dextran as next generation nanoprobes”,
CCEC 2021 — 71* Canadian Chemical Engineering Conference, Montreal, Canada, 24-27%
October 2021 (Oral).

*This participation was recognized through financial support under the Concordia University

Conference and Exposition Award (CAD 368).

» Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Colorimetric sensor for phosphate detection”,

Chemical Engineering Research Day, Montreal, Canada, 30-31% March 2021 (Oral).

» Zubi Sadiq and Sana Jahanshahi-Anbuhi, “Sensing applications of AuNPs in environmental
monitoring and diagnostic assessment”, Chemical Engineering Research Day, Montreal, Canada,

16-17™ March 2020 (Oral).

1.6  Awards and Recognition

¢ Fonds de recherche du Québec — Nature et Technologies (FRQNT) B2X scholarship
(CAD 70,000), Govt. of Quebec, Canada (Summer 2022 — Summer 2025).

¢ Concordia International Tuition Award of Excellence (CAD 35,435), Concordia
University, Montreal, Canada (Winter 2021 — Summer 2023).

¢ Concordia University Graduate Doctoral Incentive Fellowship (CAD 56,000), Concordia
University, Montreal, Canada (Fall 2020 — Summer 2024).

¢ Steven Goldberg Entrance Bursary (CAD 5,000), Concordia University, Montreal,
Canada (Fall 2019).
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1.6.1 Student Leadership and Social Mobilization

I actively participated in Girls Summer Engineering and Technology Program for 4 years.

o Chemo/biosensors in modern life, GirlSET 2025

o Chemo/biosensors from lab to everyday life, GirlISET 2024
o Chemo and biosensors, GirlSET 2021

o Smart paper to detect water contamination, GirlSET 2020

I am the part of the selected cohort of students to be part of an innovation lab challenge
“Innovations for Concordia Classrooms, Learning Spaces and Technologies: A Special Look at
the Loyola Campus” with Centre for Teaching and Learning (CTL) and Lab for Innovation in
Teaching & Learning (LITL).

I presented in the 2023 Concordia 3-Minute Thesis (3MT) competition. The 3MT is a
competition challenges students to distill complex research into a clear, jargon-free presentation
that engages a non-specialist audience — all in just under three minutes and using a single, static

PowerPoint slide.

I am responsible for maintaining the lab’s chemical inventory and managing waste disposal.
Also, I am a member of the volunteer committee responsible for organizing Chemical
Engineering Research Day, where I chaired technical sessions, coordinated schedules, and

managed registered presenters.
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CHAPTER 2 An Overview of Gold Nanoparticles-Based Colorimetric

Assays: From Fundamentals to Advanced Applications

This chapter is reproduced from the article published in Critical Reviews in Analytical
Chemistry, 1-36 (2022). Additionally, recent publication from 2022 to 2025 have been included
to provide updated and detailed information.

In this chapter, a comprehensive viewpoint is discussed regarding an exponential increase in the
research on gold nanoparticles (AuNPs)-based colorimetric sensors to revolutionize the point-of-
use sensing devices. The chapter begins with the characteristics of AuNPs, followed by a brief
explanation of synthesis and functionalization methods. Then, the mechanisms of AuNPs-based
sensors are comprehensively explained in two broad categories based on surface plasmon
resonance characteristics of AuNPs and their peroxidase-like catalytic properties (nanozyme).
Surface plasmon resonance-based colorimetric sensors further categorize into aggregation, anti-
aggregation, etching, growth-mediated, and accumulation-based methods depend on their
sensing mechanisms. On the other hand, peroxidase activity-based colorimetric sensors are
divided into two methods based on expression or inhibition of peroxidase-like activity. Next, the
analytes in environmental and food samples are classified as inorganic, organic, and biological
pollutants, and recent progress in detection of these analytes are reviewed in detail. Finally,

conclusions are provided, and future directions are highlighted.
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2.1 Introduction

Gold nanoparticles (AuNPs) have gained much interest during the past decades, and their
applications and characteristics have been investigated in many disciplines, from physics and
chemistry to biology and medicine. Historically, the use of AuNPs dates back to the 4™ century
A.D. when the Romans used them for producing gold ruby glasses, with the Lycurgus cup as a
famous example [37,38]. Nonetheless, the modern scientific evaluation of the AuNPs began from
1850s, when Michael Faraday investigated the change in the color of Au particles with respect to
their size [39]. Then, through the 20" century, reliable and efficient methods for the synthesis of
AuNPs with different characteristics were developed, followed by the upsurge of publications
and applications since the beginning of the 21% century [40-44]. AuNPs are usually used in the
size range of 2-100 nm and have been developed in several shapes [45]. It is due to their
outstanding characteristics such as high surface-to-volume ratio, straightforward synthesis, high
stability, unique optical, catalytic and electrical properties, controllable size, biocompatibility,
and versatile surface chemistry amenable to functionalization that they have been used in various
applications, including therapeutics, forensics, imaging, and particularly detection [46-51].
Figure 2.1 displays the timeline of advancements in AuNPs research and applications since

Romans times.
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3158 publications in 2021 based on

G. Mie ) G. Frens Web of Science
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Figure 2.1 Timeline of advancements showing important developments and applications of
AuNPs.
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From left to right, a Lycurgus cup of Roman heritage was created holding Au-Ag NPs to obtain a
dichroic effect [37,38]. Then, Michael Faraday made the discovery of gold hydrosols that
pushed the gold research first time in 1857 [39]. In 1908, Mie theory was discovered as
fundamental understanding of the NPs interactions with electromagnetic radiation [52,53].
Afterwards, Turkevich method of AuNPs synthesis in the range of 10-50 nm [54]. In 1960,
Feynman mentioned in a famous lecture that “There’s plenty of room at the bottom” meaning at
the nanoscale[55]. In 1971, Faulk and Taylor used AuNPs in biomedical field for
immunochemical staining [56] Frens reported an important modification in Turkevich method to
achieve wide range 16-147 nm of AuNPs [57] Then, Brust and Schiffrin had fabricated AuNPs
in less than 10 nm in two phases [58]. First report of functionalization of AuNPs as a
sensor[59,60]. In 2004, Li and Rothberg reported the detection of complementary DNA (cDNA)
using AuNPs [61]. Total 3158 publications had been reported in the detection and sensor field
based on Web of Science.

Accurate and convenient detection of chemical and biological agents is of high importance for
various applications such as food and environmental monitoring, disease diagnostics, and
forensics [62—66]. Chemical and biochemical sensors have two main components: 1) target
molecule recognition which is the specific binding of the sensor reagents to the target analytes
and 2) transduction, which is the act of reporting the binding between the sensor reagent and the
analyte. Both components are essential in order to have a sensor with high sensitivity and
specificity [67,68]. Among various detection techniques, colorimetric sensors have attracted
much attention due to their ease-of-use, relative simplicity in design, and allowing for
equipment-free readout with naked eyes that makes them especially useful for on-site detection
[69]. The incorporation of AuNPs in colorimetric sensors further accelerated this area, with
AuNPs greatly enhanced signal transducing and opened new gateways for exploration [70]. So
far, AuNP-based colorimetric assays have been utilized to detect various types of analytes, e.g.,
small molecules [71,72], nucleic acids [73,74], proteins [75,76], and metal ions [77-79]. Also,
these assays have been coupled with convenient device formats such as lateral flow assay, paper-

based, and microfluidic devices to enable rapid, portable, and low-cost detection tools [80—82].

Compared to other metals (e.g., cerium, zinc, and palladium) and polymer nanoparticles (e.g.,
silica and latex), AuNPs have been the preferred choice for colorimetric applications mainly due
their excellent surface plasmon resonance, resulting in a characteristic color formation. Also,
among other plasmonic materials such as silver and platinum, AuNPs are favored due to various
reasons. For example, silver nanoparticles (AgNPs) have high toxicity profile and impart adverse

health effects compared to AuNPs [83]. Moreso, AgNPs are light sensitive and special treatment
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is required to improve their photostability [84]. Platinum nanoparticles (PtNPs) are usually used
as a nanozyme and require a chromogenic agent to produce visible color change [85,86]. Hence,
AuNPs have become limelight of research for scientists, researchers, and nanotechnologists.
Recent years have witnessed a significant increase in the number of publications related to
AuNPs, and many informative reviews have been published discussing colorimetric AuNPs-
based sensors.[87,88] A few of them have addressed the use of paper-based microfluidic devices
for environmental analysis.[89,90] Nonetheless, rapid progress in this area justifies the need for
an updated compilation of information. This state-of-the-art review provides a comprehensive
viewpoint on the AuNPs related surface plasmon resonance-based colorimetric sensors and
peroxidase activity-based colorimetric sensors in environmental monitoring and food assessment
with focus on recent publications. Of course, not all publications can be covered in a single
paper, but this review provides an overview of the significant advances in these areas. First,
synthetic methods, properties of AuNPs, and mechanisms of colorimetric detection with AuNPs
are discussed briefly, followed by in-depth review of the significant publications in
environmental and food monitoring. Furthermore, key findings of the references used are
summarized in tables S2.1-S2.3 for better comparison of recent colorimetric approaches. Finally,
current challenges and future directions are highlighted to point-out less-explored domains of

AuNPs-based colorimetric sensors and pave the way for future advancements in this area.

2.2 Synthesis and Functionalization of AuNPs

2.2.1 Synthesis

Significant efforts have been dedicated over the past half century to develop and understand
synthesis strategies for AuNPs. These strategies are divided into two broad categories of top-
down and bottom-up, with the latter being the more effective and common one [91,92]. The top-
down methods create nanoparticles by removal from bulk golds using techniques such as
photolithography [93], laser ablation [94], ion sputtering [95], and aerosol technology [87,96].
Conversely, the bottom-up approaches create AuNPs by reducing the Au ions into Au atoms and
subsequently clustering the atoms into nanoparticles, followed by a stabilization step done by
capping agents which hinder the agglomeration of the nanoparticles [87,96]. The bottom-up

approaches mainly divide into the two categories of chemical and green methods [87].
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Of note, special focus has been on understanding the relations between different strategies and
their parameters such as temperature, concentrations, and pH with the characteristics of the
resultant AuNPs including size, shape, stability, absorption maximum, and applications to enable
controllable synthesis of AuNPs [87,88]. So far, AuNPs in the size range of ~1.8 to 190 nm can
be readily synthesized, and the shapes include nanosphere, nanorod, nanostar, nanoshell, and
nanocage [45,87]. Figure 2.2A-E represents various shapes, sizes, colors, functional ligands,
stabilization forces, synthetic approaches, and sensor types of AuNPs. For colorimetric detection,
the mostly used AuNPs are nanospheres, with the chemical methods being the mostly used ones

for the synthesis [45].

2.2.1.1. Chemical synthesis of AuNPs

In chemical synthesis, reactions occur in an aqueous or organic medium in the presence of a
chemical reducing agent. The most common chemical synthesis method is the Turkevich-Frens
method owing to its relative simplicity, controllable size, stability of the prepared colloidal
AuNPs, as well as the relatively loose coating of citrates on AuNPs that can be easily replaced by
other ligands with desired functionality [87]. Other common methods include the Brust-Schiffrin
method and seed-mediated growth. These methods are reviewed in detail elsewhere [45] and are

briefly discussed here.

The Turkevich-Frens method, also called sodium citrate reduction method or classical citrate
method, was originally developed by Turkevich in 1951 based on many reported studies [88,97].
The basic principle of this method involves reduction of Au ions (Au*") in chloroauric acid into
Au atoms (Au’) by a reducing and capping agent, such as citrate, in reactions that undergo a
series of color change from light yellow to ruby red [88,98]. However, the spherical AuNPs
prepared by this method had a narrow size range of 10-50 nm, which limited their applications
[99]. To solve this issue, in 1973, Frens changed the ratio of sodium citrate and gold chloride and
achieved a size range of 16-147 nm by different ratios, after which the Turkevich-Frens method
was established and used extensively in various applications [100]. Since then, variations of the
method have been reported, including changes in the pH, reducing agents, and stabilizing agents
to get varying sizes and stabilities [45,88]. While the Turkevich-Frens method is fairly
reproducible and is commonly used, it has its own limitations, including the fact that the size

range of stable spherical AuNPs is 10-50 nm beyond which the nanoparticles will aggregate and
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become less spherical, the susceptibility to environmental conditions such as pH, ionic strength,

and salt concentration depending on the stabilizing agent used, and relatively low yield [88].

The Brust-Schiffrin method was first introduced in 1994 and involves a two-phase liquid-liquid
reaction inspired by the Faraday’s two-phase system [101]. In this procedure, the AuCly is
transferred to the organic phase (i.e., toluene) by a phase-transfer reagent such as
tetraoctylammonium bromide (TOAB) from its aqueous solution, followed by reduction using
sodium borohydride (NaBH4) in the presence of alkanethiol as the stabilizing agent [102]. The
reaction mixture goes from orange to deep brown upon the addition of NaBHs, and the
synthesized AuNPs are spherical in the size range of 1.5-5.2 nm [88]. The size of the prepared
AuNPs can be controlled by reaction conditions such as temperature, thiol/gold ratio, and
reaction rate [88]. Also, several modifications of the Brust-Shiffrin method have been introduced
using different thiol containing molecules [103—106]. Of note, one of the main advantages of this
method is the direct synthesis of thiol-functionalized AuNPs, which have many applications in
sensors area. Other advantages include thermal and air-stability as well as dispersibility in
organic solvents without irreversible aggregation [88,107]. Nonetheless, the Brust-Schiffrin
method is prone to limitations such as less dispersibility of the prepared AuNPs and the use of
organic solvents in the process which may limit the use of AuNPs in some biological

applications.

Another common method for the synthesis of AuNPs is the seed-mediated growth which became
more common after reported by Wiesner ef al. in 1989 in a procedure similar to the Faraday’s
original colloidal synthesis method [108]. While the seed-mediated growth is the most common
method for the synthesis of rod-shaped AuNPs, spherical AuNPs are also reported, with a size
range of 1.5-86 nm [45]. In this procedure, first, gold salts are reduced by a strong reducing
agent such as citrate or NaBH4, resulting in small size AuNPs that act as seeds for the fabrication
of larger AuNPs. Then, a solution of AuNPs is added to the mixture in the presence of a weak
reducing agent such as ascorbic acid, followed by addition of a structure directing agent that
prevents further nucleation and enhances the growth of the AuNPs. Overall, since this method
uses step-by-step increase of the size, it allows for the controllable synthesis of AuNPs with

desired shape and size. Nonetheless, the relatively large number of influential parameters makes
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the process difficult to control and optimize, including temperature, reducing agent and precursor

concentrations, seed concentration, and the rate of the addition of the reducing agent [88].

Altogether, chemical methods are the most common methods for the synthesis of AuNPs due to
their simplicity, ease-of-operation, and allowing for various shapes and sizes of AuNPs. Of note,
in addition to the methods mentioned above, many other approaches have been reported in the
literature using precursors other than chloroauric acid, various stabilizing reagents and

techniques, and different synthesis procedures [45].

2.2.1.2. Green synthesis of AuNPs

In order to produce biocompatible AuNPs in eco-friendly processes, green synthesis methods
have emerged which aim to reduce or eliminate the harsh chemicals used and produced in the
synthesis of AuNPs. These procedures are divided into the two broad categories of physical and

biological methods.

Physical techniques utilize the energy of electromagnetic or acoustic waves as well as particle-
like radiation to induce chemical reactions in the solution, leading to the reduction of Au ions
without the need for chemical reducing agents [88]. These techniques include gamma and X-ray
radiations techniques [109—114], microwave-assisted methods [115-120], ultraviolet (UV) [121],
laser ablation [122], ultrasonic [123,124], and electron beam irradiation [125], and encompass
methodologies such as photochemical, thermolytic, and sonochemical procedures. The gamma
irradiation allows for controllable synthesis of AuNPs, with spherical and nanorod AuNPs in the
size range of 2-22 nm been reported. Photochemistry is a relatively simple method that uses a
light source like sun or UV light to produce radicals in the system that act as the reducing agent
to form AuNPs, while the whole reaction can occur within seconds to few minutes [126,127].
Microwave-assisted methods produce heat in the system that leads to reduction, and the
procedure is rapid [128—130]. Overall, the physical methods allow for synthesis of AuNPs with
controllable size and structure with reduced time and the possibility of simultaneous synthesis
and sterilization of the products. Nonetheless, they have limitations such as low availability of
some of the technologies such as X-rays and gamma irradiators, as well as susceptibility of some

of the materials to the radiations, especially capping and stabilizing reagents.

Biosynthesis of AuNPs have gained much interest as a cost-effective green method that applies

plant-based compounds and extracts (e.g., leaf, flower, and root) [87,131,132], microorganisms
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(e.g., bacteria, fungi, and algae) [87], and biomolecules (e.g., proteins, amino acids,
carbohydrates) [133—135] in the production of AuNPs. Using plant-based compounds is a facile
method for producing various sizes of AuNPs (2-300 nm) that requires no additional stabilizers
and capping agents [87]. Synthesis with microorganisms can be carried out via intracellular and
extracellular methods, but the latter one is favored as it requires less purification steps and hence
takes less time and effort. Also, the AuNPs produced with microorganisms showed less
cytotoxicity on human cells compared to those of the typical synthesis methods [136]. In
addition, studies have shown that AuNPs can be synthesized with biomolecules, including
proteins (e.g., sulfite reductase) [137], amino acids (e.g., histidine) [138], and carbohydrates
(e.g., dextrose) [139]. Of note, one possible issue that may occur when using microorganisms is
the improper mixing of the solution that can lead to heterogenous results and products, thus
should be carefully controlled [88]. Also, the mechanisms of biological synthesis are not fully
understood, possibly due to the large number of interacting molecules, and more research is

required to enable more efficient controllable synthesis by biological means.

In conclusion, both chemical and green synthesis methods have their own pros and cons that
need to be considered with respect to the required application [140]. The chemical methods offer
more flexibility in AuNPs surface chemistry and are simple, fast, and high yielded. Also, the
AuNPs produced by chemical methods have reduced dispersity and high thermal stability.
Nonetheless, the toxicity of the chemicals used in the chemical synthesis processes, or the by-
products of the reactions may have detrimental effects on the environment and living organisms,
raising concerns for their large-scale production and limiting their use in biological applications,
respectively [88]. On the other hand, green route is beneficial due to being cost-effective,
sustainable, non-toxic, and eco-friendly which produces less pollution and is considered safer for
human health, making them suitable for biomedical applications. However, regarding the
biosynthesis of AuNPs, plant extracts have little diversity in functional groups resulting in
restricted choice of surface functionalities around AuNPs. Moreover, the procedure is often time-
consuming due to issues related to the extraction of raw materials, often low yielded and
produces less uniform particle size due to complexity of natural reducing agents [141]. Of note,
green methods related to physical techniques produce uniform morphology of AuNPs with high-
speed preparation processes and purity, but such procedures may require bulky equipment that

are expensive.
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2.2.2 Functionalization

While there is no precise definition of the term ‘“functionalization” in the literature,
functionalization in the case of AuNPs is usually referred to anchoring molecules to the AuNPs
with specific properties and functions in addition to simple stabilization [142]. Regarding sensors
and biosensors, this specific function is typically the facilitation of a specific response to the
target analytes in order to provide high selectivity and sensitivity. Historically, the
functionalization of AuNPs for sensor applications was first reported in 1996, when two research
groups functionalized AuNPs with thiolated oligonucleotides and used them for the detection of
DNAs [143,144]. So far, various categorizations have been proposed to classify functionalization
of AuNPs based on the type of the binding between the functionalization agents and AuNPs, the
procedure of functionalization, and the arrangement of functionalization agents on the surface of

AuNPs as shown in Figure 2.2B.

Functionalizing agents can bind to the surface of AuNPs via physical adsorption or covalent
binding. Physical adsorption is based on the forces such as electrostatic interaction between the
oppositely charged molecules and van der Waals effects, and it is also referred to as
physisorption or electrostatic adsorption [145]. For example, unfolded single-stranded DNAs
(ssDNAs) [146,147] and streptavidin [148] were bound to the citrate-capped AuNPs via
electrostatic forces and used for the detection of different analytes. Both, neutral ligands (e.g.,
Tween 80, Tween 20 and poly (ethylene glycol)) and charged ligands (e.g., citrate, phosphine,
and borohydride) can be used with this technique [149—-152]. While physical adsorption process
is rapid and relatively simple, physical bindings suffer from limitations such as susceptibility to
the environmental conditions (e.g., pH and ionic strength) as well as lack of proper orientation of
ligands onto AuNPs which makes biological processes difficult to handle. Covalent binding, on
the other hand, is the most widely used approach and provides high stability for AuNPs against
different salt concentrations, thermal treatment, and attacks by other ligands. Covalent coupling
is mainly based on the strong bonding between the S and Au atoms, and thus, many thiol and
sulfur containing/modified molecules have been studied for binding onto AuNPs, including
alkane thiolates [153], glutathione [154], thioethers [155], disulfide [156], xanthates [157], and
DNAs and aptamers [158,159]. Amino acids, peptides, and proteins can also bind to the AuNPs
via the thiol group on the cysteine amino acid or N-terminal primary amine [149,160]. In case of

amino acid functionalized AuNPs, the presence of amino and carboxylic functionalities in their
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structure makes them good cross-linkers for the aggregation purposes [161]. Hence, the amino
acid modified AuNPs act as a recognition probe for a variety of analytes detection due to the
presence of electrostatic interactions between analyte and carboxylate group of amino acid [162].
Additionally, these probes or small peptide modified AuNPs have been used for the detection of

some amino acids for instance arginine, histidine, lysine, aspartic acid, and cysteine [163].

Regarding the procedure of functionalization, functionalization can either be performed
simultaneously with the synthesis process or as another step after the synthesis. For the former
one, various approaches can be adopted, including using only functionalization agents in the
solution as well as a mixture of functionalization agents and stabilization agents [164,165]. Post-
synthesis functionalization can be realized by the two approaches of ligand replacement of the
stabilization agent with the functionalization agent or reaction onto the surface of AuNPs. Ligand
exchange of the citrate-capped AuNPs with amine or thiol groups is relatively easy due to the
weak binding of citrate to the AuNPs and can be done under the ambient conditions [166].
Nonetheless, the ligand replacement of thiol bound AuNPs with other thiol-containing molecules
is more challenging and is typically done in a solvent such as toluene in ambient condition over
several days [149,167]. Also, various techniques have been used to functionalize AuNPs by
reaction on the surface of AuNPs as a platform. These techniques include ‘click’ chemistry,
which typically refers to Husigen 1,3-dipolar cycloaddition of azides and terminal amides
[149,168], and polymerization procedures such as living radical polymerization (LRP) [169] and
surface-initiated atom-transfer radical polymerization (SI-ATRP) [170,171].

For certain applications, AuNPs may need to be co-functionalized with several ligands each with
different functionality. For example, AuNPs co-functionalized with poly (ethylene glycol) (PEG)
and peptides [172], and PEG and fluorescent dyes [173] have been reported for in vivo
applications, showing high stability and circulation time inside the body. There are three types of
co-functionalization according to the arrangement of the ligands on the surface of AuNPs,
including mixed monolayers, co-functionalization by means of a linker molecule, and the
combination of both, with the mixed monolayers being the most common one [149,167], Mixed
monolayer coatings can be created by first replacement of the citrate on the citrate-capped
AuNPs with a certain amount of thiolated PEG to produce partially coated AuNPs, and then

reacting the prepared AuNPs with another ligand. In the co-functionalization by using a linker,
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the AuNPs are first fully coated with a polymer such as PEG and the other ligand is bound to the

other end of the polymer chain.

Of note, among various functionalizing agents, intensive research has been done on DNA or
aptamer functionalization on AuNPs due to their high binding affinity towards analytes (low
detection limit) and high specificity [174]. Also, as DNAs and aptamers are programable entities,
they allow AuNPs to be organized uniformly into one-, two- or three-dimensional arrays and
superstructures [175]. Different strategies have been opted to conjugate DNAs onto AuNPs
following either physical adsorption or covalent binding [176]. Physical adsorption takes place
either directly or through biomolecule promoted non-covalent binding. Direct physical
adsorption is influenced by the natural affinity between nucleobases and AuNPs irrespective of
the presence of thiol group. The binding strength of DNA bases to AuNPs via keto and imino
groups are in the order of adenine > cytosine = guanine > thymine [177]. This binding affinity
helps to regulate/tune DNA density on AuNPs surface by controlling the amount of a specific
nucleobase in an engineered DNA structure [178]. Of note, adsorption affinity of adenine base is
weaker as compared to thiol moiety. Also, highly specific biomolecular interactions are involved
in non-covalent binding of biotinylated DNA and protein-capped AuNPs (e.g., streptavidin or
avidin). The streptavidin or avidin has four biotin-binding sites resulting attachment of more than
one DNA per protein. On the other side, covalent binding takes place either by chemisorption or
ligand-mediated covalent bonding. Commonly used thiolated DNAs have disulfide bond which
is reduced to two thiol groups before conjugation [179]. Ligand-mediated covalent bonding is a
post-synthesis functionalization and reaction takes place on the surface of AuNPs by cross-
linking between two compatible functional groups of AuNPs and DNA. For example, EDC
coupling has been used between an amine and carboxylic groups to form an amide bond as well
as click chemistry-based on azide and alkyne groups to form triazole linkage [180]. In short, a
wide range of engineered DNAs have been adsorbed onto AuNPs which have significantly

advanced the biosensing technology.

Since the DNA functionalization onto AuNPs dramatically affects the colloidal stability, it is
highly important to strategically control the density of DNA onto Au surface for various
applications. In this regard, many researchers have presented landmark works to solve many

issues such as time-consuming preparation process, adsorption of DNAs in a quantitative
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manner, low density, and limited stability. Mixing of AuNPs with excessive thiolated DNAs
cannot yield highly dense DNA surrounded AuNPs as electrostatic repulsion due to DNA
phosphate backbones hinder this simple procedure. This challenge is solved by “salt-aging”
method which utilizes slow addition of concentrated salt to effectively screen the charge of
phosphate backbones in adsorbed thiolated DNAs on AuNPs [181]. However, the salt-aging
process for getting highly dense DNA onto Au surface is tedious and time-taking which is
replaced with other methods that involve addition of stabilizing surfactants or polymers,
providing acidic environment, or freezing approach. Also, as hybridization between DNA-
AuNPs and complementary DNA-AuNPs results in uncontrollable nanoparticles network
structure, a precise control of DNA strands on Au surface is required which is achieved by
getting low density of DNA onto AuNPs. Low density can be achieved by synthesizing discrete
dimeric, trimeric, or multimeric AuNPs by controlling stoichiometric ratio [180]. Nonetheless,
low grafting density of DNA onto Au surface is challenging with bigger size of AuNPs due to
their less colloidal stability. Hence, efficient passivation with other ligands is used on AuNPs
surface for low density of DNA strands. In short, conjugation of thiolated DNAs onto AuNPs can
be achieved instantaneously (a few minutes) and controllably when considering DNA parameters
(e.g., length, sequence, and functional groups) and AuNPs features (e.g., size, shape) in addition
to immobilization strategy. Modified DNA bases or backbone with random DNA libraries

adsorbed onto AuNPs can be a promising candidate for the detection of new analytes.

Overall, a plethora of methods and ligands have been proposed for the functionalization of
AuNPs. Whether which one to use depends on the target analytes, detection mechanism, and the
media/matrix and conditions that the sensor is intended to be applied. Of note, functionalization
agents should provide sufficient stability for the modified AuNPs against agglomeration as often
the stabilization agent 1s replaced with the functionalization agents. Also, a proper
functionalization strategy should be adopted such that it does not alter the shape and size of the

prepared AuNPs [165].
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Figure 2.2 An overview of the AuNPs profile highlighting their main characteristics.
A) Representation of different shapes, size, and color of AuNPs; B) Surface functionalization of

AuNPs with a variety of ligands having different chemical groups; C) Different types of
stabilizing forces and surface charge around AuNPs; D) Synthetic approaches into top-down and
bottom-up categories for the formation of AuNPs; E) The main categories of AuNPs-based

SENSsors.

2.3 Characterization of AuNPs

After synthesis and functionalization, AuNPs need to be characterized from different aspects to

understand whether the synthesis and functionalization have been conducted correctly, or the

procedures need to be modified and optimized according to the desired properties. The common

characteristics of AuNPs include size, size distribution, shape and morphology, surface charge,

crystallinity, and surface chemistry. There are various tools and techniques to characterize
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AuNPs each with their own applications, and often a combination of these techniques is required

to comprehensively understand the properties of the AuNPs [182].

One of the most common methods to get basic understanding of the nanoparticles is transmission
electron microscopy (TEM), which provides images of AuNPs and information about the size,
and shape, size distribution and morphology of the particles [183]. Scanning electron microscopy
(SEM) [184] and atomic force microscopy (AFM) [185,186] are other imagery techniques used.
Dynamic light scattering can also be used to determine the size distribution of AuNPs [187].
Another conventional method is ultraviolet-visible (UV-Vis) spectrophotometry, which is usually
used to investigate the formation and aggregation of the AuNPs [188]. Near-infrared (NIR)
spectroscopy is also reported to investigate AuNP aggregates and different shapes of AuNPs
[189]. To understand the surface chemistry of the prepared AuNPs, Fourier-transform infrared
spectroscopy (FT-IR) is an effective method that provides information about the functional
groups present on the AuNPs [188]. Gel electrophoresis is another technique that is mainly used
to confirm the successful attachment of the oligonucleotides/polymers onto the surface of AuNPs
through separating nano-conjugates based on their size and charge [190,191]. Other applications
such as monitoring the surface density of the attached polymers has also been reported [192].
Another useful technique is measuring zeta potential of the colloidal solution that is the amount
of the electric charge on the surface of AuNPs and is used for the estimation of the stability of the
particles [193,194]. Higher level of stability of colloidal suspension of nanoparticle depends on
the value of zeta potential ranging from —25 mV to +25 mV. Other methods used include X-ray
diffraction (XRD),[195] energy-dispersive X ray (EDX),[196] surface-enhanced Raman
spectroscopy (SERS),[197] single particle inductively coupled plasma mass spectrometry (SP-
ICP-MS),[198] proton nuclear magnetic resonance (H-NMR) spectroscopy,[199] and laser
desorption/ionization time-of-flight (LDI-TOF) mass spectrometry [200].

24 Mechanisms of AuNPs-based Colorimetric Sensors

In colorimetric devices, AuNPs can be used in two different ways. These particles are used as the
transducer to produce the detectable signal in surface plasmon resonance-based colorimetric
sensors while a capping agent is used as the sensing element. However, AuNPs act as a catalyst

to facilitate the reaction between chromogenic substance (transducer) and targeted analyte in
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peroxidase activity-based colorimetric sensors. The chemistry of molecular recognition step in

colorimetric sensors determines the category of detection mechanism.

2.4.1 Mechanisms of AuNPs-related Surface Plasmon Resonance-based Colorimetric
Sensors
In nano-optics community, AuNPs are recognized as noble nanoplasmon due to free electron gas
density around the particle which offers limited motion because of their small size as compared
to adequate motion of free electrons in case of bulk material. That is why, optical properties are
significant in nanoscale material while electrical properties are considerate in bulk metals. The
optical properties arise from their size confinement effect produce new electronic properties
resulting a distinct feature of vibrant color of their colloidal solution [201]. The principle behind
color change of AuNPs is based on surface plasmon resonance (SPR) phenomena as shown in
Figure 2.3. Strong optical absorption in the visible range happened by the collective excitation of
free electron cloud when Au nanoparticles are exposed to the light irradiation. The oscillation of
the electron gas relative to the Au nuclei take place because of two opposite events; 1) the
displacement of the electron cloud relative to the Au nuclear framework due to the electric field
of light ii) a reinstating force arises from Coulomb attraction between electrons and nuclei. For a
typical spherical AuNP with a size of 13 nm, the maximum light absorption occurs at the
wavelength of 520 nm, which is also responsible for the wine-red color of the solution.
Nonetheless, the absorption spectrum is dependent on the size, shape, solvent, coating,
temperature, and the proximity of other nanoparticles [165,171]. For example, increasing the
diameter of spherical AuNPs resulted in the shift towards longer wavelengths (red shift) [202].
Also, forming anisotropic forms of AuNPs such as nanorods, stars, and shells resulted in
additional peaks in the NIR region, which makes them useful for in vivo imaging and analysis
[203,204]. Of note, aggregation of AuNPs result in a strong red shift (i.e., from ~520 nm to ~650
nm) and a significant color change from red to blue,[171,188] which has been the foundation of

various AuNP-based colorimetric assays.
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Figure 2.3 Principle of surface plasmon resonance-based colorimetric sensor.

This is due to surface plasmon resonance (SPR) phenomena which is the collective oscillation of
the Au electrons in resonance with the electromagnetic field in the presence of light irradiation.
A) No SPR happens when particle size is greater than the wavelength of light; B) SPR
phenomena takes place successfully when wavelength of light is greater than AuNPs size to get a
colorimetric response.

The surface plasmon resonance characteristic of AuNPs used in colorimetric sensing is
categorized into five approaches based on the nature of mechanisms involved behind detection.
These mechanisms include aggregation, anti-aggregation, etching, growth and accumulation of
AuNPs [205]. Aggregation-based colorimetric detection is the most popular method where
aggregation of nanoparticles leads to surface plasmon band towards a longer wavelength,
resulting in the color change from red to blue. Mainly, two kinds of aggregation behavior exist:
non-crosslinking aggregation and cross-linking aggregation. Non-crosslinking aggregation is a
widely used mechanism due to its operational simplicity, well-defined sensing guidelines and no
need of interparticle bond formation which can be explained by the Derjaguin—Landau—Verwey—
Overbeck (DLVO) theory [206,207]. In this case, van der Waals attractive forces between
particles become greater than electrostatic repulsive interactions, and hence, aggregation is
promoted as shown in Figure 2.4A(i-iii). This interparticle aggregation can be induced either
using salt or analyte that has higher affinity towards the stabilizer as compared to the stabilizer
and AuNPs interactions. However, in some cases, especially with aptamers as the stabilizer, the
analyte cannot release the stabilizer from AuNPs and thus modified procedures and conditions
are required for biosensing applications [208,209]. The degree of aggregation can be determined
according to the absorbance ratio between aggregated and dispersed nanoparticles or blue/red

ratio.

Cross-linking aggregation can happen through direct interactions or requires a cross-linker. In the

case of a cross-linker, aggregation is promoted when the analyte possesses at least two binding
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sites, so interparticle attractive forces dominate over interparticle repulsive forces, resulting in a
bond formation either through hydrogen bonding, metal-ligand coordination, electrostatic
attraction or hydrophobic interactions as shown in Figure 2.4A(iv-v). Common examples of
interactions are streptavidin—biotin, aptamer—target, lectin—sugar, antibody—antigen, and DNA
hybridization. However, mostly an anti-receptor or a complementary unit is already attached to
AuNPs which favors chemical binding between compatible groups adsorbed on AuNPs to
promote aggregation when no crosslinker is involved as shown in Figure 2.4A(vi) [210]. A
representative example of cross-linking aggregation is azide-AuNPs and alkyne-AuNPs based

click chemistry that leads to triazole formation in the presence of copper ions [211].

Of note, higher degree of stabilization is achieved when functionality is anchored to AuNPs
through covalent linkages. In this case, dispersion/aggregation behavior is flexible to control as
compared to the system where functionality is immobilized on AuNPs via electrostatic
interactions [212]. The color of the colloidal particle changes from red to purple/blue when the
inter-particle spacing between the AuNPs is 2.5 times shorter than the average particle diameter
[213]. As a result, the aggregated signal is recognized in the detection zone of a sensor as an "on"
output in terms of blue color. This color shift is remarkable due to the extinction coefficients
which are three to five orders of magnitude larger than normal organic dyes [214]. Sometimes,
the addition of salt (e.g., chloride, sulfate, thiosulphate, and carbonate) becomes essential to
improve the sensitivity of the sensor through enhanced aggregation by minimizing the
interparticle electrostatic repulsion force [215,216]. Of note, non-crosslinking aggregation occurs
quickly in a few minutes as compared to cross-linking aggregation that might require hours. In
fact, relatively slow Brownian motion and strict temperature control required for reactions on

colloidal surface make cross-linking aggregation based colorimetric detection less common.

AuNPs-based colorimetric sensors employing anti-aggregation mechanism utilize either
crosslinker-based method or nano-affinity assisted assay. When a crosslinker is used as a main
component of the detection system, linker molecules such as DNA, buffer, or any small unit
build pre-existing interactions with AuNPs so the probe is aggregated without the presence of an
analyte as shown in Figure 2.4B(i,i1) [217]. However, the active site of the crosslinker is
suppressed in the presence of an analyte which stimulates the dispersion of AuNPs, resulting in a

characteristic red color as a signal output. The key point of this mechanism is based on analyte
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prompted shift of crosslinker from a functional state to a suppressed one. On the other hand,
nano-affinity assisted assay utilizes target-aptamer binding-inhibited AuNPs aggregation (anti-
aggregation) instead of binding-promoted AuNPs aggregation. Initially, positively charged, or
neutral target protein is mixed with either a non-binding DNA sequence or a protein-specific
aptamer. The AuNPs rapidly aggregate with proteins in the presence of non-binding DNA
sequences due to negative charge of nanoparticles and positive charge of protein leading to a
color change from red to blue. However, protein incubation with protein-specific aptamers
generates aptamer-protein complexes which have a more negative charge leading to strong
electrostatic repulsion between aptamer-protein complex and AuNPs resulting in inhibition of
AuNPs aggregation (anti-aggregation) and retaining dispersed state of AuNPs as shown in Figure
2.4B(iii) [218]. The key point of this assay is to maintain the pH of a detection system at less or
near to the isoelectric point of protein because charge on protein in AuNPs solution is pH-
dependant. A variety of metal ions,[219,220] non-metal ions,[188,221,222] and amino acid
[223] have been detected using anti-aggregation mechanism of modified AuNPs. Conclusively,
anti-aggregation based detection is more selective compared to the aggregation based detection
system due to utilizing specific interactions between AuNPs probe and analytes of interest.
Moreover, anti-aggregation based detection system involves a multi-step procedure, whereas

aggregation-based assay is a single step detection.

Besides stability of AuNPs, morphology changes also play an important role to develop
colorimetric sensors. Certain chemical reactions happen on the surface of AuNPs that induce
morphology alterations which result in a colorimetric signal generation for analyte detection
[224]. Different shapes of AuNPs such as nanospheres, nanorods (AuNRs), nanotriangles
(AuNTs), nanostars (AuNSs) and nanourchins have shown etching-based mechanism for
colorimetric sensing, but AuNRs are the representative example in this category due to their high
surface energy. The etching reaction involves the use of etchants such as H,O», I, Cu?** ions that
reduce the aspect ratio by etching the terminal ends of AuNRs resulting in a change in shape and
size of the nanoparticles as shown in Figure 2.4C(i) [225]. These morphological changes shift
LSPR peak with a visible color change read-out. Sometimes, ligand molecules or analytes
facilitate etching process due to their high redox potential. For example, the electron injection
from the ligand to the AuNPs is the mechanism of ligand-induced etching of gold nanoparticles

[226]. Sometimes, ligand-induced etching is referred as target-mediated direct etching because
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analyte behaves as ligand to decrease the redox potential of nanoparticles which promotes
etching. Bimetallic core-shell AuNPs is the suitable example of this mechanism where outer
metallic shell is etched first by analyte and dissolved oxygen producing red color solution and
finally Au core is etched giving colorless solution as shown in Figure 2.4C(ii). This detection
method shows higher sensitivity due to emphasized SPR feature of bimetallic alloy. Other
common approaches in etching-based sensing mode involve alloy-promoted etching,
intermediate-mediated etching such as enzyme or inhibitor mediated etching which changes the

morphology and color of AuNPs in the presence of analyte as shown in Figure 2.4C(iii-iv) [227].

In summary, etching is a non-aggregation based colorimetric method which does not require
labelling protocols. This detection mode is favoured over aggregation-based sensors due to
having no false positive results because of auto-aggregation of nanoparticles. However, the
presence of oxidizing agent, acidic condition, longer detection time and relatively high

temperature requirements limit the application of etching-based detection.
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Figure 2.4 Representation of some common mechanisms in AuNPs-related surface plasmon
resonance-based colorimetric sensors.
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A(i—iii) Non-crosslinking aggregation mechanisms involving removal of surface stabilization
around nanoparticles whereas A(iv—vi) cross-linking aggregation strategies promote
intermolecular bond formation between ligand-functionalized AuNPs and analyte; B(i) Anti-
aggregation method based on analyte triggered switch of linker molecule from active to
suppressed state that promotes the dispersed state of AuNPs whereas B(ii) dispersion of AuNPs
happen in the presence of analyte without participating any linker molecule; B(iii) nano-affinity
assisted assay utilizing target-specific aptamer to form target-aptamer complex for anti-
aggregation-based detection, whereas in the presence of non-binding DNA/aptamer sequence,
the target analyte induces aggregation of AuNPs.; C(i—iv) Etching-based mechanisms in the
presence of an analyte showing morphological changes in shape and/or size of AuNPs by the
action of etchants to stimulate colorimetric plasmonic response.

Surface plasmon resonance-based colorimetric sensors also follow growth-based and
accumulation-based mechanisms for colorimetric detection. The growth-based sensors are
mainly divided into seed-mediated or target-mediated growth either by chemical transformation
or enzymatic action. Seed-mediated growth assay is a direct reducing-target induced growth
system where catalytic seeds of gold are involved to adsorb analyte on their surface, so growth of
small sized AuNPs is promoted. As a result, cluster aggregation of AuNPs takes place by
chemical transformation which triggers a wavelength shift and color change in the solution from
grey-purple to red as demonstrated in Figure 2.5A(i) [228-230]. In target-mediated growth
mechanism, ligand modified AuNPs act as a probe where ligand is detached from AuNPs in the
presence of an analyte due to higher ligand analyte affinity whereas ligand-deprived AuNPs
behave as an active substrate for AuNPs growth in the presence of HAuCls/NH2OH. The grown
AuNPs appear as a red solution as shown in Figure 2.5A(ii). In the absence of the target, the
ligand modified AuNPs react with HAuCls/NH>OH and show morphological changes resulting
in a blue color solution. Of note, an analyte accelerates the growth of AuNPs in growth-mediated
assay but grown AuNPs size is varied and mainly depends on analyte concentration. The growth
of bigger size AuNPs leads an aggregated state with blue color [231]. Other possible growth
mechanisms are enzyme-promoted and enzyme passivated growth of AuNPs where an enzyme
decomposes a non-reducing substrate into reducing agents to start AuNPs growth by redox
chemistry or an enzyme produces inhibitor to block the growth of nanoparticles in the presence
of an analyte [227]. Common application of growth-based assay is the plasmonic ELISA

(enzyme-linked immunosorbent assay) that improves the sensitivity of an assay.
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Accumulation-based mechanism of the surface plasmon resonance-based colorimetric sensors is
common in lateral flow immunoassay (LFIA) devices which follow an immunological reaction
for the detection of an analyte mainly in a qualitative manner. The test strip contains different
zones and is equipped with a test line and a control line. Sample containing a target analyte is
applied on the sample pad that transfers into the conjugate pad due to the capillary flow of the
liquid. The conjugate pad contains specific AuNPs-antibodies which bind to the target analyte,
resulting in AuNPs-antibody-analyte conjugates that flow further and reach to the detection zone.
Instead of antibodies, aptamers can be used in the conjugate pad [232]. The detection zone
comprises porous nitrocellulose membrane with immobilized lines of antibodies that cannot be
washed away with liquid. In the test line, the target analyte is sandwiched between two
antibodies, resulting in the accumulation of AuNPs and a visible red color. In the control line,
AuNPs-antibodies, whether conjugated with the analyte or not, bind with another type of
antibody to ensure the proper sample flow by capillary action as shown in Figure 2.5B. In LFIA,
AuNPs has been used for signal amplification in addition to detection [233]. Various AuNPs

have been evaluated for the test zone to achieve better detection brightness [234].
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Figure 2.5 Representation of different mechanisms in AuNPs-related surface plasmon resonance-
based colorimetric sensors.

A(i) Seed-mediated growth mechanism promotes growth of AuNPs from seeds of Au by
chemicals or enzymatic action in the presence of an analyte to produce colorimetric read-out;
A(il) target-mediated growth mechanism involves the ligand modified AuNPs where ligand
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detaches the Au surface due to strong affinity with analyte; hence ligand-deprived AuNPs start
growing in the present of HAuCls/NH>OH; B) Accumulation-based mechanism for lateral flow
immunoassay (LFIA) devices where analyte is detected by the appearance of red line due to
accumulation of AuNPs after immunological reaction.

2.4.2 Mechanisms of AuNPs-related Peroxidase-activity-based Colorimetric Sensors

Besides surface plasmon resonance characteristics of AuNPs, peroxidase-like catalytic behavior
of colloidal gold has been explored to fabricate colorimetric sensors, also called nanozyme
sensors. In the nanozyme mechanism, positive/negative charged AuNPs mimic the function of
biological enzymes such as peroxidase, reductase, catalase, glucose oxidase, or superoxidase due
to their enzyme-mimetic properties [235,236]. Being highly efficient and highly selective, these
AuNPs accelerate chemical reactions like natural enzymes. However, their ease of preparation,
cost-effectiveness, high stability due to lack of denaturation and inactivation, and intrinsic
catalytic activity put AuNPs nanozyme in a superior position in catalysis which is fundamental to
reactions. Among all, peroxidase activity of AuNPs is frequently used in environmental analysis
and food safety while other enzymatic properties are beneficial for chemical, pharmaceutical,
and clinical applications,[237] which is not the scope of this review. Surface chemistry and
morphology of nanoparticles play important role in peroxidase activity-based colorimetric
sensors similar to surface plasmon resonance-based colorimetric sensors. However, in contrast to
surface plasmon resonance-based colorimetric sensors, AuNPs themselves do not contribute in
visual read-out in nanozyme sensors, so chromogenic substances such as 3,3'.,5)5'-
tetramethylbenzidine (TMB), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS),
and o-phenylenediamine (OPD) are required to generate color in the presence of analytes [238].
The choice of chromogenic agent depends on different detection parameters such as pH,
temperature, and chemical moieties of the target analyte and functionalized-AuNPs. The
nanozyme-based mechanism with TMB as a representative example of a chromogenic substance

is demonstrated in Figure 2.6.

Peroxidase enzyme catalyses the oxidation of substrate in the presence of hydrogen peroxide
which generates a signal being used to detect an analyte. Of note, smaller size of AuNPs shows
better activity due to enhanced surface availability for catalytic reaction [239]. In case of
peroxidase-like activity under acidic condition, H>O> adsorbed on AuNPs surface generates -OH

radicals by breaking the O—O bond followed by partial electron exchange interaction between
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‘OH radicals and the AuNPs that would stabilize the radicals. Whereas under basic conditions,
OH groups are adsorbed on AuNPs that trigger the decomposition of H>O; into H,O and O»
[239]. Many toxic substances and contaminants such as heavy metals, pesticides, antibiotics and

micro-organisms have been detected utilizing AuNPs-nanozyme sensors [239].

Nanozyme sensors employing peroxidase behaviour of AuNPs detect analyte of interest either
through expression or inhibition of peroxidase activity. Nanozyme sensors based on expression
of peroxidase-like activity of AuNPs are common due to their ability to transform into Au® and
Au'" oxidation state. In this method the target analyte can be detected by the expression or
enhancement of peroxidase-like activity of AuNPs with respect to analyte concentration. AuNPs
mimic the role of horseradish peroxidase to catalyze the oxidation of TMB/ABTS/OPD in the
presence of H>O» as the oxidizing agent to develop a blue/green/yellow color at absorbance
652/735/450 nm, respectively, in aqueous media which represents colorimetric assay. Bare-
AuNPs show peroxidase-like activity which is tuned by ligand modification as well as in the
presence of an analyte as shown in Figure 2.6A. Conclusively, the sensitivity of nanozyme-based
assay can be controlled by modifying AuNPs surface which offers adjustable activity. Gold
nanoclusters, nanostar, and nanotriangles show better activity due to having more interfaces as
compared to nanosphere. In addition to shape, functional groups tailor the surface energy of
AuNPs which plays an important role in catalyzing a substrate. Overall, expression or
enhancement of peroxidase activity in the presence of analyte is a promising approach to detect

and monitor environmental pollutants and food toxic substances.

Peroxidase activity-based chemosensors rely on the inhibition of peroxidase activity in the
presence of an analyte is less prevalent due to natural peroxidase-like catalytic ability of AuNPs.
Inhibition-based detection strategy is not as straightforward as other colorimetric approaches. In
this assay, the surface of gold particles is blocked by an inhibitor, and hence, it is no longer
available to express peroxidase-like catalytic role as shown in Figure 2.6B. For instance, sulfide
ions (S*) inhibit the active sites of gold by forming AuS species which provide coordination
shielding on the surface of AuNPs [240]. Sometimes halide ions (X°) work well to suppress the
surface activity of protein-AuNPs by Au-X interactions [241]. In other situations, AuNPs might
get aggregated due to the presence of the target analyte and lose their intrinsic-catalytic behavior.

For instance, Zhao et al. reported sulfate ions detection through inhibition of peroxidase activity
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of cysteamine-AuNPs because sulfate induced the aggregation of AuNPs via hydrogen bonding
and electrostatic interaction, so relatively lighter blue color was observed as a reduced
colorimetric signal [242]. Overall, inhibitor molecules attached to AuNPs surface are responsible

to decrease the peroxidase activity, which is reflected in the color of the solution.

To this end, fundamental mechanisms involved in colorimetric detection of various analytes
using AuNPs has been explained. The surface plasmon resonance-based or peroxidase activity-
based catalytic sensing behavior of AuNPs mainly depends on surface modifications of
nanoparticles which is suitably selected according to the nature of analyte to be detected. In some
cases, reversible nature of aggregation and dispersion of AuNPs helps to develop a sensor which
is repeatedly "on" and "off" and could be measured by visual read-out. In advance scenario “lab-
on-a-nanoparticle” has been successfully developed for the detection of multiple analytes using a
single sensing element [243]. Hence, AuNPs have used in several detection applications

involving environmental and food monitoring.
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Figure 2.6 Principle of nanozyme sensors showing peroxidase-mimic role of AuNPs behind
colorimetric detection.
A) Analyte detection based on expression of peroxidase-like activity of modified AuNPs that

oxidize TMB substrate strongly in the presence of H>O»; B) Analyte detection based on
inhibition of peroxidase-like activity of AuNPs where the surface of AuNPs is blocked due to
analyte which suppress their peroxidase activity resulting no change in color of TMB.

2.5 Applications of AuNPs in Environmental and Food Monitoring

Gold nanoparticles have been used in environmental and food monitoring as a sensing tool to
identify and prevent the potential hazards that could affect the quality of atmosphere and food.
Many environmental pollutants are toxic chemicals produced from inorganic, organic, and
biomolecules that are widely dispersed in ambient air, soil, and water [244]. These contaminants

release into our environment through various natural and anthropogenic sources like industrial
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wastes, agricultural fertilizers, and medical diagnostics [245]. These chemical pollutants present
risks to humans, animals, plants, and ecosystems through many ways like direct ingestion, food
chains, absorption by plants, and consumption of contaminated water. Also, when their amount
crosses the threshold limit, these contaminants are considered poisonous and responsible for
several ailments that cause serious health issues such as cardiac diseases, brain and nerve
damage, pneumonia, liver and kidney failure, and infertility and miscarriages [246]. Hence,
modified AuNPs have been used to rapidly detect and quantify various analytes of interest
responsible for potential hazards to environment and humans. Additionally, the colorimetric
assay has been used in combination with fluorometric, luminescent, electrochemical or capillary
electrophoresis methods for better results [247]. Some researchers have shown luminescent-
based G-quadruplex detection technique as a reliable method to monitor small molecules, heavy

metals, and other analytes [248-250].

On the other hand, food inspection agencies are continuously reporting ever-increasing food
frauds and adulterants. Food sectors are working hard to ensure food safety and food quality to
avoid any possible contaminations such as pesticides, toxins, foodborne pathogens. Hence, food
safety screening and regular monitoring is immensely important to guarantee the purity of food
samples. Since decades, food microfluidics present improved solutions for food analysis,[251]
and in this connection, AuNPs have been used in rapid detection protocols to build on-spot

testing kits to inspect food quality.

Of note, AuNPs have also been used for the colorimetric detection of gaseous target molecules.
In this case, the AuNPs probe can be solid as films or liquid as solution depends on the nature of
targeted gas and detection mechanism. For example, H2S gas was detected using Au-TiO2-NiO
nanocomposite film in 2-10 ppm range by catalytic oxidation of H»S into SOx due to the oxide
matrix [252]. The film porosity allowed gas molecules to reach the active sites on AuNPs surface
where an interaction between sulphur and Au surface led to a reduction in oscillating free
electrons resulting in broadening of plasmon peak [253]. On the other side, H>S gas in air was
detected using Tween 80 functionalized AuNPs solution with an LoD of 0.5 ppm. The detection
principle followed anti-aggregation mechanism [254]. Various other gas molecules such as
nitrogen oxide (NO), phosgene (COCl), and formaldehyde (CH20O) have been detected using
SPR property of AuNPs [255-258]. However, detection of gas is a broad area of research that
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falls out of the scope of this paper, so in the following sections only samples in solid and liquid

phase will be considered.

2.5.1 Detection of Inorganic Ions in Environment and Food

Inorganic pollutants are non-carbon-based substances mainly of mineral origin that have released
into the environment as by-product of mining, transportation, and industry and urban activities
[259]. Their improper dumping and excessive accumulation in soil and water bodies are a matter
of great concern. Their accumulation in living body damages immune system and attacks on
different body organs [260]. In this concern, one of the major challenges is the precise on-site
analysis of metal contamination in aqueous bodies. Literature contains many examples of
alkaline earth metals, heavy metals, trace elements, and rare earth elements that have been
detected using surface plasmon resonance and peroxidase-like catalytic properties of
functionalized AuNPs [261,262]. Of note, after detecting a particular analyte, interference study
with other anions like NO3", NOy, F, Cl,, Br, I, COs*, HCOs", HSO3", S*, SCN", HPO4*,
H,POs", HPOy, AsO>,, HAsO4> as well as cations like Li*, K*, Na*, Ca?*, Mg?*, Ba?', Sr**,
Pb%*, Mn?*, Hg?", Zn**, Cd**, Cu*", Ni**, Fe?*, Co**, AI**, Cr’*, Fe*', Cr®" is necessary to report
the outcomes of the sensor reliably in terms of the selectivity. In this review, we have categorized
inorganic pollutants based on their position in the periodic table including alkaline earth metals,
transition metals including heavy metals and coinage metals, rare earth elements, and anions.

Figure 2.7 highlights the elements of periodic table that have been detected using AuNPs so far.
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Figure 2.7 The elements of the periodic table that have been detected by using gold nanoparticles
so far (the highlighted ones).

2.5.1.1 Alkali and alkaline earth metal ions

The alkali and alkaline earth metals occupy the first two columns in the periodic table and are
referred to as Groups IA and IIA, respectively. Among all, Na®, K*, and Ca®" are the most
important ions to be detected in water and food samples in addition to their detection as
biomarkers in biological fluids including urine, serum, saliva and sweat samples. Mostly, group

IA and IIA salts are utilized to aggregate the AuNPs probe used for the detection of DNA [263].

Naked eye visualization of K" ions was made by the interactions of cationic Yellow 5gl dye
(Y5GL) with AuNPs that behaved as a new aggregator for colorimetric sensor.[264] In this case,
potassium binding aptamers were dissociated from the surface of t