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Abstract

Cholesterol detection is essential for early diagnosis and monitoring of cholesterol-
related diseases, such as atherosclerosis, hypercholesterolemia, and liver diseases. A
variety of nanomaterials have been designed and synthesized for cholesterol detection
via electrochemical and spectrophotometric techniques. Metal organic frameworks
(MOFs) have emerged as promising detector materials for cholesterol sensing. Recent
research has explored MOFs as spectrophotometric cholesterol sensors with remarkable
performance in terms of limit of detection (LOD) and selectivity. Given the growing
interest in cholesterol sensing and limitations of existing biosensors, this thesis aims to
develop a novel MOF-based spectrophotometric sensing platform for cholesterol
detection. First, this thesis reviews recent advances in MOF-based spectrophotometric
cholesterol sensors, outlining the different mechanistic roles of MOFs in cholesterol
detection, current challenges, and potential applications of MOF-based sensors for
cholesterol detection in point-of-care devices and medical diagnostics. Then, iron-
based MOF (Fe-BTC) is introduced as a novel, peroxidase mimic nanozyme for
cholesterol detection, marking its first reported use in this application. Characterization
studies, including Fourier transform infrared spectroscopy, X-ray diffraction, and zeta
potential, revealed stable, amorphous nature of Fe-BTC and potential peroxidase
activity. Parametric studies including pH, time, temperature, and reagent concentrations
were performed to determine optimal conditions for H2O, and cholesterol detection.
Mechanistic studies demonstrated biosensor operation via OH-* radical formation by Fe-
BTC. The present biosensor achieved a cholesterol limit of detection (LOD) of 2.91
MM and 2.88 uM at 25 °C and 37 °C cholesterol incubation, respectively, with a linear
detection range of 6.56—78.75 M. The biosensor had good selectivity to cholesterol in
the presence of interfering analytes, including glycine, uric acid, glucose, and NaCl.
Overall, our novel Fe-BTC-based biosensor demonstrated comparable performance to
nanomaterial-based cholesterol sensors reported in the literature and shows great
promise for cholesterol detection via spectrophotometric methods.

Keywords: Metal Organic Framework (MOF), Fe-BTC, Limit of Detection
(LOD), Cholesterol; Spectrophotometric; Detection; Sensor, Nanozyme
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Chapter 1. Introduction

1.1. Introduction

In this chapter, a brief overview of cholesterol and the importance of its detection is
presented, followed by the types of cholesterol and current methods for cholesterol
detection. Next, we discuss the problem under investigation and outline the

contributions of the thesis.

1.2. Overview

Cholesterol plays a vital role in human health. It is involved in several roles including
hormone synthesis, cell membrane integrity and fluidity, vitamin D production, bone
health, among others [1]. However, excess cholesterol levels (hypercholesterolemia)
can cause atherosclerosis and increase the risk of cardiovascular diseases, strokes and
obesity [2], [3], [4], [5]. In fact, hypercholesterolemia is considered the third most
common cardiovascular risk factor worldwide while also being the least monitored
factor [5], [6]. In addition to atherosclerosis, high cholesterol levels can lead to toxic
accumulation in the liver, pancreatic islets, kidneys, and other organs, subsequently
increasing the incidence of nonalcoholic fatty liver disease, nonalcoholic
steatohepatitis, islet B-cell dysfunction, renal dysfunctions, testosterone deficiencies,
osteoporosis and osteoarthritis, among others [7]. Hence, continuous monitoring of
cholesterol levels is crucial in patients with atherosclerosis and other cholesterol-related

diseases, for early detection and maintenance of diseases to maintain patient health [8].

Cholesterol exists in blood serum in two forms: free cholesterol and cholesteryl esters,
the latter being the most common [9], [10]. Due to cholesterol’s insolubility in aqueous
solutions, they are transported in the bloodstream via lipoproteins [10]. Lipoproteins
consist of a hydrophobic core carrying triglycerides and cholesteryl esters and a
hydrophilic membrane made of phospholipids, free cholesterol, and apolipoproteins
[10]. There are many types of lipoproteins, including chylomicrons, high-density
lipoproteins (HDLs), low-density lipoproteins (LDLs) and very low-density lipoprotein
(VLDLs), with LDLs carrying the majority of cholesterol in the blood [9], [10]. LDLs
carry cholesterol from the liver to cells for storage, while HDLs transport cholesterol
from cells to the liver, where it is broken down or excreted, as illustrated in Figure 1-1

[1], [8], [9], [10]. Furthermore, LDLs are commonly known as “bad cholesterol,” as
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elevated levels are correlated with increased arterial wall build up, increasing risks of
arthrosclerosis [7], [10], [11]. Meanwhile, HDLs are commonly coined “good
cholesterol,” because of its anti-inflammatory and anti-arteriosclerotic action by
removing free cholesterol from cells, a process known as reverse cholesterol transport
[11]. Due to the complexity of cholesterol availability in the bloodstream, various

cholesterol detection methods have been developed.

HDL & LDL Structure HDL & LDL Transport

oy

LDL transports
cholesterol from liver to
the cells

High Density Lipoprotein (HDL) Liver Blood vessel

HDL transports excess
cholesterol from cells to liver,
to be broken down

& & i
[ ] r’ e

Triglyceride Cholesterol Cholesteryl
ester

Figure 1-1: Structure and Metabolic pathway of HDL and LDL.

Cholesterol detection has evolved greatly over the past years. Early methods of
detection were simple, quantifying total cholesterol [12]. Later techniques evolved to
be more specific, quantifying HDLs, LDLs, triglycerides, free cholesterol, and total
cholesterol [13], [14], [15]. The current, standardized method used in hospitals and
clinics is the cholesterol oxidase/peroxidase/4-aminophenazone (CHOD-POD-PAP)
method, a colorimetric, enzyme-based method [14]. Although widely effective, the
assay requires the use of several enzymes including horseradish peroxidase (HRP),
which have low stability, limiting pH, temperature, and operation and storage
conditions thus also introducing extra costs [13], [16], [17], [18]. Recent studies have
shown the high potential of nanomaterials for the development of cholesterol sensors,
for rapid and accurate cholesterol quantification [19]. Such nanomaterials include metal
nanoparticles, metal oxide nanoparticles, carbonaceous materials, and other composite
materials [8], [19]. These have facilitated cholesterol biosensing via electrochemical,
19



colorimetric and photoluminescent techniques [8], [19], [20], [21], [22]. More recently,
metal-organic-frameworks (MOFs) have emerged as superior nanomaterials for
cholesterol biosensing, especially for spectrophotometric-based detection, (including
photoluminescent and colorimetric). This is attributed to the remarkable tunability of
the MOF’s structures and their large surface areas [18], [23], [24], [25], [26], [27], [28],
[29], [30], [31]. Furthermore, MOFs exhibit enhanced selectivity, and stability in the
immobilization of enzymes [16], [32], [33]. Moreover, MOFs demonstrate inherent
peroxidase activity and excellent applications as nanozymes, to replace enzymes used
typically in cholesterol detection [26], [29], [32], [34]. Hence, MOFs have great

potential for future applications in point-of-care (PoC) cholesterol biosensors.

1.3.  Thesis Objectives

The main objective of this thesis is to develop a facile and effective metal-organic
framework (MOF)-based spectrophotometric sensor for cholesterol detection. To
achieve this goal, the following tasks will be undertaken:

e Perform characterization tests of Basolite F300 (also termed Fe-BTC) to
determine its morphology, element content, chemical structure, and stability in
solutions.

e Conduct optimization studies for colorimetric detection of hydrogen peroxide
(H202) and cholesterol using cholesterol oxidase (ChOx) enzyme.

e Optimize and evaluate the sensing performance and mechanism of Fe-BTC
through parametric study.

e Test the selectivity of the biosensor against interfering analytes such as glycine,

L-cysteine, glucose, uric acid, and NaCl, among others.

1.4. Research Contribution

Research on cholesterol biosensors has grown in popularity over the past two decades.
Especially after 2020, a spike in research articles with cholesterol sensing or detection
in the title alone is observed, as illustrated in Figure 1-2; this reflects the growing

interest in cholesterol sensing.

20



1 500 - B
0.1%

1250 +

1000+ H Article

B Review

750 4
% Conference Paper

500 = Book Chapter

m Other

Number of Publications

250 4

Figure 1-2: (A) Growth in and (B) Type of Scopus publications from 2000-2024 exploring general
cholesterol detection and sensing. Data obtained from Scopus.com, using “cholesterol” AND
“detection” OR “sensor” as the search terms in the article title, keywords, or abstract. Retrieved on Nov
20, 2024.

An increasing interest in MOF-based biosensors for spectrophotometric detection of
cholesterol has also been noticed over recent years. However, many limitations in
current MOF-based sensors still exist, including small dynamic ranges of detection,
lack of stability, scalability, and environmental concerns. Driven by the increased
interest in developing effective MOF-based spectrophotometric cholesterol sensors, we
aim to contribute to the growing field by investigating novel MOF-based materials for

spectrophotometric cholesterol detection.
The contributions of this research work can be summarized as follows:

e Propose the use of Fe-BTC, a MOF-based nanozyme, as a peroxidase mimic for
colorimetric detection of cholesterol, which has not been used before for
cholesterol detection.

e Assess the performance of the proposed biosensor and compare to current
literature.

e Challenge the prepared biosensor for cholesterol detection in complex

environments in the presence of interfering analytes.
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Chapter 2. Background and Literature Review

In this chapter, we discuss the current conventional and nanomaterial-based cholesterol
detection methods used, followed by the properties of MOFs that make them promise
for spectrophotometric cholesterol detection. Then, we summarize the variety of MOF-
based biosensors developed, and the roles of MOFs in spectrophotometric cholesterol
detection. After this, we present the current literature on integration of these MOF
biosensors in point-of-care devices. Finally, current challenges faced, and future
directions are discussed.

2.1. Cholesterol Detection Methods

Early methods of cholesterol detection utilized different reagents to enhance
cholesterol’s chromophore properties for quantification by measuring absorbance of the
produced color, a colorimetric technique [12], [35], [36]. Later studies utilized enzyme-
based colorimetric assays for more accurate and rapid results, with methods dating back
to 1972 [13], [37]. Current standardized clinical methods for cholesterol detection also
utilize enzymes for a colorimetric assay [13], [14], [15]. However, with advances in
research and nanotechnology over the past two decades, various new methods have
emerged for cholesterol detection and quantification using different nanomaterials,
including electrochemical [19], [21], colorimetric [38], [39], [40], [41], [42], and
photoluminescent techniques [1], [43], [44], [45], [46]. The latter two methods fall
under the general umbrella of spectrophotometric techniques. This section herein
presents the traditional cholesterol detection method then explores colorimetric and
photoluminescent methods for cholesterol detection. Early methods of cholesterol
detection utilized different reagents to enhance cholesterol’s chromophore properties
for quantification by measuring absorbance of the produced color, a colorimetric
technique [12], [35], [36]. Later studies utilized enzyme-based colorimetric assays for
more accurate and rapid results, with methods dating back to 1972 [13], [37]. Current
standardized clinical methods for cholesterol detection also utilize enzymes for a
colorimetric assay [13], [14], [15]. However, with advances in research and
nanotechnology over the past two decades, various new methods have emerged for
cholesterol detection and quantification using different nanomaterials, including
electrochemical [19], [21], colorimetric [38], [39], [40], [41], [42], and

photoluminescent techniques [1], [43], [44], [45], [46]. The latter two methods fall
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under the general umbrella of spectrophotometric techniques. This section herein
presents the traditional cholesterol detection method then explores colorimetric and

photoluminescent methods for cholesterol detection.

2.1.1. Traditional, conventional methods

The conventional methods for cholesterol detection vary depending on the medium it
is being detected in. Cholesterol detection is conducted using two methods: clinical,
colorimetric assays and reflectance photometric techniques, often adopted in hand-held
devices; both of which are enzyme-based [13], [14], [15]. Electrochemical methods
were also introduced, but have since evolved into more recent, improved sensors [19],
[47]. Meanwhile, cholesterol quantification in food industry and in research
laboratories traditionally adopt chromatographic and spectrometric techniques, such as
gas-chromatography-mass spectrometry (GCMS) and high-performance liquid
chromatography (HPLC), among others [48]. This paper herein focuses on medical
applications of cholesterol detection, excluding chromatographic and spectrometric

detection methods.

2.1.1.1. Traditional clinical detection

The standardized, traditional clinical cholesterol quantification technique uses an
enzyme-based colorimetric bioassay, known as the cholesterol oxidase/peroxidase/4-
aminophenazone (CHOD-POD-PAP) method [13], [14], [15]. The analysis involves
three main steps. First, blood serum is treated with cholesteryl esterase enzyme, to
convert cholesteryl esters into cholesterol. Next, cholesterol oxidase (ChOx) enzyme is
used to selectively react with cholesterol and produce cholest-4-ene and hydrogen
peroxide (H20>). Finally, 4-aminoantipyrine, a chemical reagent, is added to react with
the produced hydrogen peroxide, in the presence of horseradish peroxidase (HRP)
enzyme as a catalyst, to produce a colored quinoneimine dye. The intensity of the
produced color is measured using a spectrophotometer and used to determine the
concentration of cholesterol [13], [14]. An illustration of these reactions is shown in
Figure 2-1 below.
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Figure 2-1: Traditional, Clinical CHOD-POD-PAP method summary [49], [50], [51].

The CHOD-POD-PAP method is suitable for the detection of total cholesterols, as well
as HDLs, LDLs, and triglycerides. The latter three techniques require pretreatment
before analysis [14]. This enzymatic, colorimetric bioassay is widely used as a
reference and in clinicals, and is advantageous in its accuracy, selectivity, and the
absence of corrosive chemicals [52]. The method also has a wide linear range of
detection, detecting up to 800 mg/dL and even 1000 mg/dL of cholesterol (equivalent
to 20.7 mM and 25.9 mM, respectively), depending on the commercial kit used [14],
[15], [53]. Typical levels of cholesterol range around 200 mg/dL; however, some kits
can detect at lower concentrations of 10 mg/dL, which is useful for diluted samples
[15]. Furthermore, detection is often quick, with incubation times ranging between 5
t010 minutes, and incubation temperatures varying between room temperature (20-25
°C) or physiological temperature (37 °C) [14], [15], [53]. Although overall
advantageous, this traditional method of cholesterol detection is heavily dependent on
enzymes, which require specific pH and temperature conditions for storage and
operation, and are known for their low stability, short lifetime, and lack of reusability
[13], [16], [17], [18]. Natural HRP is especially recognized for its low stability to heat
and chemical changes, making the method costly and time-consuming [17], [18].
Hence, while advantageous, the CHOD-POD-PAP traditional cholesterol detection
method can be significantly optimized.

2.1.1.2. Reflectance photometric methods
Reflectance photometry for cholesterol detection is among the earliest techniques
introduced. Through an enzymatic assay similar to the CHOD-POD-PAP assay,

hydrogen peroxide is produced and interacts with a dye to produce a color change. The
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color intensity is quantified by measuring the light reflectance off the colored strip [54],
[55]. The amount of reflected light is correlated with the hydrogen peroxide
concentration and can be subsequently used for cholesterol quantification [54], [55].
This technique dates back to 1980-1990’s and was greatly effective during that time for
cholesterol detection and other biomarkers, including glucose and hemoglobin [54],
[55], [56]. Furthermore, this method has been traditionally incorporated in handheld,
commercial devices for cholesterol detection, such as Accutrend [57], STANDARD
LipidoCare [58] and CardioChek [59], and is advantageous in its rapid nature.
However, the accuracy of such devices varies significantly, with many of which do not
meet current standards [60]. Accutrend Plus reported the highest sensitivity (92%) and
specificity (89%) [60]. Nonetheless, the varying accuracy poses a challenging
limitation, especially when used in commercial, PoC cholesterol detection devices.

2.1.2. Nanomaterial-based methods

To overcome the limitations of the conventional methods, recent studies have shifted
to using different nanomaterials for cholesterol detection. These nanomaterials include
metal and metal oxide nanoparticles, carbonaceous materials, including carbon
nanotubes, carbon dots, and graphene, and composite materials including two or more
types [8], [19], [61], [62]. Some use nanomaterials to immobilize HRP increasing its
stability and prolonging its lifetime, reducing costs [43], [63]. For example, platinum
nanoclusters [63], silicon nanoparticles [43], and poly(thionine)-modified glassy
carbon electrodes [64] all proved effective in immobilizing HRP for accurate and
sensitive cholesterol detection. Others use nanoparticles with peroxidase-like activity,
to replace HRP altogether, overcoming its stability challenges [65]. Examples include
nitrogen-doped carbon nanosheets with Fe-Ni entrapped inside [66], Cu-salt-Fe
composites [67], copper-doped cerium dioxide nanosheets [68], all of which exhibited
great sensitivity and selectivity to cholesterol. These sensors utilized
spectrophotometric [38], [39], [40], [41], [42], [43], [44], [45], [46], [69], [70], [71],
[72], [73], [74] and electrochemical [47] measurements for cholesterol quantification.
Electrochemical-based cholesterol sensors determine cholesterol concentration by
measuring changes in current due to a redox reaction, in potential between a reference
and working electrode, or in impedance [19], [47]. Electrochemical sensing methods
are advantageous due to their relatively lower cost, portability, and high sensitivity;

comprehensive reviews on electrochemical-based cholesterol sensors can be found in
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[19], [21], [47]. In addition, plasmonic-based, optical techniques of cholesterol
detection have also emerged [75], [76], [77], [78]. For instance, bimetallic silver-
shelled gold nanorods proved effective in detecting both triglycerides and cholesterol
via their plasmonic properties, allowing for detection through surface enhanced Raman
spectroscopy [76]. Moreover, graphene oxide coupled with silver nanowires have
enabled optical detection of cholesterol at low concentrations [75]. Comprehensive
reviews on plasmonic-based biosensors can be found in [77], [78].

More recently, spectrophotometric-based sensors have emerged as sensitive and
accurate cholesterol sensors [38], [39], [40], [41], [42], [43], [44], [45], [46], [69], [70],
[71], [72], [73], [74]. Spectrophotometric detection methods include colorimetric,
fluorescent, and chemiluminescent techniques, illustrated in Figure 2-2. A variety of
nanomaterials have been designed for spectrophotometric-based cholesterol sensing.
These will be herein discussed. An overview of these nanomaterials, the cholesterol
sensing operating principle, the limits of detection and linear ranges achieved are

summarized in Table 2-1.
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Figure 2-2: Overall mechanisms of nanomaterial-based spectrophotometric cholesterol sensors.

2.1.2.1. Colorimetric
Colorimetric-based sensors are optical sensors that operate by detecting a change in
color upon a chemical reaction with the analyte. More specifically, this color change
occurs within the visible light wavelength region (400-800 nm), which is often

detectable by the naked eye, and can be quantified by detecting change in absorbance
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at a fixed wavelength [79]. Colorimetric methods of detection are simple, less costly,
rapid, and sensitive, with relatively low background interferences [39], [42]. The
traditional, clinical cholesterol detection method, explained earlier in section 2.1,
employs colorimetric-based cholesterol detection. However, a significant limitation is
the heavy dependence on enzymes, especially HRP, which is known for its instability
[17], [18].

Recent colorimetric sensors integrate nanomaterials with inherent peroxidase-like
activity, to replace HRP enzyme for more efficient sensing and longer operation [3s), [39],
1401, [41, [42. For example, polypyrrole nanoparticles (PPy NPs), an organic,
semiconducting NP, demonstrated good peroxidase-like activity, and allowed for
complete replacement of HRP. In combination with the dye 3,355
tetramethylbenzidine (TMB) and ChOXx, the PPy NPs facilitated cholesterol detection,
with a limit of detection of 3.5 uM [42]. Other works explored the use of
nanocomposites, combining a minimum of two nanomaterials for improved peroxidase
activity and cholesterol sensing [38], [39], [40], [41], [42]. Examples include gold NP-
coated Fe304 magnetic particles (GoldMag) [40], MXene-TisC, nanosheets combined
with CuS NPs [41], and Pd-NPs stabilized with gum kondagogu biopolymer [38], all
demonstrating inherent peroxidase activity and combined with a dye (TMB or 2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS)), for effective sensing of
cholesterol in uM ranges. Lower detection limits were achievable in a ZnO/carbon
nanotube (ZnO/CNT) nanocomposite, with a linear range of 0.0005-0.5 uM and an
LOD as low as 0.0002 pM [39]. Thus, nanomaterials with peroxidase-like activity
worked as accurate and sensitive colorimetric cholesterol sensors when combined with
a dye and ChOx.

However, the need for an external dye increases costs and materials required for the
sensor design. Later studies include nanomaterials that demonstrated a color change
upon exposure to hydrogen peroxide produced during cholesterol oxidation by ChOX,
excluding the need for a peroxidase mimic. For instance, Au@Ag core—shell
nanoparticles demonstrated a clear, color change when exposed to hydrogen peroxide
after cholesterol oxidation [70]. The produced hydrogen peroxide etched away the Ag
shell, producing Ag+ and causing a gradual color change from orange to wine red [70].

A wide linear range of cholesterol detection was achieved (0.30-300 uM) and the LOD
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was 0.15 pM, with good selectivity in the presence of other biomolecules [70]. Hence,
this unique, colorimetric sensing mechanism allowed for selective and sensitive
cholesterol sensing while eliminating the need for HRP. Nonetheless, in all these
nanomaterial-based colorimetric methods, ChOx enzyme is still needed as a

pretreatment step for selective cholesterol sensing.

2.1.2.2. Fluorescent

Fluorescent analysis methods detect the emission of light by a fluorophore, or a
fluorescent dye, after excitation caused by external light irradiation [80]. The
wavelength of the emitted light is often longer than the absorbed light, and the
mechanism of sensing often involves observing fluorescence enhancement/recovery or
quenching, depending on the nanomaterial used as the fluorophore [80]. Nanomaterial-
based fluorescent sensors have various advantages, including low costs, ultrasensitive
detection to picomolar levels, enhanced selectivity, and allows for real-time, continuous
monitoring [80], [81], [82]. A variety of nanomaterials have been used for fluorescence-
based detection of cholesterol [43], [44], [45], [46], [71], [72], [73], [74]. Some sensors
use pure nanomaterials of one type, such as silicon NPs [43] and -cyclodextrin carbon
dots [71]. Other sensors use hybrid, nanomaterial composites combining for enhanced
fluorescence detection of cholesterol, such as sensors using garlic capped AgNPs [74],
CdSe/ZnS quantum dots [46], and others.

Similar to colorimetric, nanomaterial-based sensors, fluorescent nanomaterial
cholesterol sensors have been used in combination with ChOx and HRP [43] and also
as peroxidase-mimics, with the need for ChOx  [44], [45], [46]. For example,
fluorescent silicon NPs are used in combination with ChOx and HRP enzyme treatment
in the presence of p-phenylenediamine, which — upon oxidation — quenches the silicon
NPs; this quenching is used to determine cholesterol concentrations [43]. Meanwhile,
poly(vinylpyrrolidone)-protected gold nanoparticles (PVP-AuNPs) proved to be
efficient peroxidase-mimics, which replaces HRP and relies only on ChOx treatment.
In the presence of oxidized cholesterol and hydrogen peroxide, PVP-AuNPs swell,
causing quenching of bovine serum albumin-protected gold nanoclusters (BSA-

AUNCSs) and subsequent cholesterol detection [45].

However, fluorescent nanomaterial-based cholesterol detectors are unique in their
ability to design enzyme-free cholesterol sensors, for direct cholesterol detection
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without ChOx or HRP  [71], [72], [73], [74]. In these sensors, cholesterol directly
interacts with active sites in the nanomaterials, causing a change in fluorescence. For
instance, carbon dot/nemoglobin complex demonstrated great selectivity to cholesterol,
where fluorescence enhances upon cholesterol-hemoglobin binding; the sensor had a
wide dynamic range (0-800 uM), with a low LOD of 56 uM [72]. B-cyclodextrin carbon
dots [71] and garlic-capped Ag NPs (G-AgNPs) [74] also exhibited selective
cholesterol fluorescent detection, with $-cyclodextrin carbon dots allowing for micro-
molar range cholesterol detection and the G-AgNPs allowing for millimolar range
cholesterol detection. These sensors are advantageous in their stability, due to the
elimination of enzymes. Other nanomaterial sensors display dual colorimetric and
fluorescent detection, such as ChOx immobilized gold nanoparticles [44] and gold—
carbon dot nanoconjugates [73], the latter being advantageous in its enzyme-free nature.
All these fluorescent, nanomaterial-based sensors exhibited selective cholesterol

detection and good detection limits.

2.1.2.3. Chemiluminescent
Chemiluminescence is the emission of light as a result of a chemical reaction; the light
intensity is correlated with the reaction rate; thus, it can be used to determine the
concentration of the limiting reactant. In sensing applications, luminol is often used as
the light-emitting reagent [69], i.e. the reagent causing chemiluminescence, among
other reagents. Chemiluminescence is advantageous in its rapid nature, relatively
simple method, and high sensitivity [69]. Different nanomaterials have been used to
catalyze chemiluminescent reactions between produced hydrogen peroxide and a dye,
for effective and rapid cholesterol sensing [69], [83]. For example, CuO NPs exhibited
excellent peroxidase-like activity, catalzying the reaction between hydrogen peroxide,
produced from ChOx cholesterol oxidation, and luminol, a chemiluminescent dye. The
enhancement in chemiluminescence allowed for micromolar detection of cholesterol,
while also replacing HRP for a more stable, long-lasting system [69]. Hence,
chemiluminescent nanomaterials for cholesterol detection have proven effective
sensing materials. However, unlike fluorescent-based sensors, current
chemiluminescent-based sensors still require the use of ChOx enzyme. Future studies
can investigate the complete elimination of enzymes in chemiluminescent,

nanomaterial-based cholesterol sensing.
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Table 2-1: Spectrophotometric-based cholesterol sensors, excluding MOFs.

(ChOX@GNP)

a color change.

Limit of .
. . . . . Detection Linear
Nanoparticles used Detection Method Cholesterol Sensing Operating Principle (LOD) Range | Ref.
M
(M) (LM)
Gum kondagogu (a
biopolymer) — Sample is treated with ChOx, then GK-Pd NPs has intrinsic
reduced/stabilized Colorimetric peroxidase properties, catalyzing hydrogen peroxide (H-0,) 3.7 5-100 | [38]
palladium NPs (GK-Pd reduction and TMB dye oxidation, causing a color change.
NPs)
After oxidation by free ChOx, peroxidase-like ZnO/CNT
ZnO NPs on carbon . . catalyzes H,O; reduction and 2,2'-azino-bis(3- 0.0005-
nanotube (CNT) surface Colorimetric ethylbenzthiazoline-6-sulfonic acid (ABTS) dye oxidation, 0.0002 0.5 [39]
producing a change in color.
Au@Ag core—shell . . -
nanoparticles (Au@Ag Colorimetric Adfter reaction with free CthOx, _produced_l—!zcl)z Oxl'dlzis Ag 0.15 0.3-300 | [70]
NPs) surrounding AuNPs to Ag™, leading to a visible color change.
Fes04 particles coated with After treatment with ChOx, GoldMag acts as a peroxidase 259
gold nanoparticles Colorimetric mimic, catalyzing H-O- reduction and ABTS oxidation, 7.8 19397 [40]
(GoldMag) resulting in color change.
Ng:g”&g';i; Qagg[?giits After treatment with ChOx, MXene-TisC,/CuS acts as a
0P Colorimetric peroxidase mimic, catalyzing H.O- reduction and TMB 1.9 10-100 | [41]
(MXene-TisC,/CuS) o .0
. oxidation, resulting in color change.
nanocomposites
Polvovirole nanoparticles Cholesterol is oxidized by free ChOx and PPy NPs act as
ypy P Colorimetric peroxidase mimic, catalyzing H,O; reduction and TMB 35 10-100 | [42]
(PPy NPs) I N
oxidation, resulting in color change.
C_holeste_rpl oxidase . . Cholesterol is oxidized by immobilized ChOx and produced
immobilized gold Dual Colorimetric . 650—
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nanoparticles and Fluorescence 7760
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Gold—carbon dot

Dual Colorimetric

Cholesterol directly interacts with Au@CDs, destabilizing
surface and leading to particle agglomeration. This causes a

1000-

nanoconjugates (Au@CDs) | and Fluorescence | change in color and fluorescence quenching. No ChOx or HRP 2:5 6250 [73]
needed.
Sample is pre-treated with ChOx then HRP in the presence of
- . p-phenylenediamine (PPD), producing PPDox. Produce PPDox 0.025-
Silicon NP (SiNP) Fluorescence guenches SiNPs by the inner filter effect (IFE), and this 0.018 10 [43]
guenching is correlated with cholesterol concentration.
Poly(vinylpyrrolidone)-
protected gold After ChOx treatment, produced H.O enlarges PVP-AuNPs,
nanoparticles (PVP- Fluorescence which then quenches bovine serum albumin-protected gold 1.4 1-100 | [45]
AUNPs) (peroxidase nanoclusters (BSA-AuUNCs). Quenching is measured
substitute)
B-cyclodextrin carbon dots Cholesterol directly interacts with B-CD cavity, quenching its
(B-CDs) Flugrescence fluorescence. No ChOx or HRP needed. 0.204 0.5-40 | [71]
Carbon dot/hemoglobin Cholesterol directly binds with Hb, disturbing CD quenching
complex (CD/Hb) Fluorescence and restoring fluorescence. No ChOx or HRP needed. 56 0-800 | [72]
Garlic-capped Ag NPs (G- Cholesterol directly interacts with G-AgNPs, via ionic or 400—
AgNPs) Flugrescence hydrogen bonds, causing fluorescence enhancement. 186 5170 [74]
ChOx-immobilized Eluorescent Cholesterol is oxidized by the immobilized ChOx, then 10 10 - [46]
CdSe/ZnS quantum dots produced H,0- directly quenches CdSe/ZnS quantum dots. 9110
After ChOx treatment, cupric oxide NPs act as peroxidase 0625
Cupric oxide NP (CuO NP) | Chemiluminescence | mimic, catalyzing luminol conversion to excited state, which 0.17 '12 5 [69]

later relaxes. Chemiluminescence here is measured.
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2.2. MOFs as Promising Sensing Materials

Compared to other nanomaterials, MOFs are gaining rapid attention and superiority in
sensing applications. This is attributed to its highly tunable structure, surface
functionalization, inherent catalytic and fluorescent properties, among other advantages
[18], [23], [24], [25], [26], [27], [28], [29], [30], [31]. Understanding the basic
composition, structure, and type of MOFs is crucial to better design MOF-based sensors
and optimize performance. This section herein explores the basic features of MOFs,

their promising advantages for sensing applications.

2.2.1. MOF basics

Metal organic frameworks are highly crystalline materials, with unique compositions
and structures. This section herein briefly explores the basic features of MOFs,
including their composition, structures, synthesis procedures, and characterization

techniques.

2.2.1.1. Composition
MOFs are made up of two main components: metal ions or clusters and organic linkers,
connected via coordination bonds [84], [85], [86], [87]. A variety of metal ions can be
used, including zinc (Zn) [88], [89], zirconium (Zr) [90], [91], [92], [93], titanium (Ti)
[94], [95], chromium (Cr) [96], [97], iron (Fe), and aluminum (Al) [98], with transition
metal ions of high valence and empty d-orbitals being the majority [84], [99]. These
metal ions or clusters act as nodes, forming multiple coordination bonds to join organic
linkers and form the overall MOF structure. Like metal clusters, a variety of organic
linkers can be used, producing a multitude of MOFs with different structures. These
organic linkers, also coined ligands, often contain O- or N-donor functional groups, to
donate electrons and form the coordination bond [87]. Examples of common organic
linkers include carboxylates, benzenes, crown ethers, sulfonates, imidazoles, and
pyridyl compounds, among others [87]. Together, the different combinations of metal
clusters and organic linkers produce a multitude of MOFs with different properties and
structures. Within these structures many spaces exist, which can be occupied by solvent
molecules, guest molecules, or others. Figure 2-3 below illustrates the general

composition of MOFs from its building blocks
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Figure 2-3: Generic MOF composition from metal ions and organic linkers.

2.2.1.2. Structures
Different MOF structures or geometries have been established. This variance is
dependent on the metal clusters and organic linkers used. More specifically, the
coordination number (or ligancy) of the metal clusters, the geometry of the metal ion
clusters, the functional group of the organic linker, and the rigidity or flexibility of the
organic linker all contribute to the overall MOF structure [87], [99]. For example, metal
clusters with only two vacancies often produce linear, one-dimensional (1D) structures,
to form 1D MOF nanowires, nanotubes, and other shapes depending on the synthetic
protocol. Examples of 1D, linear MOFs include Co-MOF-74 [100], ZIF-8 when
synthesized on polycarbonate track-etched (PCTE) template [101], and Mg-MOF-74
when synthesized at a controlled pH [102], among many others reviewed in [103],
[104]. Meanwhile, metal clusters containing three and four vacant sites form more
elaborate 3D structures, such as MIL-125(Ti), MIL-101(Cr), and MIL-53(Al), among
others [99], [105], [106]. Some of the geometries available at the metal cluster—ligand
bonding site include linear, trigonal planar, T-shaped, tetrahedral, square planar,
pentagonal bipyramidal, octahedral, trigonal prismatic, trigonal bipyramidal, and
square pyramidal [86]. These geometries contribute to the overall MOF topology,
which includes cubic, spherical, spindle, and rod structures [107], [108], [109]. The
diversity and tunability of MOF structures and shapes is greatly advantageous, allowing

for a wide range of applications.
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2.2.1.3. Synthesis & characterization

A multitude of synthetic techniques have been developed for the successful preparation
of MOFs. Early methods were rather simple, whereby metal ions and organic linkers
were mixed until porous, crystalline MOFs are developed. However, this method
requires long synthesis times and can be costly [99]. With advancements in technology
and research, more complex and effective methods emerged. These include microwave-
assisted, electrochemical, solvothermal, mechanochemical, sonochemical, diffusion,
slow evaporation, and microemulsion methods [87], [99], [107]. Each method has its
own advantageous and limitations. For instance, slow evaporation and diffusion
methods can be performed at room temperature, unlike microwave-assisted methods
requiring high temperature and energy costs [87]. Microemulsion synthesis of MOFs
allows for precise control of MOF topology and surface area; however, it is associated
with high costs and large production of environmental pollutants [87]. For large-scale
production, continuous flow solvothermal methods are often preferred. More recently,
microfluidic methods have emerged for smaller microscale, rapid production of MOFs
[110]. Hence, cost-benefit analysis is required to choose the optimal synthetic protocol
for the desired MOF preparation. For further analysis of MOF preparation methods,
readers can refer to [84], [87], [107], [109].

Characterization techniques are crucial to understand MOF properties and features and
confirm accurate preparation. Mechanical and structural properties of MOFs, such as
elasticity, microstructure, and surface topography, atomic force microscopy (AFM) can
be used. Transmission electron microscope (TEM) and scanning electron microscope
(SEM) techniques can reveal further information about the crystallography properties
and defects of MOFs [89], [111]. However, TEM and SEM are more expensive, have
risks of beam damage, with TEM being especially sensitive to contaminants [111].
Meanwhile, Brunauer—Emmett—Teller (BET) has been especially useful for
understanding surface area and porosity of MOF structures. Thermal stability can
generally be characterized using thermal gravimetric analysis (TGA) while colloidal
properties are better characterized using dynamic light scattering (DLS) analyses [111].
To confirm bonding and understand chemical properties, Fourier-Transform Infrared
(FT-IR) and Raman spectroscopy are useful [111]. Many other MOF features can be
easily characterized via a variety of techniques, which have been extensively reviewed

in [111], [112], [113], [114], [115].
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2.2.2. Promising properties of MOFs for spectrophotometric biosensing

MOFs demonstrate great promise for spectrophotometric biosensing applications,
especially spectrophotometric-based sensing. This is because many MOFs demonstrate
inherent fluorescent and/or colorimetric nature, which exhibit changes upon analyte
detection [33], [80], [116]. Similarly, many MOFs exhibit intrinsic catalytic activity,
acting as nanozymes for sensing biological analytes requiring enzyme treatment [26],
[32], [34]. Moreover, MOFs can easily be hybridized with other nanomaterials for
enhanced sensing performance [117], [118], [119]. It may be argued that other
nanomaterials, such as metal oxides, quantum dots, and metal NPs, all also demonstrate
excellent fluorescence, intrinsic catalytic activity, and potential for hybridization — as
shown in Table 1. While this is true, MOFs have additional unique properties that make
it stand out as promising nanomaterials for biosensing applications. These unique
advantages include high surface area and porosity, tunable structures, and

functionalizable surfaces. These unique properties are discussed herein.

2.2.2.1. High surface area & porosity
MOFs are unique in their high surface area and porosity. MOF surface areas can reach
up to 10400 m? g [120], which is significantly greater than that of graphene (~2000
m? g1) [121], zeolites (<1100 m? g*) [122], and other nanomaterials [111]. Pore
volumes can also extend up to ~3.60 cm® g%, which is superior to other nanomaterials
[111], [120]. This massive internal surface area and pore volumes facilitate entrapment
of more analyte molecules within the MOF framework, thus increasing analyte-MOF
collisions and facilitating for more sensitive detection and quantification [123], [124].
Moreover, the large pore volume can facilitate detection of larger biomolecules and
analytes, since they can fit into the structure [125]. Immobilization of larger molecules
can also be facilitated in MOF pores, such as enzymes for cholesterol and glucose
detection [126], [127]. Table 2-2 below presents some common MOFs used for
developing spectrophotometric based sensing of cholesterol, reporting their
composition, surface areas, volumes, and its luminescence properties. While some
MOFs do not exhibit inherent fluorescent properties, they can be modified and
functionalized to be fluorescent and can be used as nanozymes to catalyze sensing
mechanisms [28], [126]. These MOFs may also be used for enzyme immobilization and

stabilization, as discussed later in Section 4 [127].
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Table 2-2: Key MOFs used in spectrophotometric cholesterol sensors and their structural properties.

Metal - Pore volume BET surface Luminescence
MOF cluster Organic linker Morphology (BET, cm? g area (m? g-%) property Ref.
MIL-100 (Fe) | Fe-O Terephthalic acid Mlcgﬁzﬁ)lhere - - Not fluorescent [18]
MIL-101 (Cr) | Cr-O Terephthalic acid O?&iﬁg{ al - - Not fluorescent [28]
Ui0-66 7r-0 Terephthalic acid Octahedral 0.5453 1094 Weakly [27]
fluorescent
Dodecahedral [[12256]j
ZIF-8 Zn-0 2-methylimidazole with rhombus 0.617 1275-1664 Not fluorescent [128],
faces [129]
PCN-333 4"-s-Triazine-2,4,6-triyl-tribenzoic
(Al) Al-O acid (HsTATB) Octahedral 2.48 2550 Not fluorescent [127]
MOF-5 Zn-0 Terephthalic acid Cubic - 18.52 Not fluorescent [30]
1,3,6,8-Tetra(4- Fluorescent at 470
NU-1000 Z1-0 carboxylphenyl)pyrene (HATBAPY) Rod 131 1872 nm [31]
Co/2Fe
Bimetallic Co-0 & Trimesic acid Irregular - 1181 Not fluorescent [24]
MOE Fe-O particles
MIL-101 (Fe) | Fe-O 1,4-dicarboxybenzene Octahedral - - Not fluorescent [117]
UiO-66-NH, Zr-0 2-aminoterephthalic acid Octahedral - - Not fluorescent [130]
MoCu-MI C,\L/JIOO(;& 2-methylimidazole Nanosheet - - Not fluorescent [29]
Cu (PABA) Cu-0 p-aminobenzoic acid (PABA) Ellipsoid - - Not fluorescent [131]
CuMOF Cu-0 Terephthalic acid Flake-like - 293.7 Not fluorescent [83]
V-MOF V-0 2-Aminoterephthalic acid Ip:;(regclzjllssr - 74.74 Not fluorescent [132]
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2.2.2.2. Tunable structures
MOFs demonstrate great tunability, due to the variety of metal ions and organic linkers
that can be used. Conversely, other nanomaterials demonstrate poor tunability due to
limited building blocks. For instance, metal NPs are limited in tuning only the metal
centers. Similarly, carbon dots and graphene have poor tunability due to limited
building blocks (carbon) [82]. Meanwhile, the wide range of organic linkers available
for MOF preparation offer unlimited MOF structures and configurations, as different
organic linkers can be luminescent at different wavelengths and can interact different
with varying metal nodes. Thus, for spectrophotometric sensing applications, organic
linkers and metal clusters can carefully be chosen to target specific analytes,
maximizing sensor selectivity [123]. This flexibility in tuning nanomaterial
luminescent structures to target analytes is unique to MOFs, making them promising

candidates for applications in spectrophotometric sensing.

2.2.2.3. Functionalizable surfaces
Since MOF surfaces majorly consist of organic linkers, surface functionalization is
easily facilitated. This subsequently allows for further tuning of MOF sensing
properties for more specific and selective analyte detection. The presence of different
chemical groups on MOFs surfaces act as potential sites for functionalization of specific
molecules, which can play a role in attracting analytes (through affinity or guest-host
interactions), turning MOF luminescence on or off, altering MOF dispersibility, among
others [31], [116], [123], [133]. Surface functionalization can be through adsorption,
coordination bonding, or covalent linkages, depending on the organic linker and
molecule being attached [31], [133]. MOFs can also be functionalized with other
nanomaterials, to form hybrid nanocomposites with enhanced properties [134]. Other
nanomaterials are more rigid, with less chances of successful functionalization. Hence,
the easily functionalizable surfaces of MOFs can be tuned for specific analyte detection.
Combined with MOF’s characteristic high surface areas, surface functionalization adds
an added advantage for MOFs as promising materials for spectrophotometric sensing

applications.

Figure 2-4 summarizes the main advantageous properties of MOF that make them

promising candidates for spectrophotometric cholesterol detection. These include high
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surface area and porosity, tunability, easy surface functionalization, and intrinsic

luminescent and catalytic activity.
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Figure 2-4: Summary of Promising MOF Properties.
2.3. MOFs for Spectrophotometric Cholesterol Detection

Recently, MOFs have emerged as promising nanomaterials for spectrophotometric-
based cholesterol detection. MOFs can be used alone [24], [28], [30], [31], [127], [132]
or in hybrid composites with other nanomaterial [18], [25], [27], [29], [83], [117],
[118], [126], [128], [129], [130], [131], for more effective cholesterol quantification.
Generally, MOF-based cholesterol sensors can be categorized into five types, according
to the mechanism of sensing adopted, which in turn impacts detector performance. The

mechanisms and the performance of these sensors will be discussed below.

2.3.1. Roles of MOFs in sensing mechanisms

Spectrophotometric sensing of cholesterol through MOFs has been reported widely in
the literature. The role of MOFs in cholesterol detection can be categorized into five
main types. In some cases, the MOF is used for immobilization of sensing factors [16],
[17], [127], [128], [129], [130], while other studies primarily adopt mechanisms where
the MOF plays an active role in the sensing process [18], [24], [27], [28], [29], [31],
[83], [117], [118], [126], [131], [132]. Furthermore, these mechanisms implement a
variety of spectrophotometric methods, including colorimetry [18], [27], [28], [29],
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[30], [83], [127], [128], [130], [131], florescence [24], [25], [27], [31], [117], [118],
[126], [131], [132], and chemiluminescence [83], [129]. These mechanisms are
evaluated and compared in the next few sections. A summary of these mechanisms is

illustrated in Figure 2-5.
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Figure 2-5: Summary of MOF roles in spectrophotometric cholesterol detection

2.3.1.1. MOF for ChOx immobilization
Enzymes are highly pH- and temperature-dependent, thus requiring great care in use
and storage to avoid denaturation [16], [17]. ChOx is a crucial enzyme in cholesterol
sensing, as it is needed to catalyze the oxidation of cholesterol to produce hydrogen

peroxide, which is subsequently used for cholesterol detection [16], [25], [30]. ChOx
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immobilization and encapsulation in MOFs is an effective method for improving
enzyme stability and enhancing its efficiency [16], [17]. However, for effective
encapsulation, MOF pore size must be optimal to host the enzyme without extensively
impacting its conformation [135]; small pore dimensions will block out ChOX,

preventing immobilization [32].

MOFs have proven to be effective hosts for ChOx immobilization, in turn facilitating
cholesterol detection by prolonging ChOx stability [25], [30]. ChOx immobilization in
MOFs can also facilitate faster oxidation of cholesterol by the enzyme, through
maximizing the reaction surface area between cholesterol and ChOx and concentrating
ChOx in a smaller area [25], [30]. For instance, Hassanzadeh et al. utilized MOF-5 for
ChOx immobilization via a post-synthetic method [30], while Ding et al. used ZIF-8
[25] and adopted an in-situ method, both demonstrating good performance and minimal
ChOx leakage. However, it is important to highlight that the MOFs here do not actively
interact with cholesterol chemically; they only act as hosts that enable the first step of
the cholesterol detection process. Other agents are needed to continue the reaction.
Hassanzadeh et al. couple ChOx@MOF-5 with an Ag nanocluster decorated MoS;
nanosheets, the latter acting as a peroxidase mimic to catalyze hydrogen peroxide
reduction and in the presence of terephthalic acid, which is oxidized for colorimetric
detection of cholesterol (illustrated in Figure 2-6A) [30]. Meanwhile, Ding et al. opted
for a fluorescent method by encapsulating Au nanoclusters (AuNCs) within the
ChOX@ZIF-8 complex and decorating it with polyethyleneimine (PEI) to form a
hybrid, MOF nanocomplex. Iron (I1) ions (Fe?*) are introduced to the system with
cholesterol, which react with hydrogen peroxide produced after cholesterol oxidation
to produce hydroxyl radicals; this reaction is coined a Fenton reaction. The hydroxyl
radicals subsequently oxidize the AuUNCs from Au(0) to Au(l), quenching the systems
fluorescence. The fluorescence quenching is correlated with cholesterol concentration;
thus, cholesterol can easily be quantified [25].

The above studies mostly encapsulate ChOx within the MOF pores. Recently, ChOx
immobilization on MOF surfaces was explored, rather than inside its pores, via a hybrid
structure [118]. Xu et al. designed a nanocomposite of Th-MOF and MnQO2 nanosheets
— which quench Th-MOF fluorescence; ChOx is combined with copper phosphate for

self-assembly of ChOx-copper phosphate nanoflowers on the MOF surface [118].
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Through this unique design, cholesterol undergoes rapid cascade reactions, where it is
first oxidized by ChOx nanoflowers, then produced hydrogen peroxide reduces MnO2
sheets, thus allowing for Th-MOF fluorescence recovery. This fluorescence is
measured to determine cholesterol concentration [118]. Hence, MOFs have proven
useful for ChOx immobilization, in pores or on the surface, and subsequent cholesterol

detection via fluorescent and colorimetric methods.

2.3.1.2. MOF for peroxidase immobilization
Like ChOx immobilization, MOFs have also been useful for encapsulating and
immobilizing peroxidases, specifically horseradish peroxidase (HRP) — which is
traditionally used for in cholesterol detection assays [129]. HRP is well-known for its
low stability and quick degradation [17], [18]. Therefore, HRP immobilization in MOFs
can significantly prolong its lifetime and improve cholesterol sensing. ZIF-8
demonstrated excellent encapsulation of HRP, through a one-pot synthesis method
combining HRP and ZIF-8 precursors [129]. However, for a peroxidase@MOF system
to effectively detect cholesterol, initial pretreatment with free ChOx is needed to
produce hydrogen peroxide, which is later reduced by encapsulated HRP in the
presence of a dye for quantification. Xu et al. achieved this by using luminol, a
chemiluminescent dye when reacted with hydrogen peroxide, in the presence of
HRP@ZIF-8, which initiates a chemiluminescence reaction triggering light emission
[129]. The intensity of light emitted can be used for cholesterol guantification. The
entire synthetic scheme and detection mechanism is illustrated in Figure 2-6B. As such,
MOFs also prove effective for encapsulating peroxidases (ex: HRP) and stabilizing

them for cholesterol detection.

2.3.1.3. MOF for co-immobilization of ChOx & peroxidase
While MOFs have proven successful for encapsulating HRP and ChOx separately [25],
[30], [129], co-immobilization of these enzymes in one MOF offers greater potential of
faster detection using less materials. Through co-immobilization of peroxidases and
ChOx in one MOF, cholesterol is oxidized and the product hydrogen peroxide can
immediately be oxidized by peroxidase, in the presence of a dye or fluorescent agent,
for cholesterol quantification. Zhao et al. achieved this by co-encapsulating HRP and
ChOx in PCN-333(Al) MOF, with a high loading capacity and good stability [127].
First ChOx was encapsulated, followed by HRP, as illustrated in Figure 2-6C.
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Peroxidase mimics may also be co-immobilized with ChOx, such as hemin [128] and
AUNPs [130]. To effectively secure hemin molecules in ZIF-8, hemin was conjugated
to poly(1-vinylimidazole) (PVI) then co-encapsulated with ChOx in ZIF- through a
one-pot synthesis [128]. Meanwhile, Cao et al. effectively immobilized AuNPs on UiO-
66-NH2 MOF surface and then used molecular imprinting to secure ChOx [130].
Combined with ABTS [127], [128] or TMB [130] dye, colorimetric detection of
cholesterol was successfully achieved by the MOF systems. For effective cascade
detection of cholesterol via enzyme co-immobilization, the MOF used should have an
optimal pore size and surface area to fit both enzymes while also allowing space for
cholesterol to enter and interact with these enzymes. Interfering interactions may also
be a concern, especially due to the close proximity of the two enzymes. Nonetheless,
this approach has been proven an effective mechanism for cholesterol detection.

2.3.1.4. MOF as a peroxidase mimic

MOFs have also demonstrated active roles in cholesterol detection, unlike the passive
role as an enzyme host discussed earlier. MOFs as peroxidase mimics is the most widely
studied mechanism for cholesterol detection in the literature [18], [24], [27], [28], [29],
[83], [117], [118], [126], [131]. In this approach, the MOF has intrinsic peroxidase
activity that catalyzes the reduction of hydrogen peroxide; often time, this is done in
the presence of TMB dye, which is oxidized for colorimetric quantification of
cholesterol [18], [27], [28], [29]. The absorbance of these colors is correlated with the
cholesterol concentration. Pure MOFs can be used for this approach, such as MIL-
101(Cr) [28]. As shown in Figure 2-6D (top), MIL-101(Cr) acts as a peroxidase by
reducing hydrogen peroxide to H»>O, and subsequently oxidizing TMB to produce a
color change for colorimetric detection [28]. However, most studies adopt hybridized
MOF systems as peroxidase mimics. These include Mo-doped Cu-(2-methylimidazole)
(Cu-2MI) MOF [29], MIL-100(Fe) coated Fe304 magnetic NPs [18], and graphene
quantum dots/zirconium-based MOF (GQDs/UiO-66) nanocomposite [27].

Meanwhile, other studies considered fluorescent dyes at oxidation, such as terephthalic
acid [27], o-phenylenediamine (OPD) [131], and thiamine [126], to detect emitted light
rather than absorbance. These MOF systems are also often hybridized, with Pd
nanoclusters [126], Au-loaded CeO; nanorods [131], or graphene quantum dots [27].
For example, Cu(PABA) MOF hybridized with Au-loaded nanorods demonstrated
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more effective peroxidase activity; combined with OPD fluorescent dye, Au-loaded
CeO2 nanorods@Cu(PABA) MOF composite effectively oxidized the dye in the
presence of cholesterol, producing a fluorescent change. This mechanism is illustrated
further in Figure 2-6D (bottom). Peroxidase-like MOFs have also facilitated cholesterol
detection by ratiometric fluorescent measurements [24], [117], whereby one area of the
MOF-system is quenched while the other emits fluorescence; the ratio of these
intensities can be used to determine cholesterol concentration. Yang et al. adapted this
through a Eu®**-doped MIL-53(Fe) MOF, where hydrogen peroxide exposure enhances
MIL-53(Fe) fluorescence and quenches Eu centers [24]. MIL-53(Fe) acts as a
peroxidase here, catalyzing internal linkages in the MOF thus amplifying its intensity
[24]. Ye et al. followed a similar approach but through a hybrid MOF-QD system, using
bifunctional carbon quantum dots (CQDs)@MIL-101(Fe). Here, MIL-101(Fe)
exhibited peroxidase ability and the CQDs are fluorescent; In the presence of OPD dye,
hydrogen peroxide catalyzes the oxidation of OPD into highly fluorescent 2,3-
diaminophenosine (DAP), which subsequently quenches CQD fluorescence; hence, the
ratio between quenching and fluorescence intensity can be used for cholesterol
quantification [117]. Chemiluminescence detection using peroxidase-like MOFs has
also been demonstrated using CozO4s@CuMOF hybrid system in combination with the
chemiluminescent rhodamine B dye [83]. The MOF here catalyzes the
chemiluminescent, redox reaction between hydrogen peroxide and rhodamine B dye,
in turn emitting light and causing a color change [83]. In all cases, ChOx pretreatment
of cholesterol is required to produce hydrogen peroxide. This is often done using free
ChOx, which degrades rapidly [18], [24], [27], [28], [29], [83], [117], [118], [126],
[131]. Nonetheless, cholesterol sensors adopting MOFs as peroxidase mimics for the

main sensing mechanism have demonstrated excellent promise.

2.3.1.5. MOF for direct, enzyme-free detection
The final mechanism of cholesterol detection is based on deploying MOFs for direct
cholesterol sensing, eliminating the need for any enzymes [31], [132]. In this case,
cholesterol directly interacts with active sites on the MOF, leading to a quantifiable
spectrophotometric change. Enzyme-free detection of cholesterol is highly
advantageous, since it eliminates the risk of enzyme degradation and related
uncertainties. Direct, enzyme-free detection of cholesterol has been done through two

main mechanisms: using a MOF as a dual oxidase and peroxidase agent [132] and using
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a MOF for substitution-based detection [31]. For example, Wu et al. designed a
pyrolized V-MOF which oxidized cholesterol, mimicking ChOx, and catalyzed the
oxidation of OPD in the presence of hydrogen peroxide, mimicking HRP. The tandem
enzyme activity in this MOF facilitated rapid and accurate cholesterol detection, while
also possibly saving costs [132]. The synthetic protocol and subsequent tandem enzyme
activity (oxidase and peroxidase) is illustrated in Figure 2-6E (left). Meanwhile, the
second enzyme-free cholesterol detection approach involves functionalizing a MOF
using a ligand with high affinity to cholesterol, such as B-cyclodextrin [31]. Gong et al.
functionalized NU-1000 with carboxymethyl- B-cyclodextrin, then loaded the [-
cyclodextrin ligands with rhodamine 6G dye, which quenches the MOF’s initial
fluorescence. Introducing cholesterol substitutes rhodamine 6G in the MOF,
subsequently recovering MOF fluorescence and allowing for cholesterol quantitation,
as depicted in Figure 2-6E (right) [31]. Through this mechanism, cholesterol detection
is done directly in one-step, without the need for sequential oxidation and peroxide
reactions, minimizing possible interferences [31]. Hence, enzyme-free cholesterol

detection mechanisms are preferred due to their lower costs and enzyme elimination.

Figure 2-6 illustrates the roles of MOFs in spectrophotometric-based cholesterol
sensors, as reported in the literature and discussed above. These include MOFs for
ChOx immobilization (Figure 2-6A), peroxidase immobilization (Figure 2-6B), co-
immobilization of ChOx and peroxidase (Figure 2-6C), peroxidase mimics (Figure 2-

6D), and direct, enzyme-free detection of cholesterol (Figure 2-6E).

2.3.2. MOF sensor performance

Different cholesterol sensing mechanisms impact sensor accuracy, sensitivity,
selectivity, LOD, and overall performance. It is crucial to understand the relationship
between the sensor performance and the associated detection mechanism to achieve
superior performance in terms of response time, selectivity, and accuracy. Herein, the
performance of a variety of MOF-based spectrophotometric sensors is explored, based
on their mechanism of action. Table 2-3 summarizes all spectrophotometric MOF-
based sensors, reporting the composition, mechanism of sensing, detection limits, and

linear ranges.
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Table 2-3: Summary of spectrophotometric MOFs used for cholesterol detection.

Hybrid . . Linear
MOF used or Pure l\?lzr(lﬂ;rﬂs(rhlﬂzgd MOF mechanism z_(i/ID) Range Ref
MOF H (uM)
MOF-5 Pure Colorimetric MOF for Chox 15 63 | 0.06-15 | [30]
Immobilization
AUNCS/ChOX@ZIF-8/PEl Hybrid Fluorescence MOF fc_)r_Ch_Ox 0.073 0.1-2.4 | [25]
nanocomplexes Immobilization
MnO2 nanosheets on the surface Th—
MOFs. Coupled with hybrid nanoflowers . MOF for ChOx
are self-assembled by ChOx and Hybrid Fluorescence Immobilization 157 10-360 | [118]
Cu3(P0O4)2:3H20.
. . o MOF for Peroxidase 0.1-
HRP@ZIF-8 nanocomposite Hybrid Chemiluminescence Immobilization 0.04 100.0 [129]
MOF for Co-
ChOx&PVI-hemin@ZIF-8 Hybrid Colorimetric immobilization of NR 550 |[128]
ChOx & Peroxidase
MOF for Co-
PCN-333(Al)/ChOx&HRP Pure Colorimetric immobilization of 0.6 0.0-40.0 | [127]
ChOx & Peroxidase
MOF for Co- 9900
UiO-66-NH2@AUNPs-ChOx@MIPs Hybrid Colorimetric immobilization of 2400 [130]
. 6700
ChOx & Peroxidase
Fe304 magnetic NPs that are coated by . . . MOF as Peroxidase
MIL-100(Fe) Hybrid Colorimetric Mimic 0.8 2-50 [18]
Mo-doped Cu-2MI (2-methylimidazole) : . : MOF as Peroxidase
[MoCu-2MI] Hybrid Colorimetric Mimic 1.2 2-140 | [29]
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MOF as Peroxidase

MIL-101(Cr) Pure Colorimetric Mimic 0.86 | 1.1-22.9 | [28]
Graphene quantum dots/zirconium-based . . .
metal-organic framework (GQDs/UiO- Hybrid DuaIIZICoIorlmetnc & MOF as _Pefox'dase 0.01 0.04- [27]
66) uorescence Mimic 1.60
Bimetallic Eu/Fe-MOFs [Eu3+-doped Pure Ratiometric MOF as Peroxidase 105 2000— [24]
MIL-53(Fe)] Fluorescence Mimic ' 8000
. Colori:
Au-loaded CeO2 nanorods (NR) in Cu- . : .
based metal-organic frameworks Hybrid Dual IC OIO”mEt.”C & MOF as I_Deromdase O|'162_ 0.05-40 | [131]
(Cu(PABA)) Fluorometric Mimic Fluor:
0.178
. : . : . 5-100 &
Bifunctional carbon quantum dots Hvbrid Ratiometric MOF as Peroxidase 455 100- | [117]
(CQDs)@ MIL-101(Fe) y Fluorescence Mimic ' 1000
Dual MOF as Peroxidase
Co0304@CuMOF NPs Hybrid | Chemiluminescence & Mimic 0.026 | 0.1-300 | [83]
Colorimetric
Pd nanoclusters in ZIF-8 (PA@ZIF-8) | Hybrid Fluorescence MOF as peroxidase | 092 | 5-1000 | [126]
MOF for Direct,
(pyrolyze d\;t-l\7/looogé7%oin N2 atm) Pure Fluorescence Enzyme-Free 0.38 2-160 | [132]
Pyroly g Detection
MOF for Direct,
NU-1000-CMCD Pure Fluorescent Enzyme-Free 0.40 0-180 [31]

Detection
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2.3.2.1. Sensors using MOFs for ChOx immobilization

Immobilization of ChOx in MOF structures and nanocomposites can significantly
improve catalytic activity and stability, thus facilitating improved cholesterol sensing
performance [25], [30], [118]. For instance, Ding et al. [25] adopted an in-situ technique
to synthesize a AUNCs/ChOx@ZIF-8/PEI nanocomposite, which facilitated tandem
reactions for cholesterol detection with an LOD of 0.073 uM. Optimal sensor
performance was achieved at neutral pH and 370C, with a detection time of 15 mins.
While the results are obtained relatively quickly when compared to traditional
cholesterol lab tests, the detection time is quite long for use in point-of-care devices,
where cholesterol detection can be achieved in less than five minutes [136].
Furthermore, the narrow linear dynamic range (0.1-2.4 uM) limits applications for real
life samples, since it poses the need for 1000-time dilutions, which can be challenging
and material-consuming [25]. An earlier nanocomposite MOF system of ChOx/MOF-
5 and AQNC@MoS; NSs, in combination with TMB dye, achieved a lower LOD of
0.03 uM and a wider linear range of 0.06 — 15 uM [30]. This can be attributed to the
high ChOx encapsulation efficiency (25.3%), and greater, preserved catalytic activity
due to post-synthetic loading [30]. Figure 2-7(Al) demonstrates the increase in
fluorescence with cholesterol addition, while the linear cholesterol calibration curves
and hydrogen peroxide production rates with time of (a) MOF-5 alone, (b) ChOx alone,
(c) ChOX@MOF grafted post-synthesis, and (d) ChOx@MOF synthesized in situ are
all illustrated in Figures 2-7 (A2) and 2-7 (A3), respectively. As shown, MOF-5 alone
does not have any peroxidase activity, while the best sensitivity to cholesterol was
achieved by post-synthetically grafted ChOx@MOF, as depicted by higher hydrogen
peroxide production (Figure 2-7(A3)) and greater slope of calibration curve (Figure 2-
7 (A2)).

Similar to the MOF earlier [25], optimal detection was achieved at neutral pH and
physiological temperature (37°C), but a lower detection time of 10 mins. An additional
advantage is the recyclability of the sensing material, where 8 cycles of detection
maintained sensing efficiency of 90%, indicating great potential for use in reusable PoC
devices [30]. Both MOF nanoomposites proved effective for free cholesterol and total
cholesterol detection applications, the latter requiring an additional pretreatment step
with cholesteryl esterase [25], [30]. Meanwhile, surface functionalization nanoflower-

ChOx structures on Th-MOFs demonstrated a higher LOD of 1.57 uM, but with a wider
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dynamic range of 10 — 360 uM, thus showing potential for blood-cholesterol detection
applications [118]. As such, ChOx immobilization in hybrid MOF sensors have
demonstrated great cholesterol sensing performance and potential for real-life
applications.

2.3.2.2. Sensors using MOFs for peroxidase immobilization
Immobilization of HRP, the peroxidase used for traditional cholesterol detection, can
improve cholesterol detection through HRP stabilization [129]. Through a one-pot
synthetic protocol, HRP was immobilized in ZIF-8 pores, which significantly enhanced
HRP’s temperature tolerance and activity at neutral pH [129]. This enhancement in
HRP activity allowed for cholesterol detection, by chemiluminescence reaction with
luminol, at a low LOD of 0.04 uM and a wide linear dynamic range of 0.1-100.0 uM
[129]. The chemiluminescence response is demonstrated in the hydrogen peroxide and
cholesterol chemiluminescence signals (Figure 10B1 and B2, respectively).
Furthermore, the LOD and wide dynamic range to hydrogen peroxide and cholesterol
is shown by the calibration curves (inserts of Figures 2-7B1 and B2, respectively.). This
LOD is comparable with results of MOFs with immobilized ChOx [25], [30], as well
as other nanomaterial detection systems utilizing chemiluminescence mechanisms [69].
The HRP@ZIF-8 — luminol sensor performance was validated using real blood
samples; however, the main drawback is the high incubation times required for ChOx
pretreatment (30mins at 37°C). Nonetheless, the system proved very precise (relative
standard deviations (RSD) below 2.5%), showing promise for future real-life

applications [129].

2.3.2.3. Sensors using MOFs for co-immobilization of ChOx and peroxidase
Co-immobilization of ChOx and peroxidases in one MOF system is expected to
improve sensor performance due to more rapid, cascade reactions of cholesterol. Many
studies tested this through developing a variety of dual ChOx & peroxidase MOF
nanocomposites [127], [128], [130]. For instance, Zhao et al. [127] co-encapsulated
HRP and ChOx in a water-stable PCN-333(Al) MOF while Zhang et al. [128] adopted
ChOx and hemin, a peroxidase mimic, in a ZIF-8 MOF. Combined with ABTS dye,
colorimetric measurements were used for cholesterol quantitation [127], [128].
Contrary to expectations, both these sensors demonstrated LODs (0.40 & 0.60 uM) and

linear ranges (< 50 pM) similar to MOF-nanocomposites encapsulating one enzyme
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type [30], [129]. For PCN-333(Al) in particular, the greatest catalytic activity was
achieved when co-encapsulating ChOx and HRP in PCN-333, as compared to mixing
single encapsulated ChOx@PCN-333 and HRP@PCN-33 or PCN-33 alone (Figure 2-
7C1). In contrast, the stability of co-immobilized ChOx and peroxidase MOF sensors
is greatly improved, exhibiting longer shelf-life and high tolerances to pH and
temperature  changes [127], [128]. Moreover, the dual-encapsulated
ChOx&HRP@PCN-333 MOF demonstrated excellent selectivity in the presence of
interfering analytes (Figure 2-7C3), and the linear range calibration curve and color
change with cholesterol addition is shown in Figure 2-7C2. Meanwhile, a more recent
study adapted a novel technique for grafting both ChOx and AuNPs (peroxidase
mimics) on a UiO-66-NH2 MOF, through molecular imprinting [130]. While
encapsulation was successful, the colorimetric sensor demonstrated a relatively higher
LOD in the milli-molar ranges (2.4 mM), and a narrow dynamic range of 2900 — 6700
UM [130]. Since normal blood cholesterol concentrations generally do not exceed 5200
MM [137], the sensor does prove useful for real-life, clinical or PoC applications.
However, applications in patients with hypocholesterolemia or hypercholesterolemia
may be limited due to the narrow range [130], [137]. This is further supported by the
long shelf-life stability and good reusability of the MOF sensing system, where only
4% of catalytic activity is lost after 25 days and sensor performance only drops by 2.5%
after eight cycles of reuse [130]. Thus, co-encapsulation of enzymes in MOFs have
showing promising results for cholesterol detection, but further enhancements are

needed to optimize performance.

2.3.2.4. Sensors using MOFs as peroxidase mimic
The need for enzyme immobilization and stabilization, as in earlier studies, can limit
the overall stability and effectiveness of the MOF system, and limit temperature and
pH conditions. Therefore, many studies developed MOF-based composites as
peroxidase mimics, also known as nanozymes, to minimize enzyme use and maximize
cholesterol sensor performance [18], [24], [27], [28], [29], [83], [117], [118], [126],
[131]. Through colorimetric [18], [27], [28], [29], [83], [131], fluorescent [24], [27],
[117], [126], [131], and/or chemiluminescent [83] mechanisms, these MOFs have
demonstrated great performance in sensing cholesterol. These will be further discussed

within.
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Colorimetric MOF nanocomposites coupled with TMB have facilitated cholesterol
detection at micromolar levels, with LODs as low as 0.80 uM [18]. Liu et al. used pure
MIL-101(Cr) as a peroxidase mimic, achieving an LOD of 0.86 uM and a linear
dynamic range of 1.1 — 22.9 uM [28]. While the LOD is low, the linear range is quite
narrow, requiring careful dilution of real samples to fit this range. The calibration curve
is depicted in Figure 2-7(D2) while the increase in color intensity and absorbance with
cholesterol addition is shown in Figure 2-7(D1). Furthermore, large incubation times
(45mins) and higher temperature (60°C) are required to achieve optimal results [28].
Wu et al. overcame these limitations through a hybrid nanocomposite of MIL-100(Fe)
coated Fe304 magnetic NPs [18]. In addition to using iron, which is cheaper than
chromium, the system achieved a slightly lower LOD (0.8 uM) and a wider linear range
(2 — 50 uM) at a lower incubation time (15 mins) and temperature (50 °C). The MOF-
Fe3O4 NP hybrid system also demonstrated great recyclability, retaining over 90% of
its effectiveness after 5 cycles of use [18]. Meanwhile, a Mo-doped Cu-2MI MOF
achieved an even wider linear range (2 — 140 uM) in 15 mins at a lower incubation
temperature of 37°C. While the LOD is slightly higher (1.2 uM), this system is unique
in its one-step sensing process, where ChOx, MOF peroxidase mimic, TMB, and
cholesterol are all incubated in one step [29], unlike other systems requiring sequential
treatment with ChOx then the MOF, prolonging detection [18], [28]. Despite the
differences in sensor performance, the colorimetric mechanism adapted in these sensors
is advantageous because a clear color change can be observed, allowing for applications

in simple PoC devices.

MOF-based peroxidase mimics have also been used for fluorescent-based cholesterol
detection [126]. For example, ZIF8 MOFs were decorated with Pd nanoclusters and
coupled with thiamine dye, which upon oxidation converts to thiochrome, a fluorescent
agent [126]. The hybrid nanocomposite demonstrated excellent peroxidase activity at
alkaline conditions (pH = 10.5), and cholesterol detection was achieved after incubation
for 20 mins at 45°C. Detection limits were as low as 0.92 uM, with cholesterol detection
spanning over a 5 to 1000 uM, which is among the widest ranges achieved in the
literature [126]. However, fluorescent sensors depending on single emission sources
are more susceptible to interferences from external sources, thus increasing chances of
errors [117], [138], [139]. Therefore, peroxidase-like MOF nanozyme sensors have

been designed to sense cholesterol through ratiometric fluorescence [24], [117],
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whereby the ratio of two fluorescent signals at different wavelengths is used to
determine analyte concentration [138], [139]. Ratiometric fluorescence-based sensors
demonstrate lower signal-to-noise ratios due to the elimination of background
interferences [138], [139]. Yang et al. [24] developed an Eu-doped MIL-53(Fe) MOF
for cholesterol quantitation by ratiometric fluorescence, where Eu centers are quenched
and MIL-53(Fe) fluorescence increases with hydrogen peroxide; MIL-53(Fe)
simultaneously acts as a peroxidase mimic to catalyze hydrogen peroxide reduction.
The ratio of the quenched and enhanced fluorescent signals allowed for cholesterol
detection at millimolar levels, with an LOD of 0.0105 mM and a linear range of 2000
— 8000 uM [24]. The LOD is much higher than the single-emission fluorescent sensor
in [126], and the use of Eu can add costs due to it being a rare metal [140]. A later
ratiometric fluorescent cholesterol sensor by Ye et al. [117] demonstrated better
cholesterol detection with an LOD of 4.55 uM and an advantageously wide linear range
of 5-1000 uM. Rather than metal-doping, Ye et al. functionalized MIL-101(Fe) MOF
with carbon quantum dots, which facilitated more sensitive cholesterol detection at
lower concentrations [117]. Therefore, MOFs as peroxidase mimics can also facilitate

fluorescent-based cholesterol detection.

Recent studies designed peroxidase MOF-based systems with dual fluorescent and
colorimetric detection of cholesterol [27], [131]. Chen et al. [131] achieved this
through a nanocomposite of CeO. NRs and Cu(PABA) MOF peroxidase mimic. In
combination with OPD dye, cholesterol introduction and hydrogen peroxide peroxidase
reaction catalyzes the oxidation of OPD to DAP, a fluorescent, yellow dye.
Colorimetric measurements of the yellow dye absorption allowed for a cholesterol
detection limit of 0.162 puM, while fluorescence intensity of DAP allowed a slightly
higher cholesterol detection limit of 0.178 uM. Meanwhile, both colorimetric and
fluorescent measurements allowed for micromolar cholesterol quantitation in the linear
range of 0.05 — 40 uM [131]. The peroxidase activity of the MOF-nanocomposite was
enhanced by the incorporation of CeO> NRs, and the sensor demonstrated excellent
stability in extreme pH and thermal conditions, as well as a long shelf-life extending to
30 days [131]. A GQDs/UiO-66 nanocomposite dual mode colorimetric and fluorescent
cholesterol sensor demonstrated a lower cholesterol LOD of 0.01 uM but a narrower
dynamic range (0.04-1.60 uM) at room temperature, constraining the dilution needed

for real samples [27]. Meanwhile, Amirzehni et al. [83] explored a novel, dual
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chemiluminescent and colorimetric detection technique, rather than fluorescence, using
the chemiluminescent dye rhodamine B [83]. Here, the Co30s@CuMOF hybrid
nanocomposite mimics peroxidases by catalyzing the reaction between rhodamine B
and hydrogen peroxide, consequently causing a color change and producing a
chemiluminescent intensity [83]. Quantification of cholesterol through these signals
facilitated micromolar cholesterol detection over a wide range (0.1 — 300 uM) with an
LOD of 0.026 uM [83]. Compared to fluorescence, chemiluminescence-based detectors
often demonstrate greater sensitivity due to lower background noise as no external light
source is needed, thus greater overall sensor performance [141], [142], [143], [144].
Nonetheless, further improvements are needed to widen the linear range. However,
these dual-mode sensors demonstrate great potential for use in medical laboratories or
in PoC devices for rapid cholesterol detection.

While the need for HRP is minimized using MOFs as peroxidase mimics, most cases
require pretreatment with ChOx for cholesterol oxidation and hydrogen peroxide
production to detect free cholesterol [18], [24], [27], [28], [29], [83], [117], [118],
[126], [131]. Moreover, for total cholesterol quantitation, further pretreatment with
cholesteryl esterase is needed [13], [14], which all add to the overall sensor performance
time and may require different conditions. However, this versatility also opens
windows for using these peroxidase MOF nanozymes for sensing any biomolecules that
can produce hydrogen peroxide, such as glucose, galactose, uric acid, lactic, and others,
as proven in many studies [117], [126], [128], [131]. Multi-biomarker applications of
MOF-based sensors are of great potential, and future directions can focus on further
improving these systems for accurate detection and clinical, real-life applications.

2.3.2.5. Sensors using MOF:s for direct, enzyme-free detection
Despite the great success of enzyme-based MOF sensors, current trends are shifting
towards enzyme-free sensing systems, to minimize instabilities and prolong shelf-lives
and operation times. Enzyme-free MOF-based cholesterol sensors are scarce, with only
two systems reported in the literature. Wu et al. [132] designed a V-MOF, pyrolyzed at
700 °C, to achieve dual oxidase and peroxidase behavior. Coupled with OPD,
cholesterol can directly be oxidized by the MOF, then the produced hydrogen peroxide
catalyzes conversion of OPD to DAP, resulting in fluorescence. Cholesterol detection
was achieved at a LOD of 0.38 uM and over a linear range of 2 — 160 uM [132]. In
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addition to applications in cholesterol detection, the MOF proved useful for in-vitro
quantifications of cholesterol in cell membranes, a unique application with various
biological impacts [132]. Gong et al. [31] designed an enzyme-free MOF system with
similar performance (LOD 0.4 puM), using B-CMCD-decorated NU-1000 MOFs.
However, their design was based on a substitution reaction between cholesterol and
rhodamine 6G dye at the p-CMCD pores, causing recovery of MOF fluorescence
(Figure 2-7E1). The dynamic range is shown in the calibration curve in Figure 2-7 (E2),
while the fluorescence recovery can be visually seen when irradiated with UV-light in
Figure 2-7 (E3) [31]. Nevertheless, both MOF-based sensors demonstrated great
selectivity and stability, eliminating the need for enzymes and expanding sensor

applications to in vitro assays [31], [132].

Figure 2-7 highlights the key performance of MOF-based spectrophotometric
cholesterol sensors, depending on the role of the MOF: for ChOx immobilization
(Figure 2-7A), peroxidase immobilization (Figure 2-7B), co-immobilization of ChOx
and peroxidase (Figure 2-7C), peroxidase mimics (Figure 2-7D), and direct, enzyme-
free cholesterol detection (Figure 2-7E). Performance metrics illustrated include
cholesterol detection fluorescent spectra, calibration curves, and selectivity studies,

among others.

2.4. Integration into Biosensing Platforms

With the high costs and labor needed for laboratory testing, portable sensing platforms
have grown in popularity, with research focusing on developing rapid, accurate, and
portable point-of-care (PoC) sensing devices for biomarker and metabolite
quantification [144], [145]. Few, spectrophotometric sensing platforms based on
smartphone devices have been developed and tested in the literature [146], [147], [148].
For instance, disposable test strips impregnated with cholesteryl esterase, cholesterol
oxidase, 4-aminoantipyrine (4-AAP) and aniline sodium salt were combined with a
cloud-enabled smartphone and a photochemical dongle to for colorimetric-based
detection of cholesterol via red green blue (RGB) analysis [149]. With only 30 pL of
blood, the smartphone-based sensing platform can quantify cholesterol concentrations

within 2 minutes.
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Figure 2-7: Sensing performance of MOF-based, spectrophotometric cholesterol sensors. (A) depicts
the performance of ChOXx@MOF sensors, where (Al) illustrates turn on fluorescence in presence of
cholesterol, (A2) depicts cholesterol calibration curves of (a) post synthetically immobilized
ChOX@MOF, (b) free ChOx, (c) in situ ChOx@MOF immobilization, and (d) MOF-5, and (A3)
illustrates H202 production with ChOx activity over time. (B) illustrates the chemiluminescence
signals attained using peroxidase@MOF sensors when detecting (B1) H,0O and (B2) cholesterol;
inserts represent the calibration curves. (C) illustrates the (C1) catalytic activity, (C2) cholesterol
calibration curve, and (C3) selectivity of co-immobilized ChOx and peroxidase MOF sensors. (D)
shows the (D1) turn on fluorescence response to cholesterol and (D2) calibration curve of peroxidase-
like MOFs. Finally, (E) depicts the (E1) fluorescence recovery and (E2) calibration curve for direct
cholesterol by enzyme-free MOF, with (E3) illustrating the real samples fluorescence at different
cholesterol concentrations. Reprinted (adapted) with permission from [28] [30] [129] [67].
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Oncescu et al. [146] also used standard cholesterol strips for smartphone-based
detection, whereby the smartphone’s flash was used to illuminate the strip and measure
colorimetric changes. Two ranges of cholesterol detection were achieved: low
cholesterol concentrations (below 2600 pM) and high cholesterol concentrations
(above 10300 uM) [146]. However, since normal cholesterol ranges lie around 5.2 mM,
the sensor’s application is quite limited [14], [15], [35]. Furthermore, an important
factor to consider when designing enzymatic strips is the method of immobilization,
because weakly immobilized enzymes can lead to leaching and inaccurate analyte
quantification [149]. Some immobilization techniques often used for test strips include

adsorption, encapsulation, entrapment, and covalent linkages [148].

Roda et al. developed a similar smartphone-based PoC while using a
chemiluminescent-based system with cholesteryl esterase, ChOx, HRP and luminol
[147]. A 3D printed, miniature cartridge is used (shown in Figure 2-8A), replacing
paper strips used previously [146], [148], [149]. Through the cartridge accessory
contains a back opening where blood samples are introduced. Through a membrane,
the sample travels to the reservoir where it mixes with the reagents; here the reaction
starts. Since it is a chemiluminescent system, no external light is needed; therefore, the
smartphone camera is used to simply capture emitted light from the sample
(chemiluminescence), which is displayed on the phone screen [142], [147]. Only 15 pL
of blood is needed for sensing, which can be easily obtained through a finger prick. The
smartphone-based platform and its accessory is shown in Figure 2-8A. Moreover, the
sensing platform had a linear range between 20 mg/dL and 386 mg/dL, equivalent to
520 — 10000 pM, which lies within the typical cholesterol ranges observed in patients
[147]. The calibration curve and detection range, along with the expected signal shown
in the smartphone at different concentrations is depicted in Figure 2-8A. Although
advantageous, these systems are heavily enzyme-dependent, reducing long term
stability of test strips or solutions [146], [147], [148], [149].

However, as explored earlier (section 3.2), MOF-based spectrophotometric sensors can
achieve lower LODs in rapid times with high sensitivity and selectivity. As such, future
sensing platforms can replace these test strips and enzymatic solutions with MOF-based
nanocomposite sensors for better sensor performance and stability, with lower costs.
Guo et al. [150] achieved this by creating test strips with Ag NPs/UiO-66-NH. and
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OPD. Paired with a portable device, where the sample test strip is placed, and a
smartphone, the system can be used to measure colorimetric intensities, determine RGB
intensities, and subsequently calculate cholesterol concentrations by taking a
photograph [150]. The MOF sensing mechanism, the portable device, and the RGB
pictures and analysis are all depicted in Figure 2-8C. A much lower LOD of 10 uM was
obtained, with high selectivity to cholesterol [150]. However, larger response times
were needed for accurate measurements, which is a drawback not observed in many
PoC devices. Other MOF-based cholesterol sensors have also demonstrated potential
for use in PoC devices, such as MIL-101(Cr), which was successfully developed into
simple test strips [28]. Once in contact with blood samples, the test strip changes color,
and the resulting color is compared to a standard test strip to determine cholesterol
concentration range [28]. The color changes correlated with different cholesterol
concentrations are shown in Figure 2-8B.

Research on integration spectrophotometric-MOFs into PoC sensing device is
relatively recent. Future studies can design PoC devices that use these strips for accurate
cholesterol quantification by measuring RGB intensities. MOF-assays may also be
developed into miniature cartridges, especially chemiluminescent systems, as inspired
by earlier studies [147]. The field of PoC devices for cholesterol detection using MOFs
is still young, with many gaps for research and advancement of current technologies
and developing new technologies. Figure 2-8 illustrates current PoC devices for

spectrophotometric cholesterol detection, using enzymes or MOFs.

2.5.  Current Challenges and Future Directions

Despite the variety of advantages offered by MOF-based spectrophotometric sensors
for cholesterol detection, many challenges are faced, requiring further research and

development to enhance current sensors for optimal results.

2.5.1. Stability of sensing elements

Cholesterol has very poor solubility in aqueous mediums, and more optimal solubility
in organic solvents [9]. Meanwhile, if enzymes like ChOx and HRP are used, an
aqueous medium mimicking physiological condition is needed for optimal catalytic
activity. Hence, MOF-based sensors must exhibit good stability in both aqueous and
organic solvents, and over a range of pHs and temperatures, for best sensing

applications [33]. This challenge is further emphasized when introducing hybrid
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nanocomposites of different nanomaterials, requiring exhaustive stability tests. While
most reported MOF-based sensing materials have been reported to have good
performance in different mediums [130], [131], one expects the process of developing
these systems to be lengthy and difficult. Moreover, as MOF-nanocomposite
complexity increases, challenges in identifying the most suitable buffer and pH also
arises, introducing new challenges. Future research can look into tackling this issue
through high throughput testing applications, to rapidly understand MOF stability in
different solvents at one. Furthermore, artificial intelligence and machine learning tools
can be used to predict preliminary results, which can save time and steer research
towards the correct direction. Enzymes also contribute greatly to the stability of the
sensing platform, due to their high sensitivity to changes in temperature, pH, solvent,
etc. [151], [152], [153]. Hence, future studies should aim to develop enzyme-free
systems with high sensing accuracy and performance for enhanced stability and
expanded lifetime of sensing platform [73], [151], [152]. Nonetheless, MOF-based

sensors are still advantageous and show great promise for real-life, PoC applications.

2.5.2. Multi-biomarker detection

While accurate sensing of cholesterol alone is crucial, practical application of MOF-
based sensors for multiple biomarker detection are of greater importance and value
[131], [149]. However, detection of multiple biomolecules using one MOF-system is
quite challenging, introducing limitations in the sensor design, input areas, materials,
concentrations, and much more. This is especially highlighted in PoC applications,
where buying multiple sensors for each biomolecule can be costly. Although
challenging, multiplex biomarker detection has been implemented successfully in
[128], [131], [149], for dual detection of glucose and cholesterol [128] or for detection
of glucose, cholesterol, and uric acid[131], [149]. However, these MOF-sensors can be
time consuming. Future studies can focus on improving multiplex cholesterol, MOF-
based sensors for more rapid detection at higher sensitivity, perhaps through exploring
microfluidics as a promising option since it has been proven useful for electrochemical-

based cholesterol detection [154].

2.5.3. Continuous, non-invasive sensing
Patients with hypercholesterolemia, hyperlipidemia, and high risks of cardiovascular

diseases require continuous monitoring of cholesterol levels for rapid treatment when
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spikes occur [155]. While multiple, small blood samples can be taken (through finger
pricks) and tested using MOF-based spectrophotometric sensors [149], the process is
very invasive, and patients may resist multiple monitoring stages throughout the day.
Adapting spectrophotometric MOF-based nanocomposites into real-time, non-invasive
sensors is a significant challenge, and a promising future direction of research. To tackle
non-invasiveness, MOF-based cholesterol sensors can be adapted for detecting
cholesterol in saliva [156] or tear [155] samples, as done in other electrochemical
sensors. Designing wearable devices with these MOFs can allow for real-time
monitoring [155], [157]. These fields of research are still in infancy, with MOFs
showing great potential in advancing the field of spectrophotometric cholesterol

sensing.

2.5.4. Integration into wearable devices

While MOF-based spectrophotometric has demonstrated high accuracy in cholesterol
detection at low concentrations, their integration into wearable devices for continuous
cholesterol monitoring remains a challenge. Smart wearable devices for quantification
of metabolic biomarkers, including glucose, cholesterol, etc., require miniature sizes
and high accuracy and sensitivity to target analyte in the presence of various
interferences [158], [159]. Most MOF-based sensors reported in the literature require
specific temperature, pH, and environmental conditions for optimal operation, and
deviations from optimized conditions can lead to poor accuracies and sensitivities
[158], [160]. This poses a significant challenge because wearable devices are subjected
to various interferences, including skin temperature and pH variations, contamination
with dust, sweat, hair interference, among other factors [158], [160]. This can alter the
performance of the wearable biosensor, leading to inaccurate readings and impeding
commercialization and clinical integration. While a study succeeded in creating
wearable contact lenses for cholesterol monitoring, further clinical trials are needed for
full evaluation of their safety and efficacy [161]. Thus, future studies should focus on
developing more robust, stable sensing systems, using MOFs or other nanomaterials,
for more versatile applications in wearable sensors for early detection of diseases and

continuous monitoring.
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2.5.5. Scalability & commercialization

Scaling up lab biosensing and chemo-sensing system into point-of-care (PoC) devices,
with potential for commercialization and public use, is an emerging field or of high
importance in healthcare [162], [163], [164], [165], [166], [167]. Although numerous
studies have developed accurate cholesterol sensing systems, scaling up such systems
into PoC devices for commercialization remains a persistent challenge faced in sensing
platform development. Various electrochemical-based cholesterol sensors have been
commercialized and scaled-up [21]. However, more recent spectrophotometric-based
cholesterol detection systems remain restricted to research labs. This can be attributed
to lack of reliable methods for scaling up production of MOFs and MOF-based
composites [168], and the costs associated with spectrophotometric detection
components [169]. Integration of these nanomaterial-based sensors into microfluidic
systems may improve scalability and speed up commercialization, due to wide range of
studies on scaling up production of microfluidic systems [166]. Hence, future research
should aim to investigate methods for improving scalability while maintaining accuracy
and reliability of the sensing systems — to allow for their integration into PoC devices

and future commercialization at low costs.

2.5.6. Environmental concerns

The high stability of MOFs, although useful in sensing applications, poses
environmental concerns relating to persistence and degradability [170], [171]. This
challenge is significantly highlighted when MOF-based sensors are implemented in
PoC devices, since proper disposal becomes more challenging and control over the
process is limited [170]. If the MOFs used contain toxic metals or organic linkers,
which is common in many MOFs, public and environmental health, including aquatic
life, become threatened [171], [172]. Moreover, preparation of MOFs often require
harsh acidic conditions and reagents, further increasing environmental concerns
relating to these materials [170], [171]. To minimize environmental impacts concerning
synthetic protocols, new synthesis pathways are being developed using less materials
[173], [174]. Furthermore, circular economy principles show great applications in
mitigating environmental impacts of MOF synthesis, whereby materials are reused,
recycled, and recovered to minimize waste [170]. Moreover, MOFs are now being

designed using biodegradable linkers, to eliminate both environmental and biological
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toxicities [173], [175]. Still, further research is needed to design effective, non-toxic

MOFs specific to cholesterol detection, through eco-friendly synthetic approaches.

: -
mgrdl | mgidl f| mgidl | mgidl || mgral | mgrdL

Borderline Desirable

3.0:10°

CL signal (RLU)

15:40% 4 =

100 150 200 250 300 350 400

Cholesterol (mg/dL)

the MIL-101(Cr) based Cholestrol detection strips ‘

the strips contact with sample

A

1
{ | .
9.2 3.7 183 229
C Cholesterol colorimetric card (uM)
’ A :
Gluconic Acid Cholestenone
0, S s

S 1 s

L .

éOx ChOx Ag NPs/UiO-66-NH, OPD DAP Ag*

Figure 2-8: Illustration of different PoC devices for spectrophotometric cholesterol detection. (A) 3D
printed minicartridge containing inlet for sample and reservoir for reagents is attached to smartphone,
where chemiluminescence emission is detected for a range of cholesterol concentrations. Enzyme-
based reagents are used. Reprinted (adapted) with permission from Roda et al. [147]. Copyright 2024
American Chemical Society. (B) MIL-100(Cr) based test strips for colorimetric detection of
cholesterol, where different color intensities represent the cholesterol concentration. Reprinted
(adapted) with permission from Liu et al. [28]. Copyright (2024) John and Wiley Sons. (C) A MOF-
base fluorescence-based PoC device for cholesterol detection, where MOF and enzymes are
immobilized in a box, and fluorescence measurements taken using smartphone camera. RGB analysis
used to determine cholesterol concentration. Reprinted (adapted) with permission from Guo et al.
[150]. Copyright 2024 American Chemical Society.
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Chapter 3. Experimental Methodology

In this chapter, we discuss the materials and experimental methodology used in the
development of the MOF-based nanozyme for spectrophotometric cholesterol detection
platform.

3.1. Materials

Cholesterol (>99% purity), 3,3',5,5'-Tetramethylbenzidine (TMB) (>99%), ethanol,
tert-butyl alcohol, 37% hydrochloric acid (HCI), and sodium hydroxide (NaOH) were
obtained from Sigma-Aldrich and used without further purification. Fe-BTC was
purchased under the trademark Basolite F300 from Sigma Aldrich. Hydrogen peroxide
(35%) was purchased from Sigma Aldrich and diluted to 10 mM using distilled water
before use. Cholesterol Oxidase (ChOx) ex. Microorganism, 10U/mg powder 2500
Units was purchased from Sisco Research Laboratories. Phosphate Buffered Saline
(PBS) capsules were purchased from Sigma Aldrich and dissolved in 200 mL distilled
water to form PBS buffer solution; pH was adjusted with NaOH or HCI according to
need. TMB was dissolved in ethanol to form 10 mM solution, which was used in all
experiments. Glycine (>98.5%), L-cysteine (97%), L-lysine (>98%), urea (99.0-
100.5%), uric acid (>99%), glucose, sucrose, fructose, sodium chloride (NaCl),
potassium chloride (KCI), and calcium chloride (CaCl,) were purchased from Sigma

Aldrich and used for selectivity studies.

3.2. Instrumentation and Methods

Various instruments were used for characterization and experimentation. A FEI Nova
NanoSEM 650 was used to collect FE-SEM images. Before analysis, gold coating
(around 10 nm) was deposited. Images were taken at 100 um and 1 nm magnification.
A PANalytical Empyrean equipped with high-resolution optics and detectors
(PIXcel3D) and Cu Ka radiation. was used to collect X-ray diffraction (XRD) patterns.
The scan parameters included a 20 range of 4 to 80 degrees, a voltage of 45 kV, and a
current of 40 mA. Fourier Transform Infrared Spectroscopy (FT-IR) measurements
were taken using Perkin Elmer Spectrum 3 FT-IR Spectrometer. X-ray photoelectron
spectroscopy (XPS) measurements were taken using Escalab Xi+ by Thermo Scientific
Fischer, equipped with a monochromatic Al Ko X-Ray source and a high-resolution

hemispheric electron energy analyzer for precise energy measurements. Zetasizer Blue
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Lab (Malvern Panalytical) was used for zeta potential determination, whereby samples
were dispersed in deionized water, sonicated, then analyzed. Thermo Scientific Fischer
Phenom Workstation was used for electron mapping via Energy-dispersive X-ray
spectroscopy (EDS).

Absorption measurements were collected using a Shimadzu UV-2600i UV-VIS
spectrophotometer at the wavelength range 350 — 800 nm. pH measurements were
performed using a Thermo Fisher Scientific Orion Star Al11l pH meter. Mass
measurements were collected using a Shimadzu ATY?224 electronic balance.
Centrifugation was performed using a Hettich Mikro 220 Benchtop centrifuge while
shaking was done using Fisher Brand Incubating Mini Shaker. Sonication of samples

was conducted using a MH-020G Ultrasonic Cleaner.

3.3.  Overview of the Proposed Cholesterol Detection Method

The biosensor proposed involves using Fe-BTC as a MOF-based nanozyme functioning
as a peroxidase mimic, as illustrated in Figure 3-1. First, cholesterol is incubated
separately in ChOx to break cholesterol into cholest-4-ene-3-one and hydrogen
peroxide (H20z). Subsequently, Fe-BTC and TMB dye are added to the mixture to react
with the produced H20.. Specifically, H20: is reduced by Fe-BTC while TMB is
oxidized and forms a TMB/diamine charge complex, leading to a color change from
colorless to blueish green. The intensity of color change is correlated to the
concentration of H202 produced and cholesterol initially present.
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Figure 3-1: Overview of cholesterol detection using Fe-BTC as a peroxidase mimic.
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3.4. Fe-BTC Peroxidase Mimic Sensor Protocols

The experimental procedures used to develop and test the Fe-BTC biosensor as a
peroxidase mimic for cholesterol detection involve two main approaches. First, the
system is optimized for H»O, detection by Fe-BTC and the LOD for H20; is
determined. Various experiments are run to discern the mechanism of H20O. detection
by Fe-BTC-based peroxidase system. Next, cholesterol incubation with ChOx is
optimized, followed by optimizing cholesterol detection by the full system, analyzing

biosensor performance, and calculating the limit of cholesterol detection (LOD).

3.4.1. Optimization of H202 detection by Fe-BTC

H>0> detection by Fe-BTC involves different reagents and variables, which can be
optimized for maximum H20O- detection and low LOD values. The generic experimental
procedure for H>O; detection by Fe-BTC is illustrated in Figure 3-2. First, specific
concentrations of Fe-BTC, TMB dye, and H20- are added to Eppendorf vials and made
up to a final volume of 2 mL using PBS. These solutions are left to incubate and shake
at 800 rpm and room temperature and in the dark for a specific time. Then, all solutions
are centrifugated for 5 mins at 12,000 rpm and the supernatant is collected for UV-VIS
absorbance measurements, which can be used to determine H.O> concentration. The
exact concentrations, pH, and time used are determined through parametric studies, to
achieve optimal sensing performance. These studies were performed to determine the
ideal pH, incubation time, TMB concentration, and Fe-BTC concentration for H20>
detection. The overall experimental procedure is similar for all parameter selection,
with only slight variations in concentrations, reagents and time depending on the
parameter being studied. Figure 3-2 illustrates the overall experimental procedure

followed for all optimization and LOD studies for H2O detection.

Complete Reaction Supernatant Signal Plotted

collected
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FeBTC+TMB+H,0,+PBS 800 RPM Shaking Centrifugation Absorbance
Solutions (Dark) 5 mins, 12,000 rpm Measured

Figure 3-2: General experimental protocol for H,O, optimization and LOD studies.
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3.4.1.1. pH optimization
PBS solutions with pHs ranging from 5.0 to 8.0 were prepared by adjusting with diluted
HCI and/or NaOH and monitoring pH with a pH meter. Five 1 mg/mL Fe-BTC
solutions were prepared in PBS at pH 5.0, 5.5, 6.0, 7.4, and 8.0. Then, 1 mL of 1 mg/mL
Fe-BTC, 100 pL of 10 mM H20», and 200 pL of 10 mM TMB were mixed in 2 mL
Eppendorf vials and repeated three times for each pH investigated. All solutions were
diluted with PBS to a final volume of 2 mL, according to pH investigated. Incubation
time was set to 30 mins. The solutions were left to incubate for 30 mins with constant
shaking in the dark at 800 rpm. After incubation, all solutions were centrifugated for 5
mins at 12000 rpm. The supernatant was collected, and the absorbance was measured
across the range of 400 nm — 800 nm to quantify the TMB concentration at 660 nm.
Average measurements were taken for each triplicate and standard deviations were

calculated.

3.4.1.2. Incubation time optimization
Solutions containing 1 mL of 1 mg/mL Fe-BTC in PBS (pH 5.0), 100 pL of 10 mM
H20: in deionized water (DW), and 200 pL of 10 mM TMB in ethanol were mixed in
2 mL Eppendorf vials. Each solution was diluted to a total volume of 2 mL with pH 5.0
PBS. A blank solution was also prepared by replacing the Fe-BTC with PBS (pH =
5.0). All solutions were incubated in the dark with constant shaking at 800 rpm, as
followed in all experiments. Three aliquots were sampled at 10-minute intervals up to
60 minutes. These aliquots were centrifugated, supernatant collected, and absorbance
of TMB measured at 660 nm as described earlier (Figure 3-2). Average measurements

were taken for each triplicate and standard deviations were calculated.

3.4.1.3. TMB concentration optimization
Solutions with varying TMB concentrations from 0.00 mM to 4.50 mM were prepared
as follows. 1 mL of 1mg/mL Fe-BTC in PBS (pH 5.0) and 100 pL of 10 mM H20:
were added to several Eppendorf vials. Then, different volumes of 10 mM TMB were
added to the vials and made up with 2 mL with PBS (pH 5.0), to achieve final TMB
concentrations of 0.0, 0.25, 0.50, 1.00, 1.50, 2.00, 3.00, 4.00, and 4.50 mM. The
solutions were incubated for 50 mins with 800 rpm shaking in the dark, after which
they were centrifugated, the supernatant was collected, and the TMB absorbance were

determined using UV-Vis spectrophotometer at 660 nm, with absorbance measured
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over the range of 400 nm — 800 nm. Triplicate solutions were made for each TMB

concentration for average and standard deviation calculations.

3.4.1.4. Fe-BTC concentration optimization

Solutions with varying Fe-BTC concentrations from 0.00 mM to 8.00 mM were
prepared as follows. 10 mg/mL Fe-BTC stock solution was prepared in PBS (pH 5.0)
solvent. 600 pL of 10 mM TMB and 100 pL of 10 mM H20O, were added to several
Eppendorf vials. Then, varying volumes of 10 mM FeBTC were added to the vials and
diluted to 2 mL with PBS (pH = 5.0) to make solutions with FeBTC concentrations
ranging from 0.00 mg/mL to 6.00 mg/mL. The solutions were incubated for 50 mins
with 800 rpm shaking in the dark, after which they were centrifugated at 12000 rpm for
5 mins. The supernatant was collected, and the TMB concentrations were determined
using UV-Vis spectrophotometer at 660 nm, with absorbance measured from 400 nm —
800 nm. Triplicate solutions were made for each Fe-BTC concentration for average and
standard deviation calculations.

3.4.2. H20:2 limit of detection determination using Fe-BTC

To determine the limit of detection of H2O, using Fe-BTC, different H.O>
concentrations were added to the MOF, and the absorbance was measured to quantify
the resulting color change. 400 uM H20 was used to prepare solutions with low H20>
concentrations (0.0 — 100.0 uM) while 10 mM H20- stock solution was used for
preparing high H20- concentrations (100.0 — 1000.0 uM). 375 pL of 4 mg/mL Fe-BTC
and 600 pL of 10 mM TMB were added to multiple Eppendorf vials. Then, varying
volumes of 400 uM or 10 mM H20- solution were added to the vials and made up to 2
mL with PBS (pH = 5.0) to form H20. concentrations ranging from 0.0 — 1000.0 pM.
The solutions incubated for 50 mins with 800 rpm shaking in dark conditions, after
which they were centrifugated at 12000 rpm for 5 mins. The supernatant was collected,
and the TMB concentrations were determined using UV-Vis spectrophotometer at 660
nm, with absorbance measured from 400 nm — 800 nm. Triplicate solutions were made
for each H202 concentration tested, for average and standard deviation calculations.
Figure 3-2 illustrates the general experimental protocol followed. A plot of absorbance
against H20. concentration is generated, and the limit of detection (LOD) is calculated
according to the standard deviation and slope of the linear portion using Equation (1)
[176]:
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LOD = 3.3 % (1)

where o is the standard deviation of the response and m is the slope of the calibration
curve. The standard deviation of the response is calculated by determining the

standard deviation of the y-intercept of the regression line Syx.

3.4.3. Fe-BTC peroxidase activity and H202 detection mechanism

To understand the Fe-BTC peroxidase action and H.O> detection by the Fe-BTC-TMB
sensing system, a series of experiments were run. These include measuring the
absorbance of all system components and combinations, determining H20> radicals
produced by Fe-BTC peroxidase using tert-butyl alcohol, and understanding Fe-BTC

adsorption of TMB dye. These protocols are detailed below.

3.4.3.1. Peroxidase system components & interactions
To understand the peroxidase activity of Fe-BTC and the contribution of each
component of the Fe-BTC-TMB system to the peroxidase activity, the absorbance of
each component alone and all possible combinations was measured. 2 mL solutions of
PBS (pH =5.0), TMB, Fe-BTC, H20,, TMB+ H,0;, Fe-BTC+ H>0>, Fe-BTC+TMB,
and Fe-BTC+TMB+H.0> were prepared in Eppendorf vials using pH 5.0 PBS solvent.
Concentrations of each reagent were kept constant across the samples, matching the
optimal conditions determined previously: TMB at 3mM by adding 600 pL of 10 mM
TMB and Fe-BTC at 0.75 mg/mL using 375 pL of 4 mg/mL stock Fe-BTC solution.
H20. concentration was set to 100 uM, using 20 pL of 100 mM H,O; stock. To ensure
consistent solvent throughout, 600 pL of ethanol were added to solutions without TMB
then made up to 2 mL with PBS (pH = 5.0), since TMB solution is made in ethanol.
The solutions were incubated for 50 mins with 800 rpm shaking in dark conditions,
after which they were centrifugated at 12000 rpm for 5 mins. The supernatant was
collected, and absorbance was measured from 350 nm to 800 nm using UV-Vis
spectrophotometer. Triplicate measurements were taken for each solution, and the
average absorbance was plotted. Standard deviation values were calculated to verify

the repeatability and consistency of the experimental results.

3.4.3.2. H:0: radical production by Fe-BTC
To understand the type of H20- radical produced by the peroxidase activity of Fe-BTC,
tert-butyl alcohol, an OH- radical scavenger [18], was added at different volumes to the
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Fe-BTC-TMB-H20. biosensor system. Specifically, solutions with varying tert-butyl
alcohol volumes, ranging from 0 to 500 L, were prepared as follows. 375 pL of 4
mg/mL Fe-BTC in PBS (pH 5.0), 600 pL of 10 mM TMB, and 40 pL of 1 mM H20>
were added to several Eppendorf vials. Then, different volumes of tert-butyl alcohol
were added to the vials and made up with to 2 mL with PBS (pH 5.0). The solutions
were incubated for 50 mins with 800 rpm shaking in the dark, after which they were
centrifugated, the supernatant was collected, and the TMB absorbance was determined
using UV-Vis spectrophotometer at 660 nm, with absorbance measured over the range
of 350 nm — 800 nm. Triplicate solutions were made for each tert-butyl alcohol volume

added for average and standard deviation calculations, to verify repeatability.

3.4.3.3. Fe-BTC adsorption behavior
MOFs demonstrate high adsorption capacities and are used extensively in dye removal
applications [177], [178], [179]. Since H.O: detection by Fe-BTC relies on using TMB
dye, the tendency of Fe-BTC in adsorbing TMB and the subsequent impact on H20-
detection was investigated. Samples were prepared by adding 375 pL of 4 mg/mL Fe-
BTC and 600 pL of 10 mM TMB in Eppendorf vials. Samples were prepared at two
H20, concentrations: 40 uM (low) and 150 uM (high), where 200 pL of 400 uM H20>
stock was added to prepare 40 uM H>O> samples, while 30 pL of 10 mM H20> was
added to prepare 150 uM H>0, samples. Finally, all samples were made up to 2 mL
with pH = 5.0 PBS. Two preparation methods were tested to understand adsorption:
one involved mixing Fe-BTC, TMB, and H-20: all together directly while the other
method involved mixing Fe-BTC with TMB first and incubating for 30 mins, followed
by adding H20.. 30 mins incubation time was chosen based on previous studies on Fe-
BTC applications in dye adsorption, where rapid dye adsorption is seen in the first 30
—180 mins [180]. Both sets were then incubated for 50 mins at 800 rpm in the dark,
then centrifugated at 12000 rpm for 5 mins. The supernatant was collected, and the
TMB absorption were determined using UV-Vis spectrophotometer at 660 nm, with
absorbance measured from 400 nm — 800 nm. Triplicate samples were run for average

and standard deviation calculations.

3.4.4. Optimization of cholesterol detection by Fe-BTC
Cholesterol detection by Fe-BTC system requires first incubating cholesterol in ChOx
for a specific period, to produce H20.. The ChOx—cholesterol incubation parameters
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optimized include incubation time and ChOx concentration. Meanwhile, the pH of PBS
solution was maintained at 7.4 for all samples, because it was previously found as the
optimal pH reported for ChOx activity [126], [181]. Two ChOx-cholesterol incubation
temperatures were tested: room temperature (25 °C), which is favored for less energy
consumption, and physiological temperature (37 °C), which is the optimal temperature
for enzyme function [126], [181]. After incubation, Fe-BTC, TMB, and PBS (pH =5.0)
are added to the mixture to react with produced H>O2, which subsequently oxidizes
TMB to produce a color change. This is done according to the optimized protocol for
H>0O: detection from earlier to determine cholesterol concentration. From this, the
optimal ChOx-cholesterol incubation conditions can be determined for optimal
cholesterol sensing performance. The full, two-step protocol used for cholesterol
optimization and LOD studies is illustrated in Figure 3-3 below. As illustrated, the first
step involves ChOx-cholesterol incubation in PBS (pH = 7.0) for 30 mins at 25 or 37
°C. Then, the second stage involves adding Fe-BTC, TMB, and PBS (pH = 5.0) with
shaking in the dark at 25 °C for 50 mins, followed by centrifugation, supernatant, and

absorption measurements.

Step 1 ;‘

ChOx+Cholesterol Incubation 30 mins (at
Solution (525 pL) 25 or 37°C
Step 2
r Complete Reaction Supernatant Signal Plotted
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Add FeBTC+TMB+PBS 800 RPM Shaking Centrifugation Absorbance
(2mL) (Dark, 25°C) 5 mins, 12,000 rpm Measured

Figure 3-3: General experimental protocol for cholesterol optimization and LOD studies.

3.4.4.1. Incubation time optimization
Solutions containing 200 pL of 3 mg/mL ChOx in PBS (pH = 7.4), 21 pyL of 5mM
cholesterol in ethanol, and 304 pL of PBS at pH 7.4 were mixed in 2 mL Eppendorf
vials. A blank solution was also prepared, containing 21 pL of ethanol rather than 5
mM cholesterol. All solutions were incubated in the dark at 25 °C. Three aliquots were

sampled at 10-minute intervals up to 60 minutes. To these aliquots, 375 pL of 4 mg/mL
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FeBTC, 600 pL of 10 mM TMB, and 500 pL of pH 5.0 PBS were added for a total
solution volume of 2 mL. The aliquots were left to incubate at room temperature with
constant shaking under 800 rpm in dark conditions for 50 mins. Once complete, the
aliquots were centrifugated, the supernatant was collected, and absorbance of oxidized
TMB was measured at 660 nm as described earlier (Figure 3-3). Average measurements
were taken for each triplicate and standard deviations were calculated. The full
procedure was performed twice: once with initial ChOx-cholesterol incubation at 25 °C
and once at 37 °C.

3.4.4.2. ChOx concentration optimization
Solutions with varying ChOx concentrations from 0.0 mg/mL to 2.5 mg/mL in 525 pL
were prepared as follows. 5 mg/mL ChOx stock solution was prepared in PBS (pH 7.4)
solvent. 21 pL of 5 mM cholesterol solution was added into several Eppendorf vials,
then varying volumes of ChOx stock were added and diluted to 525 pL with PBS (pH
7.4) to make solutions with ChOx concentrations varying from 0.0 mg/mL to 2.5
mg/mL. The solutions were incubated at room temperature for 30 mins in the dark.
Then, 375 pL of 4 mg/mL Fe-BTC, 600 uL of 10 mM TMB, and 500 pL of pH 5.0
PBS were added for a total solution volume of 2 mL. The aliquots were left to incubate
at room temperature with constant shaking under 800 rpm in dark conditions for 50
mins. Once complete, the aliquots were centrifugated at 12000 for 5 mins, the
supernatant was collected, and absorbance of TMB was measured at 660 nm with
absorbance measured from 400 nm — 800 nm. Triplicate solutions were made for each
ChOx concentration for average and standard deviation calculations. The same
procedure was repeated, with initial ChOx — cholesterol incubation at 37 °C, rather than

room temperature.

3.4.5. Cholesterol LOD determination using Fe-BTC

To determine the limit of detection of the proposed Fe-BTC biosensor system, different
cholesterol concentrations were incubated with ChOx then reacted with Fe-BTC and
TMB to produce a color change. Absorbance measurements were used to quantify the
resulting color change and determine cholesterol concentration. 250 uM cholesterol
stock was used to prepare solutions with low cholesterol concentrations (0.0 — 100.0
MM in 525 pL, equivalent to 0.0 — 26.25 pM in 2 mL) while 1500 uM cholesterol stock
solution was used for preparing high cholesterol concentrations (150.0 — 400 puM in 525
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pL, equivalent to 39.375 — 105.0 uM in 2mL). It is important to note that the ideal
ChOx concentration for both RT and 37 °C incubation was determined to be 0.5 mM in
525 pL (= 131.25 pM in 2 mL final solution). LOD experiments using RT ChOx-
incubation were performed using 1.5 mM ChOx in 525 pL. Experiments were
conducted using a single concentration, and additional concentrations were not
explored in this study. Future studies will explore the effect of optimized enzyme

concentrations in greater detail. The exact experimental protocol is detailed below.

For experiments with ChOx—cholesterol incubation at room temperature, 225 pL of 3.5
mg/mL ChOx solution was added to separate Eppendorf vials. To each vial, varying
volumes of 250 uM or 1500 puM cholesterol solutions were added then made up to 525
puL using PBS (pH = 7.4), for ChOx concentration of 1.5 mM in 525 uL. For
experiments with ChOx—cholesterol incubation at 37°C, 75 uL of 3.5 mg/mL ChOx
solution was added instead, for ChOx concentration of 0.5 mM in 525 uL. For both
25°C and 37°C samples, solutions were left to incubate for 30 minutes. Then, 375 pL
of 4 mg/mL Fe-BTC, 600 pL of 10 mM TMB, and 500 pL of PBS (pH = 5.0) were
added to each Eppendorf vial, to dilute all samples to 2 mL. The solutions were
incubated for 50 mins with 800 rpm shaking in dark conditions, after which they were
centrifugated at 12000 rpm for 5 mins. The supernatant was collected, and the TMB
concentrations were determined using UV-Vis spectrophotometer at 660 nm, with
absorbance measured from 350 nm — 800 nm. Triplicate solutions were made for each
cholesterol concentration tested at each temperature, for average and standard deviation
calculations. Figure 3-3 illustrates the general experimental protocol followed. A plot
of absorbance against cholesterol concentration (after dilution) is generated, and the

limit of detection (LOD) is calculated according to Equation (1).

3.4.6. Selectivity studies

The selectivity of the Fe-BTC-based biosensor to H2O> and cholesterol were
determined by testing H-O> and cholesterol detection, separately, in the presence of
interfering analytes generally present in blood serum samples. The exact experimental

methods are detailed below.

3.4.6.1. H:0: selectivity studies
The selectivity of Fe-BTC-based biosensor in detecting 20 uM H2O: in the presence of
other interferents at the same, or higher, concentration was tested as follows. First, 10
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mM NacCl stock solution and 1 mM stock solutions of glycine, L-lysine, L-cysteine,
uric acid, urea, glucose, sucrose, fructose, NaCl, KCI, and CaCl, were prepared in
distilled water. 375 pL of 4 mg/mL Fe-BTC, 600 pL of 10 mM TMB and 40 pL of 1
mM H20> were added to Eppendorf vials. Then, 40 uL of each interferent were added
to each vial separately. Two samples contained a mixture of interferents: one with all
interferents and one with all interferent excluding L-cysteine, L-cysteine is expected to
greatly impact the sensing system. In all mixtures, 40 pL of each interferent was added.
NaCl as an interferent was tested at two concentrations: 20 uM (equal to H20.) and 200
MM (10 times the H>O, concentration to match blood conditions). All samples were
diluted to 2 mL with PBS (pH = 5.0) then left to shake in the dark at 800 rpm for 50
mins. Samples were then centrifugated (5 mins, 12000 rpm), supernatant was collected,
and TMB absorbance was measured at 660 nm, with UV-Vis absorbance measurements

taken over 350 nm to 800 nm range.

3.4.6.2. Cholesterol selectivity studies
The selectivity of Fe-BTC-based biosensor in detecting cholesterol in the presence of
other interferents at the same concentration, or higher, was tested as follows.
Cholesterol concentration chosen for testing was 150 puM (in 525 pL), which after
dilution with all reagents to 2 mL is equivalent to 39.375 uM, while ChOx-cholesterol
incubation temperature was set to 37 °C. All interferents were also set to 150 uM (in
525 pL), except NaCl, which was tested at 1500 1M to mimic blood concentrations that
are much greater than cholesterol [182]. To do this, 9 mM NaCl stock solution and 1.75
mM stock solutions of L-cysteine, uric acid, glucose, and fructose were prepared in
distilled water. 1.75 mM stock solution of cholesterol was prepared in ethanol and 3.5

mg/mL ChOx stock solution was prepared in PBS (pH = 7.4).

First, 75 pL of 3.5 mg/mL ChOx and 45 pL of 1.75 mM cholesterol was added to all
Eppendorf vials. Then, 45 uL of L-cysteine, uric acid, glucose, and fructose were added
to each vial separately. For testing NaCl, 87.5 pL of 9 mM NaCl stock was added. Two
samples contained a mixture of interferents: one with all interferents and one with all
interferent excluding L-cysteine. In all mixtures, 45 pL of each interferent was added,
except NaCl where 87.5 puL was added. The solutions were then made up to 525 pL
with PBS (pH = 7.4) and left to incubate at 37°C for 30 mins. Then, 375 uL of 4 mg/mL
Fe-BTC, 600 pL of 10 mM TMB, and 500 pL of PBS (pH = 5.0) were added to each
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Eppendorf vial to dilute all samples to 2 mL. The solutions were incubated for 50 mins
with 800 rpm shaking in dark conditions, after which they were centrifugated at 12000
rpm for 5 mins. The supernatant was collected, and the TMB absorbance was
determined using UV-Vis spectrophotometer at 660 nm, measured over the range of
350 nm —800 nm. Triplicate solutions were made for each interferent tested and average

and standard deviation values were obtained.

3.4.7. UV-Vis absorption data pre-processing

All obtained absorption spectra were pre-processed for baseline and scatter correction
using the single-point internal reference method [183], [184], [185], [186], whereby the
absorption measurements at all wavelengths are subtracted by the absorption at a
specified wavelength where no absorbance by system components is observed. This is
because some particles remain in the supernatant despite centrifugation and careful
sample handling. These particles cause scattering and absorption effects that distort the
baseline, necessitating correction. Using a blank alone was not enough for correction,
due to varying scattering behavior in each sample, which cannot be captured by the
blank alone. The particulate matter causing scattering could be Fe-BTC particles,

ChOx, or other system components.

In all spectra, the range from 490 to 500 nm demonstrates no absorbance from the Fe-
BTC sensor system and is chosen as stable baseline region. Any point from this
bandwidth could be used as an internal reference for scatter correction of obtained UV-
Vis absorbance spectra. Absorbance at 490 nm was used as an internal reference for
H>0> optimization, LOD, selectivity, and adsorption studies. Meanwhile, absorbance
at 500 nm was used as an internal reference for cholesterol optimization, LOD, and
selectivity studies. Absorption at 500 nm was also used as an internal reference for the
absorption spectra of the H>O» detection mechanism study with tert-butanol. The
variance in the choice of the internal reference absorption wavelength (490 or 500 nm)
is due to slight shift observed in these spectra, changing the minimal absorbance point
between 490 and 500 nm. Meanwhile, no data processing was performed on the
absorbance data of the experiment analyzing each component of the H>O, sensing

system.
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Chapter 4. Results and Discussion

In this chapter, the results of the Fe-BTC-TMB biosensor developed for cholesterol
detection is presented. Specifically, the results of characterization studies, H2O-
parametric studies, H.O> LOD determination, and H>O> detection mechanisms are
reported. Furthermore, the results of cholesterol detection optimization and LOD
determination, in addition to selectivity studies to many interferents, are discussed

below.

4.1. Characterization

Fe-BTC, the peroxidase mimic used to facilitate cholesterol and H2O- detection, was
characterized using FT-IR, XRD, SEM, EDS mapping, XPS, and zeta potential.

4.1.1. Fourier-transform infrared (FT-IR) spectroscopy

FT-IR analysis provides information regarding the chemical bonds and groups present
in Fe-BTC, which provides insights on the peroxidase behaviour of Fe-BTC. The FT-
IR spectrum of Fe-BTC is shown in Figure 4-1. The spectrum resembles Fe-BTC FTIR
spectra reported in the literature [187], [188]. The broad absorption band at 3400 — 3650
cm? is attributed to O-H bond, likely due to water adsorption in Fe-BTC pores.
Meanwhile, the bands at 1629 and 1573 cm™ and 1450 and 1375 cm are attributed to
the symmetric and asymmetric stretching of C=0 group in 1,3,5-benzenetricarboxylic
acid (BTC) ligand carboxylate group, respectively [187], [188]. Carboxylic C-O
stretching is also confirmed by the weak peak at 1109 cm™. Finally, peaks at 761 and
712 cm* represent C-H bond bending while Fe-O bond confirming Fe complexation to
BTC ligand is confirmed by peak at 600 cm™. The presence of Fe(lIl) centers plays a
major role in peroxidase activity of Fe-BTC, similar to iron centers present in the
enzyme HRP [189], [190]. Overall, the FT-IR spectrum matches reported literature
[187], [188] and confirms the presence of main chemical groups in Fe-BTC: Fe centers
and BTC ligand.

4.1.2. X-ray diffraction (XRD) spectroscopy
The XRD spectrum of Fe-BTC is shown in Figure 4-2. The spectrum indicates the
amorphous nature of Fe-BTC, due to the presence of broad peaks. However, some

crystalline regions are observed, indicated by the peak at 26 = 10-12°. The XRD
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spectrum obtained is mostly comparable with the literature, which also reported the
amorphous nature of Fe-BTC with little crystallinity [191], [192].
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Figure 4-1: FT-IR spectrum of Fe-BTC, presenting characteristic O-H, C=0, C=C, C-H, and Fe-O
bonds present.
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Figure 4-2: XRD of Fe-BTC, demonstrating amorphous nature.
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4.1.3. Scanning electron microscopy (SEM)

SEM images of Fe-BTC at different magnification (1 um and 100 nm) are shown in
Figure 4-2. The morphology of Fe-BTC appears to be irregular, where small, round-
like aggregates and clusters are observed. This is common for amorphous MOFs and is
similar to SEM images reported in the literature of Fe-BTC [191], [193]. This
amorphous, irregular nature may offer greater exposed surface areas as active sites for

peroxidase activity and more rapid, sensitive detection [194].

4.1.4. Energy-dispersive X-ray spectroscopy (EDS)

EDS allows for bulk elemental analysis of Fe-BTC to quantify elements present. The
EDS spectrum of Fe-BTC and the elemental mapping is shown in Figure 4-4, with the
insert revealing weight percentage of each element present. The EDS spectrum matches
that reported in the literature [194]. The high weight percentage of iron (31.2 %) may
be correlated to high peroxidase activity, since iron plays the major role in peroxidase
reactions [189], [190]. The color maps (see Figure 4-4) also reveal the regular

distribution of the elements on Fe-BTC surface.

4.1.5. X-ray photoelectron spectroscopy (XPS)

XPS analysis, like EDS, facilitates elemental analysis of Fe-BTC; however, XPS
analysis focuses on surface elemental composition [195]. The XPS spectra of all
elements and individual Fe, C, and O are illustrated in Figure 4-5. As can be seen, the
results agree with EDS results, revealing the presence of three main elements: iron,
carbon, and oxygen. Furthermore, trace amounts of nitrogen were also detected, as
shown in the spectrum at binding energy ~400 eV, which may be attributed to slight
contamination. Moreover, the Fe2p scan demonstrates peaks at 710.7 eV, 716.4 eV,
and 724.4 eV, indicating the presence of Fe?* and Fe3* ions. The two peaks at 530.6 eV
and 532.7 eV represent the C-OH and Fe-O bonds, respectively [196]. Finally, peaks
in the C 1 spectrum represent different hybridization states of carbon in Fe-BTC, related
to C-C, C=C, and C=0 bonds [197]. More specifically, the peak at 285 eV is
representative of the aromatic ring in Fe-BTC while the peak at 289 eV represents the
carboxyl group in Fe-BTC, as highlighted in Figure 4-5 (d). Overall, the results are in
agreement with published literature [196] and with FT-IR and EDS analyses, presented
above.
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Figure 4-3: SEM images of Fe-BTC at (a) 1 pm and (b) 100 nm magnification, respectively.
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Figure 4-4: EDS color map of Fe-BTC, displaying the distribution of carbon, oxygen, and iron atoms in
Fe-BTC sample.

4.1.6. Zeta potential

Zeta potential is an important characterization techniques to determine the surface
charge of MOFs and their stability in suspensions [198], [199], [200], [201]. The results

of the zeta potential analysis is shown in Figure 4-6. Average Fe-BTC zeta potential,

measured in distilled water at pH = 7.4, was found to be -15.83 mV (see Figure 4-6).

Generally, higher absolute zeta potential values indicate greater suspension stability

due to strong repulsion between nanoparticles, while absolute zeta potential values

ranging from 0 -10 mV have low suspension stability [198]. Fe-BTC zeta potential of -

15.83 indicates moderate stability in suspension, with potential to aggregate over time,
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similar to reported literature [198], [202]. It is important to note that zeta potential was
measured in distilled water, while cholesterol biosensing is performed with Fe-BTC
suspended in PBS at pH 5.0. A study found the zeta potential of Fe-BTC suspended in
DW at pH 5.0 also ~15 mV, confirming moderate stability [202]. However, future
characterization studies should study Fe-BTC’s zeta potential in PBS, reflecting better

the actual biosensor medium.
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Figure 4-5: XPS results: (a) Full (b) Fe 2p, (c) O 1s and (d) C 1s Spectrum of Fe-BTC.
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Figure 4-6: Average Zeta Potential Measurements of Fe-BTC sample
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4.2.  Optimization of H202 Detection by Fe-BTC

The results of the parametric studies conducted to optimize pH, time, TMB
concentration, and Fe-BTC concentration for H>O detection are presents below.

4.2.1. pH optimization

The absorbance measurements of oxidized TMB/diimine complex (blue) obtained at
each pH from 5.0 - 8.0 are shown in Figure 4-7. The intensity of absorbance decreases
with increasing pH up to pH 7.4, after which the curve plateaus and no absorbance is
observed. This indicates that better colorimetric responses from TMB are obtained in
acidic conditions. Furthermore, the small standard deviation ranges indicate the high
repeatability of the data. Thus, pH 5.0 was chosen as the optimal pH for further
experiments due to it presenting the darkest color — as shown in the insert of Figure 4-
1.

pH 5.0 — 8.0

Absorbance at 660 nm
o o
=) o

o

o

a
1

0.00 +

5.0 5.5 6.0 6.5 7.0 7.5 8.0
pH

Figure 4-7: pH optimization for H,O, detection using 0.5 mg/mL Fe-BTC, 1 mM TMB, 500 uM H;O,,
and 30 mins incubation time. Error bars represent the standard deviations of three trials. Insert shows
the change in color intensity from low to high pH.

4.2.2. Incubation time optimization

As reaction progressed, the solutions turned into a darker blue color due to TMB
oxidation and TMB/diamine charge transfer complex formation. The absorbance
intensities at different time points over 60 mins are shown in Figure 4-8. The
colorimetric response increases up to 20 mins, after which the reaction seems to

stabilize for 20 mins. Then, the reaction continues and a sharp in absorbance is observed
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at 50 mins, after which a plateau is obtained indicating a complete reaction. Moreover,
low standard deviation bars are indicative of high repeatability of experiments. Hence,
50 mins was chosen as the optimal reaction time for maximum colorimetric response

and absorbance.
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Figure 4-8: Incubation time optimization for H,O- detection, using 0.5 mg/mL Fe-BTC, 1 mM TMB,
500 uM H»0,, and PBS (pH 5.0). Error bars represent the standard deviations of three trials. Insert
shows the change in color intensity from 10 mins to 60 mins.

4.2.3. TMB concentration optimization

The absorbance intensities of the color changes obtained with varying TMB
concentrations are depicted in Figure 4-9. The intensity of the color change increases
up to TMB concentration of 3.0 mM, after which the intensity decreases. A change in
the color from blue to green is noticed at higher TMB concentrations, attributed to
presence of yellow TMB, due to complete oxidation [203]. Hence, 3.0 mM TMB was
chosen as the optimal concentration used for subsequent experiments, due to the

maximum response obtained at this concentration.

4.2.4. Fe-BTC concentration optimization

The absorbance intensities of the color changes obtained with varying Fe-BTC
concentrations are illustrated in Figure 4-10. The intensity of the color change increases
up to Fe-BTC concentration of 0.75 mM, after which the intensity decreases
significantly. This decrease may be attributed to adsorption of the dye into the excess

Fe-BTC active sites. Hence, 0.75 mg/mL Fe-BTC was chosen as the optimal
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concentration used for subsequent experiments, due to the maximum response obtained

at this concentration.
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Figure 4-9: TMB concentration optimization for H,O, detection, using 0.5 mg/mL Fe-BTC, 500 pM

H20,, PBS (pH 5.0) and 50 mins incubation time. Error bars represent the standard deviations of three
trials. Insert shows the change in color intensity at 0.25 — 4 mM TMB.
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Figure 4-10: Fe-BTC concentration optimization for H,O, detection, using 3 mM TMB, 500 pM H,Oo,
PBS (pH 5.0) and 50 mins incubation time. Error bars represent the standard deviations of three trials.
Insert shows the change in color intensity at 0.0— 6.0 mg/mL Fe-BTC.
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4.3. H20:2 Limit of Detection Determination

Detection of H20, concentrations from 0 uM to 1000 uM by Fe-BTC-TMB system was
investigated at the optimal conditions: using PBS at pH 5.0, incubation for 50 mins,
TMB concentration of 3.00 mM, and Fe-BTC concentration of 0.75 mg/mL. The
absorbance intensities obtained at each H20. concentration tested are shown in Figure
4-11. As can be seen, three linear regions for detection are observed in the ranges of 0
—100 pM, 100 — 267 UM, and 267 — 800 UM — all with R? values higher than 0.99. The
most sensitive region is the first linear region for detection of H20O, from 0 — 100 uM
due to its steeper slope. This region was used for LOD determination, which was found
to be 3.30 uM. This LOD values is comparable to many relevant MOFs reported in the
literature [24], [29], [117], [126]; however, many other studies achieve significantly
lower LODs in the nanomolar ranges, as shown in Table 4-1. Some of these studies
adopted temperatures above room temperature and longer detection time, which can

reduce the LOD but also limit real applications in PoC devices.
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Figure 4-11: Calibration curve for H,O, detection by Fe-BTC-TMB system, using 0.75 mg/mL Fe-
BTC, 3mM TMB, PBS (pH 5.0) and 50 mins incubation time. Error bars represent the standard
deviations of three trials. Insert shows the change in color intensity at 0.0— 800.0 uM H,O,.
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Table 4-1: Comparison of LODs for H,0, detection by MOF-based cholesterol sensors.

Sensing (Light) . H202 LOD | H20: Linear
MOF used Mechanism used MOF mechanism (uM) Range (uM) Ref
. . MOF for ChOx 0.0012—
MOF-5 Colorimetric Immobilization 0.00058 0.100 [30]
HRP@ZIF-8 nanocomposite Chemiluminescence MOF for E(_ero>§|dase 0.06 0.1-100.0 [129]
Immobilization
Fe304 magnetic NPs that are coated by MIL- Colorimetric MOF as I_Deromdase 0.089 0.2-30 [18]
100(Fe) Mimic
Mo-doped Cu-2MI (2-methylimidazole) . . MOF as Peroxidase
[MoCu-2MI] Colorimetric Mimic 1.1 5-100 [29]
MIL-101(Cr) Colorimetric MOF as Peroxidase | 0036 | 011-3889 | [28]
Graphene quantum dots/zirconium-based Dual Colorimetric & | MOF as Peroxidase i
metal-organic framework (GQDs/UiO-66) Fluorescence Mimic 0.00015 0.0005-0.1 [27]
Bimetallic Eu/Fe-MOFs [Eu®*-doped MIL- Ratiometric MOF as Peroxidase
e 5 10-100 [24]
53(Fe)] Fluorescence Mimic
Au-loaded CeO2 nanorods (NR) in Cu-based | Dual Colorimetric & | MOF as Peroxidase 0.083 0.05-20 [131]
metal-organic frameworks (Cu(PABA)) Fluorometric Mimic ) '
Bifunctional carbon quantum dots (CQDs)@ Ratiometric MOF as Peroxidase
MIL-101(Fe) Fluorescence Mimic 1.354 2.5-125 [117]
Dual MOF as Peroxidase
Co304@CuMOF NPs Chemiluminescence . 0.000244 | 0.001-0.250 [83]
. . Mimic
& Colorimetric
Pd nanoclusters in ZIF-8 (Pd@ZIF-8) Fluorescence MOF al\s}lrrﬁzgmdase 2 25-750 [126]
Fe-BTC Colorimetric MOF as Peroxidase 3.30 5-800 This
Mimic work
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4.4. Fe-BTC Peroxidase Activity and H202 Detection Mechanism

The peroxidase activity of Fe-BTC is the key catalytic reaction responsible for TMB
oxidation and H.O, detection. To confirm this sensing mechanism, a series of
experiments were conducted to characterize Fe-BTC peroxidase activity and H20:
radical formation. Furthermore, the impact of the adsorptive nature of Fe-BTC in

presence of TMB was analyzed. These results are discussed herein.

4.4.1. Peroxidase system components and interactions

To understand the peroxidase activity of Fe-BTC and mechanism of H>O> detection by
Fe-BTC-TMB system, the absorption of the individual system components (Fe-BTC,
TMB, H20,, PBS), different combinations (Fe-BTC+H;0,, Fe-BTC+TMB,
TMB+H20>), and full biosensor system (Fe-BTC+TMB+H202) was measured at
wavelength range 350 — 800 nm. These absorption spectra are illustrated in Figure 4-
12. As shown, all combinations and individual components have no significant
absorbance. Indeed, only the full FeBTC+TMB+H.0> system demonstrates significant
TMB oxidation and blue color change, conveyed by major peak at 660 nm. The insert
photograph of the samples further proves this, where only the final, complete biosensor
system, demonstrates a dark blue color. All other samples are colorless. This is similar
to the results obtained by other peroxidase-like nanomaterials, where removing the
peroxidase-mimic leads to no color change and thus no H2O; detection [18], [131]. For
the Fe-BTC-TMB sample, a very minor peak is observed and a slight color change,
suggesting minor oxidase-like activity of Fe-BTC since some TMB was oxidized
despite the absence of H.O2. However, this effect is minor. This was also observed in
a hybrid Au/CeO- nanorod- CuMOF-based biosensor system, but with greater oxidase
effect and higher signal [131]. Thus, Fe-BTC peroxidase activity is mainly responsible
for catalysis of H20> reduction and TMB oxidation, for resultant blue color change.

An interesting observation from these absorption spectra of the components is the
variation of the baseline between the samples, especially samples containing Fe-BTC.
These shifts in the baseline were observed despite baseline correction using PBS blank,
indicating the presence of particles causing scattering, which was observed despite
centrifugation and careful supernatant collection [186]. This scattering majorly impacts
the baseline, introducing artifacts that can lead to high standard deviations and errors
in interpreting absorbance data, especially in LOD studies. Thus, to exclude scattering
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effects and correct baseline artifacts of Fe-BTC-TMB system absorbance spectra, the
single-point internal reference baseline correction method was adopted [183], [184],
[185]. This method involves subtracting the absorbance of a single, reference point in
the spectra from the absorbance at all wavelengths. The reference point chosen should
be at a wavelength where no system components demonstrate any absorbance. It should

also be a stable region representing the baseline and scattering effects only.
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Figure 4-12: Average absorption spectra of Fe-BTC-TMB-H0, system components. Insert shows
color change of samples PBS to Fe-BTC+TMB+H,0,, in same order as legend.

Usually, absorbance at 750 nm is selected as a reference point [183], [184], [185], [186].
However, the Fe-BTC-TMB-H,0, system displays major absorbance in this region.
Thus, the standard deviation of the absorbance of all components at each wavelength
was calculated and plotted against the wavelength, as shown in Figure 4-13. The
wavelength with the lowest standard deviation was chosen as the single reference point.
As shown in Figure 4-13, the least variation in absorbance is obtained at wavelengths
490 — 500 nm, where no significant absorbance by the system components is observed.
Thus, 490 nm or 500 nm were used as single reference points for baseline correction in
all experiments to ensure accurate results and exclude scattering effects. The choice of
the reference point at 490 nm or 500 nm was determined for each experiment by visual
inspection of the raw spectra and picking the point with the minimal absorbance point
with least standard deviation. With this correction, the baseline of all samples is

normalized and scattering artifacts are excluded, leading to more accurate results.
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Figure 4-13: Standard deviation of the absorption of all peroxidase system components (in Figure 4-12)
at each wavelength measured.

4.4.2. H20:2 radical production by Fe-BTC

Nanomaterials with peroxidase-like activity, called nanozymes, are proposed to
decompose H20. into OH- radicals, which in turn oxidize TMB. In Fe-based
nanomaterials, H,O, decomposition is intermediated by Fe?" ions, which react with
H20- in a redox reaction to produce OH-, which undergoes further reduction to water

[190]. The chemical reaction is shown in Equations 2-5 below.

Fe?* + H,02 — Fe®" + OH + OH- 2)
OH: +e — OH (3)
OH +H" = H.0 4)

To confirm that Fe-BTC follows this mechanism, tert-butyl alcohol, an OH- radical
scavenger, is added at different volumes to the Fe-BTC-TMB-H.0; system. If OH*
radicals are present, t-butyl alcohol would compete with TMB to react with OH-, thus
less TMB would be oxidized and reduced color intensity would be observed. The results
of adding tert-butyl alcohol to the biosensor system is illustrated in Figure 4-14. Clearly,
the absorption at 660 nm, attributed to blue oxTMB, decreases significantly with
increasing tert-butyl alcohol volumes, as shown in the full spectrum (Figure 4-14 (a))
and the plot of average absorbance at 660 nm (Figure 4-14(b)). The insert picture of the
samples further confirms reduced TMB oxidation, as the samples become less blue and

more yellow with increasing tert-butyl alcohol volumes. Hence, Fe-BTC peroxidase is
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confirmed to reduce H2O> via OH- radical formation, and OH- radicals are the major

active intermediates in TMB oxidation.
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Figure 4-14: (a) Average absorption spectra of Fe-BTC-TMB-H,0; system with addition of tert-butyl
alcohol at different volumes and (b) absorption at 660 nm. Error bars represent the standard deviations
of three trials. Insert shows the change in color intensity with addition of 0 — 500 pL tert-butyl alcohol.

4.4.3. Fe-BTC adsorption behavior

Fe-based MOFs, and Fe-BTC specifically, demonstrate high adsorption capability, and
have been reported for use in dye removal applications [177], [178], [179]. However,
in our biosensor, Fe-BTC’s adsorption of TMB dye may reduce the sensing
performance by adsorbing TMB dye, thereby reducing the amount of TMB available
for oxidation and thus reducing observed color change. The method of mixing biosensor
reagents and time taken may impact TMB adsorption by Fe-BTC. To test this, Fe-BTC-
TMB-H:0; biosensing system was prepared via two methods. The first method, which
is the method followed throughout, involves mixing all reagents together within a short
time frame then incubating for 50 mins with 800 rpm shaking in the dark as usual. The
second method involves mixing Fe-BTC an TMB together first and allowing them to
incubate for 30 minutes without shaking. Then, H2O- is added, and the reaction is
incubated in the dark at 800 rpm for 50 mins. This was tested with two H>O>

concentrations: 40 uM and 150 pM.

The absorbance of the biosensor systems prepared by both methods is shown in Figure
4-15. At high H2O> concentration, incubation of Fe-BTC and TMB together first led to
significant adsorption of TMB, which resulted in less TMB availability and lower

absorbance at 660 nm by biosensor. Meanwhile, no significant change in absorbance
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was observed at 40 UM H20O>, which can be attributed to the availability of enough free
TMB (not adsorbed) for oxidation by lower H>O, concentrations. Hence, it is best to
mix all reagents together directly when preparing Fe-BTC-TMB-H:O; biosensor, to
minimize adsorption effects. This is useful when designing PoC devices, where
reagents should be supplied to users separately rather than being mixed and packaged
together, to reduce adsorption.
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Figure 4-15: Bar chart of absorption of Fe-BTC-TMB-H,0; system at 40 uM and 150 UM using two
preparation methods: mixing all components together [at once] or mixing of Fe-BTC and TMB first for
30 mins, then adding H2O- [sequential].

4.5.  Optimization of Cholesterol Detection by Fe-BTC

The optimal conditions of time and ChOx concentration for cholesterol detection

determined by the parametric studies are reported below.

4.5.1. ChOx-cholesterol incubation time optimization

The absorbance intensities of the color changes obtained with ChOx-cholesterol
incubation times are illustrated in Figure 4-16. The absorbance intensity of the color
change increases slightly with increasing time from 0 to 60 mins; however, the increase
is not significant. The insert, showing the actual samples, also shows minor color
change with each incubation time. Furthermore, varying the incubation temperature
from 25 °C to 37 °C had no significant effect on incubation time effects. The lack of
significant impacts of cholesterol-ChOx incubation times may be attributed to the
second reaction step involving further incubation for 50 mins. ChOx may continue
reacting with cholesterol to completion during the second incubation period, despite the
presence of Fe-BTC and TMB and the change in pH (5.0). Future studies may look into
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mixing all reagents together, excluding separate incubation of ChOx with cholesterol.
For LOD experiments, 30 mins was chosen as the ChOx-cholesterol incubation time

for both 25 °C and 37 °C incubation, to ensure complete reaction.
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Figure 4-16: ChOx-Cholesterol incubation time optimization for cholesterol detection at ChOx-
cholesterol incubation temperatures of 25 °C and 37°C. Error bars represent the standard deviations of
three trials. Insert shows the change in color intensity at 25°C and 37°C with at each incubation time

point.

4.5.2. ChOx concentration optimization

The absorbance intensities of the color changes obtained with increasing ChOx
concentration are illustrated in Figure 4-17. The absorbance intensity of the color
change increases when increasing the ChOx concentration to 131.25 uM (final
concentration in 2 mL), after which the absorbance decreases with increasing ChOx
concentrations. The insert picture of the samples illustrates the initial decrease in color
ntensity up to 131.25 puM ChOx concentrations, after which the color intensity
decreases with increasing the ChOx concentrations. Again, varying the incubation
temperature from 25 °C to 37 °C showed similar trends, with no impact on ChOx
activity. However, 25 °C incubation resulted in higher absorbance and deeper color
intensity, compared to 37 °C. Thus, the optimal ChOx concentration for both 25 °C and
37°C ChOx-cholesterol incubation is 0.5 mM (in 525 pL), equivalent to 131.25 uM
after addition of all biosensor reagents and dilution to final volume of 2 mL.
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Figure 4-17: ChOx concentration optimization for cholesterol detection at ChOx-cholesterol incubation
temperatures of RT and 37°C. Error bars represent the standard deviations of three trials. Insert shows

the change in color intensity at RT and 37°C with increasing ChOx concentration from 0 to 656.25 pM
(in 2 mL).

4.6. Cholesterol Limit of Detection Determination

Optimization studies of ChOx-cholesterol incubation time and ChOx concentration
concentrations revealed that the overall optimum conditions for cholesterol detection
when incubating at room temperature (25 °C) or 37 °C was 0.5 mM ChOx (in 525 pL;
equivalent to 131.25 puM in 2 mL final solution) and 30 mins incubation time.
Incubation temperature had no major impact on optimal cholesterol detection
conditions by Fe-BTC-TMB system when varied between RT and 37 °C. The details of
how these results were concluded are presented below

Detection of cholesterol concentrations from 0 uM to 105 uM by Fe-BTC-TMB system
was investigated using two ChOx-cholesterol incubation temperatures: 25 °C and 37
°C. The absorbance intensities obtained at each cholesterol concentration tested with
RT and 37 °C ChOx-cholesterol incubation are shown Figure 4-18 and Figure 4-19,
respectively. The absorbance intensity at 660 nm increases linearly with increasing
cholesterol concentration, as demonstrated by darkening color of samples (shown in
insert of Figures 4-18 and 4-19). The LOD obtained at RT and 37 °C ChOx-cholesterol

incubation are 2.91 uM and 2.88 UM, respectively, with a linear cholesterol detection
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range of 6.56 — 78.75 uM for both tested operating temperatures. Thus, the ChOx-
FeBTC-TMB system is robust and temperature independent, allowing for minimal
energy usage by achieving similar results at lower incubation temperatures. The LOD
determination at room temperature for ChOx-cholesterol incubation was conducted
using a ChOx concentration of 393.75 puM. Given that optimal performance is
associated with a concentration of 131.25 UM, there is a potential to achieve even lower
LOD values and enhanced sensing sensitivity under these conditions. Future studies
can explore this optimization, along with evaluating the impact of reduced ChOx-
cholesterol incubation times or implementing a streamlined one-step reaction by

combining all reagents, as an alternative to the current two-step process.

The cholesterol LOD values obtained are comparable to many relevant MOFs reported
in the literature [24], [29], [117], [118]. However, other studies reported significantly
lower LODs in the nanomolar ranges, as shown in Table 4-2. These studies adopted
many approaches, with MOFs used for ChOx and/or HRP immaobilization, MOFs used
as nanozyme, peroxidase mimics, and MOFs used for direct, enzyme-free cholesterol
detection. Colorimetric, fluorescent, and chemiluminescent detection techniques were
used, achieving LOD values ranging from nanomolar to millimolar concentrations (see
Table 4-2). The major MOF-based sensing mechanism employed involved colorimetric
detection using MOFs as peroxidase nanozymes, similar to the work proposed in this
research. However, many peroxidase-mimics adopted hybrid nanomaterials, combining
MOFs with other nanoparticles, which impose the use of complex synthesis protocols
and expensive materials [18], [27], [29], [83], [117], [126], [131]. Furthermore, many
report narrow linear ranges, which require careful dilution of blood samples for real
applications [25], [28], [127]. Only few used pure MOF as nanozymes [24], [28], with
only MIL-101(Cr) available commercially in large scale [28], [204]. Hene, an
additional advantage of our Fe-BTC based biosensor is its simplicity, with no complex
hybrid system, and its high availability commercially, allowing for easier adaptation in

PoC devices.

Notably, some of the studies in Table 4-2 adopted higher operating temperatures and
longer detection time, which can reduce the LOD but also limit real applications in PoC
devices. Meanwhile, our biosensor shows excellent operation at room temperature,

which is easier to use in PoC devices. Moreover, normal blood cholesterol
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concentrations generally lie in high micromolar ranges and do not exceed 5200 uM

[137]. As such, our biosensor can easily detect cholesterol in blood after its dilution

while operating in the linear range. Hence, the LOD obtained by the present sensor,

although higher than some reported in the literature, is comparable to many other

studies and remains acceptable and applicable for blood cholesterol detection. Thus, the

two step, ChOx-Fe-BTC-TMB system is successful for detecting cholesterol in the
range of 6.56 — 78.75 uM, with an LOD of 2.91 uM and 2.89 uM at ChOx-cholesterol
incubation temperatures of 25 °C and 37 °C, respectively.
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Figure 4-18: (a) Average absorption spectrum and (b) LOD calibration curve for cholesterol detection
by Fe-BTC-TMB-ChOx Biosensor system at RT ChOx-cholesterol incubation. Error bars represent the
standard deviations of three trials. Insert shows the change in color intensity at 0.0— 105 pM
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Table 4-2: Comparison of LODs, Linear ranges, Sensing Mechanism, and MOF roles in Cholesterol detection by MOF-based cholesterol sensors.

Hybrid Linear
MOF used or Sensmg (Light) MOF mechanism LOD Range Ref
Pure Mechanism used (uM) (M)
MOF H
. . MOF for ChOx
MOF-5 Pure Colorimetric Immobilization 0.03 0.06-15 | [30]
. MOF for ChOx
AUNCs/ChOx@ZIF-8/PEI nanocomplexes | Hybrid Fluorescence Immobilization 0.073 | 0.1-2.4 | [25]
MnQO2 nanosheets on the surface Tb—MOFs.
Coupled with hybrid nanoflowers are self- | Hybrid Fluorescence II\:InCr)nFoEi)Ir izc:t]icga( 1.57 10-360 | [118]
assembled by ChOx and Cuz(POa4)2-3H,0.
. . L MOF for Peroxidase 0.1-
HRP@ZIF-8 nanocomposite Hybrid | Chemiluminescence Immobilization 0.04 100.0 [129]
MOF for Co-
ChOx&PVI-hemin@ZIF-8 Hybrid Colorimetric immobilization of NR 5-50 [128]
ChOx & Peroxidase
MOF for Co-
PCN-333(Al)/ChOx&HRP Pure Colorimetric immobilization of 0.6 0.0-40.0 | [127]
ChOx & Peroxidase
MOF for Co- 2900
UiO-66-NH2@AUNPs-ChOx@MIPs Hybrid Colorimetric immobilization of 2400 [130]
. 6700
ChOx & Peroxidase
Fes04 magnetic NPs that are coated by . . . MOF as Peroxidase
MIL-100(Fe) Hybrid Colorimetric Mimic 0.8 2-50 [18]
Mo-doped Cu-2MI (2-methylimidazole) . : . MOF as Peroxidase
[MoCu-2MI] Hybrid Colorimetric Mimic 1.2 2-140 [29]
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MOF as Peroxidase

MIL-101(Cr) Pure Colorimetric Mimic 0.86 | 1.1-229 | [28]
Graphene quantum dots/zirconium-based Hvbrid Dual Colorimetric & MOF as Peroxidase 0.01 0.04— [27]
metal—organic framework (GQDs/UiO-66) y Fluorescence Mimic ' 1.60
Bimetallic Eu/Fe-MOFs [Eu3+-doped MIL- Pure Ratiometric MOF as Peroxidase 105 2000- [24]
53(Fe)] Fluorescence Mimic ' 8000
. Colori:
Au-loaded CeO> nanorods (NR) in Cu- . . .
based metal-organic frameworks Hybrid Dua||:|C oIorlmet_rlc & MOF al\s/l _Peromdase |(:)|'162- 0.05-40 | [131]
(Cu(PABA)) uorometric imic uor:
0.178
. . . : . 5-100 &
Bifunctional carbon quantum dots Hvbrid Ratiometric MOF as Peroxidase 455 100 [117]
(CQDs)@ MIL-101(Fe) y Fluorescence Mimic ' 1000
Dual MOF as Peroxidase
C0304@CuMOF NPs Hybrid | Chemiluminescence & Mimic 0.026 | 0.1-300 | [83]
Colorimetric
Pd nanoclusters in ZIF-8 (Pd@ZIF-8) Hybrid Fluorescence MOF al\s}lrrﬁzgmdase 0.92 5-1000 | [126]
MOF for Direct,
(pyrolyze d\;'\;l(%(:j-emgin N atm) Pure Fluorescence Enzyme-Free 0.38 2-160 | [132]
pyroly g i Detection
MOF for Direct,
NU-1000-CMCD Pure Fluorescent Enzyme-Free 0.40 0-180 [31]
Detection
2.91
. . MOF as Peroxidase | (25°C); | 6.56— This
Fe-BTC Pure Colorimetric Mimic 288 78.75 work
(37 °C)
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4.7.  Selectivity Studies

The selectivity of ChOx-Fe-BTC-TMB biosensor system to H>O> and cholesterol
detection in the presence of other interferents, commonly found in real blood samples,

was investigated. The results are discussed herein.

4.7.1. H20:2 selectivity studies

The selectivity of Fe-BTC-TMB biosensor to H20- in the presence of common blood
interferents such as amino acids (glycine, L-lysine, L-cysteine), small molecules (urea,
uric acid, glucose, sucrose, fructose), salts (KCI, CaClz, NaCl), and a mixture of these
interferents was investigated. The sensor absorbance of H,O> in presence of interfering
analytes is demonstrated in Figure 4-20. As seen, the Fe-BTC-TMB signal response to
H202 remained relatively constant in the presence of most interfering analytes with
slightly, insignificant variations. Selectivity to H>O: in the presence of NaCl at
concentration equal to and 10x higher than H2O> (the latter mimicking real samples)
showed minor change (< 5% suppression). Only L-cysteine caused major suppression
to H20O> signals when added alone and in mixture of interferents, further confirmed by
lack of color change (see insert Figure 4-20). This is attributed to the reducing nature
of L-cysteine, which consumes oxygen and reduces oxTMB [18]. This competing
nature was observed in a similar, peroxidase-mimic based cholesterol sensor [18],
[131]. It is noteworthy that L-cysteine was tested at equal concentrations with H20..
Meanwhile, L-cysteine in real blood samples is usually present at much lower
concentrations than that of cholesterol, and blood samples undergo dilution prior to
using Fe-BTC-TMB sensor. Hence, the interfering impact of L-cysteine would be much
lower in real applications [131]. Moreover, N-ethylmaleimide can be added to eliminate
suppression effects by L-cysteine [131], [205]. Notably, the standard deviations of all
three replicates was low, indicating good repeatability and reliability of the obtained
results. Thus, the Fe-BTC-TMB biosensor system is considered to have good selectivity

to H2O2, with insignificant response to most interferents.

4.7.2. Cholesterol selectivity studies

The selectivity of ChOx-Fe-BTC-TMB biosensor to cholesterol in the presence of
common blood interferents was further tested, using 37 °C ChOx-cholesterol incubation
temperature, to stress the system and push it to its limit. We note that the selectivity

study was conducted on a smaller group of analytes that are likely to interfere with
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sensing mechanism, as done in previous studies [131]. These were L-cysteine, glucose,
fructose, uric acid, NaCl at high concentration, and a mixture of these interferents with
and without cysteine. The sensor absorbance of cholesterol in presence of interfering
analytes is demonstrated in Figure 4-21 below. The ChOx-Fe-BTC-TMB signal
response to cholesterol remained relatively constant in the presence of most interfering
analytes with slight variations. Similar to H202 selectivity, only L-cysteine caused
major suppression to sensor signal when added alone and in mixture of interferents,
further confirmed by lack of color change (see insert Figure 4-21). As discussed earlier,
this interfering impact of L-cysteine would be much lower in real applications and can
be eliminated by using N-ethylmaleimide [131], [205]. Uric acid also caused slight
suppression in the signal, which may be attributed to its reducing nature and possible
interactions with ChOx enzyme. However, the suppression is not statistically
significant and is within a tolerable range (p > 0.001). Thus, the ChOx-Fe-BTC-TMB
biosensor system is considered to have good selectivity to cholesterol, with
insignificant response to most interferents. Further studies in real blood samples would
provide more comprehensive understanding of all possible interferents and sensor

performance in real-life applications.
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Figure 4-20: Selectivity of Fe-BTC-TMB system to 20 uM H2O- detection in presence of interfering
analytes at 20 UM, except NaCl x10 was at 200 uM. Error bars represent the standard deviations of
three trials. All samples showed insignificant differences in absorption compared to the system sample,
with p values greater than 0.05 — except those labelled. Insert shows the change in color intensity when
detecting H20- in the presence of interfering analytes, labelled with numbers corresponding to numbers
in x-axis label.
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Chapter 5. Conclusion and Future Work

In conclusion, this thesis aims to investigate the potential use of Fe-BTC as a novel
peroxidase mimic for spectrophotometric detection of cholesterol. This is performed by
developing a colorimetric ChOx-Fe-BTC-TMB two-step biosensor system. First,
cholesterol is incubated with ChOx to produce H20,. Then, Fe-BTC and TMB are
added to system to react with H2O> and produce a color change, measured by UV-Vis

absorbance.

Fe-BTC demonstrated effective, intrinsic peroxidase activity. Characterization of Fe-
BTC using XRD and SEM revealed its amorphous nature with irregular, particle
aggregates. This allows for a large availability of active sites for peroxidase activity
and H20O2 and TMB reactions. FT-IR, XPS, and EDS analyses proved the presence of
Fe, C, and O, and their respective chemical groups, where Fe plays a key role in
facilitating H2O> decomposition and subsequent TMB oxidation. Zeta potential

demonstrated the moderate stability of Fe-BTC system suspensions.

Furthermore, parametric studies were performed to determine optimal conditions for
H20> detection. The best conditions for H.O> detection utilize 3.0 mM TMB, 0.75
mg/mL Fe-BTC, 50 mins reaction time, and pH 5.0 PBS. The LOD obtained using these
conditions was 3.30 uM, which is comparable to MOF biosensors reported in the
literature. Three linear ranges of detection were obtained, depending on the H20>
concentration: 0 — 100 uM, 100 — 267 uM, and 267 — 800 pM. The main mechanism
of H20- detection was through peroxidase activity of Fe-BTC, and formation of OH-
radicals by Fe centers in Fe-BTC. Moreover, Fe-BTC has a tendency to adsorb TMB.
Thus, the biosensor system should be prepared by mixing all reagents together at once,
to avoid dye adsorption and reduced absorption signal, especially at higher H20:

concentrations.

Parametric studies were also conducted to optimize the first step of cholesterol
detection: ChOx-cholesterol incubation. The optimal conditions were found to be 30
mins with 131.25 pM ChOx (in 2 mL) in PBS at pH 7.4. ChOx-cholesterol incubation
temperature had no significant impact on system. The LOD obtained using these
conditions in first step and above H20- conditions in second step was 2.91 uM (at RT
incubation) and 2.89 uM (at 37 °C incubation) — with a linear range from 6.56— 78.75
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MM cholesterol. The biosensing system also demonstrated excellent selectivity to
cholesterol in presence of most interferents, except L-cysteine, which can be eliminated
by the addition of N-ethylmaleimide [131], [205].

Thus, the overall ideal biosensor system involves incubating 0.5 mM ChOx with
cholesterol in 525 pL solution for 30 mins at room temperature, followed by dilution
with 500 pL PBS (pH 5.0), 600 pL of 10 mM TMB, and 375 pL of 4 mg/mL Fe-BTC
to a final volume of 2 mL. The mixture was left to shake in the dark at 800 rpm in room
temperature for 50 mins then centrifugated at 12000 rpm for 5 mins. Supernatant was
collected and UV-Vis absorbance at 660 nm was used to determine cholesterol

concentration from calibration curve.

Despite the promise and potential of the above biosensor, they all incorporate enzymes,
which limit the applicability of many sensors due to their high sensitivity. Future studies
should aim to design enzyme-free biosensors, to overcome enzyme-related challenges
such as instability and short lifetime. Future studies can focus on evaluating the
biosensor’s capability to accurately quantify cholesterol levels in actual blood samples.
This step is essential to assess its practical applicability and reliability in real-world
clinical or diagnostic settings. Furthermore, the integration of this MOF-based
biosensor in PoC devices should be explored, perhaps by using RGB color analysis
software for color analysis. The biosensors can be greatly improved with these future
elaborations, allowing for real-life applications in PoC devices. Overall, MOFs
demonstrate great potential for spectrophotometric cholesterol detection.
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