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Abstract

Colorimetric detection methods have attracted increasing attention recently and are now used
for routine analysis in different areas due to their unique properties, including friendly expense,
easy operation, miniaturization, fast results, and portability. Since antibiotics exhibit complex
chemical structures and small sizes in the agri-food system and environment with low
concentrations, developing a sensing system for antibiotics detection remains a considerable
challenge, such as complicated sample pre-treatment requirements, sophisticated instruments, and
highly qualified personnel that boost the detection cost. Moreover, after analysis, most sensing
systems can only detect a certain antibiotic residue in the resource which may further reduce the
detection efficiency. Hence, researchers have contributed to the multiple bio-recognizer and

transducers investigations and studies.

Titanium carbide (Ti3C;Tx), known as MXene, is currently among the most attractive 2-
dimensional (2D) nanomaterials worldwide for a wide range of applications involving (bio)-
sensors, energy storage devices, clinical medication, pharmaceutical industries, etc., owing to their
superior properties. This nanomaterial is found to mimic the catalytical behavior of horseradish
peroxidase (HRP) in this dissertation that can catalyze the conversion of the enzymatic substrate
to their final products and turns the solution color from white, transparent colorless to the
corresponding color. Thanks to this technology, the goal of visual detection of multiple targets

could come true.

In this dissertation, a sensing system was developed based on TizC2Tx MXene and its derived
hierarchical nanostructured enzyme nano-mimic known as nanozymes that can be used for

colorimetric detection of different antibiotic residues in food materials.



To develop the multi-antibiotic sensing system, we first started to synthesize the few-layered-
Ti3C,Tx MXene (OFL-Ti-MN) that was selectively etched its bulky ceramic (MAX phase) by
using the minimally intensive layer delamination (MILD) method. The fabricated OFL-Ti-MN
was first explored with its enzymatic nano-mimic behavior by using a typical enzymatic system of

hydrogen peroxide (H202) and 3,3',5,5'-tetramethylbenzidine (TMB) under optimal reaction

condition. It can facilitate to trigger of the redox reaction between two substrates (H2O2/TMB) and
help turn the white-transparent solution bluish-green. The affinity of OFL-Ti-MN against TMB is
higher than that of HRP. On the contrary, the affinity of OFL-Ti-MN for H>0O: is much lower,
resulting from the partial oxidation of fabrication OFL-Ti-MN and the vacancy defect of the OFL-
Ti-MN Ti surface. However, the color change was inhibited as kanamycin (KAN) and tetracycline
(TC) were introduced into this system (OFL-Ti-MN/TMB/H>0). Based on this strategy, an OFL-
Ti-MN-based colorimetric method for KAN and TC detection was successfully architected,
showing the limit of detection (LOD) of 15.28 nM and 615.28 nM for KAN and TC, respectively.
The exploration of intrinsic peroxidase-mimic properties of OFL-Ti-MN uncovered the plausible
mechanism of the inhibition effect of KAN and TC on color change. This provides an alternative
way to detect antibiotics and opens the door to discovering the antibiotic function mechanism and

extending the OFL-Ti-MN application (Chapters 11l & IV).

A hierarchical nanostructure of Au nanoparticle (Au NPs) doped layered Ti3C>Tx MXene (L
L-Ti3C,Tx NS) (MA2) was designed and synthesized via a facile one-step Au precursor
(HAuCl4*3H20) was reduced directly on the surface of L-TizCoTx NS without adding extra
reducing agents. The final MA2 nanocomposite shows the catalase-like properties in the
TMB/H;0; system, with a significantly higher experimental affinity (~ 17 folds) to H>O: than that

of OFL-Ti-MN due to the synergic effect of Au NPs and L-Ti3C,Tx NS. When ampicillin (AMP)



or penicillin G (Pen G) exists in the catalase nano-mimic system (MA2/TMB/H>03), the bluish-
green color does not appear, providing a great opportunity to manufacture a colorimetric method
for AMP and Pen G detection. As a result, this sensing method showed LOD for AMP and Pen G
detection as 7.51 nM and 68.9 nM, respectively, with a great linear relationship of 116.82 nM ~
3.51 uM and 35.1 nM ~ 584 nM for AMP and Pen G, respectively. The proposed mechanism
indicates that the MA2 can mimic the catalytic action of natural catalase in the presence of H>O».
Moreover, this further extended the investigation and application of MXene and MXene-based

nanocomposites (Chapter V).
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Chapter 1. Background information and research design

1.1.  Conventional analytical methods

As society develops rapidly, as well as the population explosion, the ecosystem, thus human
health, is always affected by toxic agents, including synthetic polymer, heavy metal ions, anions,
mycotoxins, pesticides, gases, pathogens, viruses, etc.[1]. The presence of a small amount of those
toxicities may induce irreversible and deleterious damage to ecosystems and even human health.
Early assessment and monitoring of those contaminants in the environment, agri-food systems,
and the human body is paramountly substantial to enable the implementation of prevention
strategies and clinical point-of-care.

Conventionally, the analytical methodologies focused more on the chromatography technology
that is widely used worldwide. This is a quantitative method for highly stable and selective
detection of antibiotics, mycotoxins, synthesized organic compounds, proteins, etc. As an example,
liquid chromatography with mass spectroscopy (LC/MS) or high-performance liquid
chromatography coupled with mass spectroscopy (HPLC/MS) is the most commonly employed
analytical technique for biological, environmental, and food safety monitoring [2-4]. Nevertheless,
complex sample pre-treatment procedures, cumbersome detection instruments, tedious operation
processes, and high requirements for personnel significantly boost the expense of a single detection
and limit the analysis application[5, 6].

Recently, tremendous efforts in analytical methods have been made towards novel sensing and
biosensing device fabrication that possess portable, miniaturization, low cost, and rapid result
properties. It is worth noting that the biosensing device is an extensive sensing strategy involving
molecules with biological properties. Therefore, a typical biosensing device usually has three key

components: an element that can specifically identify and capture the target (known as a bio-



recognition element), a transducer that can facilitate physiochemical information of target
translation into the corresponding measurable signals, and a signal-display processor|[7, 8]. Thanks
to the fast development of nanotechnology, these strategies can come true. For example, a screen-
printed electrode (SPE)-based electrochemical biosensor is one of the most favored biosensors
owing to its high portability, low cost, flexible design, and ease of on-site testing. Typically,
nanomaterials are modified on SPE working electrode (WE), which improves the surface activity
of this biosensor owing to their higher surface-to-volume ratio and superior electrocatalytic
properties[9]. When coupled with a unique biorecognition element (e.g., oligonucleotides, enzyme,
antibody), the electrochemical biosensor is highly specific to a target and generates a measurable
signal. Therefore, it can be widely applied in various areas for single-target detection, such as food
quality and safety analysis, environment monitoring, and clinical diagnose[10-12]. Another active
sensing strategy is to adopt magnetic nanoparticles (MNPs) for target analysis. A recent study on
portable nuclear magnetic resonance (NMRs) biosensor assay opened a new door for NMR
measurement systems in more on-site applications[13]. Foodborne pathogen (E. Coli O157:H7)
was analyzed by this assay with a detection limit (LOD) of ~10 CFU/mL. However, the core
shortcoming of the transduction mechanism based on the electrochemical and magnetic nature is
reflected in the implementation of multiple targets within a single readout measurement. Hence, it
is urgent to develop a sensing and biosensing method for multiple target analyses with those unique

and advantagous properties of mordern sensor and biosensor device.

1.2. MXene-based nanomaterials

Since the first successful exfoliated single-layered graphene in 2004, an increasing attraction
has been gained in the investigation and application of the various 2-dimensional (2D)

nanomaterials due to their unique properties [14]. In recent decades, there have been multiple 2D



new nanomaterials beyond 2D graphene that have been synthesized and used worldwide.
Innovative 2D transition metal carbide, nitride, and carbonitride nanomaterials have stood out
since 2011 owing to their fascinating properties[15]. Later on, those nanomaterials were
categorized as a new family named MXene. Typically the MXene is usually obtained from its
bulky precursor MAX phase. Given the chemical and layered structures, the layered MXene has
the denotation as M+1XaTx, where "M" presents the early transition metals such as Ti, Mo, etc.,
"X" 1s usually C and/or N atom, and "T" stands for functional groups that are newly formed after
synthesis process. Experimentally, the surface composition of MXene (Tw in the denotation, such
as -F, -0, -Cl, and -OH, etc.) may vary depending on various selective etching methods, which
offer high metallic conductivity (~6000-8000 S/cm) and makes heterogeneous electron transfer
process achievable on site[16, 17]. Besides, MXene has been reported to have relatively high
stiffness with at least 500 GPa elastic constant based on density functional theory (DFT)
computations[18]. As a result, MXene is increasingly performed in many applications, including
biosensing, catalyst, antibacterial treatment, and chemical adsorption[19-21].

Layered titanium carbide nanomaterial (commonly Ti3C>Tx) is one of the most popular MXene,
obtained from its MAX phase precursor (TizAlCz) via the manually shaking method that usually
produces the less defective but larger single TizC>Tx nanosheets[22]. In terms of the weaker bond
of Ti-Al than the bond of Ti-C, fluoride-based etchants in strongly acidic conditions are usually
used to selectively remove the Al interlayer without damaging the Ti-C bonds, achieving the
separation goal of Ti3C,Tx MXene from TizAlC, precursor[23]. However, the side effect of this
method may over-etched the surface composition, especially Ti single atom or several adjacent Ti
atoms on the surface, leading to the single or cluster Ti atom defective vacancies[24]. In return,

these newly created defects, due to their highly unstable and thus reactive characteristics, provide



exfoliated Ti3CoTx MXene nanosheet excellent reductivity[25]. Hence, this ability facilitates
exfoliated Ti3C,Tx MXene nanosheet to reduce the oxidizing reagents and even metal precursors
much easier [26]. Furthermore, those defective vacancies can interact with those reduced metal
ions and play an important role in supporting their growth in-site [27]. In a word, all of these

features can facilitate MXene's contribution to the sensing and biosensing area.

1.3.  Antibiotics

The last several decades have evidenced the medical effectiveness of antibiotics that can
be used in human illness treatment and applied in ecosystems and animals to enhance food safety
and quality[28]. Nevertheless, the abuse of antibiotics usage can result in contamination in agri-
food systems where the antibiotics cannot be naturally degraded or metabolized by animals, which
may easily enter into the food supply chain[29]. An excessive amount of antibiotic residue in
consumable food puts a high risk to the ecosystem and even human health, including
environmental microbiome balance damage, human microbiome alteration, and increasing the
drug resistance of bacteria inhibited in humans, etc.[30]. Besides, ingested antibiotic residues by
human beings can also bioaccumulate, finally causing allergic reactions, disruption or intestinal
flora, and other human health problems[31]. The antibiotic abuse phenomenon in farms is even
worse since farmers usually use them to treat bovine mastitis. Those unmetabolized antibiotic
residues enter dairy products easily. It is reported that the major available antibiotics remaining in
cow milk include 1). the B-lactam family occurs around 36.54 % (such as amoxicillin, ampicillin,
penicillin, etc.) and 2). Tetracycline family with 14.01 % [32]. Therefore, the USA Food and Drug
Administration (FDA) and European Union (EU) have set the maximum residue limits (MRLs) as
5 ng/L~100 ng/L and 4 ng/L for B-lactams family, respectively, and 300 pg/kg and 100 pg/kg for

tetracyclines, respectively [32-34]. Kanamycin is another available antibiotic remaining in the food,



which usually is used as an analysis target in the lab, though it is not a major concern in the market.
Moreover, the EU set up the MRLs of kanamycin in milk with ~320 nM and ~214 nM set up by

Korea Food and Drug Administration (KFDA) [35].

1.4. Research design

The tremendous revolutions in sensing and biosensing methods (electrochemical, colorimetric,
fluorescent, etc.) occurring in recent decades are ascribed to the rapid development of
nanotechnology, drastically promoting the performance of sensing and biosensing technologies
concerning the sensitivity, portability, selectivity, etc. Of them, the nanomaterial with natural
enzymatic behavior (known as nanozyme in some literature) is a rising star at the forefront of
innovative sensing and biosensing applications. This revolutionary work on the sensor and
biosensor has opened the door to establishing a facile and innovative sensing system for antibiotics

detection in the dairy industry.

As a newborn 2D nanomaterial, TizC>Tx-based MXene has recently attracted increasing
attention. In this work, oxygen-terminated few-layered Ti3CoTx-based MXene (OFL-Ti-MN) was
first recognized to function as peroxidase, named peroxidase nano-mimic, which can trigger the

redox reaction between two typical enzymatic substrates, hydrogen peroxide (H202) and 3,3",5,5'

-tetramethylbenzidine (TMB). Finally, bluish-green oxide TMB was generated and released into
the solution, making the solution recognizably visible. Besides, because of the unique properties
of layered Ti3C,Tx-based MXene, this newborn 2D nanomaterial can reduce the Au precursor
without any extra reducing agents. The obtained hierarchical Au/MXene nanocomposite (MA) has

significantly increased enzymatic performance due to the synergistic effect of Au nanoparticles



and MXene. Taking advantage of these, both of these two enzyme nano-mimics were used in the

sensor and biosensor for multiple targets detection with relatively high sensitivities.

The overall goal of this project aims to develop a low-cost, rapid, and portable colorimetric
sensing strategy for multiple antibiotics detection in dairy products (e.g., milk). The specific

objectives of this work are as follows:

1. Investigate the role of OFL-Ti-MN -based enzyme nano-mimic in the enzymatic system
by exploring the mechanism and kinetics of the catalytic reaction.

2. Design the colorimetric bioassay based on the OFL-Ti-MN for kanamycin detection and
explore its detection mechanism.

3. Study the OFL-Ti-MN/H202/TMB system for tetracycline detection and provide the
detection mechanism.

4. Prepare the Au nanoparticles/layered Ti-based MXene nanocomposites in a one-step way.

5. Identify the Au nanoparticles/layered Ti-based M Xene nanocomposites' performance in the

enzymatic system and develop a colorimetric bioassay for ampicillin and penicillin G detection.
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Chapter II. Introduction and literature review for enzyme nano-mimic: Nanozyme-based

sensor and biosensor for food and quality and safety*

Abstract

Nanozymes are a type of nanomaterials, both metallic and non-metallic, that can catalyze
biochemical reactions just as natural enzymes do. Therefore, since their recent discovery in 2007,
nanozymes are employed as nanoscale enzymatic mimics, which are now at the forefront of
various biosensing applications. When compared with natural enzymes, nanozymes offer several
advantages such as relatively higher stability, lower cost, easier modification, and inherently more
efficient nanocatalytic properties. Past research on the structure and catalytic principles of
nanozymes has brought into focus various developments of nanozyme-based biosensors. In this
review, we introduce several typical nanozymes, primarily those belonging to the peroxidase and
oxidase families. The enzyme-mimicking mechanisms of these nanozymes are presented, which
primarily result in colorimetric signals suitable for simple and easy biosensing applications.
Emphasis is placed on describing nanozyme-based biosensors that are used for detecting chemical
contaminants, such as ions and pesticide residues, and biological contaminants, such as pathogens

and biotoxins, that can compromise food quality and safety.

2.1. Introduction

Natural enzymes are powerful biocatalysts for substrate conversion due to their specific
recognition abilities and relatively high catalytic activities under mild environmental conditions in
most cases. These enzymes find ubiquitous uses in a myriad of laboratories and industries for
performing biochemical reactions [1]. However, the use of natural enzymes is beset with such

drawbacks as insufferable price, unstable structure, high sensitivity to external conditions, low

*Wang, W, Gunasekaran, S. (2020). Nanozyme-based biosensors for food quality and safety.
TrAC trends in analytical chemistry 2020, 126, 115841. Copyright Elsevier.
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reusability, etc. [2, 3]. Therefore, numerous researches have been focused on finding appropriate
substitutes for enzymes with similar active sites and catalytic properties. Some enzyme mimics

include catalytic cyclodextrins, polymers, supramolecules, porphyrins, and dendrimers [4-7].

In 2007, Yan et al. reported the peroxidase enzyme-like activity of ferromagnetic
nanoparticles (Fe3Os4 NPs) and pointed out that with catalytic activity similar to that of
protein/RNA which specifically acts as peroxidase enzyme in nature, inorganic NPs could directly
trigger and accelerate the oxidation of peroxidase substrates in the presence of hydrogen peroxide
(H20>) [8]. Since then, several other NPs have been identified to have biocatalytic activity either
alone or as hybrids in conjunction with other biomolecular ligands [9]. Wei and Wang coined the
term 'nanozyme' to describe NPs that possess the ability to mimic enzymatic action [10]. In
addition to good recognition and biocatalytic activity, nanozymes offer prolonged life and high
stability all at a cost lower than that of natural enzymes [11]. Consequently, nanozymes are
increasingly employed in many applications such as biosensing, cancer therapy, environmental
protection, and antibacterial treatment [12-15].

Nanozyme-based biosensors (NBs) are popular in different areas, including food quality safety
evaluation, clinical disease diagnosis, biological metabolite measurement, and environmental
pollutant monitoring (Figure 2.1.). To date, there has been only a limited review of information
on NBs, especially focusing on food quality and safety [16, 17]. To fill this gap, herein we present
a more comprehensive review of NBs in food analysis, along with the discussion on major catalytic

mechanisms of nanozymes for biosensing.
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Figure 2.1. Different fields of nanozyme-based biosensor applications.

2.2. Predominant catalytic mechanisms of nanozymes for biosensing

Since the discovery of the first nanozyme (Fe3O4 NPs), hundreds of nanomaterials have been
found to function as biocatalysts. According to the catalytic mechanisms the nanozymes mimic,
two primary enzyme families have been identified: (1) oxidoreductases (e.g., oxidase and
peroxidase) and (2) hydrolases (e.g., nuclease and protease) [ 18]. In this review, we primarily focus
on the oxidoreductase family of nanozymes. The nanocomposites of NBs with several
representative nanomaterials are shown in Figure 2.2. A, 2.2. B. As Figure 2.2. A shown, though
with the same enzymatic substrates, peroxidase-like nanozyme is more intended to identify and

reduce H>O; solution, while oxidase mimic nanozyme is more favor to trigger reduction of O gas.
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Figure 2.2. A. Schematic of several common peroxidase and oxidase substrates that undergo oxidation
in the presence of nanozyme and oxidizing agents: OPD: o-phenylenediamine; TMB: 3,3',5,5’-
tetramethylbenzidine; ABTS: 2,2-azinobis(3-ethylbenzothizoline-6-sulfonic acid) and AR: 10-acetyl-
3,7-dihydroxyphenoxazine; B. Chemical structures of representative nanomaterials with intrinsic
enzymatic ~ properties:  structures  except  graphene  oxide are  generated  from:

https://www.chemtube3D.com. C(a). Pt/Ag hybrid synthesized with DNA template serves as a

peroxidase mimic, adapted with permission from [19] and (b). Color changes of different substrates after

oxidation, adapted with permission from [20].
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2.2.1. Peroxidase-like nanozyme

Currently, most NBs heavily depend on peroxidase-like nanozymes that could recognize and
induce oxidation of peroxidase substrates in the presence of H>O», particularly for catalysis of o-
phenylenediamine (OPD), 3,3',5,5 -tetramethylbenzidine (TMB), 2,2-azinobis(3-
ethylbenzothizoline-6-sulfonic acid) (ABTS), and 10-acetyl-3,7-dihydroxyphenoxazine (AR) into
their corresponding oxidative products, orange OPDox, blue TMBox, green ABTS, and red
resorufin, respectively (Figure 2.2. A) [21]. Due to the color change that accompanies the
oxidative reaction, this mechanism provides the easiest way to qualitatively identify targets

visually and the fastest way to quantify the concentration and/or level of the target analyte.

2.2.1.1. Non-metallic nanozymes

Several nanozymes are composed of carbon and its derivative nanomaterials, highlighting that
carbon-based nanomaterials have superior peroxidase-like characteristics (Figure 2.2. B) [22, 23].
Mohammadpour et al. reported that carbon nanodots (CDs) can initiate the oxidation of TMB in
the presence of H>O> at 30 °C [24]. They found that absorbance of intermediate radical cations
formed from CDs -TMB-H>0O: system has been observed at as same wavelength (Aags=370nm and
653nm) as those released from TMB-H20:-horseradish peroxidase (HRP) system. Additionally,
the magnitude of absorbance at two wavelengths has increased from 0.10 to 0.35 ((Aadgs=370 nm)
and from 0.05 to 0.20 (Aags=653 nm) during a reaction time of 1000 s. These results point out that
the role of CDs in TMB oxidation is similar to that of peroxidase, which is to accelerate electron
transfer from TMB to H202 molecules. Therefore, CDs largely increase the reaction rate of TMB
oxidized by H>O». Additionally, this enzymatic catalysis is controlled by multiple environmental

factors, such as pH, temperature and concentration of CDs, and H>O;. Therefore, this is an
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excellent example of zero-dimensional (0D) nanomaterials mimicking an enzyme action for

supporting more future nanozyme applications.

Single-walled carbon nanohorns with a carboxylic group (SWCNH-COOHSs) also possess
peroxidase-like activity on TMB. An experimental study by Wang and Xu et al. provided strong
evidence that the SWCNH-COOHs could remarkably accelerate the reaction between TMB and
H>0: [25]. In accordance with enzymatic kinetics, the catalytic reaction of SWCNH-COOHs
follows the Michaelis-Menten equation, indicating that SWCNH-COOHs serves as peroxidase
mimic. They also evaluated the robustness of SWCNH-COOHs and HRP, finding that SWCNH-
COOHs are still capable to catalyze TMB-H20; redox reaction after incubation at a wide range pH
(2~7) and temperature condition (20°C~80°C). These results suggest that SWCNH-COOHs might
be a promising alternative one-dimensional (1D) peroxidase nano-mimetic in different bio-

applications with a broader range of conditions.

Besides CD (0D) and SWCNH-COOHSs (1D), several two-dimensional (2D) nanomaterials,
especially graphene and graphene oxide (GO-COOHSs) nanosheet, have been investigated for their
enzyme-like characteristics [26]. Qu et al. studied the peroxidase-like activity of GO-COOH on
TMB oxidation for glucose colorimetric detection in diluted blood and fruit juice sample matrixes
[27]. To elucidate the mechanism of GO-COOH catalysis, kinetic studies of GO-COOH and HRP
in TMB-H>0; system were investigated independently, where slopes of line in Lineweaver—Burk
plots were obtained based on two systems parallel to each other. This indicates the mechanism of
GO-COOH catalysis is as same as that of HRP. In addition, peroxidase was reported following the
ping-pong mechanism when they are initiating the redox reaction in the TMB-H2O> system[28].
Combining the data of the steady-state kinetic study and the theoretical catalytic mechanism of

peroxidase, the GO-COOH nanosheet was shown to obey the ping-pong mechanism when it
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catalyzes TMB-H>O:> reaction [29]. During this catalysis, electrons from the valence bond of GO-
COOH first transfer onto H>O» molecules to produce *OH radicals once the GO-COOH surface
electrostatically attaches to H2O,. The generated *OH radicals attract H' in an acidic solution in
terms of H-bond. And the peroxidase substrate, for example, TMB, is then adsorbed with GO-
COOH, donating lone-pair electrons from -NH> group to GO-COOH nanosheet to mobilize GO-
COOH nanostructures by enhancing the charge density of GO-COOH. After releasing lone-pair
electrons, oxidized TMB turns the solution color blue. In this GO-COOH enzymatic catalysis, it
is believed that nitrogen atom in peroxidase mimic-substrate reactions plays an important role in
the electron transfer process of H2O2-substrate reaction. Hence, several groups took advantage of
this finding, i.e., the role of the nitrogen atom, for improving the efficacy of TMB-H-O: catalysis
of GO-COOH based nanohybrids, for instance, GO-COOH coated by chitosan for colorimetric
identification of glucose in human serum sample [30] or nitrogen-doped GO-COOH which could

be useful for living cancer cells electrochemical recognition [31, 32]
2.2.1.2. Single metallic nanozymes

Nanozymes composed of single metallic nanomaterials are used in numerous areas. For
example, nanozymes composed of transition metals, particularly transition metal oxides possess
intrinsic peroxidase-like properties. The FesO4 NPs, widely reported as a successful nanozyme
since 2007, were confirmed to behave like peroxidase in TMB catalysis [8, 33]. Data from steady-
state kinetic and catalytic experiments suggest that the FesOs NPs-TMB-H»0; system also
undergoes enzymatic catalysis, which follows the ping-pong catalytic mechanism of Fe3O4 NPs in
TMB-H>0> redox reaction [34]. As mentioned above, abundant generation of *OH radicals is
ascribed to the exposure of H.O» at Fe?*, which has higher peroxidase-like activity than Fe**

(kpe2+=76 L/mol-s, kg,3+=0.002 L/mol-s) and follows the Fenton reaction (see Egs. (1)-(8)) [35,
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36]. The *OH radicals released from H>O2 would immediately bind with H* via hydrogen bonding,
the resulting Fe?* turns to Fe*" which, at the same time, receives an electron from the -NHz group
of TMB to form Fe?' back, again. After donating an electron to Fe**, TMB is then oxidized to
TMBox, eventually achieving a peroxidase-substrate reaction model. Herein, Fe3O4 NPs would be

an alternative surrogate of natural enzymes in biosensing and other biomedical applications.

H.0, + Fe?* — OHe« + OH + Fe®* (1)
OH+ +RH — R+ + H,0 (2)
Re + Fe?* — R* + Fe?* 3)
Fe* + OH+ — Fe®* + OH~ (4)
Fe** + H,0; < Fe ---O0H?* + H* (5)
Fe ---OOH* —HO;* + Fe?* (6)
H20, + Fe®* — OHe + OH™ + Fe** )
OH+ +RH — R+ + H;0 )

Besides Fe;O4 NPs, Cu nanocluster (Cu NC) also exhibits impressive catalytic oxidation
reactions between H,O> and TMB. Owning two possible distinct numbers of Cu atoms (5 atoms
and 13 atoms) in the core, Cu NC shows an average size of 2.8 + 0.5nm with (1 1 1) planes of
metallic Cu and indicates various degrees of oxidation state (0, +1 and +2) [37]. With these
extrapolated nanostructures and their unique discrete electronic states, it performs better than HRP
at near-neutral pH, which is beneficial for biosensing of targets that require neutral pH conditions
[38]. In these reactions, Cu NC and O-O bond of H20: function as catalytic activity site and
substrate site, respectively. Considerable amounts of *OH radicals are then rapidly created, which

trigger TMB oxidation to TMBox. The excess reactive Cu?" ion in the solution adsorbed at Cu NC
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surface also improves the catalytic activity. Therefore, Cu NC would be a potential nanomaterial

in biosensors for diagnostics, for example, glucose level determination in vivo.

Metal-organic frameworks (MOFs) are 3D synthetical crystalline complexes either composed
of core-shell nanoarchitecture of several neutral or anionic organic linkers mutually connecting
with a cluster of metal cation, or delicately arranged by repeat-blockers consisting of metal ions
[39]. They can also serve as peroxidase mimics due to multivalent metal ions active sites (for
instance, Fe**/Fe?", Cu'*/Cu?") in their delicate nanostructures. Catalytic sites of MOFs are formed
by the emerging occurrence of inorganic (normally metal ions)-organic molecular building block
units, which are essential parts for peroxidase reaction achievement. In this regard, MOFs reveal
perfect biocatalytic capability by mimicking the natural peroxidase [40]. Li et al. reported an
inherent peroxidase-like behavior of Fe-MIL-88NH> in the TMB oxidation reaction in accordance
with the ping-pong mechanism [41]. Based on the kinetic study and electron spin resonance data,
they suggested that Fe-MIL-88NH, could first transfer electrons from Fe*" to an adsorbent H>O
molecule to break the O-O bond and create *OH radicals. Due to with lower Michaelis-Menten
constant (Ki) to TMB (Km =2.84*10*M) than HRP's (Kn=3.17 *10"*M), Fe-MIL-88NH; would
have higher affinity to TMB than HRP does. Therefore, to compensate for the vacuum of outmost
electrons orbital in Fe-MIL-88NH>, lone pair electrons of -NH> in TMB would be dragged into the
Fe-MIL-88NH: more rapidly by strong electronegative force. At last, colorless TMB is finally
oxidized into blue TMBox. Hence, it is a promising nanomaterial of Fe-MIL-88NH: to be used for

quick food composite detection and determination.

Moreover, noble metals such as Au, Pt, and Pd are always regarded as a kind of catalytic agents
for accelerating numerous chemical reactions under a broad range of conditions [42]. By

themselves, noble metals usually suffer from short life and instability when they are in complicated



18

experimental conditions. However, in conjunction with a protector or stabilizer, the life span of
noble metals is significantly prolonged as well as the stability is largely improved. Surprisingly,
both protector and stabilizer could also enhance the catalytic performance of noble metals
remarkably on the redox reaction of peroxidase substrates [43]. For example, bovine serum
albumin (BSA) was successfully employed to stabilize the Au cluster. This BSA-Au complex not
only presents high peroxidase-like behavior over a broad temperature range but also offers
properties such as striking robustness [44]. To further characterize the peroxidase activity of the
BSA-Au cluster, a steady-state kinetic study was carried out. The K of the BSA-Au cluster was
125 times lower than that of HRP, i.c., the BSA-Au cluster was 125 times more favorable to TMB

than HRP. Therefore, the ability of noble metals as peroxidase mimics cannot be overlooked.
2.2.1.3. Bi- or multi-metallic nanozymes

It has been reported that oxides of nanoalloys perform as peroxidase mimics by enhancing the
reaction rate of peroxidase substrates [45-47]. MnFe2O4 NPs are an intriguing nanozyme in terms
of its similarity of inherent structure with Mn?" and Fe** active sites to that of peroxidases [48].
MnFe;04 shows peroxidase-like activity toward TMB and OPD in the presence of H>O». Kinetic
investigation of the Fenton reaction demonstrates that, because of its higher peroxidase activity
compared with that of Fe*", Mn?" plays a major role in TMB catalysis. Similar to the natural
manganese peroxidase catalytic mechanism, MnFe>O4 NPs accelerate the rate of electron transfer
from TMB to H>O», leading TMB to be oxidized into blue-colored TMBox. Additionally, inspired
by the highly efficient synergy of HRP and manganese peroxidase in H>O> decomposition,
Bhattacharya et al. doped Mn?" into mixed ferrite NPs (Mn'"\Fe"| «Fe,04 NPs) [49]. To explore

the mechanism of Mn"xFe''; \<Fe">O4, they performed a steady-state kinetic study and found TMB
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is more likely to be attached to Mn'\Fe!'; x<Fe'",O4 than to HRP. Afterwards, Mn'xFe'!; «Fe'',O4
has been used as a nanozyme in various applications, especially for biosensing.

Bi-noble metallic nanoalloys are also widely used as peroxidase-like nanozyme [50, 51]. Yang
et al. used DNA as a template to synthesize Ag/Pt nanozyme (DNA-Ag/Pt), which exhibits high
intrinsic peroxidase catalytic activity toward TMB [19]. Their experimental data suggest that
intrinsic peroxidase activity is mainly attributed to Pt nanocomposite. While both DNA template
and Ag serve as scaffolds to support the whole complex. Furthermore, higher electronic
conductivity of Ag leads to improved electron movement throughout the nanozyme-substrate
system, thus stimulating the catalysis capability of DNA-Ag/Pt in the oxidation of TMB, ORD,
and ABTS in the presence of H>O (Figure 2.2. C(a)). To further enhance the enzymatic
performance of Ag/Pt, Wang et al. decorated molybdenum disulfide (MoS2) nanosheet by
implanting Pt;4Agzs NPs [20]. They found that, at pH 4 and 50 °C, the enzymatic activity of
Pt7aAgas NPs was higher than those of Ag/Pt and MoS» nanosheet. Their results indicate that lone-
pair electrons can easily transfer from the amino group of TMB to the H2O2 molecule mediated by
MoS2-Ag74/Pta hybrid. As a result, H>O2 is decomposed into *OH radicals which attach to H" and

the oxidized peroxidase substrates would appear after the deprotonation process (Figure 2.2. C(b)).
2.2.2. Oxidase-like nanozymes

Similar to natural oxidases, oxidase-like nanozymes can oxidize some organic substrates by
reducing O> to generate H>O» (Figure 2.2. A). Since Au has been proposed as an oxidase-like
nanozymes, numerous nanomaterials have been reported as oxidase mimics for a variety of
applications [52-54]. Wei et al. rationally synthesized nanoceria (cerium dioxide, CeO2) which was
confirmed as an oxidase mimetic in the catalytic reaction of TMB in the presence of O [55]. Data

from kinetic study and investigations of intermediates, elucidated that under the acidic condition,
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the surface initially composed of Ce**/Ce*" of nanoceria firstly adsorbs O, where Ce**
immediately outputs the electron to adsorbed O, assisting the generation of O, radicals and Ce**
cations. At the same time, the high affinity of CeO> to TMB (Kn=0.42 mM) helps lone pair
electrons easily transfer into Ce*"(CeO2) NPs, leading Ce*" cations to release and the solution color
to change blue. On-site O>™ radicals released concomitantly re-oxidize Ce*" to Ce*" back, which,

alternatively, directly oxidize TMB to TMBox, turning the solution color change blue as well (Egs.

9-12) [55].
02 + Ce**(Ce0z)— 02" + Ce**(Ce0y) 9)
02" +TMB+4H" — 2H,0 + TMBoXx (10)
CeO2 + TMB — Ce03 + TMBox (11)
Ce203 + 02" +2H* — 2Ce032 + H20 (12)

Wang et al. added that CeO; nanorods (CeO2 NRs) with facet (1 1 0) have the highest oxidase
activity among different synthesized samples, including polyhedral (1 1 1) and cubes (1 0 0) [56].
In this study, SO4* ions are anchored in CeO> NRs to form CeO> NRs-SO4*" nanohybrid. This
hybrid exhibited great affinity to Oz molecules and fast electrons movement from -NH; of TMB
to O because of the strong electronegativity of SO4>". As a result, the catalysis rate of the TMB-

Oz reaction is strikingly increased.

There is evidence that platinum-cobalt (PtCo) bimetallic NPs could stimulate the redox
reaction of oxidase substrates with O molecules [57]. Among different ratios of Pt/Co composites,
Pt72Co2s with (1 1 1) facet serves the highest oxidase-like activity (Figure 2.3. A, B) [58]. The
investigation of the mechanism uncovered that superoxide anion (O2¢") is initially formed after
electrons move from Pt72Coos to surface adsorption O», and instantly turned to HO»e radicals by

the protonation process. New HO»e radicals in solution then either dissociate into Oags and OHeags,
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or are further reduced into OH™, which concomitantly release plenty of hydroxyl radicals (Figure
2.3. C). As aresult, three oxidase substrates, TMB, OPD and ARTS, loss their lone pair electrons

to be oxidized into their corresponding oxidized species.
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Figure 2.3. A. Color change in three oxidase substrates catalyzed by Pt72Co2s nanoparticles, B.
UV absorbance for TMBox products undergoing catalysis of Pt-Co hybrid with various Pt/Co
ratios; inset shows the facet of Pt;2Co2s, C. mechanism of Pt;2Cozs for mimicking oxidase.

Adapted with permission from[58]
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2.3. Applications of nanozymes for sensing and biosensing

As an emerging class of enzyme-like nanomaterials, nanozymes rival other materials for
biosensing applications. Biosensors comprising nanozyme provide highly accurate and precise
sensing of various targets including Ebola virus, tumor cells, and glucose [59-61]. In this section,

our focus is on biosensing applications relevant to food quality and safety monitoring.

2.3.1. Detection of ions

The detection of ions is a crucial event in the food field since it is necessary to be aware of
their amounts in organisms, particularly in the human body. As successful surrogates of natural
enzymes, nanozymes are broadly applied in a biosensing platform for various ions differentiation.
A summary of NBs used for the detection of various cations (positively charged) and anions

(negatively charged) is presented in Table 2.1.
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Table 2.1. Applications of nanozymes for colorimetric (unless noted otherwise) detection of ions
Analyte Nanozyme system E’?ZY.me LOD Linear Sample Ref.
ion mimicked range matrix

. Au cluster/bovine serum albumin . N Lake
Ag (BSA) Peroxidase | 0.204 uM 0.5~10 uM water [62]
Environm
Pd nanoparticle/Histidine Peroxidase | 4.7 nM 30~300 nM S\?;;Ir [63]
samples
Pt 102 ~10¢
nanocubes/poly(vinylpyrrolidone | Peroxidase | 80 pM M Tap-water | [64]
Yellow
river water
zeolitic imidazolate frameworks- . and
8/graphene oxide Peroxidase | 1.43nM 2.0~5.0 nM human [65]
serum
sample
Lake
water,
Cu? Ag/Pt nanocluster Peroxidase | 5.0 nM 10~100 nM | Tap-water | [66]
and pond
water
human
Histidine/Au nanocluster Peroxidase | 0.1 nM 1~100 nM | serum [67]
sample
Fe? C-dots/Mn304 nanocomposite Oxidase 0.03 uM 318[3 ~083) [68]
Molybdenum disulfide nanosheet . 0.01~0.8 Lake
(M0S,) Peroxidase | 7 nM uM water [69]
#Peroxidas 0.005~0.2 Lake
MoS; nanosheet o 3.5nM uM water [70]
Hg?* Au/Fe;04/Graphene oxide (GO) Peroxidase | 0.15nM 1~ 50 nM \_(ellow [71]
river water
Au/Fe;04/GO-MoS; aerogel Peroxidase | 3.279 nM i;/[lll — [72]
Chitosan/Se nanoparticle Oxidase 0.12 uM 31\14 - 25 [73]
. River
Carbon nanodot Peroxidase | 23 nM 0~0.31 uM [74]
water
Citrate/Pt nanoparticle Peroxidase | 8.5 pM 0.01~4nM | Tap water | [75]
Tap water,
lake water,
. . 49.9~997.1 | river water
Mn3zO4 nanoparticle Oxidase 18.9 nM M and [76]
wastewate
r
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(1) 0.39 nM in
double
Reduced distilled water \é\r/astev;er:[ q
GO/polyethylenimine/Pd Peroxidase | (2) 10 nM in | 0.1~25nM human [77]
nanoparticle wastewater
serum
and human
serum
+ . Lake
Pb Au nanocluster Peroxidase | 2 uM 2~250 uM water [78]
CN- Cobalt hydroxide/oxide-modified | #Peroxidas 29 nM 0.075 ~2.5 | Wastewat [79]
GO e uM er
F CeO; #Oxidase | 1.8 M LM River take | [80]
Lake
Nanoceria Oxidase 0.64 uM 0.64  ~100 water and | [81]
uM
toothpaste
. - o 2.5~5700
NO; Histidine/Au nanocluster/rGO Oxidase 0.7 uM uM Sausage [82]
0001 ~0.2 Tap water
Sz f-casein/Pt nanoparticle Peroxidase | 0.8 nM . “|and lake | [83]
M
water
Bare gold nanoparticle Peroxidase | 80 nM 0.5~10 uM | Tap water | [84]
River
. . 0.04~0.4 water and
Bromide graphene Peroxidase | 25.3 uM MM sewage [85]
water
3,4-dihydroxyhydrocinnamic acid 0.066~33.3 River
3- - P . .
PO, [Fes04 nanocubes (Fe;0,-DHCA) Peroxidase | 49.8 nM uM water and | [86]
tap water
Drinking
0.2 ~ 200 | Weten
Fe304 magnetic nanoparticles Peroxidase | 0.11 uM M groundwat | [87]
K er, and
lake water

# Fluorometry detection; *electrochemical detection
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Cations are divided into essential and non-essential categories. Essential cations serve several
necessary biofunctions in organisms at very low concentrations, such as (1). connective tissue
support (Cu?"): e.g. Cu deficiency leads cytochrome C oxidase level to decrease, which causes
muscle weakness; (2). protein core active site (Fe**/Fe*") for helping O> transferring in humans:
e.g. heme protein is always designated by protein with heme group which consists of the Fe
(Fe*'/Fe*") as coordination center; and (3). essential part of enzyme for CO, hydration(Zn>"): e.g.
carbonic anhydrase is composed of Zn** and His 64, which is mainly for CO hydration in human
body [88-90]. However, at excessive concentrations, they exhibit seriously acute toxicity to living
systems. For example, rice growth inhibition (Fe*"), vomiting, and diarrhea in humans (AI**) [91].
In this regard, it is important to measure their concentration in foodstuffs. Liu et al. designed a
colorimetric biosensor using a nanozyme composed of Au NC and histidine biomolecule (His-Au
NCs) for the detection of Cu?* [67]. They believed that His-Au NC could largely induce the
oxidation of TMB to blue color TMBox in the presence of H»O». Alternatively, with greater
favorability to Cu?*, His ligand of His-Au NCs selectively conjugate with free Cu?*, so to
dramatically constrain the intrinsic peroxidase property of the nanocomplex, thus inhibiting the
oxidation of TMB-H,0,. Ultimately, Cu®>" could be detected by measuring the change in the
absorbance intensity of TMB solution. This biosensor exhibited a linear range between 1-100 nM

with limit of detection (LOD) of 0.1 nM.

Recent findings show that free Fe?* can remarkably enhance the MoS: nanosheet performance
on OPD oxidation in the presence of H202 [69]. Ni et al. [70] took advantage of this synergistic
effect in fabricating a biosensor for Fe** determination in lake water. Their biosensor can measure

Fe?" concentration in a wide concentration range (0.005 ~0.2 uM) with an LOD of 3.5 nM.
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Non-essential cations are generally toxic to humans. For instance, Pb*" is associated with
headache and irritability at low level and even small amount of Hg?* is capable of leading to
neurotoxicity [92]. To avoid these adverse effects, it is important to determine their content in
foodstuffs or water. Shamsipur et al. proposed to use CDs and cysteine (Cys) conjugates as
nanomaterials to determine Hg?" concentration in river water (Figure 2.4. A (a)) [74]. In fact, -S-
group of Cys possesses fairly intensive hydrated electron (e aq) decay ability (decay constant
=~8*%10° 5!, i.e., tio = ~1 us), demonstrating which have striking electron restoration capability,
resulting oxidation reaction to be prohibited [93]. Nevertheless, because Hg?* biases towards Cys,
the addition of Hg?" shields the Cys surface, leading to decelerating the effect of Cys on CDs. As
presented in Figure 2.4. A (a), this behavior helps TMB oxidation to continue. Eventually, by
measuring the intensity of UV-vis absorbance of TMB color, this kind of biosensor is capable to
accurately detect 0 ~0.31 pM Hg?* in aquatic environment with LOD of 23 nM (Figure 2.4. A(b,
¢)). In addition, a highly sensitive NB was fabricated for Hg?" measurement by applying Pt NPs
capped with citrate, which exhibits an ability to catalyze Hg?" over a concentration range of 0.01~4

nM and LOD of 8.5 pM [75].

Anions are also important contaminants in foods, owing to the pollutants from advanced
industrialization. For example, cyanide (CN"), found in our natural aquatic environment, is a potent
poison [94]. A finding indicates that with formation constant B-(Co(CN)+*)=1.16*10*'M"*, CN" is
favorable towards the Co?* for forming the anion compound Co(CN)4> [95]. In this regard, an NB
made of GO coated by cobalt hydroxide/oxide (CoOxH-GO) system was manufactured for
fluorometric assay for CN™ in wastewater [79]. During sensing, the CoOxH-GO nanocomposites
are believed to catalyze the oxidation reaction of non-fluorescent AR to form a reddish color

resorufin in the presence of H>O». Yet, the catalytic activity of CoOxH-GO nanocomposites would
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Figure 2.4. A(a) Illustration of color “on/off” assay mechanism, (b) time profile with inset

showing the relationship between the concentration of Hg?* with UV absorbance at a reaction
time of 260 s, (c) absorbance of UV spectrum with increasing Hg?* concentration, adapted with
permission from [74]; B (a) lllustration of the impact of different ions on Fe30s-DHCA
peroxidase activity, (b) Schematic of mechanism of Fes04-DHCA with Zr** for PO4>* detection,
(c) Relationship between UV absorbance and PO.*" concentration and inset showing

concentration with conversion to logarithm, adapted with permission from [86]

be blocked by CN™ in terms of the preferable reaction between Co?" and CN~ for forming
Co(CN)4*", diminishing the red color intensity in the resulting solution. This sensor could

quantitively measure the CN™ concentration in a range of 75 nM~2.5 uM with an LOD of 22 nM.
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The catalytic activity of CoOxH-GO nanocomposites is controlled by pH, concentration of H>O»,
and temperature. Additionally, due to the unique chemical structure of nanozyme, the enzymatic
property of this nanocomposite is also affected by the thickness of GO, indicating that this kind of

NBs could be fabricated as thin film probes, which could be employed as in situ CN™ biosensor.

Excessive NO,/NO;~ and PO4>~ are present in natural aquatic environments and in foods,
leading to eutrophication in both natural environments and food products [96, 97]. Du et al.
illustrated that His-Au NC modified by reduced graphene oxide (His-Au NC/rGO) can be used to
measure NO>~ in sausage with an LOD of 0.7 uM by means of an electrochemical method [82].
While POs** was colorimetrically detected by 3,4-dihydroxyhydrocinnamic acid conjugated with
Fe304 nanocube (Fe304-DHCA), the signal of which was synergistically enhanced by Zr** [86]. In
this NB, the intrinsic peroxidase behavior of Fe;04-DHCA in the TMB-H2O: system is disturbed
by PO4> ions, caused by the priority reaction between the active site of Fe304-DHCA (Fe) and
PO4* ions. The blue color of TMB remains after adding PO4>~ anions in Figure 2.4. B(a) indicates
that there are slight effects of PO4>~ on the inhibitory activity, because of the less active site of
Fe;04-DHCA exposure. On the contrary, no color showing in Figure 2.4. B(a) where there are
Zr*" and PO4* both on the surface of Fe304-DHCA indicates that Zr** cations would significantly
enhance the prohibitive performance of PO4>~ ions in Fe304-DHCA. As depicted in Figure 2.4.
B(b), Zr*" ions are capable of electrostatically covering the surface of Fe304-DHCA for enhancing
the interacted areas of Fe;0s—DHCA. Furthermore, it could coordinate with PO4*" to protect the
nanozyme from contacting with peroxidase substrates. With the synergistic inhibition behavior, as
shown in Figure 2.4. B(c), NB could detect PO4>~ anion concentration in range of 0.066 ~ 33.3

uM with LOD of 49.3 nM. Therefore, it is an alternative NB for in situ detection of PO4>".
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2.3.2. Detection of foodborne pathogens and microbial metabolites

Foodborne pathogens and microbial metabolites are biological contaminants that adversely
affect food safety. Enzyme-linked immunosorbent assay (ELISA) is prevalently used for various
biochemical detections based on enzymatic reactions. As powerful surrogates of natural enzymes,
nanozymes are now widely adopted in immunoassays. In contrast to the conventional ELISA,
nanozyme immunoassays offer improved detection speed, higher sensitivity and stability under

harsh conditions, and lower cost.

Escherichia coli O157:H7 is a major foodborne pathogen. Wan et al. measured E. coli O157:H7
concentration as low as 4.1 CFU/mL at pH 6.5 and 25 °C, by using hemin-concanavalin A hybrid
nanoflowers based sandwich-structured immunoassay [98]. The authors further validated this
approach by monitoring the occurrence of E. coli O157:H7 in milk sample to demonstrate the
sensor's practical application. Lin et al. evaluated the performance of Pt-Au bimetallic nanozyme-
based immunochromatographic assay for E.coli O157:H7 detection, which provided an LOD of
10> CFU/mL [99]. Moreover, a typical sandwich-type lateral flow assay with Pd-Pt nanozyme for
colorimetric detection of E.coli O157:H7 has been proposed (Figure 2.5. A) [100]. Results from
this colorimetric assay are obtained in just four minutes, but a longer time is needed due to the
interference from other milk substrates. The linear range and LOD of this assay are 10?~10°

CFU/mL and 0.87x10?> CFU/mL, respectively.

Listeria monocytogenes is another common foodborne pathogen that usually infects neurons
and T-cell immune system in humans [101]. An investigation of a hybrid of Fe3O4 NC anchored
aptamer showed that Fe3O4 NC serves as a signal amplification ligand for the colorimetric assay
of L. monocytogenes. In this immunoassay, intercalation of Fe;Os NC-aptamer into a sandwich-

type biosensor exhibits a higher colorimetry response compared to BSA polymer-based biosensor.



30

A@) .. . (b) o
TMB oxide +o
u;x\n

e

CHy
* 4 _4 \ A l‘*

¥ =963.42 1g(C) - 2506.05

2 = )
IMB R?=0.9857

HyC CH,

5004 5

| A |

Conjugate pad ‘ Test line

e 1 o b
Sample pad NC membrane Control line Absorbent pad c c ' c c F e c
T T Tl T T

E. coli O157:H7 {;ﬁ Pd-Pt NPs-labelled antibody ‘ "\ s i- io ‘n ‘l u s
|

106 10¢ 10* 10° 10*  control

Anti-E. coli O157:H7 polyclonal antibody Goat anti-mouse IgG . .
Concentration of E. coli O157:H7 (¢fu/mL)

B(a) (b)
e J"€4§
e o wPcy P 29S8,
r—ad oo gl g?}%& oo
0
Graphene oxide CoTPPIGO PINPICOTPPIrGO -204 <
= #° Working electrode —_ o=
L S8 [ once sectrode 3 %
Auxiliary electrode o e « -40
' q , AT £
i P i 3
! 29 -ﬁs‘jck»s > e\nxof’%}{‘:r':grw 3 =
v 9 e ?:‘ o § oA 60+ y =9.62Ln(x) » 51011 8
Y9ay vy =y ',' "7' ? v '7' "7' g B Mo sl R =09987,n=8
B e = = E/ 8 X 1 1
U—pu—bu 80 AFB, concentration (ng mL")

06 -03 00 03 06 09

> B> Potential vs. Ag/AgCI (V)
Competitive reaction Non ic electrochemical measurement

oo AFB-BSA U AFB, ={ anti-AFB, O Platinum nanoparticle

Figure 2.5. A(a). Hllustration of lateral flow assay for E. coli O157:H7; (b) Linear relationship
between concentration of E. coli O157:H7 and color intensity; (c) Photograph of lateral flow
assay with different concentrations of E. coli O157:H7, adapted with permission from [101]; B
(a) Schematic for AFB1 detection mechanism based on electrochemical immunoassay using
PtNPs/CoTPP/rGO-based biosensor and photo inset is electrochemical measurement device; (b)
Current change with different concentrations of AFB1 and inset shows current vs. AFB1 linear

relationship, adapted with permission from[104]

In this case, a linear colorimetric response was obtained for the amount of L. monocytogenes in

the range of 5.4x10° ~ 10® CFU/mL [102]. Besides Fe;04 NC, BSA-MnO, NPs have a feasible
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oxidase performance on color intensity enhancement for the detection of L. monocytogenes over a
range of 10 ~10° CFU/mL with an LOD of 10 CFU/mL. Interestingly, this NB (i.e., BSA-MnO»
NP) could provide divergent assays for the detection of L. monocytogenes. For example, in the
resulting aqueous solution, adding extra AuNPs would reduce TMB?" back to TMB, promoting
the aggregation of AuNPs, which turns the color of the resultant solution gold for secondary

colorimetric detection [103].

Aflatoxin B1 (AFB1) is a product of secondary metabolism from Aspergillus species, which
usually contaminates cereal crops, particularly rice, nuts, and corn. It was reported that AFB1 is
responsible for multiple fetal aflatoxicosis outbreaks worldwide [105]. Immunoassays for AFB1
detection have received great attention. For example, a MnO; nanoflake-TMB system was applied
for AFBI colorimetric determination, which could accurately detect AFB1 concentration as low
as 6.5 pg/mL with a linear range of 0.05 ~ 150 ng/mL at room temperature [106]. In addition, a
peroxidase mimic of Co—porphyrin/Pt/rGO nanostructure (PtNP/CoTPP/rGO) based electrometric
immunosensor was developed to improve the detection sensitivity (Figure 2.5. B(a)). The
conjugated PtNP/CoTPP/rGO is synthesized based on the - w bond stacking interactions between
GO nanosheet and Co—porphyrin. The redox reaction between the GO layer and H2PtClg provides
Pt NPs at the rGO nanosheet. This nanocomplex was used for immobilizing anti-AFB1 antibodies
and catalyzing redox reaction in the TMB-H>0O> system, which then amplifies electric signals by
determining the change in color intensity. Consequently, an apparent increase in current was
revealed in 25 min for AFB1 concentrations from 0.005 to 5 ng/mL. The LOD of this NB is about
1.5 pg/mL, which is much lower than the LOD Afforded by several commercial AFB1 kits

(Quicking Biotech: 100 ppt; MyBioSource: 250 ppt) [107]. Data collected from testing peanuts
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used as real samples demonstrated that this method would be a potential tool for detecting AFB1

for food safety monitoring.

Various nanozyme-based colorimetric immunoassays that are used for analyzing a variety of
foodborne pathogens and microbial secondary metabolites in foodstuffs are summarized in Table

2.2.
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Table 2.2. Applications of nanozymes for colorimetric detection (unless noted otherwise) and

quantification of foodborne pathogens and microbial metabolites

. Enzyme LOD Linear  range | Sample
Contaminant Nanozyme system mimicked (CFU/ML)* (CFU/ML)® matrix Ref.
C. jejuni Au@Pt NP Peroxidase | 10 10 ~ 108 Milk [108]

sample
E. sakazakii FesQs  ~ magnetic | po o idase | 2 10 ~ 10° Infant [109]
nanoparticles powder
hemin-
E. coli, O157:H7 concanavalin A | Peroxidase 4.1 10 ~ 106 Milk [98]
hybrid nanoflowers
Pt-Au nanoparticle | Peroxidase | 102 102~ 10° — [99]
Pd-Pt nanoparticle | Peroxidase | 0.87*102 102 ~ 10° Milk [100]
E.coli, 0157:H7 | Dopamine-FesOs | po i idace | 102 0-10¢ _ [110]
nanoparticle
L. monocytogenes FesO4 nanoparticles | Peroxidase | 5.4*10° 5.4*%10° ~ 108 Milk [102]
BSA-MnO, Oxidase 10 10 ~ 108 Pork | [103]
nanoparticle
Au  nanoparticles
core/Ag Oxidase 10 10 ~ 108 Pork [111]
nanocluster
P. aeruginosa Au nanoparticle *Peroxidase | 60 60 ~6*107 — [112]
Fes304 magnetic D”\?\;gr
V. cholerae nanoparticles- Peroxidase 108 — gn d tape [113]
polysaccharides P
water
. Magnetic ~ Fe3Oq- . 105
V. parahaemolyticus MnO; nanoparticle Oxidase 10 10 ~10 Oyster [114]
Aflatoxin B1 MnO; nanoflake Oxidase 6.5 pg/mL 290/‘2:6 50 Peanut [106]
Co-
Porphyrin/Pt/rGO *Peroxidase | 1.5 pg/mL 0.005~5ng/mL | Peanut | [107]
Nanostructures
0.007 Lake
Microcystin-LR Cu(OH); nanocage | Peroxidase | 6 ng/mL ' and tap | [115]
~75ug/mL
water
. . Grape
Ochratoxin A MnO; nanosheet Oxidase 0.069 nM 1.25 ~250 nM juice [116]
MnCo,04 Oxidase 0.08ng/mL | 0.1~10ng/mL | Maize | [117]
submicrosphere
Patulin Ag NPs@Zn-MOF | #Peroxidase | 0.06 uM 0.1 ~10 uM J.Au?é)ele [118]
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Staphylococcal Au nanocluster- Corn,
phyloc . Peroxidase 1.0 pg/mL 1~700ng/mL | flour [119]
enterotoxin B chitosan membrane .
and rice
Corn
Zearalenone Au nanoparticle Peroxidase 10 ng/mL 10 ~ 250ng/mL | and corn | [120]
oil

$ CFU/mL unless noted otherwise; # Fluorometry detection; *electrochemical detection
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2.3.3. Detection of pesticide residues in food

Residues of organophosphorus pesticides (OPs) in foodstuffs are frequently associated with
chronic risk factors for cardiovascular diseases, cancers, nerve system damage, and reproduction
system disruption [104]. OPs primarily remain in fresh fruits, vegetables, grains, and fish. Several

NB are being developed for detecting OPs and other pesticide residues in food.

Methyl-paraoxon (MP), a type of OPs, could be detected by different NBs. Zhou et al. prepared
an NB using polyacrylic acid-coated CeO, NPs (PAA-CeO; NPs) for detecting MP by taking
advantage of MP's inhibitory effects on enzymatic catalysis. This involves the inhibition capability
of MP against acetylthiocholine (ATCh) catalysis by acetylcholinesterase enzyme (AChE) in pH
8 buffer condition [121]. This NB was suitable for detecting MP concentrations ranging from 100
~1000 ppb with an LOD of 26.73 ppb at acidic conditions and room temperature. Further, Wei et
al. [122] prepared a nanoceria-based biosensor (NCrB) to show that nanoceria could directly bio-
catalyze MP molecules to generate yellowish para-nitrophenol (p-NP) in the presence of H>O»
(Figure 2.6. A). By combining with the dual mode-sensing platform technique (DMSP-NCrB),
color signals generated from DMSP-NCrB-MP-H;0: system could be captured simultaneously by
the platform composed of the smartphone-based and UV-spectroscopic method. By this dual way,
the color intensity increased linearly from 0.42 ~ 42 pumol/L and the LOD of this approach was
0.42 pmol/L at alkaline condition. Employing this approach in real sample analysis, they

demonstrated the feasibility of real-time and detection of MP using DMSP-NcB.

Detection of other OPs, such as diazinon, glyphosate, and ethoprophos have also been reported
using NBs [123-125]. For diazinon detection, Fe3O4 NPs @ZIF-8 nanohybrid, a peroxidase mimic,
was used. This nanohybrid was synthesized by encapsulating Fe3O4 NPs in the cavities of porous

ZIF-8, which is sensitive to recognize H2O; that is an intermediate of a series of enzymatic
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Figure 2.6. A. lllustration of nanoceria-based biosensing with dual mode-sensing platform

technique, Adapted with permission from [123], B (a) Schematic of enzymatic competitive assay
for the detection of organophosphates (OP), (b) fluorescent spectra for OP detection, (a-m: 0.5, 1,

2, 5,10, 20, 50, 100, 200, 300, 400 and 500 nM, respectively), adapted with permission from[124]

reactions (Figure 2.6. B(a)) [123]. Whereas, diazinon would irreversibly inhibit the AChE
enzymatic activity, which causes H2O> molecules failure to release and TMBox to generate, thus

significantly affecting the signal intensity. Consequently, as per the UV absorbance curve in Figure
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2.6. B(b), increased diazinon concentration proportionally reduces the signal intensity in the range

0of 0.5~500 nM with an LOD of 0.2 nM.

A CuO/multi-walled carbon nanotube nanocomposite-based NB (CuO/MWCNT NB) was
fabricated to fluorometrically analyze glyphosate in neutral pH aqueous solutions [124]. In this
NB, CuO/MWCNT served as peroxidase for catalyzing the redox reaction of the HO>— Amplex
Red system, yielding the reddish resorufin. However, glyphosate protects this nanocomposite from
contacting with the H>O>— Amplex Red system thus achieving to control the color intensity of the
solution. As a result, CuO/MWCNT NB was able to detect glyphosate concentration in the range

0f 0.002~0.01 ppm with an LOD of 0.67 ppb.

2.3.4. Detection of other food contaminants

The detection of other food contaminants has also been reported using NBs. These
contaminants include pharmaceutical drug residues and illegal food additives. Kanamycin, usually
used in veterinary medicine, is found to associate with hearing problems, kidney toxicity, and
allergic reactions in humans [126]. An "on/off" colorimetric assay composed of AuNPs was
developed for kanamycin identification with relatively high selectivity [127]. As shown in Figure
2.7. A, aptamer (Ky2) prevents the AuNPs surface from coming in contact with the TMB-H20:
system in the absence of kanamycin, inhibiting the enzymatic reaction. Initially, the Ky2 aptamer
is designed to shield the AuNPs surface, suppressing the Au NPs to alter TMB in the H>O» solution.
The aptamer is then attracted by the addition kanamycin, resulting it to leave the surface of AuNPs
to specifically coordinate with kanamycin. Due to the absence of Ky2, exposed Au species begins
to catalyze TMB oxidation in the presence of H>O2, showing blue color in the solution. Figure 2.7.

C indicates that saturation of AuNPs activity would appear after adding 100 nM of kanamycin.
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This approach provides linear range for kanamycin detection from 1 ~ 100 nM with LOD of 1.49

nM.
9
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Figure 2.7. A. Schematic illustration of color turn on/off for kanamycin detection; B. Selectivity
test based on this immunoassay for different antibiotics detection; C. Relationship between the
peroxidase-like activity of gold nanoparticle-Ky2 aptamer and concentration of kanamycin,

adapted with permission from [128]

Additionally, melamine was added illegally into dairy products for increasing the apparent
nitrogen level which is typically used for indicating the protein level in dairy products, due to its
relatively high nitrogen content [129]. It is proved to significantly exaggerate the intrinsic

peroxidase property of AuNPs during the catalysis of the HoO>-TMB system [128]. By utilization
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of the color intensity enhancement of the H2O2-TMB system in the presence of melamine, linear

response in UV-vis spectra was from 0.001 ~0.8 uM with LOD of 0.2 nM.

2.4. Summary and future perspectives

The discovery of nanozymes has established an impressive bridge connecting nanomaterials
and biological enzymes. This has facilitated great strides in tailoring enzyme mimics into
nanoscale and at the same time, provided an alternative way for mediating different biological

events.

Up to now, most nanozyme research is focused on oxidoreductase-type nanomaterials (e.g.
oxidase, peroxidase, catalase, and superoxide dismutase). Despite all of them showing highly
efficient catalytic rate, peroxidase-type, and oxidase-type are still the two most predominant
nanozymes in the sensing area, due to their slightly more efficiency enzymatic catalysis
performance than natural enzymes. Additionally, most NBs would be advantageous in their faster,
more reliable, and rigidness for food safety analysis, compared to the traditional enzyme (Shown
in Appendix II, Table S2.1.), ascribed to their inherent nanomaterial properties. Therefore, in this
review, we have highlighted various practical applications of nanozymes, especially in food

systems.

The exciting future for nanozymes is nonetheless beset with some challenges. The nanozyme
as an emerging enzyme mimic has lower densities of active sites, which decreases its enzymatic
activity in catalytic reactions as well as lower the turnover number for peroxidase substrate
conversion [130]. Additionally, one difficulty is to identify the accurate active site and thus for
investigating the origin of catalytic activity, due to heterogeneous elemental composition and facet

nanoarchitecture exposed by several nanozymes and their synthesis. Therefore, optimization of the
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nanostructure of nanozymes and their sizes play essential roles in catalytic activity precise analysis

before any further exploration and research on the nanozyme catalytic capability.

Apparently, with the exception of detecting ions, most nanozymes lack the ability of specific
recognition, as traditional enzymes are, leading them impossible to analyze macromolecules and
even organelles individually. In other words, if nanozymes would be adopted to fabricate
biosensors for macromolecules or organelles detection, it is necessary to join other biomolecules
which are capable to specifically identifying those targets (e.g. antibodies or natural enzymes).
Hence, the next step after nanozyme nanostructure optimization is to mimic enzyme structures to
improve the nanozyme's specificity, which would be a promising way to simplify the NB

fabrication procedure and largely decrease cost.

Most of the currently developed NBs highly rely on the colorimetric assay for food safety
monitoring. While this bodes well for simple detection, colorimetric detection has its limitation
for many foods that can mask visual signals making the detection difficult and even inaccurate.
Food materials are complex systems, which contain considerable interfering chemicals. Therefore,
different signaling assays combination, such as dual colorimetric-digital approaches, lateral flow
strip utilization, etc., should be investigated to establish suitable NBs for each step of the food
supply chain with a facile, rapid, and economical detection system to ensure food safety. This
should be the future direction for further developing nanozymes suitable for biosensing in the food

industry.

Besides applying in biosensing in the food safety area, nanozyme is also a promising enzyme
mimic to be adopted in biosensors for other areas of determination, for example, hormone signal
transduction system in cells, enzyme catalytic activity, DNA transcription, and even nerve signal

transmission. However, before achieving those goals in the future, researchers should pay more
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attention to the nanozyme itself biosafety and bioavailability. Despite various available research
on nanozyme properties and applications, compared to traditional enzymes, those studies are still
rather limited. Therefore, more investigations in the future should be done to solve issues and

explore more applications of nanozyme.



2.5. Appendix: Chapter II.

Table S2.1. Traditional enzyme application in biosensor for food analysis
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incubation

Traditional enzyme Nanozyme
Contaminant | Name LOD Operational stability Time 0 Ref. | Name LOD Operational stability Time to Ref.
response response
Hg?* Gll_Jcose 1 ng/mL pH 6.0; _20 min for [131] Cltrate/Pfc 85pM | Room temperature 10 min for [75]
oxidase Room temperature incubation nanoparticle response
) . Cobalt pH 3~11;
CN- Tyrosinase 0.1nM ggo?’;?éem erature Tr]l(:%br:,['ignfor [132] | hydroxide/oxide- | 22 nM Temperature  range fgs onsgor [79]
P modified GO (20 °C ~ 100°C) P
hemin-
Escherichia . 103 pH 7.4; concanavalin A | 4.1 CFU | pH: 6.5; 90 min for
coli, 0157 Peroxidase CFU/mL | Room temperature 24h [133] hybrid /mL Temperature of 25 °C | incubation [98]
nanoflowers
Aflatoxin B1 | AChE 2 ng/mL pH 7.4; ~10 min [134] (F?c?r- hyrin/Pt/rGO LS pH 7.0; ~ 25 min [107
g Room temperature Phy pg/mL Room temperature ]
Nanostructures
MethyI- pH 7.5; 20 min for . pH 10; <1 min for | [122
AChE 500 nM -~ ; . [135] | Nanoceria 0.42 uM | Temperature range . .
paraoxon Room temperature incubation o . incubation | ]
(4°C~60°C)
. . 120 min
horseradish pH 6.1; 20 min for pH 7.2; [124
Glyphosate peroxidase 1.7 ne/l Temperature of 22 °C | incubation [136] | CUO/MWCNT 0.67 ppb Room temperature for ]
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Chapter III. 2D Oxygen-Terminated Few-Layered Ti3C:Tx MXene Nanosheets as

Peroxidase-Mimic for Colorimetric Detection of Kanamycin*

Abstract

Nanomaterials-based bioinspired enzyme mimics are gaining increased attention as alternatives to
biocatalysts. Herein, we report synthesizing oxygen-terminated few-layered titanium-based
MXene nanosheets (OFL-Ti-MN). OFL-Ti-MN possesses horseradish peroxidase (HRP) activity
in catalyzing the oxidation of colorless 3,3',5,5'-tetramethylbenzidine (TMB) in the presence of
hydrogen peroxide (H202), which turns the solution color bluish-green. The solution color fades
quickly when kanamycin (KAN) is added to this system. This reaction indicates that KAN can
prevent color change in the OFL-Ti-MN/TMB-H:0: system. Based on this strategy, we developed
an OFL-Ti-MN-based colorimetric sensor to detect and quantify KAN. The sensor exhibited a
dynamic range from 15.28 nM to 46.14 uM and a calculated limit of detection (LOD) of 15.28
nM. From the insight gained from the peroxidase-mimic property of OFL-Ti-MN, we proposed a
mechanism for the inhibition effect of KAN on peroxidase and peroxidase-mimic enzymes. The
proposed mechanism can potentially help elucidate the reasons for the antibacterial function of
KAN and its side effects in humans.

3.1. Introduction

Natural enzymes play an essential role in substrate conversion with their high specificities and
abilities to enhance reaction rates. Nevertheless, several disadvantages, such as high cost, low
stability, poor reusability, etc., limit the use of enzymes [1]. With the advent of nanotechnology,
numerous unique properties of nanomaterials such as antibacterial, photocatalytic, and magnetic

have been discovered and applied [2-6]. Since 2007, the enzyme-mimic property of nanomaterials

*Wang, W., Yin, Y., Gunasekaran, S., (2022). Oxygen-terminated few-layered Ti3C,Tx MXene
nanosheets as peroxidase-mimic nanozyme for colorimetric deteiction of kanamycin. Biosensors
and Bioelectronics 2022, 114774. Copyright Elsevier.
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has been recognized as various nanomaterials that can induce enzymatic catalysis with great
recognition ability either on their own or by forming complexes with other molecules [7]. These
nanomaterials that possess enzymatic functions similar to those of natural enzymes are known as
enzyme nanoparticle mimics (nano-mimics) (also called “nanozymes”) [8, 9]. Compared to natural
enzymes, enzyme nano-mimics are more stable, have a longer life cycle, and are less expensive
[10]. As a result, enzyme nano-mimics are widely explored for use in various applications,

including biosensing, illness treatment, environmental protection, etc. [11].

MXene is synthesized from a layer-structured MAX phase bulk ceramic, which is denoted as
Mn+1A X, where "M" is the early transition metal (e.g., Ti, Mo, Cr, Zr, etc.), "A" represents the
atoms located in group 13 or 14 of the periodic table (e.g., Al, Si, etc.), and "X" is usually C and/or
N atoms[12]. However, the "A" layer can be removed by etchants, i.e., hydrogen fluoride (HF) or
a mixture of lithium fluoride (LiF) and hydrochloric acid (HCI), and during the process, "T" atoms
(such as -F, -0, -Cl, and -OH) are anchored on the surface of the remaining MAX phase structure.
So, MXene, the complete etched product of the MAX phase, is denoted as Mn+1XnTm. The surface
composition (i.e., Tm in the MXene notation) may vary according to the chemical etching method,
which affords MXene high metallic conductivity (~6000-8000 S/cm) and makes heterogeneous
electron (e°) transfer achievable on-site [13]. The most common MXene, TizCoTx, is synthesized
from Ti3AlC; bulk ceramic by the minimally intensive layer delamination (MILD) method, where
manual shaking can yield less defective and larger single TizC>Tx nanoflakes [14, 15]. Typically,
fluoride-based etchants in strongly acidic conditions (HF solution or fluoride salts in highly
concentrated HCI solution) are used to exfoliate single- or ultrathin multiple-layered MXene, but
this can create single or a cluster of vacancy defects on the Ti layers due to single or several

adjacent Ti atoms being etched-off [16]. These highly unstable and reactive vacancies provide
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layered MXene with relatively high reductivity. Therefore, MXene can reduce oxidizing agents
and even metal salt precursors without any reducing agents[17]. In addition, vacancy defects
provide exfoliated MXene accommodation for those single metal products [18]. Besides, since
various chemical atoms and groups (-F, -Cl, -OH, etc.) are grown on the etched aluminum (Al)
sites during the etching process, electrochemical absorption of MXene to oxidizing agents or metal
salt precursors is improved, and the electron transfer is hastened. These unique features make

MXene a new catalytic nanomaterial and an ideal candidate for biosensing.

The overuse of antibiotics to treat cows for bovine mastitis can contaminate raw milk with
antibiotic residues that are highly resistant to heat sterilization and easily transfer into dairy
products [19]. Antibiotic residues can cause allergic reactions, disrupt intestinal flora, and other
severe human health problems [20]. Furthermore, the excess use of antibiotics can create antibiotic
resistance and facilitate the entrance of resistant pathogens into the food chain. Kanamycin (KAN)
is a common aminoglycoside antibiotic used in foods since it is inexpensive and possesses
excellent antibacterial activity. Excessive KAN consumption can induce human nephrotoxicity,
neurotoxicity, and ototoxicity [21]. Therefore, the European Union (EU) and Korea Food and Drug
Administration (KFDA) have established maximum residue limits (MRLs) of KAN in milk as

~320 nM and ~214 nM, respectively [22].

We synthesized oxygen-terminated few-layered titanium-based MXene nanosheets (OFL-Ti-
MN) in a controllable way and determined their peroxidase-mimic kinetics. The reduction of the
3,3",5,5'-tetramethylbenzidine (TMB)-H>0O> system mediated by MXene turned the color of the
sample solution from clear to bluish-green; however, in the presence of KAN, the color change
faded quickly. We used the ability of KAN to interfere with this color-change reaction as the basis

and designed a colorimetric biosensor to detect and measure KAN in several real sample matrices.
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3.2.Experimental section

3.2.1. Materials and reagents

H>0: solution (30%) was purchased from ACROS Organics. MAX phase was obtained from
Nano-Mall Technology Co. Ltd, Hangzhou, China. Ampicillin and penicillin G were supplied from
Scientific Inc. Kanamycin sulfate was purchased from Bio Basic Company. Moreover, amoxicillin
was supplied from Chem-Impex Int’l Inc. Honey, and skimmed milk was purchased from a local
supermarket. All other chemicals were of analytical grade and were obtained from Sigma-Aldrich.

De-ionized (DI) water (18 MQ cm) was used to prepare buffer solutions.
3.2.2. MXene synthesis

Due to the strong covalent bonding between the early transition metal and C/N atoms, most
MXene can be obtained via selective exfoliation from its parent MAX phase by HF or fluoride
salt-based mixtures [23]. So most MXene nanosheets are synthesized via the MILD method using
LiF etchant [13]. Briefly, 7.5 M LiF and 9 M HCI were mixed at room temperature and stirred for
10 min to prepare the etchant. Then, the MAX phase (Ti3AlCz) was added to the etchant slowly,
stirring at room temperature for 24 h. The resulting acidic mixture was centrifuged (4000 rpm for
5 min) and rinsed with DI water multiple times until the pH of the final mixture was greater than
5.0. After discarding the precipitate, a dark-green supernatant, filled with protective N2 gas, was
collected and ultrasonicated for 2 h. The final thin MXene film was carefully collected via vacuum
filtering and freeze-drying. The collected sample was kept under a protective N2 environment and

stored at room temperature.

The surface morphology of synthesized OFL-Ti-MN was studied by a field emission scanning

electron microscope (FE-SEM, LEO Gemini 1530) with a 4.7-mm working distance. Fourier
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transform-infrared (FT-IR, Spectrum 100, Perkin Elmer) and X-ray photoelectron (XPS, Thermo
Scientific K-Alpha) spectroscopies were carried out to characterize the chemical composition of
MXene. X-ray diffraction of the samples was performed (XRD, Bruker D8 Discovery) with Cu
Ka radiation and a scan rate of 20° min™! within the 26 range from 20° to 80° per step. The optical

character of the nanozymatic system was studied by ultraviolet-visual spectroscopy (UV-vis,

Lambda 35, PerkinElmer).
3.2.3. Peroxidase-mimic kinetics of MXene

The peroxidase-mimic kinetics of MXene was measured through the oxidation of TMB in the
presence of hydrogen peroxide (H20O2) and MXene catalyst in acetate buffer (pH 3.6) [24]. This
redox reaction was incubated in a water bath for 15 min, and chromogenic TMB products were
analyzed with a typical UV-vis absorbance peak at 635 nm (Ae3s). Mass spectrometry (Bruker
Maxis Ultra-High Resolution Quadrupole Time-of-Flight MS) (Q-TOF-MS) was used in positive
ionization mode to determine the mass of the bluish-green product. To determine the optimal
reaction conditions, the prepared MXene was dissolved in acetate buffer (0.2 M, pH 3.0~ pH 5.5)
to prepare 50 pg/mL MXene suspensions. Next, 1.2 mL of the prepared MXene suspension was
added to a solution of 100 L TMB substrate (5 mM) plus 200 uL 30% H>O». The redox reaction
was analyzed for 5 s via UV-vis spectroscopy during the incubation at 30 °C ~70 °C in a water

bath.

The steady-state kinetics of the MXene assay was determined. To 50 pg/mL MXene
suspensions, TMB (0.143~3.571 mM) and H>0O, (0.81~3.29 M) were added. This mixture was
incubated at 37 °C for 15 min, during which As3s was recorded every 5 s. The kinetics analysis
was performed under optimal reaction conditions based on the Michaelis-Menten equation (Eq.

(5)) and its double-reciprocal Lineweaver-Burk plot (Eq. (6)) [25]:
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Where Vo= initial reaction velocity; Km = Michaelis-Menten constant, which measures the affinity
of enzyme nano-mimics to substrates, the higher the K, the weaker affinity between enzyme
nano-mimics and enzymatic substrate and vice versa; Vmax = maximum enzymatic reaction

velocity; and [S] = substrate concentration, respectively.

To perform the free radical-trapping experiment, L-ascorbic acid (LAA),
ethylenediaminetetraacetic acid disodium salt (EDTA*2Na), and isopropanol (IPA) were mixed
with MXene buffer solution (0.2 M acetic acid buffer) at a final concentration of 1 mM in the light
condition for superoxide anion (*Oy’), hydroxyl radicals (*OH), and hole (h") capture [26]. After

adding TMB and H>0O., their UV-vis absorption spectra were collected at 37 °C.
3.2.4. Colorimetric detection of KAN

For the colorimetric detection of KAN, 2.5 mg/mL MXene stock suspension was diluted in DI
water to prepare a 20 pg/mL test suspension. To the prepared MXene suspension, KAN samples
of concentrations 15.38 to 46.14 uM were mixed and mildly shaken for 10 min at room
temperature. To this 100 pL, TMB (5 mM), and 200 uL H>O> (30 %) were added, followed by

incubation at 37 °C for 15 min. The final solution was analyzed via UV-vis spectroscopy.
3.2.5. Real sample detection

Tap water, honey, and skim milk were selected as real matrices to detect and measure KAN
concentration. KAN was mixed with tap water directly and vortexed for 10 min to prepare spiked

water samples. To prepare spiked honey and skim milk samples, a published method was adopted
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with slight modifications [27, 28]. For spiked honey, KAN was added to 1 g honey dissolved in 10
mL DI water. The prepared mixture was filtered with a 0.22-pum syringe filter and stored overnight
at room temperature. For spiked skim milk, KAN was dissolved in DI water and was added to 10
mL of skim milk. The pH of this mixture was adjusted to 4.6 using hydrogen acetate (HAc, 20 %,
v/v) to denature and precipitate milk proteins at their isoelectric point. After holding at 45 °C for
30 min, the samples were centrifuged at 14,000 rpm for 15 min, and the precipitate was removed.
The collected supernatant was diluted with DI water (100x) and filtered with a 0.22-pm syringe
filter. The KAN-spiked skim milk filtrate was stored in a refrigerator at 4 °C until further

experiments.

All experiments were repeated three times, and the measured values are reported as

mean+standard deviation.

3.3.Results and discussion

3.3.1. MXene synthesis and characterization

A schematic of the OFL-Ti-MN preparation method is presented in Figure 3.1. A. As
shown, the LiF/HCI mixture removes Al interlayers and facilitates delamination. The surface of
the MAX precursor observed in SEM micrographs (Figure 3.1. B (a, b)) reveals numerous larger
than 10 um pebble-like structures. Figure 3.1. B (¢, d) are SEM images at different magnifications,
which show the large surface area of MXene nanosheets. Additionally, as shown in the cross-
sectional SEM images (Figure 3.1. B (e, f)), the as-synthesized oxygen-terminated MXene (OTM)
comprises only a few layers, each with an average thickness of less than 80 nm, which further
exposes a large surface area to the external environment. These unique properties help the OTM

entrap a large number of substrate molecules and enhance their enzymatic catalytic performance.
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1s mainly used to evaluate the occurrence

owder was added to the LiF/HCI mixture,

bubbles appeared continually, indicating the occurrence of a chemical reaction. The exfoliated

MXene nanosheets exhibited significantly weakened peaks except for a sharp peak (006) around

260= 26°. Non-basal plane peak (104) of the MAX phase

centered at 260= 39° almost disappeared

owing to the successful exhaustion of the Al layer from TisC>Tx [29]. Typically, diffraction peaks

(002) and (110), centered respectively at 260 = 9.22° and 26 = 60.36°, are identified to verify the

purity of the MAX phase[30]. The (002) peak for the synthesized MXene nanosheets has shifted

from 9.22° to 7.89° as a result of the randomness of delaminated flakes’ orientation, suggesting
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that the interlayer distance of Ti3C,Tx is approximately 1.136 nm based on the Bragg equation [31].

These data confirm that Al atoms were successfully etched off after the LiF/HCI treatment.

The XPS spectra (Figure 3.2. (b)) show peaks at binding energy (BE) values of 458 eV and
284 eV for the synthesized MXene nanosheets and MAX phase corresponding to Ti 2p and C s,
respectively, indicating that both MXene nanosheets and MAX phase are composed of Ti and C
atoms [32]. The O 1s, F 1s, and Cl 2p peaks appear predominantly at BEs 532 eV, 685 eV, and 198
eV, respectively, due to LiF/HCI treatment and atoms anchoring MXene nanosheets [33]. Peaks of
Al 2s and Al 2p are seen in the MAX phase spectrum at 119 eV and 74 eV, respectively, and are
not observed in the MXene spectrum, supporting that Al atoms have been completely etched off
of MXene [32]. The high-resolution Ti 2p spectrum (Figure 3.2. (¢)) was fitted into two fixed
areas with a ratio of 2:1 separated by BE of 5.6 eV, comprised of three pairs of 2p12— 2p3/2 doublets.
The 2ps/2 region components are assigned to Ti-C, Ti*" and Ti-O at BEs 454.6 eV, 456.1 eV, and
458.8 eV, respectively [34, 35]. In the C 1s region (Figure 3.2. (d)), there are two peaks centered
at BEs 281.6 eV and 282.5 eV associated with C-Ti, while three peaks with their BEs at 284.6 eV,
286.9 eV, and 288.8 eV corresponded with C-Ti, C-C, CO/CHy, and COO, respectively, in
agreement with earlier reports [34, 36]. So, the basic framework of Ti3C2Tx has been successfully
constructed. The O 1s spectrum (Figure 3.2. (e)) can be deconvoluted into four peaks
corresponding to Ti-O (529.4 eV), C-Ti-Ox (530.4 eV), C-Ti-(OH)x (532.1 eV), and adsorbed water
(534.1 eV)[36, 37]. The existence of different oxygen-containing bonds confirms that O has
largely oxidized the MXene surface during the synthesis due to the high reductivity of MXene.
Major peaks in the F 1s spectrum (Figure 3.2. (f)) are of C-Ti-Fx and TiOx«-Fx, centered at BEs

684.8 eV and 685.5 eV, respectively [36]. Adsorption of water molecules and the F-containing
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group indicate that the surface of MXene terminates various functional groups and enhances the

ability of its surface chemical modification.

The FT-IR survey spectrum of OTM (Figure S3.1.) shows dips at 1000 and 1217 cm™,
corresponding to Oz and possible C-F vibration owing to the presence of F based on XPS spectra.
While two dips at 1368 and 1638 cm™' are assigned to water molecular and C=0 bonding,
respectively. The presence of -OH groups is confirmed at 2945 and 3300 cm™ [38, 39]. Hence the
FT-IR results further confirm that the MXene layers are oxidized by Oz molecules during their

synthesis.
3.3.2. Optimal condition and peroxidase-mimic kinetics of MXene enzyme nano-mimics

OTM was first found to act as a peroxidase mimic in the TMB-H2O; system. The general

oxidation process of substrates such as TMB by H>O: can be depicted as:

Peroxidase (mimic)

TMB + H,0, 2H,0 + TMB,, (1)

The above equation shows that H>O> can oxidize TMB in an enzymatic or nanozymatic system,
such as the Fe;04-TMB-H20; [40]. When oxidized, the solution acquires a bluish-green tinge
due to the color of the oxidized TMB product (TMBox), which produces a UV-vis absorption
peak at 653 nm [41]. Thus, the UV-vis absorbance peak at 653 nm appearing when OFL-Ti-MN
was present in the system (Figure 3.3. (a)) confirms that OFL-Ti-MN acts as a peroxidase-

mimic and oxidizes TMB in the presence of H,O».
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Figure 3.3. (a) UV-vis absorption spectra for TMB-H20,, MXene-H202, MXene-TMB, and
MXene/TMB-H20: reaction systems, (b) UV-vis absorption peak at 653 nm (Aes3) of the
solution after 15 min incubation in different pHs at 37 °C (solid line) and in pH 3.6 at different
temperatures (dotted line). Steady-state Kinetics assay of TizC2Tx nanosheets in various enzyme-
substrate concentrations but with the other substrate concentration constant (c) varying TMB

and (e) varying H>O> and their corresponding double-reciprocal plots, (d) and (f).

We optimized the pH and temperature (Figure 3.3. (b)) for the best peroxidase-mimic catalytic
performance of OFL-Ti-MN. The most substantial absorbance peak of the OFL-Ti-MN/TMB-
H>0, system was observed at pH 3.6. It has been reported that the decomposition of H,O> by
transition metals or their oxides follows the base-like decomposition in the acidic condition[42].
Theoretically, the peroxidase enzyme (or its enzyme nano-mimics) preferably breaks O-O bond of

adsorbed H>O> (H202*) to produce *OH-absorbed surface of OFL-Ti-MN (OH*) in acidic
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conditions, resulting from the low energy barrier of the first decomposition step of H>O> at a lower
pH (0.57 eV). Additionally, the point of zero charge (pHp.c) value of MXene is about 3.0, providing
MXene with acidic nature, which helps it attract positively charged H-O> (pKa = 11.6) at pH 3.6

[43, 44]. Hence, pH 3.6 was chosen for subsequent experiments [45].

To measure the temperature effect on the peroxidase catalytic property of OFL-Ti-MN,
reactions were performed at different temperatures. Based on the observed Ass; maximum (Figure
3.3. (b)), 37 °C was chosen as the best temperature for OTM catalytic activity. The time-dependent
change in Ags3 indicated that the catalytic activity increased significantly with increasing OTM

concentration (Fig. S2).

The investigation of peroxidase reaction kinetics of OFL-Ti-MN enzyme nano-mimics
followed the Michaelis-Menten model, exhibiting a hyperbolic relationship between the
concentration of TMB/H>0: and reaction rate (Figure 3.3. (¢, €)). The K and Vimax values of OFL-
Ti-MN for enzymatic substrates (TMB and H2O,) were determined from the Lineweaver-Burk
double reciprocal plots (Figure 3.3. (d, f)). The Ky, value for OFL-Ti-MN against TMB (0.305
mM) is lower than that for horseradish peroxidase (HRP) (0.434 mM)[46], which indicates that
OFL-Ti-MN has a higher affinity to TMB than HRP. The kinetics of different peroxidase-mimics
were compared based on their Michaelis-Menten constants for reactions with TMB and H>0:
(Table S3.1.). Among the many peroxidase nano-mimics, the K of OFL-Ti-MN against H>O» is
the highest (0.677 M), probably due to 1) Severe oxidation of MXene during etching, confirmed
by XPS, where the O atom contributes to 43.04%. In this regard, Ti vacancy defects such as (Ti-
0O) or (C-Ti-O) offset the reductivity of MXene, resulting in a lower aftinity to the H>O> and 2)
H>02 molecules first gain e from OFL-Ti-MN as they attach to Ti vacancy defects, releasing

hydroxyl groups to anchor on site. As a result, some H>O, molecules are consumed before
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oxidation of TMB, suggesting that it is necessary to add higher H>O» concentration to reach half
Vmax of TMB oxidation, namely, increasing the Ky, of the TMB reaction. The Vimax of OFL-Ti-MN
with TMB (4.96*10® M s!) is higher than those for several other enzyme nano-mimics (Table

S3.1.), indicating that OFL-Ti-MN is more favorable to oxidizing TMB.

The long-term stability of OFL-Ti-MN and HRP was compared by monitoring their
performance in catalyzing the TMB-H>O: reaction after storing them for 40 days at room

temperature (Figure S3.3.). The activity was calculated as:

Acitivty (%) = f;”S—ﬁg %100 )
653

where Ags3 (t) and Aes3 (0) are UV-vis absorbance peaks of the reaction system kept at room
temperature for t days and 0 days (i.e., fresh), respectively. Our results indicate that OFL-Ti-
MN remained more stable for longer. For example, after 15 days, the catalytic ability of OFL-

Ti-MN was over 92%, while that of HRP was about 12.2% (Figure S3.3.).
3.3.3. Mechanism of peroxidase-mimic property of OFL-Ti-MN

We propose a mechanism (Scheme 3.1. A) for the OFL-Ti-MN-mediated catalytic reaction
based on our data and other evidence, although we are still uncertain about some structural details.
At first, after adding H>O» to the OFL-Ti-MN dispersion, the nucleophilic H>O> molecules with a
positive charge (pKa = 11.6) are more favorably adsorbed on the surface of OFL-Ti-MN (pKpzc =
3.0) in the acidic condition (pH 3.6) with lower adsorption energy compared with water molecules.
This forces the electrophilic MXene surface to be attacked by adsorbed H.O>* to form
hydroperoxyl ligands (OOH*) on Ti atoms in a conjugation -OH and Ti=O group (Scheme 3.1. A,
right)[47, 48]. These ligands also form hydrogen bonds with other polar groups on the Ti atoms (-

F, -OH, =0, etc.), which in turn stabilize the OOH* on the OFL-Ti-MN surface. As mentioned
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previously, Ti-Al bonds are impaired by etching with a highly corrosive and acidic etchant
(LiF/HCl). Meanwhile, some adjacent Ti atoms anchored in the sublayers (Til and Ti3) are also
etched-off, leaving several single or clusters of Ti vacancies[49]. These unstable vacancy defects
presenting high nucleophilicity and proton affinity can donate e to adsorbed OOH* ligands,
breaking the O-O bond on the OFL-Ti-MN surface. And then, reactive oxygen species (ROS) are
generated in the solution. Multiple radical scavengers were employed to ascertain the main ROS
released, including LAA, EDTA*2Na, and IPA. The results show (Figure S3.4.), A¢s3 values for a
solution with IPA were very small even after 15 min incubation in a water bath, illustrating that
*OH is a crucial ROS product released in the solution as the reduction reaction occurs in H2O».
During this process, generated ROS is mostly *OH*, which preferably captures the H' protonated

by a hydrogen donor (in our case, TMB) to produce H>0O molecules[50].

The color of the EDTA+2Na solution is almost transparent and clear, as can be gleaned from
its lower Ags3 value compared to those of the blank and LAA solutions (Figure S3.4.). This
indicates an essential role of h* in a catalytic reaction. It is possible that TMB molecules also
anchor on the surface of OFL-Ti-MN via hydrogen bonding with polar groups of OFL-Ti-MN (-F,
-OH, =0, etc.) since there is a high affinity between OFL-Ti-MN and TMB molecules (Kn=0.335
mM). Thus, over-donating e defects leaving h™ in the Ti sublayers of the MXene gain free e from
-NH: in several TMB molecules by electronegative force (Scheme 3.1. A). Meanwhile, TMB may
protonate to adsorb oxygen radicals (*O*) on the Ti atoms. Consequently, TMB cation radicals are
released. Since cation radicals are unstable, they immediately turn to TMB/diamine complex with
mass/charge (m/z) = 240.16 as added H" in the positive ion mode of Q-TOF-MS spectra (Scheme
3.1. A and Table S3.2.), ultimately turning the aqueous solution bluish-green. This is also in

agreement with published results on TMB oxidation products[51].
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3.3.4. Colorimetric detection of KAN

Since KAN can effectively suppress the clear to bluish-green color change in the OFL-Ti-
MN/TMB-H>0> system, it is possible to detect the presence of KAN colorimetrically. To determine
the mechanism of KAN detection, we used mass spectrum (m/z) to determine the supposed
chemical structure of the final products (Table S3.2.). The data show that the TMB/diamine
complex associated with H" was present in the OFL-Ti-MN/TMB-H,0: system, the color of which
was also tested by measuring Aes3. Nevertheless, as KAN was added to the solution, neither color
was seen, nor any adduct was found in the MS spectra. The Q-TOF-MS produced [KAN-+H"]
positive ions at expected m/z = 485.24, illustrating that KAN was still in the final solution.
Therefore, we propose a mechanism for KAN detection as depicted in Scheme 3.1. B (on left). We
suppose intermolecular hydrogen bonds are formed between KAN hydroxyl or amino groups and
the polar group (=0, -OH, and F)-modified surface of OFL-Ti-MN, constructing the fundamental
infrastructures of nanomaterial-KAN complex [52]. Then, two adjacent KAN molecules attract
each other via hydrogen bonding associated with the abundant hydroxyl and amino groups of the
KAN scaffold and form a network [53]. Therefore, there is no space for H2O, molecules to be
adsorbed on the OFL-Ti-MN nor any hydrogen binding sites available for the TMB molecules.
This network shields the OFL-Ti-MN surface and blocks it from being attacked by an enzyme
substrate (Scheme 3.1. B, on right) [54]. As a result, there is no blue-colored TMB/diamine
complex produced in the solution. Based on the experimental results, we calculated that about 40

uM KAN could completely inactivate the enzymatic activity of 20 pg/mL OFL-Ti-MN.

We also tested the effect of three other reported enzyme nano-mimics, Fe3O4 nanoparticles,
CuO-doped graphene oxide, and PtNi nanoparticles, with KAN (Figure S3.5.) and found that

KAN can inhibit the color change of these enzyme nano-mimics systems. As has been reported
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previously, KAN chelates with transition metals (e.g., Cu(Il), Fe(II), Co(Il), etc.) via -NH> and -

OH groups, producing transition metal-KAN complex compounds[55, 56].

Metalloenzymes account for multiple biological activities in all living species. Published
results show that aminoglycoside molecules may modify metalloenzymes by sequestering the
enzyme (metalloprotein/metalloenzyme) with multiple amino nitrogen and deprotonated alcoholic
oxygen. In fact, they can chelate the metal ion center of biomolecules to produce a metal-
aminoglycoside complex [57]. Finally, these complexes generate ROS in the cellular environment,
which damages cells and induces ototoxicity in the inner ear [58]. Therefore, our proposed
mechanism of colorimetric KAN detection can also shed some light at the molecular level on the

antibacterial function of KAN and its side effects on humans.

Based on this color-change reaction, we developed methods for qualitative and quantitative
analyses of KAN. The mixing time of KAN and OFL-Ti-MN was optimized before KAN

measurement (Figure S3.6.). The relative response (RR, %) was calculated as:

RR = 2530 4 100 3)
A653(0)

Where Ass3o0) and Agsa) are Agsz values at 0 and t min, respectively, the lowest point RR value
indicates that KAN reaches its maximum inhibition effect on the peroxidase-mimic solution in 10

min of mixing (Figure S3.6.).
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Figure 3.4. (a) UV-vis absorption spectra of the OFL-Ti-MN/H202/TMB bioassay with
different amounts of KAN, (b) Dynamic range for colorimetric detection of KAN. Inset: picture
of the OFL-Ti-MN solutions indicating the color change with different KAN concentrations,

and (c) a linear relationship between KAN concentration and change in absorption intensity

According to UV-vis survey spectra of the OFL-Ti-MN/TMB-H>0,-K AN system (Figure 3.4. (a)),
the absorbance peak of oxidized TMB declined gradually as KAN concentration increased from

23.09 nM to 46.14 uM. The dynamic activity range of this bioassay was calculated as:
-AAgs3 =-(As53(wk) ~A653(nk)) 4)

where Ags3wk) and Aessmk) are Aess values of OFL-Ti-MN/TMB-H>0O; with and without KAN,
respectively. The calculated dynamic range is fairly wide, from 15.28 nM to 46.14 pM KAN. Inset
in Figure 3.4. (b) shows the fading of the bluish-green color with increasing KAN concentration.
Hence, it is possible to determine the KAN concentration semi-quantitatively with the naked eye.
The sensor response is also highly linear (R? = 0.9956) in the KAN concentration range from 23.09
nM to 769 nM (Figure 3.4. (¢)) [59]. The calculated limit of detection (LOD) of this colorimetric
sensor was 15.28 nM (Figure S3.7.), which is much lower than the MRLs for KAN in milk per

the EU (~320nM) and KFDA (~214 nM)[22] regulations. The Ass3 value was then experimentally
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obtained with 15.28 nM KAN to verify the sensor sensitivity at the estimated LOD value (Figure

S3.7.).

3.3.5. Selectivity and detection of KAN in real samples
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Figure 3.5. The OFL-Ti-MN/H20./TMB bioassay system for 18 different potential
interferents and KAN analysis. Absorption values (Aes3) relative to that of a blank for 18

potential interferents and KAN. Inset: pictures of the test samples.

The selectivity of this OFL-Ti-MN-based KAN sensor was measured by spiking milk and
honey samples with KAN and different potential interferents, such as ions, sugars, vitamin C,
amino acids, and antibiotics. As shown in Figure 3.5. (top), the intensity of the bluish-green color
of samples with interferents is much stronger than that containing KAN. To quantify the sensor

specificity, relative absorption (RA, %) values were calculated as:

RA = w * 100 (5)

Aes3(blank)
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Where Ags3analyte) and Ass3vlank) are Aess values with different analytes and blank, respectively.

The lower the RA value, the higher the inhibition effect of the target on the OFL-Ti-MN
nanozymatic system color change. Based on the data in Fig. 5, the RA value of KAN is
significantly lower compared to those of other interferents. This confirms that the OFL-Ti-MN-

based nanozymatic sensing system has excellent selectivity toward KAN.

KAN-spiked tap water, honey, and skim milk samples were tested to assess the practical
application of the sensor. The recovery of spiked KAN ranged from 96.9 % to 108.8 % (Table
S3.3.). The recovery values higher than 100%, especially in skim milk samples, are possibly due
to their complex nature, where some protein interaction may affect the sensor response. Overall,
these results illustrate the excellent performance of our OFL-Ti-MN-based colorimetric biosensing

system.

3.4. Conclusions

In summary, the 2D OFL-Ti-MN was synthesized and verified to possess high peroxidase-
mimic activity in the TMB-H2O> system. With the peroxidase catalytic activity, the OFL-Ti-MN
can facilitate to release *OH radicals in the presence of H2O> molecules, oxidizing the TMB
molecules to generate bluish-green TMBox products, thus altering the color of the test solution.
Like the natural peroxidase, the catalytic performance of OFL-Ti-MN is highly dependent on the
environmental pH, temperature, and reaction time. However, when KAN was added to this system,
the electron transfer was blocked due to the hydrogen bonds formed between KAN and the surface
of OFL-Ti-MN and chelation of KAN to the transition metal (e.g., Ti), resulting in the prevention
of the redox reaction between the enzyme substrates (TMB/H202). We employed the inhibitory

effect of KAN on the color-change reaction in the OFL-Ti-MN/TMB-H2O; system for colorimetric
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measurement of KAN within 15 min. Though the LOD of our assay (15.3 nM) is higher than that
of some other published ones, our method meets the MRLs of KAN required by different
international organizations. Besides, our method is rapid (results shown within 15 min), easy to
perform, and fairly inexpensive as it does not require immunological agents. In addition, the results
offer a fundamental description of KAN in inhibiting peroxidase activity. These advantages make
our method suitable for routine testing of KAN in real food matrices, with excellent specificity
and sensibility. Further, this investigation opens the door to studies of other peroxidase-mimic

nanostructures based on 2D OFL-Ti-MN with their applications in other organic chemical analyses.



3.5. Appendix III.
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Figure S3.1. FT-IR spectrum for synthesized OFL-Ti-MN
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Figure S3.2. Reaction-time curves for TMB - H20: redox reaction catalyzed by different
concentrations of OFL-Ti-MN
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Table S3.1. Different enzyme nano-mimics with their Michaelis -Menten constants (Km) and
maximum reaction rate (Vmax) under optimized conditions.

Enzyme-mimic Substrate | Km (MM) Vmax *108 (Mss?) | Ref.
TMB 1.05 3.97

CuNPs [60]
H20:2 31.26 26.4
TMB 0.52 2.47

dBSA-Hem-AuNCs [61]
H20: 0.84 1.4
TMB 15 4

Fe-MIL-88B [62]
H>02 17 6.7
TMB 1.44 24.1

Pd/N-S-CS [63]
H20: 42.7 38.9
TMB 0.63 4.25

Cu-Ag/rGO [64]
H20:2 8.62 7.02
TMB 0.445 24.67

FePt-Au HNPs [65]
H20:2 0.0185 0.6894
TMB 2.37 97.1

PRGI/Pt [66]
H20:2 3.56 36.6

) TMB 0.437 3.14

3NiV-400 [67]
H20: 15 2.02
TMB 0.427 73.01

LaFeOs [68]
H20: 0.209 172.47

C04S3/Co(OH)2 HNTS T™MB 1.33 46.6 [69]
TMB 0.434 10

HRP [40]
H20: 3.700 8.710
TMB 0.305 4.96

OFL-Ti-MN This work
H20: 677 1.39

Note. NP: nanoparticles, dBSA: disassembled bovine serum albumin, Hem: Hemin, NC: nanocluster, HRP:
horseradish peroxidase, Fe-MIL-88B: iron-based metal-organic framework, Pd/N-S-CS: Pd nanoparticles supported
on nitrogen, sulfur-doped three-dimensional hierarchical nanostructures, HNPs: hybrid nanoparticles, PRGI/Pt:
polyethylenimine-protected reduced graphene oxide anchoring iron oxide, 3NiV-400: 2D Ni-V mixed metal oxide,
HNTs: hybrid nanotubes
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Figure S3.3. Stability of OFL-Ti-MN nanosheets and horseradish peroxidase during storage at
room temperature. Error bars represent standard deviations of three replacements
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Figure S3.4. Change in UV-vis absorption peak at 653 nm (AA653) as a function of time for free
radical trapping experiment with different radical scavengers



Table S3.2. Q-TOF-MS information and proposed structures of TMB and KAN
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Figure S3.5. Photographs for adding KAN in the different peroxidase-mimic systems in the
presence of enzyme substrates. Note: OFL-Ti-MN: oxygen terminated few-layered Ti-based
MXene nanosheets, Fe3Os NPs: Fe3Os nanoparticles, CuO/Grpox: CuO nanoparticle doped
graphene oxide, PtNi NPs: PtNi nanoparticles
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Figure S3.7. UV-vis scan of the OFL-Ti-MN/TMB/H-0O> biosensing system with KAN=15.28 nM
(this is the calculated LOD value for KAN detection.



Table S3.3. Results for kanamycin (KAN) determination in three real samples.

83

Target Sample Spiked (UM) | Found (uM) | SD (%, n=3)" | Recovery (%)™
0.05 0.0484 0.99 96.91
Tap water
0.10 0.0987 2.99 99.10
0.05 0.0505 2.78 101.04
KAN Honey
0.10 0.102 4.63 102.22
0.05 0.0541 1.23 108.21
Skim milk
0.10 0.108 3.92 108.84

*: SD(% n=3): Standard Deviation in triplicate experiment

**: Recovery (%) = Cround/Cspike ¥100%




Table S3.4. Kanamycin analysis method reported in the literature
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Biorecognition or its

*

*%

Analysis method - LOD Linear range Ref.
mimic element
Colorimetry Aptamer 4.6 pM 0.01 ~ 100 nM [70]
, Aptamer and _
Electrochemistry horseradish peroxidase 9.1 fg/mL 0.05 pg/mL ~ 10 ng/mL | [71]
Fluorescence Aptamer 1nM 5~50nM [72]
Potentiometry Aptamer 0.05 pM 0.05 ~ 30 pM [73]
Cantilever assay | Aptamer 50 uM 100 pM ~ 10 mM [74]
Luminescence Aptamer 143 nM 0.2 ~ 150 uM [75]
Fluorescence Aptamer 59 nM 0.1~20puM [76]
: . This
Colorimetry OFL-Ti-MN 15 nM 23.09 ~ 769 nM work

*: LOD: Limit of detection

™. Ref. Reference
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Chapter 1V. Nanozymatic degradation and simultaneous colorimetric detection of

tetracycline*

Abstract

Tetracycline (TC) is a broad-spectrum antibiotic that can enter and accumulate in the human body
via the food chain. Even in small concentrations, TC can cause several malignant health effects.
We developed a system to simultaneously degrade the presence of TC in food matrices using
titanium carbide MXene (FL-Ti3C,Tx). The FL-TizCoTx exhibited biocatalytic property that
activates hydrogen peroxide (H>O2) molecules in 3, 3', 5, 5’-tetramethylbenzidine (TMB
environment. During the FL-Ti3C>Tx reaction, the catalytic products released turn the color of the
H>02/TMB system bluish-green. However, when TC is present, the bluish-green color does not
appear. Via quadrupole time-of-flight mass spectrometry, we found that the TC is degraded by FL-
Ti3C,Tx / H20; in preference to H2O2/TMB redox reaction, which intervenes in the color change.
Hence, we developed a colorimetric assay to detect TC with a LOD of 615.38 nM and proposed

two TC degradation pathways that facilitate the highly sensitive colorimetric bioassay.

4.1. Introduction

The abuse of antibiotics for the antibacterial treatment of livestock and humans has been
reported to deteriorate the natural ecosystem, especially water resources, and ultimately
threaten human health via the food chain. Tetracycline (TC), a broad-spectrum antibiotic,
Is one of the most detected antibiotics in the environment of dairy products. For instance,
TC was found at 11.16 ng/L in drinking water resources and in 14% of all cases of
antibiotics detected in milk products worldwide [1]. Nevertheless, as it is hardly degraded

in the natural environment, TC can stay in agri-food resources for a long time. Besides,

*Wang, W., Yin, Y., Gunasekaran, S., (2023). Nanozymatic degradation and simultaneous
colorimetric detection of tetracycline. Food Chemistry, 136607, Copyright Elsevier.
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difficulty in absorption and metabolization in vivo helps TC enter via the food chain and
accumulate in the human body easily [2]. The accumulation of TC, even in small
concentrations, can cause several malignant effects on human health, such as hepatotoxicity
and genotoxicity [3]. Therefore, the United States Food and Drug Administration (USFDA)

has set the maximum residue limits (MRLSs) for tetracyclines in raw milk as 676 nM [4].

TC detection has been mainly based on traditional methods, such as high-performance
liquid chromatography (HPLC), antimicrobial bioassay, and liquid chromatography-
tandem mass spectrometry (LC-MS-MS) [5]. Though highly sensitive and selective, these
methods are time-consuming, expensive, and laborious, which limits their applications on-
site [6]. Besides, those methods cannot degrade TC after analysis. As a result, TC is usually
released into the waste stream after analysis, which requires a further step for TC
degradation before the waste stream is permitted to enter the environment. There are some
efforts put into the photodegradation of TC, such as Fe-based MOFs, Ag/TiO:
nanocomposites, etc. [7, 8]. However, they are only used for TC degradation, which are not
able to monitor the concentration of TC in the agri-food system. Therefore, a method that

can both detect and degrade TC is highly desirable.

Enzyme nano-mimics are nanomaterials with natural enzymatic properties. They are
gaining increasing attention due to their excellent intrinsic catalytic ability, high stability,
low cost, and prolonged life cycle [9]. Many enzyme nano-mimics are being explored for
qualitative and quantitative measurement of multiple biomolecules by triggering the

reactions between the enzymatic substrates [10].

Recently, MXenes have been recognized as a new 2D nanomaterial family that affords

excellent physical and chemical properties, i.e., electrical conductivity, good reducibility,
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etc. Among the MXenes, titanium carbide (TisC2) has been popular since it exhibits
electrical conductivity (6500 Secm™) comparable to that of carbon nanotubes [11]. TisCz is
exfoliated from its parent bulk ceramic MAX phase precursor (TizAlIC>) by selective Al
element etching[12]. Due to the strong acid-involved etching process, i.e., using highly
concentrated HF, atom deficiency derived from Ti atom(s) removal on the Ti layer surface
can offer excellent reducibility to TizC>. Moreover, depending on the type of etchant used,
there are different surface terminations of TisC, i.e., -F, -O, -OH, etc., contributing to the
Tx symbol in the MXene denotation (TizC2Tx) [13]. These help TisC.Tx in being a

promising catalyst for biosensing and toxins degradation applications.

We synthesized a few-layered Ti.C:Tx (FL-Ti2C2Tx) MXene via the minimally
intensive layer delamination (MILD) method. The FL-Ti>C>Tx is used as a peroxidase
mimic for catalyzing the redox reaction between two 3,3',5,5’-tetramethylbenzidine (TMB)
and hydrogen peroxide (H20>), turning a colorless sample solution bluish green. However,
the bluish-green color disappears when TC is introduced into this system. Based on this,
we developed a colorimetric biosensor for the detection of TC and proposed a mechanism
for the detection of TC. We found that TC is degraded by H2O- in the presence of FL-
Ti2CoTx in preference to the TMB oxidation reaction, which prevents the color change from
occurring. Hence, this nanozymatic catalytic mechanism facilitates the degradation of TC

and simultaneously its colorimetric detection in real matrices.
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4.2. Experimental section

4.2.1. Materials and reagents

H20, solution (30%) was purchased from ACROS Organics. MAX phase precursor was
obtained from Nano-Mall Technology Co. Ltd, China. Two B-lactams antibiotics (penicillin G and
ampicillin) were obtained from Scientific Inc. In addition, amoxicillin was purchased from Chem-
Impex International Inc. Skim milk was purchased from a local supermarket. Other chemicals not
explicitly mentioned here are of analytical grade obtained from Sigma-Aldrich. Buffer solutions

were prepared using deionized (DI) water (18 MQ.cm).

4.2.2. Synthesis of FL-Ti3C2Tx

FL-TisC2Tx was exfoliated from the TisAlC2 MAX phase using lithium fluoride salt
(LiF) solution for selective etching Al interlayer [12]. Briefly, an etchant mixture was first
prepared by dissolving 0.8 g LiF into 10 mL concentrated hydrogen chloride (HCI, 9 M)
and mixed at 22 °C for 10 min. Next, 0.5 g TisAlC: precursor was gradually added to this
acidic solution, continuously being kept at 22 °C for one day. The suspension was rinsed
with DI water and centrifuged five times until the final solution reached pH > 6.0. Then,
the supernatant containing multi-layer TisC2Tx was collected and ultrasonicated for 3 h

under N2 protection. Finally, a dark FL-TisC2Tx powder was obtained after freeze-drying.

4.2.3. Characterization

A field emission scanning electron microscope (LEO1530, Gemini FE-SEM) was used
to observe the surface morphology of FL-TisC2Tx MXene. The chemical composition and
structure of FL-Ti3CoTx MXene were investigated by X-ray photoelectron spectroscopy

(XPS) (Thermo Scientific K-Alpha) and Fourier transform-infrared (FT-IR, Spectrum 100,
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Perkin Elmer) spectroscopy. The X-ray diffraction (XRD) pattern and UV-vis absorbance
peak were studied by a Bruker D8 Discovery X-ray diffractometer equipped with Cu Ka
radiation and ultraviolet-visual (UV-vis) spectroscopy with a spectrometer (Lambda 35,
PerkinElmer), respectively. Electrochemical analysis was performed in dark and light
conditions in an electrochemical workstation (CH-660D, CH Instrument Inc.) with an
Ag/AgCl (3 M KCI) reference electrode, a platinum counter electrode, and a carbon
working electrode. Electrochemical impedance spectroscopy (EIS) was also performed in

the frequency range of 1 Hz to 100 kHz at open circuit potential.

4.2.4. Peroxidase-mimic behavior of TizC2Tx MXene

The peroxidase mimic activity of FL-TisC2Tx MXene was investigated in the TMB and
H>0> system. Typically, synthesized FL-Ti3C>Tx MXene was first dissolved in the DI water
to prepare a 4 mg/mL FL-Ti3C>Tx stock solution. Next, 10 pL FL-Ti3C2Tx stock solution
was transferred into a curvet and diluted 100-fold by different pH buffer solutions (0.2 M
sodium acetate/acetic acid buffer) ranging from 3.0 to 6.0 to prepare 40 pg/mL FL-TisC>Tx
MXene solution. The prepared MXene suspension was transferred to a mixture of 5 mM
TMB (100 pL) and 200 pL H202 (30%) solution, running under a water bath (12°C ~ 70°C)

for 15 min.

The free radical trapping experiment was conducted in solutions of
ethylenediaminetetraacetic acid disodium salt (EDTA+2Na), L-ascorbic acid (LAA), and
isopropanol (IPA) separately mixed with TizC.Tx/TMB/H202 under optimal conditions for

hole (h"), superoxide anion (*Oz27), and hydroxyl radicals (*OH) capture, respectively [14].
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4.2.5. Colorimetric analysis of TC

Colorimetric detection of TC was performed with a FL-Ti3C 2Tx -containing enzymatic
system. First, TisC2>Tx powders were dissolved in the DI water to prepare a 4 mg/mL stock
solution. Next, 1 mL 2.5 mg/mL FL-TisC2Tx solution was prepared by activating the stock
solution (4 mg/mL) in the buffer solution (0.2 M sodium acetate/acetic acid buffer). 8 pL
of 2.5 mg/mL Ti3C,Tx solution was then diluted into 1 mL of 20 pg/mL via DI water, which
was reacted with different amounts of TC under room temperature for 10 min. Next, a
mixture of TMB (5 mM, 100 pL) and 200 pL H20:2 (30 %) were transferred into the above
mixture and reacted for 15 min in a water bath set at 37 °C. The UV-vis absorption value
of the final mixture at 653 nm was recorded as Ass3. Bruker Maxis ultra-high resolution
quadrupole time-of-flight mass spectrometry (QTOF MS) was employed in positive

ionization mode to analyze the mass/charge (m/z) of various TC degradation products.

To determine the TC concentration in real food and environmental matrices, tap water
and skim milk samples spiked with TC were tested [15]. Tap water was vortexed rigorously
after spiking with 4 and 8 uM TC for 10 min and was in the ultrasonic water bath for 30
mins. The final solution was ready to be used. For the TC-spiking of skim milk, milk diluted
by DI water (1:10) was spiked with 4 and 8 uM TC, which then was added with 20 % acetic
acid (v/v) to adjust pH to 4.6 to denature and precipitate milk proteins. Next, protein
precipitates were removed by centrifuging at 14,000 rpm for 15 min, which was then

filtered by a 0.22-um syringe filter. All measurements were conducted in triplicate.
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4.3. Results and discussion

4.3.1. Synthesis and characterization of Ti3C.Tx MXene

Figure 4.1. A is a schematic representation of the FL-Ti3C,Tx MXene preparation process. The
microstructure of the TizAIC, precursor (Figure 4.1. B(i)) shows randomly distributed several
anomalous pebble-like particles (>10 um) on the surface. SEM images of FL-TizCoTx show that
the nanosheets are uniformly spaced and distributed with a large specific surface area, suggesting
of etched FL-Ti;C,Tx nanosheets was further expanded and exposed to the ambient conditions,
benefiting from the few ultrathin layers collected after the exfoliation of multilayered TizC>Tx
MXene (Figure 4.1. B(iii)). Therefore, these unique features afford FL- Ti3C,Tx nanosheets the

ability to entrap a large amount of substrate to facilitate their enzymatic-mimic activities.
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Figure 4.2. XRD spectrum and full scan XPS spectra for synthesized FL-TisC>Tx nanosheets
and MAX phase (a, b), XPS spectra of Ti 2p, O 1s, C 1s, and F 1s for FL-Ti3C>Tx nanosheets,

respectively (c-f).

The crystalline patterns of exfoliated FL-TisC2Tx and the MAX phase precursor were
determined by the XRD. As seen in Figure 4.2. (a), a significant sharp peak, identified as
the (104) index in the MAX phase spectrum at 20 = 38.84°, indicates the high quality of
the MAX phase precursor [16]. On the contrary, there is no obvious diffraction peak at
(104) in the FL-TisC,Tx after LiF/HCI treatment, ascribed to the highly effective Al
interlayer etching. Meanwhile, a broader (002) peak observed at 20 = 6.4° in the FL-
TisCoTx pattern is caused by the loss of crystallinity and expanded interlayer space after
exfoliation [17]. According to Bragg law, the interlayer d-spacing of FL-TizCoTx is
calculated to be around 13.88 A [18]. These results confirm that the Al interlayer has been

etched off completely. The intercalated Li* ions cause the exfoliated FL-TisC2Tx flakes to



98

expand their interlayer spacing, which can eliminate the potential for re-stacking of the FL-

TizCoTx flakes.

The XPS survey spectrum was used to analyze the chemical states and surface
composition of the MAX phase and fabricated FL-TisC2Tx nanosheets. According to
Figure 4.2. (b), the full scan XPS spectrum for elemental components of the MAX phase
and prepared FL-TisC2Tx MXene nanosheets shows the existence of C 1s and Ti 2p at
binding energy (BE) of 284 eV and 458 eV, respectively. These two elemental peaks prove
that the MAX phase and FL-TisC>Tx MXene are mainly composed of Ti and C elements.
However, XPS spectra of the MAX phase and prepared FL-TizC>Tx MXene nanosheets
contain O 1, caused by the partial oxidization of O> during either storage or the FL-Ti3sC2Tx
MXene fabrication process. Further, XPS results of FL-TisC2>Tx show, when compared to
XPS of the the MAX phase, two additional prominent peaks centered at BE of 685 eV and
198 eV, associated with F 1s and Cl 2p peaks, respectively, possibly owing to the etchant

mixture used during etching [19].

Additionally, no Al 2s and Al 2p peaks were seen in the XPS scan of FL- TisCyTx
nanosheets, which supports that the Al interlayer has been completely etched off. Ti 2p
XPS spectrum (Figure 4.2. (c)) was separated into two areas with a ratio of 2:1 as 2p1 and
2p3s2 regions composed of four pairs of doublets. In the 2p3/2 region, four signals centered
at BEs of 459.2 eV, 457.0 eV, 455.6 eV, and 454.7 eV are recognized as Ti-O, Ti®*, Ti?",
and Ti-C, respectively[20]. In parallel, three types of Ti-O bonding in the O 1s spectrum
(Figure 4.2. (d)) are centered at BE of 531.1 eV, 530.5 eV, and 529.4 eV, corresponding
to C-Ti-(OH)x, C-Ti-Ox, and Ti-O (TiOz2), respectively [21]. It is noted that most existing

O elements are in the form of Ti-O (TiO2) or C-Ti-Ox based on the O spectrum, indicating
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that the FL-TizC.Tx MXene nanosheets also possess the catalytic properties of TiO [22].
In Figure 4.2. (e), the C 1s region of prepared FL-TizC>Tx nanosheets exhibits four peaks,
COO, CHx/CO, C-C, and C-Ti, with their corresponding BEs of 288.6 eV, 287.0 eV, 284.5
eV, and 281.4 eV. Based on the Ti 2p and C 1s spectrum, MXene has been obtained with
TisC; as its scaffold. Whereas, the emerging oxygen-related bonds in the above spectrum
confirm that interlayers of FL-Ti3C>Tx have largely reacted with O during the preparation
process owing to the high reductivity of MXene [23]. This was verified by the FT-IR

spectra which show the existence of a large quantity of oxygen-related bonds.

The presence of two adsorption peaks in the FL-TizC;Tx MXene spectrum centered at 3317
cm™! and 1351 cm™ (Appendix 1V, Figure S4.1.) reveals the presence of -OH groups, led by the
adsorption of H>0O molecules on the surface of FL-Ti3C2Tx nanosheets and growth of -OH groups
on carbon or metallic Ti layers [24]. Moreover, a bond between oxygen at 1000 cm™ and a double
bond of C=0 at 1638 cm™! is observed in the FT-IR spectrum [25]. The bond vibration of C-F
(1219 cm™) was analyzed by the FT-IR (verified by XPS spectra of Figure 4.2. (f)), which was
mainly caused by the LiF/HCI etching process. These functional groups (-F, -OH, =0, etc.)
terminated on the surface of FL-Ti3C,Tx nanosheets can help enhance the catalytic performance of

MXene in the enzymatic environment and later for TC degradation.

Raman spectra of MAX phase precursor and FL-TizC>Tx nanosheets are compared in
Figure S4.2. (Appendix 1) Modes 1, 11, and 111 located around 260 cm™, 400 cm™, and
625 cm™ are critical features for the MAX phase, in agreement with the previous literature
[26]. Specifically, peak | is associated with Ti-Al vibration, while peaks Il and Il are
caused by Ti-C vibration[27]. In comparison, peak | is not observed in Raman spectra of

FL-TisC2Tx nanosheets, indicating that the Al layer was removed during the etching.
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Additionally, it is common in layered MXene structures to have their surface undisturbed
after Al etching, given the evidence of broad peaks Il and Il with low intensity in FL-
Ti3C2Tx nanosheets [28]. It is worth noting that a predominate peak at 150 cm-1 indicates
the oxidized FL-Ti3C,Tx formation after the etching process [26]. In the 1100 cm™ to 1700
cm! region, two more legible Raman scattering peaks at 1358 cm™ and 1597 cm™*, assigned
as the D band and G band of more disordered graphitic carbon, were revealed in MXene

after LiF-HCI etching [29].

4.3.2. pH and temperature effects on FL-TizC:Tx peroxidase activity

Oxidation of TMB by H20: is usually triggered by peroxidase, which releases bluish-
colored reaction products in the solution, which can be measured by UV/vis absorption at
a wavelength of 653 nm (Aes3) [9]. We discovered that the FL-TizC>Tx nanosheets, acting
as a peroxidase nano-mimic, can trigger the oxidation of TMB in the H>O> environment
[30]. According to Figure 4.3. (a), Aesz values of the TMB+H202, TMB+MXene, and
H>02+MXene systems were negligible. However, when FL-TisC>Tx MXene nanosheets
were present along with TMB and H20: system, a substantial Ass3 reading was obtained.

This demonstrates the peroxidase-mimicking ability of FL-TizC2Tx MXene.

The optimal temperature and pH conditions for this nanozymatic reaction were
determined (Figure 4.3. (b, c)). Based on the Aess values, 37 °C was found optimal at pH
3.6, where a strongly acidic environment subjects H>O> to a base-like decomposition in the
presence of the metals or their oxides [31]. It has been theoretically calculated that O-O
single bond of adsorbed H20. (H20.*) tends to be broken at low pH by the peroxidase
enzyme or its mimic owing to the weak energy barrier of 0.57 eV, directly releasing two

adsorbed OH (OH*) or OH radical (*OH) on the surface of peroxidase or its mimic (in our
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case, FL-TisC,>Tx nanosheets)[31]. Besides, the negative charge of MXene is ascribed to its
point of zero charge (pKpz) value between 2 to 3, improving the attraction to positively
charged H20, (pKa =11.6 ~ 11.7) at pH 3.6 [32, 33]. Therefore, pH 3.6 was determined as

the optimal pH condition for the catalytic activity of FL-TizC>Tx nanosheets.
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Figure 4.3. UV-vis absorbance spectra of TMB/H20,, FL-Ti3CoTx/ H202, FL-Ti3CoTx /TMB,
and FL-TisCoTx /TMB/ H2O» systems (a). The colorimetric performance of FL-
TisCoTW/TMB/H202 system as a function of temperature at pH 3.6 (b) and as a function of

reaction temperature at 37°C (c).

4.3.3. Physiochemical properties of FL-TizC2Tx nanosheets

The HRP and FL-TisC>Tx nanosheets were stored at room temperature in the dark for
10 days in PBS and acetic acid/sodium acetate buffer, respectively. Their residual
enzymatic performances were compared and recorded to study the storage stability (Figure

4.4. (a)). The percentage activity (%) was calculated as follows:

Ags3(t)

%100
A653(0)

Percentage acitivty =
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where Ags3(0) and Asss(t) are respectively Asss values of the enzymatic system at ‘0" and 't'
days of storage at room temperature. Based on Figure 4.4. (a), even after 10 days of storage,
the peroxidase-mimic behavior of FL-TizC2Tx nanoflakes remained at 89.1%, which is
much higher than that of HRP (41.1%), indicating that FL-TisC>Tx nanoflakes are more
stable than HRP.

According to previous reports, titanium carbide (TizC2) cannot generate e/h* pairs by
utilizing visible light since it is not a semiconductor. However, with various surface
modifications (-F, -O, and -OH), MXene can be converted into a nanomaterial with
semiconducting properties, the band gap of which mainly depends on the surface functional
group [34]. The band-gap energy of MXenes has been measured and calculated according

to the Tauc plot [35]:
(ahv)=A(hv-Eg)

Where, o = absorption coefficient (cm™), h = Planck’s constant (6.6261x103* J s or 4.1357
*10%° eV ), v = light frequency (s*), A = constant for indirect transition, and Eg = band
energy (eV). Figure 4.4. (b) reveals the UV-vis spectrum for MXene analysis, and
according to the Tauc plot (inset in Figure 4.4. (b)), the band-gap of FL-TisC2>Tx nanosheets
is 2.04 eV, in agreement with the TiO2/Ti3C2 nanocomposites [35]. This illustrates that the
multiple functional groups terminate on the surface of nanosheets, affording the MXene we

synthesized semiconducting properties.

The charge transfer resistances of FL-TisC>Tx measured in the dark and solar light
conditions via EIS are presented in Figure 4.4. (c). The diameter of the semicircle in the

Nyquist plot is smaller for FL-TizC2Tx nanosheets in solar light than in the dark, suggesting
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that the e was excited from the valence band by the energy of the light photons to fill the

empty conduction band and finally leaving the original state as h*.
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Figure 1.4. Stability of FL-TisC>Tx and HRP when stored for 10 days at room temperature (a).
UV-vis spectrum of FL-TizC2Tx MXene solution. Inset: plot of ahv vs. photon energy (hv) for

band gap energy of MXene (b). Nyquist plots of FL-TisC,Tx in the dark (c).

4.3.4. The mechanism of peroxidase-mimic activity

Following our previous study and other reports, we proposed a mechanism for the
enzymatic role of FL-TizC2Tx nanosheets in the TMB/H20> system, although uncertainty
remains in some chemical structure details (Scheme 4.1. A) [30]. Initially, the negatively
charged surface of FL-Ti3sC2Tx nanosheets (pKpzc = 2~3) is preferably attracted to the added
nucleophilic H202 molecules with a positive charge (pKa = 11.7) in the low-pH
environment (pH 3.6) due to lower adsorption energy than that of H.O molecules. As H20>
molecules are adsorbed on the surface of FL-TisC>Tx nanosheets, they are irreversibly
activated to a hydroperoxyl ligand on the Ti layer in the form of a Ti-OOH intermediate
[36, 37]. Moreover, these -OOH ligands are further stabilized by hydrogen bonds formed

between other polar groups terminated on the Ti surface or C interlayers (-F, -OH, =0, etc.)
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and themselves. O-O bonds are then broken by the Ti surface, where some unstable vacancy
defects with high nucleophilic properties are presented after the etching process and donate
multiple e to -OOH ligands as proton affinity [38]. Therefore, this reaction releases large
amounts of reactive oxygen species (ROS) into the solution. Meanwhile, the surface of FL-
TisC2Tx nanosheets may also conjugate with TMB via strong hydrogen bonds between
amine groups of TMB and polar groups (-F, =0, etc.) present on the surface of FL-TisC2Tx

nanosheets.

To determine the specific ROS and factor in the solution, a radical trapping experiment
was designed using EDTA*2Na, IPA, and LAA radical scavengers that are responsible for
the h*, *OH, +O? entrapped, respectively. As seen in Figure S4.3. ( Appendix V), there
is a UV-vis absorption peak with lower intensity for the IPA sample compared with that of
the LAA or blank solution, illustrating that the *OH is the major ROS in the solution after
the reduction reaction of H2O.. A UV-vis absorption peak with no apparent intensity was
observed in the EDTA<2Na sample, which demonstrates that h* plays an essential role in

the subsequent catalytic reactions (Appendix IV, Figure S4.3.).

The regeneration event of the e/h™ carrier occurs on the surface of FL-TizCoTx
nanosheets after the surface gains e- from the amine group of TMB. In addition to offsetting
the defects left after over-donating e, TMB may also donate H™ to adsorbed oxygen species
(*O*) on the surface of FL-TizC2Tx nanosheets. As a result, H>O molecules are generated
after the *OH or *O* accepts H* protonated from the H donor (TMB) [39]. Meanwhile,
TMB molecules are irreversibly oxidized to form pools of TMB cation radicals and

TMB/diamine complex, finally turning the solution color bluish-green.



(A)

(B)

P 1mz 463
\\/

«OH, h*

/\/\

Seege

Ip. 3 m/z 360
SeoR¢

TP. 4 m/z 360

TC m/z 445
Pathway 1

NI,

TP. 5 m/z 338

on UII ou

IP. 6 m/z 271

-

1P, 9 miz 433

Pathway 2
/\ M /)\M
/ B ‘/J\T O .
\IP Tm/z211  TP.8 m/z 159

105

TMB/Diamine
complex m/z 240

A

&
Apae F o
. \
1 L\ £ \
TMB m/z 241

i on :
TP. 10 m/z 419

r H,0,h*

oonm o1

on don
IP. 11 m/z 329
H,0,,h*

OH_COOHY,

& m/ -
A
o T \n/&“
i o0 "o |
{TP. 12 m/z 185  IP. 13 m/z 225 |
S A

l

Qo1
CO,+1L0
'OH

OOH
1P. 14 m/z 159

Scheme 4.1. A. lllustration of the biocatalytic chromogenic reaction between TMB and

H20- triggered by FL-TizC2Tx nanosheets. B. Two plausible pathways (pathway 1, top line

in red and pathway 2, bottom line in purple) for TC degradation in the presence of FL-
TisC2Tx and proposed structures of intermediate products (IP.1 through 1P.17). The IPs
enclosed in boxes are isomers or those possibly exist simultaneously.
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4.3.5. Colorimetric detection for TC and its mechanism

We recognized the ability of TC to inhibit the redox reaction between TMB/H20>
triggered by FL-Ti3C>Tx nanosheets and hence to prohibit the solution color change. Based
on this strategy, a colorimetric bioassay was applied to detect TC. In this assay, TC is first
incubated with FL-Ti3C>Tx nanosheets in the sample solution for 0 to 60 min. The time for
incubating TC and the prepared FL-TisC>Tx nanosheets was optimized (Appendix 1V,

Figure S4.4). The relative response (RR, %) was calculated as:

Aes3(0)

RR = * 100

653(0)

Where, Aesar and Ass3o) are Aessz values after "t" and 0" min, respectively. The RR value
decreased significantly with incubation time for the first 10 min (Appendix 1V, Figure
S4.4.), and then it leveled off, indicating that the inhibition effect of TC on the enzymatic
system almost reached the maximum. Therefore, 10 min was selected as TC incubation
time. Digital images of solution color with an increasing amount of TC from 0 pM to 230.77
MM added are shown in Figure 4.5. A. It is also possible to semi-quantitatively visualize
the solution color change with naked eyes since the color of the peroxidase mimic and its
enzyme substrates solution faded as the concentration of TC increased. When the
concentration of TC was higher than 46.15 uM, the color change of the solution can be
recognized from the original one. The detection was confirmed by UV-vis spectra (Figure
4.5. B(a) and (b)). The dynamic range was a linear function of the difference between Ass3

values with and without TC, i.e., AAegs3.
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Figure 4.5. A. Photograph of the color of the FL-TizC,Tx/TMB/H20: solution with different TC

concentrations, B. Change in Aes3 value from that of blank (AA653) of FL-TisC2Tx bioassay

with different amounts of TC (a) and calculated dynamic range and inset: the line (b).

The TC colorimetric detection has a wide dynamic range from 0.769 uM to 307.6 uM.

There was a linear relationship between added TC concentration and Assz from 0.769 uM

to 46.15 uM with R? as 0.9947 (Figure 5.5. (b), inset). The calculated limit of detection

(LOD) of 615.4 nM was experimentally verified (Appendix 1V, Figure S5.5.). This LOD

value is lower than the MRL (of 676 nM) set by the US FDA, though higher than the MRL

(of 225 nM) set by the EU [4]. The performance metrics of our assay are better than those

of other published methods (Appendix 1V, Table S4.1.). The LOD of our method is lower
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than some other published methods. However, unlike other methods, ours is the only
method that can simultaneously degrade TC and provide a colorimetric indication of its

presence.

According to previous reports, TC can be photo-catalytically oxidized in the presence
of titanium dioxide (TiO2) or TiO2-based semiconductors under sunlight [8, 14]. As
mentioned earlier, our exfoliated FL-Ti3C2Tx flakes are partially oxidized during etching or
storage, which renders the surface of the Ti layer in the form of TiO.. Hence, the FL-
Ti3CoTx we synthesized is believed to possess the same catalytic properties as TiO>. In this,
*OH, <O, and even h* are three possible active entities that play a critical role in TC
degradation [40, 41]. QTOF MS was carried out to detect intermediate products (IP) during

the degradation of TC mediated by FL-TisC2Tx nanosheets.

Per earlier reports of TC degradation triggered by TiO2 and our QTOF MS data [40-
43], we propose two plausible ways to further explore the mechanism of TC detection,
including dehydration, dealkylation, hydroxylation, and substitution in the presence of FL-
Ti3C2Tx and H202 (Scheme 4.1.B and Appendix 1V, Table S4.2.). Briefly, in pathway 1,
TC molecules with m/z of 445 (in the form of [TC+H]" in QTOF MS) are first oxidized by
*OH radicals to produce hydroxylated isomers (m/z=463), which are then quickly
transferred to several intermediates either via substitution or dehydration processes,
forming IP. 3 — IP. 4. The open ring product IP. 5 (m/z=338) is further oxidized to release
IP. 6 (m/z=271), which are further transferred to several small pieces, IP.7 (m/z=211) and
IP.8 (m/z=159). Finally, these products are degraded into CO2 and H2O. In pathway 2, TC
molecules are oxidized and dealkylated starting from the methyl group (-CHz3) located in

the tertiary amine group. The intermediate product IP. 9 (m/z=433) quickly reduced into
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IP. 10 with m/z= 419. The release of IP. 10 opens its rings by the synergistic behavior of
H202 and h* to produce IP. 11 (m/z=329), IP. 12 (m/z=185), and IP. 13 (m/z=225) and IP.
14 (m/z=159). These open-ring IPs were further degraded into CO, and H2O in the solution.
According to the mechanism of the TC degradation, *OH is the major ROS released in the
solution ascribed to e of generated OH from -OOH ligand donation to FL-TizC2Tx
nanosheets (Appendix 1V, Figure S4.3.). However, due to the existence of TC, the
preference of *OH is to share the e with TC forming a covalent bond between TC and *OH,
blocking the *OH from reacting toward TMB directly (Scheme 4.1. B, pathway 1) [42].
Further research is needed to elucidate the potential reasons why the generated *OH radicals

react with TC in preference to TMB.

Additionally, the generation of h* carriers leads to the opening of the IP rings, which
helps IP ultimately transform into CO2 and H>O [43]. As stated earlier, the h* has been
determined in the EDTA<2Na enzymatic system (Appendix 1V, Figure S4.3.).
Nevertheless, h* has less impact on TC degradation compared with *OH, attributed to the
short illumination time during detection. In contrast, *O2” was not observed in the solution
even as the FL-TizC2Tx nanosheets were added with H2O> since there was comparative
absorbance intensity to that from blank solution, measured in the LAA solution, in
agreement with the previous reports (Appendix 1V, Figure S4.3.) [44]. Therefore, *O2"was

not a key factor for TC degradation.
4.3.6. Specificity and TC detection in real sample

The specificity of the FL-Ti3C2Tx nanosheets-based sensing method was tested against 11
potential interferents in dairy and/or water samples with a concentration of 100 uM, including

amino acids, ions, sugars, and other antibiotics (amoxicillin, penicillin G, and ampicillin). As
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observed in Figure S4.6. (Appendix IV), the color of the TC sample is much lighter than that of
other interferent samples. The TC sample color is rather yellowish attributed to its original color
as the TC concentration increases. The bluish-green color change can be quantified by the Aes3
value. To numerically measure the sensor selectivity, relative absorption (%) values were

calculated:

A653(interferent)

Relative absorption = * 100

A653(blank)

Where, Aesaplank)y and Aesa(interferenty are Aessz values for the blank and solutions with
interferents, respectively. This data set confirms that the FL-TisC>Tx MXene-mediated

enzymatic system exhibits good specificity toward TC.

TC-spiked tap water and skim milk were employed as real sample testing of the assay
(Appendix IV, Table S4.3.). The recoveries of TC in these real matrices ranged from 96.54
% and 104.02 % with relative standard deviation (RSD) values less than 5 %, which attests
that our enzyme nano-mimics assay is highly suitable for the detection of TC in

environmental and food samples.
4.4. Conclusions

FL-Ti3C2Tx, synthesized from TisAlC. precursor via HF-HCI etching, exhibited high
peroxidase-mimic activity in TMB/H202 system. The FL-TizC2Tx nanosheets trigger a
reduction reaction in H202 molecules to release key ROS species (*OH) for the subsequent
TMB oxidation reaction, which turns the solution color bluish-green. However, in the
presence of TC, the oxidation of TC, by the released *OH from H202 and h* carriers of FL-

Ti3C2Tx nanosheets, occurs before the oxidation of TMB, which inhibits the color change



111

of the sample solution. This competitive behavior of TC in the FL-TizC>Tx /TMB/H20-
system was used to fabricate a colorimetric biosensor for the detection and quantification
of TC with a low LOD of 615.4 nM. Our titanium carbide MXene assay proved successful
when tested in TC-spiked real food matrices of tap water and skim milk with excellent
selectivity and sensitivity. Moreover, our results support that environmentally benign

degradation of TC simultaneously facilitates its colorimetric detection.
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4.5. Appendix IV.
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Figure S4.1. FT-IR spectrum of FL-Ti3C,Tx nanosheets.
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Figure S4.2. Raman spectra of MAX phase precursor and synthesized FL-TisC2Tx MXene
nanosheets.
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Table S4.1. Performance metrics of our assay and some published methods for TC detection
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Detection

Linear

method Nanomaterial used (UM)? LOD (uM)® | Ref
Carbon dots 0.5~6.0 0.33 [45]
MIP/CdTe QD © 70 ~2.2%10° 8.8 [46]
NH>-MIL-53(Al) ¢ 1.5~70 0.92 [47]
CQD@MSNSs © 0~ 100 5.19 [48]

Fluorescence
AC@AuU-Cit-Eu’ 0.05~9.5 11.2*107 [49]
I(\g]g:)clay (Atta)/carbon dots 0.025 ~ 20 R 7%10°3 [50]
NAC@Ag NCs® 1.12 ~ 230 0.47 [51]
Eu-based MOF 0.05 ~ 60 3*10 [52]
gﬁgp@_AuNCs/TMB/HzOZ h | 1.5~30.0 0.20 [53]
DSMIP@Mn;0; | 0.5~ 150 0.1 [54]

Colorimetric | Fe;O4@MIPJ 2~225 0.4 [55]
E;ggg;‘gfsfgm 0.28 ~ 10 0.086 [56]
PCC & 4.5 ~168.75 2.70 [57]
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FL-T13C,Tx nanosheets/ This
TMB/H:0, 0.77 ~ 46.14 0.62 work

Note: a and b. calculated after unit transfer. c. composite of imprinted polymethacrylates and CdTe
quantum dots, d. NH>-MIL-53(Al) as metal-organic framework (MOF) nanosheets doped with
Eu®*, e., mesoporous silica nanosphere composed of carbon quantum dots. f. aminoclay/Au
nanocomplexes modified citric acid and Eu®’, g. Ag(0)@Ag(I)-N-acetyl-L-cysteine@Ag
nanocluster, h. D-tryptophane methyl ester capped gold nanoclusters, i. imprinted polymer with
Mn3O4 enzyme nano-mimics, j. Fe304 nanocomposites in molecularly imprinted polymer,
k. phosphate with anion exchange on the surface of vaterite-phase calcium carbonate particles,
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Table S4.2. QTOF MS information and proposed structures of TMB, TC, and TC degradation
products

Name/TC  degradation
intermediate product (IP) | Mass/Charge (m/z) Supposed structure(s)
number per Scheme 2)

H,C CH,
wy )
HyC CHy

TMB / diamine complex | 240

H,C CHy, +H

TMB 241
Tetracycline (TC) 445
IP.1orlIP.2 463

IP.9 433




121

IP.10 419
IP3oriP.4 360 Or
B NH, '
IP.5orIP.11 338 H
B OOH OH ol
IP. 11 329 +H
OH
OH OOH
IP.6 271 S +H
OH
OH OH OH
OH COOH
IP. 13 225 +H
0
on 0




122

on
IP.7 211
+H
o
= 7
IP.12 185 +H
oH
| on 0
oH
H
o ~°

B 0

IP.8orIP. 14 159 or
OOH

OH




123

Table S4.3. Data for TC detection in tap water, honey, and skim milk samples.

Sample TC spiked (uM) TC found (uM)  Recovery (%)’ RSD (%, n=3)
4 391 97.79 2.60
Tap water
8 7.72 96.54 1.60
4 4.03 100.87 4.38
Skim milk
8 8.32 104.02 1.92

*Recovery (%) = (Ctound /Cspike) ¥100
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Chapter V. Gold nanoparticlessMXene hierarchical nanostructure as a catalase mimic for

colorimetric detection of ampicillin and penicillin G

Abstract

Ampicillin (AMP) and penicillin G (PenG) are the two common B-lactam antibiotics used to fight
bacterial infections in livestock. Excessive use of these leads to animal products tainted with trace
amounts of antibiotic residues. Consumption of foods contaminated with antibiotics can cause
their accumulation in our bodies and pose threats to our health. We developed a colorimetric assay
to detect the presence of these AMP and PenG in real matrices using a hierarchical nanostructure
material composed of layered titanium carbide MXene nanosheets (Ti3C2Tx) decorated with gold
nanoparticles (AuNPs). The AuNPs were directly grown on the MXene nanosheets via a facile
method, which significantly enhanced the catalase-like enzyme activity of MXene. The
Ti3C2Tx/AuNPs nanocomposite catalyzed the enzymatic substrate 3,3',5,5’-tetramethylbenzidine
(TMB) to its oxidized form in the presence of hydrogen peroxide, and the reaction products turned
the sample solution greenish blue. However, this color-change reaction does not occur when AMP
and/or PenG is present in the solution. Our assay performed well with wide dynamic ranges and
low limits of detection (LOD), respectively 68.9 nM to 70.1 uM and 7.51 nM for AMP and 7.51
nM to 35.05 uM and 68.9 nM for PenG. We hypothesized and experimentally verified that
superoxide anions (O2") generated play a critical role in the catalysis of AMP and PenG. Our
results may help develop a simple and inexpensive colorimetric sensor for the routine detection of
AMP and PenG in food samples.

5.1. Introduction

The discovery of antibiotics and subsequent use as veterinary medicines for treating animal

diseases are among the greatest achievements in medical history[1]. However, excessive
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antibiotics used to keep animals healthy resulted in a large amount of antibiotic residue in the food
products and environment, threatening the ecosystem and human health. The emerging antibiotic-
resistant bacteria in the aquatic environment are one of the biggest challenges to ecological
health[2]. Antibiotic-resistant genes are another critical concern since they are spread among
microorganisms and distributed widely from humans and animals to environmental water
resources|[3]. Ampicillin (AMP) and penicillin G (Pen G), known with a unique B-lactam ring, are
the oldest and most commonly used antibiotics worldwide as a result of their low cost and
effectiveness in preventing bacterial infection in livestock[4]. Nevertheless, overconsumption of
them by the human body from food can lead to allergic reactions, kidney impairment, etc[5].
Consequently, to prevent the negative impact of AMP and Pen G on the agri-food system and the
human body, especially in dairy products, different authorities have set their maximum residue
limit (MRL) in the milk (shown in Table S1)[6]. Therefore, developing a portable, highly sensitive,
and multi-target sensing system is urgently needed to implement appropriate preventive strategies
at the diary sources before those enter the food chain, thus alleviating the disastrous healthy issue

and economic loss.

Current AMP and Pen G detection methods rely more on high-performance liquid
chromatography (HPLC), surface-enhanced Raman spectroscopy (SERS), fluorescence
immunoassay, etc[7]. Most of these technologies suffer disadvantages, such as high costs, time-
consuming, laborious sample preparation, and tedious analysis process, limiting their practical on-
site applications[8]. Moreover, some can measure only one specific antibiotic type each time,
greatly lowering the detection efficiency. Consequently, it is still important to obtain a simple,
high-efficiency, cost-effective, and potable sensing system for the residue of AMP and Pen G in

dairy product determination.
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Enzymatic nano-mimic, in some literature known as "nanozyme," are nanomaterials that can
mimic natural enzymes to convert the enzymatic substrates, turning colorless solution visibly[9].
To date, numerous nanomaterials have been identified to possess this specific property, such as
metal-organic framework (MOF)s, metal oxide, N-doped graphene, etc.[10]. With their intrinsic
catalytic property, long life cycle, and low cost, they are now applied in various areas, such as

biosensors, cancer therapy, drug delivery, etc[11].

Titanium carbide nanosheet (Ti3C2Tx) nanomaterials, also known as MXene, gain increasing
attention worldwide as an emerging family of 2D nanomaterials owing to their mechanical strength,
high photoelectronic properties, large surface area, excellent surface modification, etc., and wide
applications, such as biosensor, photocatalyst, etc.[12-14]. Due to the metallic bond involved,
especially Ti-Al, electron injection is necessary to increase bond length and decrease the bond
strength. In addition to electron injection, ion intercalation can also facilitate to increase in the
interlayer space between each MXene sheet in the precursor, thus helping the exfoliation effect on
the A layer. Strong acid or acid/salt mixtures are often adopted to selectively remove the Al
interlayer, obtaining anisotropic MXene, i.e., HF, HCI/LiF, etc. [15]. These etching processes can
modify the surface of MXene with various terminated groups denoted as Tx in the MXene
denotation, including -F -Cl, -O, -OH, etc., stabilizing the structure of MXene. Alternatively, the
strong acidic etching environment still creates the vacancy of defects of the Ti layer, providing the
MXene with relatively high reducibility. These can make the Ti;C,Tx MXene a relatively high
reducing agent candidate to directly reduce oxidizing agents, especially dissolved oxygen (O2),
during storage. Besides, MXene itself has a relative-low affinity to H2O., lowering its catalytic
activity[ 16]. Hence, we took advantage of the excellent reducibility and reactive surface of Ti3C,Tx

MXene, which can reduce the metal salt precursor without adding any extra reducing agent, to
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synthesize the gold nanoparticle (Au NPs)/MXene (MAZ2) hierarchical nanostructure for

colorimetric sensor development.

Herein, we successfully selectively removed the Al interlayer of the MAX phase to synthesize
L-Ti3CoTx NS. Then the prepared MXene is capable of reducing the tetra-chloroauric (III) acid
trihydrate (HAuCl4*3H20) in one step to generate the MA2. It was found as a catalase-mimic
nanomaterial to trigger the redox reaction in the enzymatic system composed of hydron peroxide
(H207) and 3,3',5,5’-tetramethylbenzidine (TMB), finally changing the colorless solution to the
greenish-blue. Nevertheless, the greenish-blue color of the solution does not appear as AMP and/or
Pen G are added to the system. According to this, we designed and developed a colorimetric sensor

for both AMP and Pen G detection in the solution and measured them in the real sample matrices.

5.2.Experiment section

5.2.1. Materials and methods

All chemicals received and used here were of analytical grade without any further purification.
MAX phase powder was from Nano-Mall Technology Co. Ltd, China. 30% H2O> solution was
provided by ACROS Organics. In addition, two target antibiotics (AMP and Pen G) were
successfully purchased from Scientific Inc. Real sample metric, skim milk, was obtained from the
local grocery store. Other chemicals not explained specifically were purchased from Sigma-

Aldrich. Deionized (DI) water (18 MQ.cm) was used for various solution preparation.

5.2.2. Pristine L-TizC2Tx NS nanosheet and MA colloidal solution preparation

Scheme 5.1.A depicts the synthesis process of L-Ti3C;Tx NS and MA nanocomposites. L-
Ti3CoTx NS was obtained via the minimally intensive layer delamination (MILD) method[17]. First,

0.5 g Ti3AIC; MAX phase clay was slowly added into the 10 mL 7.5 M HCl and 0.8 g LiF mixture
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and stirred for 24 h under room temperature. Then, the as-obtained acidic suspension was rinsed
with several cycles by adding DI water, centrifugation at 4,000 rpm (10 min), and decantation until
the pH value of the supernatant reached 5.0. Next, after the last washing cycle, the grayish-black
swollen sediment was collected and redispersed into 10 mL DI water, followed by N> gas flow for
mixture deoxidation. The as-prepared mixture was then sonicated in the ice water bath for 40 mins
and centrifugation for another 1 h (4,000 rpm). The final obtained supernatant composed of L-
Ti3CoTx NS was kept and freeze-dried, which was used for the following experiment.

MA hierarchical-structure nanocomposite was synthesized in a one-step, self-assembled
way[18]. Briefly, as-synthesized pristine L-Ti3C,Tx NS (4 mg/mL) colloidal solution was added
with 10 mM HAuCl4*3H20 in 50 mL centrifuge tube at different volume ratios (Ti3C2Tx MXene:
HAuCl4e3H20 ) labeled as MAT (1:1), MA2 (1:2), MA3 (2:1), MA4 (5:1), MAS (1:5), MAG6 (1:10),
which then was sonicated in an ice water bath for 45 min. Second, the reddish brown suspension
was then washed with DI water, followed by centrifugation (5,000 rpm, 15 min) several times. The
final precipitate was collected and dissolved in 5 mL DI water, which was then freeze-dried for
further use. The 1:2 volume ratio (Ti3C2Tx MXene and HAuCls*3H20) was tested to provide the
MA with the best catalytic performance in HyO2/TMB system (Figure 5.3. a) (Eq.1). Therefore,

the MA2 was used for the following experiment.

AAgsz = A653(2400) - A653(O) (D
Where Ass32400) and Ass3(0) are the intensity of UV-Vis absorbance peak of the enzyme nano-mimic

system (MA/TMB/H>0,) reaction at 2400 s and 0 s, respectively.
5.2.3. Characterization of the instrument and properties

The surface morphologies of the as-obtained sample studies were recorded by a Schottky-type

field-emission scanning electron microscope (FE-SEM, Zeiss LEO 1530-1) with a working
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distance of 3.2 mm. All samples' X-ray diffraction (XRD) pattern was investigated using an X-ray
diffractometer (Bruker D8 discovery) with Cu-Ka radiation in a 20°/min scan rate within 20° to
80° of 26 per cycle. The chemical structure and composition of L-TizC2Tx NS and MA2 were
carried out through X-ray photoelectron spectroscopy (XPS, Thermo K alpha) equipped with a
micro-focused monochromatic Al Ka X-ray source and Spectrum 100 Fourier transform infrared
(FT-IR, Perkin Elmer). Lambda 35 ultraviolet-visual spectroscopy (UV-Vis, Perkin Elmer) was
employed to characterize the optical properties of all prepared samples. The Zeta potential of the
MAZ2 colloidal solution was studied via Brookhaven's NanoBrook 90Plus Nanoparticle Size

analyzer.

5.2.4. The catalyze-mimic activity of MA2 and the optimization process

The measurement of the catalyze-mimic activity of MA2 was performed using H>O>/TMB
system in the acetic buffer (0.2 M NaAc buffer) under room temperature[19]. 120 pg/mL of MA2
was prepared in 800 pL. NaAc buffer (pH 3.6) and mixed with 1% H>0O; and 5 mM TMB. The
redox reaction was incubated in 33 °C water for 40 min, and the oxidized TMB (TMBox) products
were measured via UV-Vis spectrometry at 653 nm of absorbance wavelength (Aes3).

The optimal reaction conditions were determined as follows. As-prepared MA2 was added
into NaAc buffer with various pH (3.0 - 6.0) to obtain 120 ug/mL MAZ2 colloidal solution. Then,
the MA solution was mixed with 20 pL of 1% H>O> and 10 pL of 5 mM TMB, which was analyzed
for 5s by UV-Vis spectroscopy equipped with a home-made water bath with temperatures ranging
from 10 °C to 50 °C for 40 mins.

Steady-state kinetic analysis was evaluated at a fixed concentration of MA2 (120 pg/mL in

800 puL NaAc buffer) by varying the TMB (0.018 mM — 4.39 mM) or H>O> (2 — 190 mM)
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concentrations under optimal conditions. The UV-Vis data were recorded per 5s, which was then

plotted according to enzyme kinetic theory (Eq. 2 and Eq. 3)[20].

V= Km+[S] 2)
1 Km .1 1
ATl s R S C)

Where V is the initial conversion rate of substrate, K, means the Michaelis-Menten kinetic
constant, which is used for the affinity of MA2 to substrate measurement, the higher MA2 affinity
to a substrate has the lower value of Ky and vice versa; [S] and Vmax represent the substrate

concentration and the maximum conversion rate, respectively.

The reactive oxygen radicals (ROS)-capturing experiment was performed under optimal
conditions in the different radical scavengers involved systems, including L-ascorbic acid (LAA),
isopropanol (ISO), and ethylenediaminetetraacetic acid salt (EDTA*2Na), for superoxide anion
(*O2), hydroxyl radical (*OH), hole (h") scavenging, respectively[21]. The absorbance peaks of

final solutions were observed at 653 nm from UV-Vis.
5.2.5. Discrimination of AMP and Pen G

To detect the AMP and Pen G, 4 mg/mL MAZ2 stock solution in DI water was prepared, which
then was diluted with 800 pL NaAc buffer (pH. 3.6) to obtain 120 pg/mL suspension. This
suspension was then mixed with AMP or Pen G solution with final concentrations (116.82 nM —
70.1 uM) or (23.36 nM — 35.05 uM), respectively, and incubated in the shaker at room temperature
for 10 mins. Next, the mixture was added with 10 pL. TMB (5§ mM) and 20 puL 1% H>O, incubating
in the water bath (33 °C) for 40 min. Finally, the absorbance peak of the reacted solutions was

measured by UV-Vis spectrometry at 653 nm absorbance wavelength (Ass3).
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5.2.6. Real sample preparation

The applicability of the developed colorimetric sensor was validated for AMP and Pen G
analysis in skim milk and tap water. For AMP and Pen G detection in tap water, the tap water was
collected directly from the tap tube, which was used for dissolving AMP and Pen G to prepare
spiked water samples, followed by filtering with a 0.22 pum filter membrane. The pretreatment of
skim milk was based on the previous method with slight modifications[22]. 20 mL skim milk was
spiked with appropriate amounts of AMP or Pen G, shaking for 5 min to obtain the homogenous
solution. Then 20% acetic acid (HAc, v/v) was slowly added until the solution pH was 4.6 for milk
proteins denaturation and precipitation at their isoelectric point. The prepared sample was then run
at 45 °C for 45 min, followed by centrifugation (10,000 rpm, 15 min). The clear supernatant was
collected, which was purified with a 0.22 um filter and then diluted with methanol (100-fold). The
AMP or Pen G milk sample was kept in the 4 °C refrigerator for further use.

All measurement experiment was triplicated, with the measure data noted as mean value +

standard deviation (SD).

5.3.Results and discussion

5.3.1. Synthesis and characterization of MA2

In this work, Au NPs were deposited in situ and grown on the surface of L-TizC2Tx NS without
any extra reducing agents (Figure 5.1. A)[18]. As shown in Figure 5.1. A, HCI/LiF mixture was
adopted as an etchant to etch off Al atoms from the MAX phase. As a result, single or several
neighboring Ti atoms from the Ti lattice were knocked out in such a strong reaction environment
and left the single or cluster vacancy defects on the Ti layer[23]. In return, these defective

formations affect the stability of the Ti layer, providing L-Ti3CoTx NS with higher reducibility.
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With the aid of the intrinsic high reducibility of L-TizCoTx NS, the self-assembled
MAZ2 hierarchical nanostructure can be achieved.

Additionally, the surface morphology of as-synthesized MA2 was confirmed by SEM,
compared with that of L-Ti3C,Tx NS and MAX phase. It can be seen in Figure 5.1. B(i) that the
surface of the MAX phase sample comprises multiple irregular pebble-like ceramic materials with
diameters larger than 5 um. The cross-sectional SEM photograph (Figure 5.1. B(ii) and (iii))
reveals the well-ordered lamellar structures that are stacks of several single-layer flakes with an
average thickness of ~30 nm. This behavior further the exposure surface area L-Ti3C2Tx NS to the
ambient environment. The high magnification of MA2 surface microstructure observed in SEM
shows that MA2 retains well with multiple spherical Au NPs loaded and distributed into several
Au NPs clusters both on the surface and interlayers, evidencing that Au NPs were successfully
deposited and grown in the L-Ti3C,Tx NS (Figure 5.1. B(iv)-(vi)). This unique property facilitates
the MA2 with more active sites for more enzymatic substrate capture, thus improving its catalysis

performance.
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HCV/ LiF etchant ,,,

Figure 5.1. A. Schematic illustration of MA2 preparation process, B SEM surface morphology
of (i) the MAX phase, (ii) and (iii) synthesized L-TizC2Tx NS with different magnifications,

(iv)~(vi) prepared MA2

As the interspace and purity of MXene largely influenced the size and shape of Au NPs
throughout the interlayer, we further determined the internal structure of MA2 via XRD. According
to Figure 5.2. (a), (002) peak is centered at 26 = 9.64° in the MAX phase where no impurity exists
in the MAX phase particles[24]. A broader (002) peak is characteristic of the exfoliated L-Ti3C,Tx
NS, with its center shifted from 26 = 9.64° to 26 = 7.98°, suggesting enlarged interplanar spacing
from 9.167A to 11.071A in terms of Bragg law[25]. The (111), (200), (220), and (311) peaks in
the XRD spectrum of MA2 emerge with corresponding centers at 26 = 38.23°, 20 = 44.48°, 20 =

64.60°, and 260 = 77.74°, respectively owing to successful Au NPs and L-Ti3C,Tx NS hybridization.
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Subsequently, XPS was employed to determine the surface elemental composition and
chemical states of each sample. The F 1s and O 1s peaks with binding energy (BE) 684.8 eV and
531.1 eV, respectively, appear in full scan XPS spectrums of L-TizCoTx NS and MA2 owning to
the HCI/LiF etching process when those atoms replaced the etched Al interlayer (Figure 5.2. (b))
[26]. Also, Al 2s and Al 2p peaks are not observed in both L-Ti3C>Tx NS and MA2 XPS spectrums,
suggesting the Al interlayer is successfully etched off. Au 4f XPS spectroscopy observed confirms
Au NPs on the surface of L-Ti3C,Tx NS. In the high-resolution Ti 2p of MA2 XPS spectroscopy,
two distinct major peaks at 464.1 eV and 458.3 eV result from a spin-orbital splitting, associating
with the Ti 2p12 and Ti 2p3., respectively (Figure 5.2. (¢)) [27]. These two region components are
derived from Ti-O (464.5 eV) and Ti-C (463.9 eV and 458.4 eV) species, in agreement with
previous reports[28]. The deconvoluted C 2s region (Figure 5.2. (d)) is composed of four peaks
centered at 288.2 eV (-COO), 285.5 eV (CO/CHy), 284.2 ¢V (C-C), and 282.4 eV (C-Ti-Tx) [29].
These results confirm that the fundamental architecture of 2D MA2 nanocomposites has been
successfully established. In Figure 5.2. (e), there are three peaks with BE 531.8 eV, 531.2 eV, and
529.7 eV, corresponding to Ti-C-(OH)x, C-Ti-Ox, and Ti-O(TiO.), respectively, proving an insight
into the oxidation of L-Ti3CoTx NS (Figure 5.2. (f)) [30]. The unique Au 4f region is divided into
two signals with BE 87.4 eV and 83.8 eV, assigned as Au 4fs5 and Au 4172, respectively. The 3.6
eV of spin-orbit coupling energy gap indicates that the L-Ti3C,Tx NS has successfully bonded with

Au(0)[31].
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Figure 5.2. Characterization of MA2. (a). XRD pattern of MAX phase, L-TisC>Tx NS and MA2,

(b). XPS full scan of MAX phase, L-TizC2Tx NS and MA2, High-resolution MA2 XPS spectra

of (c). Ti 2p, (d). C 1s, (e). O 1s, (). Au 4f.

Chemical bonds of the L-Ti;C2Tx NS were further proved by FT-IR (Appendix V, Figure

S5.1.), where dips at 780 cm™ and 1080 cm™ are associated with Ti-O bending and Ti-O-C

stretching, respectively [32]. Several dips at 1374 cm™ and 1764 cm! correspond to the molecular

water and C = O bonding. The relatively broad dip area appears around 2400 — 3000 cm™' due to

the presence of hydroxyl group and hydrogen bond[33]. Further, the UV-Vis absorption spectrum

shows an apparent wide peak of Au NPs (~553 nm), and the inset photo shows the highly

concentrated MA2 (dark red) and L-TizC,Tx NS (black) solution, which confirms the change in the

local refractive index of L-Ti3C>Tx NS, indicating that the Au NPs have successfully deposited on

the L-TizCoTx NS (Appendix V, Figure S5.2.)[34].
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5.3.2. Optimization of reaction condition and catalase-mimic Kinetic of MA2

Catalase can induce the redox reaction between the TMB and H>O», producing the blue TMBox

in the solution, the process of which is shown in Eq. 4.

Catalase (mimic)

TMB + H,0, —————— TMB,, (4

Different systems were performed to confirm that MA2 can work as catalase with high
enzymatic kinetic and activity, and final products were measured by UV-Vis spectrometer (Shown
in Figure 5.3. (a)). When MA2 was present in the H2O2/TMB system, the color of the solution
slowly turned blue, along with small bubbles generated slowly and intermittently, indicating blue
TMB oxide and the production of oxygen gas (O2). Per our previous publication, a fewer-layer Ti-
based MXene can work as peroxidase-mimic, which can also turn the solution blue as a result of
the environment composed of a large amount of H>O, and TMB[16]. Nonetheless, only the MA2
group with significant diluted H>O> and TMB concentrations can produce the blue color. This
result demonstrates that MA2 can function as an enzyme in the presence of H2O2 and TMB, and
the hierarchical nanostructure of MA2 with Au NPs and L-Ti3CoTx NS synergic effect significantly
boosts the enzymatic kinetics of the MA2. Further, the catalytic performance of MA2 increases

significantly with increasing time and the amount of MA2 (Appendix V, Figure S5.3.).

pH- and temperature-dependent stabilities were investigated for reaction condition
optimization (Figure 5.3. (b)). As the blue short dash-dot line shows, the most sensitive response
to enzymatic substrates was measured at pH 3.6, which was used as the optimal pH in this work.
The catalytic ability of MA2 investigated under various temperatures ranging from 10 °C to 50 °C
states that 33 °C was the best temperature as the most intense absorbance peak of MA2/TMB/H:0>

system was observed in UV-Vis spectrometer (shown in red-solid line in Figure 5.3. (b)).
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Figure 5.3. (). Optimization of volume ratio between L-TizC2Tx NS MXene and HAuCl43H-O.
(b). The UV-Vis spectrum of the different reaction systems involving TMB+H20,, L-TisCoTx
NS+TMB+H202, MA2+H,02, MA2+TMB, and MA2+TMB+H20-, (c). Effects of pH (blue)
and temperature (red) on the MA2 catalytic activity, The steady-state Kinetic curves of MA2 for
enzyme-substrate H>O> at fixed TMB concentration plotted by (d). Michalis-Menten equation
and (e). Linewave-Burk equation, (f). Long-term stability of MA2 and L-TizC2Tx NS MXene

after being kept under room temperature for 30 days.

The catalase-like kinetic of hierarchical nanostructure MA2 executed in the classical
chromogenic system (H202/TMB) follows the typical Michaelis-Menten curve, depicting the
hyperbolic relationship between the concentration of enzymatic substrates (TMB or H>O,) and
velocity (Figure 5.3. (¢) and (e)). Two steady-state parameters, Km and Vimax, were measured by
its double reciprocal curve (Lineweaver-Burk) (Figure 5.3. (d) and (f)). Ki value, identified as

the enzyme affinity to a substrate, was determined as 39.35 mM of MA2 against H>O», which is
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lower than that of catalase, with emphasis on the better affinity of MA2 against H,O, (Appendix
V, Table S5.2.). It is worth noting that the MA2 has ~17 folds lower K, values for H,O» than that
of L-Ti3C,Tx NS (0.677 M), in emphasis that the synergistic effect of Au and L-Ti3CoTx NS is
capable of significantly increasing the affinity of MA2 against H>O> (Appendix V, Table S5.2.).
Table S5.2 (Appendix V) also compares the Kn values of some selected catalase-mimic
nanomaterial for H>O,, where the K. of most catalase-mimics is higher than that of
MA2(Appendix V, Table S5.2.). Based on these results, it is indicative that MA2 has a higher
affinity to enzymatic substrates than other catalase-mimics. Therefore, MA2 can trigger the
catalytic reaction in the few amounts of H.O, and TMB solution, turning the white transparent

color blue (Figure 5.3.(a)).

The long-term stable performance of MA2 and L-Ti3C2Tx NS was carried out by triggering the
redox reaction between H>O2 and TMB under their own optimal conditions during their room-
temperature storage period (30 days) (Figure 5.3. (f)). The relative response (%) was measured as

Eq. 5:

Relative response (%) = :}65—3% * 100% (5)
653

Where Ags3(t) and Ags3(i) are the absorbance intensity of the H>O»/TMB solution in the presence
of t-storage-time and fresh nanomaterials, respectively. Excellent stability of MA2 was obtained
after it was stored for 20 days, with the remaining 90.13% of catalytic performance in H>O»/TMB
(Shown in Figure 5.3. (f)). High stability of MA2 occurs due to the relatively low zeta potential
of -32.86 mV in buffer prevents the MA2 aggregation by considerably strong inter-nanomaterial

repulsion force (shown in Appendix V, Table S5.3.)[35].
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5.3.3. Mechanism of catalase-mimic activity of MA2

In accordance with our observation and investigation, Scheme 5.1. A exhibits the proposed
mechanism of the catalase-mimic performance of MA2. However, it is hard to predict this with
detailed information, which should be further studied. As previous XPS and FTIR data shown,
hierarchical MA2 nanocomposites were oxidized by oxygen since oxidized L-Ti3C>Tx NS reactant
was used, where multiple O-related groups terminated on the surface of L-TizC,Tx NS as well as
MAZ2. Furthermore, the negative zeta potential value of MA2 indicates that the slipping plane of
MAZ2 particles was covered with pre-adsorption of OH™ [36]. As the H>O> was introduced into the
MAZ2 colloidal solution, it was quickly adsorbed on the MA2 surface as adsorbate H>O» (H20:")
(Scheme 5.1. A, right). With the abundance of the pre-adopted OH™ on the MA2 hierarchical
surface, e.g., the surface of the Au (111) facet, the decomposition process of adsorbed H>O" tended
to follow the acid-like decomposition strategy with calculated lower energy barriers of the first
(0.13 eV) and second steps (0.80 eV)[37]. As a result, hydroperoxyl ligands (-OOH) were formed
in terms of the H-OOH bond cleavage[38]. Released H' ions then had rearrangement and
conjugation with the adjacent -OH group, resulting in adsorbate H2O (H20*) formation as well
(Scheme 5.1. A, right)[39]. The -OOH group was further stabilized by hydrogen bonds formed
between the -OOH group and other polar groups and even H2O* on the MA2 surface, such as -F,
=0, -OH, etc. According to the radical-trap experiment (Appendix V, Figure S5.4.), there is no
color change in the MA2/TMB/H:0z system in the presence of LAA, indicative of the superoxide
anion (O2"*) importance in the H>O> decomposition process[21]. The hydroxyl radical (*OH) is not
the result of our experiment due to the UV-Vis absorbance peak of an ISO-contained enzyme nano-
mimic system with similar intensity to that of the blank system. Moreover, it is important to note

that the absorbance peak of the MA2 system with a much lower intensity was observed in the
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presence EDTA*2Na. This demonstrates that h" is formed and plays a critical role in the
colorimetric oxidation of TMB, leading to greenish blue TMBox product release. As mentioned
earlier, abundant e- remained on the surface of L-Ti3C,Tx NS due to the etching process, which
provides e- arich surface environment with O>. In consideration of pH 3.6 external environment
(H30™), Oz gas was generated when rich in H3O" ions reacted with Oy and surface ¢ in the
solution[40]. Furthermore, the synthesized MA2 has the Ti-O (TiO2) composition on the surface
as XPS shows. It is an energetical favorite to replace the final produced adsorbate H>O molecules
with H2O2 molecules due to higher magnitude adsorption energy of H2O2 on the TiO: surface[38].

Finally, the MA2 nanocomposites enters another catalytic cycle.
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5.3.4. Colorimetric detection of AMP and Pen G

As AMP or Pen G was able to suppress the color change of the enzyme mimic system
(MA2/TMB/H20»), it is possible to establish a colorimetric sensing methodology for AMP and
Pen G analysis. We proposed the mechanism of colorimetric sensing of AMP and Pen G, though
more details need to be further investigated. The color of the enzyme mimic system turned
greenish-blue without adding AMP or Pen G, which can be confirmed in the measuring Ass3 via
UV-Vis spectroscopy (Shown in Scheme 5.1.B UV spectra (Blank)). In contrast, when AMP and
Pen G were added into the system, the greenish-blue color of the solution cannot appear as Scheme
5.1. B UV spectra (AMP and Pen G) were shown, neither were measured by UV-Vis spectroscopy.
Accordingly, AMP and Pen G can be adsorbed on the Au and TiO; surface via the Au-S conjugation
bond and hydrogen bonds in an acidic solution[41, 42]. This may block the active sites of MA2 to
TMB and inhibit the oxidation reaction of TMB, thus preventing color change. From an atomic-
scale perspective, protonated AMP (pKa2 = 7.1) can be adsorbed on the Au surface via Au-S and
N-Au conjugation bond in the form of a "direct" or "bridge" configuration with a higher magnitude
of adsorption energy than that of the Au-S conjugation bond only [41, 42]. In other words, it is
energetically preferable for AMP adsorption on the Au surface with two former configurations via
Au-S and N-Au conjugation bonds (Shown in Scheme 5.1. B). Furthermore, the greenish-blue
color of the antibiotic-involved mixture (MA2/TMB/H202) appeared slowly after overnight
reaction (Figure S5.5.), probably resulting from that two lactam antibiotics are hypothesized to be
under degradation in this enzyme mimic system since [43].

Based on the color-inhibition strategy, we designed an MA2-based detection method to analyze
AMP and Pen G qualitatively and quantitively. The optimization of incubation time was carried

out by mixing AMP and MA2 before TMB and H>O; were introduced. The data was recorded in
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Figure S5.7., where A¢s3 is the absorbance peak of the final MA2 system measured under a
wavelength of 653 nm. The lowest UV-Vis absorbance intensity at 10 min incubation time means
the best inhibitive effect of AMP on the color-change reaction. Therefore, 10 min was used as the

optimal incubation time for AMP and Pen G detection.
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Figure 5.4. (a). and (d). UV-Vis absorption spectra for AMP and Pen G detection, respectively,
by the enzymatic nano-mimic system, (b). and (e). Detection range of designed colorimetric
method for AMP and Pen G, respectively, inset: digital photos for the visualized color change
of MA2/TMB/H20- system in the presence of a corresponding concentration of AMP and Pen
G, respectively, Linear-relationships between B-lactam antibiotics concentrations ((c). AMP and

(). Pen G concentration) and the relative response of UV-Vis absorbance peak.

Under the optimal reaction conditions, the sensing performance of the enzyme mimic system

for discrimination of two B-lactam antibiotics was investigated using UV-Vis techniques. Figure
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5.4. (a) and 5.4. (d) show the intensity of the UV-Vis absorbance peak at 653 nm of the enzyme
mimic system in the presence of AMP-only and Pen G-only, respectively, which continuously
reduces with the increasing amount of two antibiotics concentrations. Based on the UV-Vis spectra,
the dynamic range of this method for AMP and Pen G analysis was plotted in Figure 5.4. (b) and

5.4. (e). The y-axis was calculated as follows (Eq. 6):

. A 1
y-axis = % (6)
blank

Where Asample and Aplank mean the Ags3 values of the enzymatic nano-mimic system only and
the AMP or Pen G-contained enzymatic nano-mimic system, respectively. Consequently, this
method has relatively wide dynamic ranges for two antibiotics, from 116.82 nM to 70.1 uM and
23.36 nM to 35.05 uM for AMP and Pen G, respectively (Figure 5.4. (b) and 5.4. (e)). The inset
photographs of Figure 5.4. (b) and 5.4. (e) depict the color fading from apparent greenish blue to
colorless in the presence of corresponding AMP and Pen G concentrations, respectively. Thus, the
MAZ2 catalase-mimic performance enables the naked eye semi-quantitative determination of AMP
and Pen G in nano- and micromolar ranges. Besides, the high linearity of sensor response was
calculated as 116.82 nM to 3.51 pM and 35.1 nM to 584 nM for AMP (R? = 0.9976) and Pen G
(R? = 0.9989) detection (Figure 5.4. (¢) and (f)), respectively. The calculated limit of detection
(LOD) is 68.9 nM and 7.51 nM for AMP and Pen G, respectively, in regards to the formula of
L=3.3*S/R, where S is the standard deviation of the intercept, and R reveals the slope of the
calibration curve[44]. Although the LOD of AMP detection is higher than the MRL of the
requirements, that of Pen G detection is smaller than the MRL of the requirement set by different
international agencies (Appendix V, Table S5.1.). This may result from different AMP and Pen G
degradation rates in the presence of MA2, where the AMP might be photodegraded faster than Pen

G. Yet, this should be further investigated. Compared with other colorimetric methods, our method
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exhibited better sensing performance in Pen G detection than most, though the sensitivity to AMP
detection is lower (Appendix V, Table S5.4.). Additionally, our method can detect two lactam
antibiotics, AMP and Pen G, separately with relatively good results. To test the validation of our
method in the existence of both antibiotics, we mixed AMP and Pen G in a 1:1 ratio as the B-lactam
antibiotic mixture detected by this established method (Appendix V, Figure S5.6.). The result

presents that our method can also be available for AMP/Pen G mixture detection.

5.3.5. Selectivity and real sample application
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Figure 5.5. The selectivity experiment of MA2 towards 11 potential targets (35.05 uM). Lac:

lactose, L-Ser: L-serine, L-Ala: L-alanine, Kan: kanamycin, TC: tetracycline.

Eight different potential interferents were used to evaluate the specificity of this sensor,
including ions, amino acids, and other antibiotic families (such as kanamycin and tetracycline).

Under optimal conditions, the tests were performed with 35.05 uM interferents in the above
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enzyme nano-mimic system. As illustrated in the inset digital photo of Figure 5.5., there is less
greenish-blue color appearance in the MA2/TMB/H20; system containing AMP or Pen G
compared to other interferents-involved solutions. To quantitatively measure the intensity of color

change for selectivity determination, we calculated the relative response (%) as following Eq. 7:

] A i
Relative Response (%) = “TL’M *100%  (7)
653(Pen G)

Where Ass3(interferentsy and Ass3pen G) are UV-Vis absorbance peaks of the solution containing
interferents and Pen G, respectively. Here, the AMP-contained solution was calculated as an
"interferent" in terms of lower sensitivity for AMP detection than that for Pen G. Higher relative
response indicates a lower inhibitive effect on the color change of the enzyme nano-mimic system.
It can be seen that the relative response is significantly lower for solutions treated by AMP or Pen
G than other interferent-involved samples. This data suggests that this sensor has good analysis

selectivity.

The applicability of this sensor was carried out to detect AMP and Pen G in tap water and skim
milk products by the standard addition method. The measured concentrations of AMP and Pen G
in tap water were lower than spiked concentrations, with recoveries ranging from 92.2% ~ 98.3%
and 80.7 % ~ 92.2%, respectively, probably ascribed to the pretreatment (Appendix V, Table
S5.4.). On the contrary, AMP and Pen G with higher measured concentrations were calculated
from the skim milk, caused by the more complexity of milk sample matrices, where the organic
flavors or proteins may influence the sensor activity. Overall, our colorimetric sensor presents an
alternative approach to AMP and Pen G analysis and shows a promising way for agri-food system

monitor.
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5.4. Conclusions

In summary, a novel hierarchical nanocomposite, MA2, was constructed by using a one-step,
facile method where Au precursor was directly reduced by L-TizCoTx NS without adding any
reducants. With remarkably boosting enzyme-like catalytic activity owing to the synergetic effect
of Au and L-Ti3C,Tx NS, prepared-MA?2 is capable of generating O2"* anion with the aid of H>O»
molecules, which plays an essential role in the redox reaction between two enzymatic substrates
(H202 and TMB) and facilitates the color of the solution to turn greenish-blue. As AMP or Pen G
was introduced into the system, both two B-lactam antibiotics were energetically adsorbed on the
surface of MA2 by hydron bonds, N-Au absorption, and S-Au conjugation bonds, which can block
the exposure of active sites of MA2 to external environments, specifically, TMB. Next, the
adsorbed B-lactam antibiotics might further be degraded by consuming the generated Oz from
H>0,, consequently inhibiting the colorimetric oxidation of TMB and, finally, the system's color
change. According to this strategy, the colorimetric detection assay was designed and established
for qualitative and quantitive measurements of two antibiotics. The assay exhibited an excellent
LOD (7.51 nM) for Pen G while lower sensitivity to AMP with a LOD of 68.9 nM in 40 min,
probably due to the different degradation rates of AMP and Pen G. Our colorimetric method can
provide a promising alternative in routine sensing practice for B-lactam antibiotics analysis in agri-

food system monitoring.
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Table S5.1. Maximum residue limit of ampicillin and penicillin in milk
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Antibiotics International Agencies MRL(ug/L) Ref.®
USFDA? 10 (~30 nM) [45]
AMP?!
EU? 4 (<12 nM) [46]
USFDA 5 (~15 nM) [47]
PenG?
E.U. 4 (~12 nM) [46, 48]

Note: ! AMP: ampicillin, 2 PenG: penicillin G, > USFDA: the U.S. Food and Drug Administration,

4 E.U.: the European Union, > MRL: maximum residue limit, ® Ref.: reference.
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Figure S5.1. FT-IR spectra of MA2, L-TizC2Tx NS MXene, and MAX phase.



154

0.25 4 553 nm 2
—— [ X ene

—_—
=
o 0.20 4
[*]
=
]
]
-
=)
S 0.15
< .

0.10 4

500 550 600 650 700 750

Wavelength (nm)

Figure S5.2. UV-Vis absorbance spectra of MA2 and L-TisC2Tx NS MXene. Inset: digital photo
of concentrated MA2 (red) and L-TisC2Tx NS MXene solution (light grayish green).
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156

Table S5.2. Comparison of different catalase-like nano-mimics with their Michaelis-Menton

kinetic parameters to H>O- substrate

Catalase/catalase-like nano-mimic Km (mM) Vmax (NM/s) Reference
Catalse 71.60 2.9%10°

[49]
Pt-Ft? 420.60 8.4*10°
Fe3*/AMP CPsP 112.2 2.4*103 [50]
2L-Fhtt 40.60 3.04*10° [51]
Multi-caged 1rOx NPs 187.95 5.64*10° [52]
PBNCs@PEI“ 0.21 415.6 [53]
HABT-C® 104.5 1.22 *10%f [54]
Co-SAs@NC? 40.5 8.1*10* [55]
Au2sAg: nanocluster 222.42 1.15*10° [56]
MAZ2 39.35 13.82 This work

Note: a. ferritin-platinum nanoparticles, b. Fe** immobilized adenosine monophosphate (AMP), c.

2-line ferrihydrite, d. polyethyleneimine-modified Prussian blue nanocubes, e. Au nanoparticle

doped carbon dots modified TiO2 nanosphere, f. unit was converted from reported mg/L min to

nM/s, g. Co-coated N-doped porous carbon




Table S5.3. Zeta potential of MA2 in different solutions
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Solution Zeta potential 2 Standard error °
Water (pH 7.0) -30.16 3.17
Buffer (pH 3.6) -32.86 0.39

Note: a. zeta potential was repeated five times and calculated with mean value, b. standard error

was calculated based on five repeated experiments.
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Figure S5.4. UV-Vis spectra for free radical-trapping experiment with various radical scavengers.

LAA: L-ascorbic acid, EDTA*2Na: Ethylenediaminetetraacetic acid sodium salts.
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Table S5.4. Comparison of different methods for AMP and PenG detection
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Targets | Analysis method | Material composites | Linear range LOD Ref. 2
Colorimetric Au NPs 0.03 ~ 10 ng/mL 0.0013 ng/mL | [57]
Colorimetric Mo-CDs ° 0.0500 ~ 100 pg/mL | 12 ng/mL [58]
EC-SPR® Aptasensor 2.5~ 1000 uM 1uM [59]
ACVH Methylene blue- | 5~ 5000 UM 1uM

AMP [60]
SWV* aptasensor 100 ~ 5000 uM 30 uM
Electrochemical Aptasensor 100 ~ 10,000 pg/mL | 10 pg/mL [61]
BIA Cu electrode 30 ~ 250 M 7.11 uM [62]
Colorimetric MA2 116.82 nM ~ 3.51 uyM | 68.9 nM This work

Pen G | Fluorescence ssDNA aptasensor 0~50nM 9.2nM [63]
SERS? Ag platform 100 nM ~ 100 pM 100 nM [64]
Electrochemical B-lactamse-based

biosensor 0.26 ~ 0.66 pM 0.079 uM [65]
Electrochemical CILE-TiOz/IL" 3~1,000 2.09 nM [66]
Electrochemical Al-p-Si-SiOz-Taz0s-
Jirus (TMVY 0.1 ~ 10 mM 50 UM [67]
Electrochemical Pt/Au
nanowire/nanoparticle | 20 ~ 310 uM 10.5 uM [68]
array
Colorimetric Modified T™MV
nanorods with | - 100 uM [69]
penicillinase
Colorimetric MA2 351nM~584nM | 7.51nM This work

Note: a. Reference, b. molybdenum-coated carbon dots, c. Electrochemical surface plasmon

resonance, d. alternating current voltammetry, e. square wave voltammetry, f. batch injection

analysis, g. surface-enhanced Raman scattering, h. TiO2 nanoparticles/ionic liquid coated carbon

paste electrode, i. TMV: tobacco mosaic virus
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Before After
(a) Blank AMP Pe ixture (b) Blank AMP Pen G Mixture

Figure S5.6. Overnight experiment of the inhibition effect of AMP, PenG, and their mixture (1:1)
on the enzymatic nano-mimic system (MA2/TMB/Hz0).



Table S5.5. Results of AMP and PenG detection in the real sample matrices
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Sample Target | Spiked (uM) | Found (uM) Recovery(%)*? STDP
0.2 0.197 98.29 7.16
AMP
0.5 0.46 92.22 13.27
Tape water
0.08 0.074 92.26 8.74
Pen G
0.16 0.129 80.71 7.39
0.2 0.26 131.26 9.16
AMP
0.5 0.52 104.75 11.89
Skim milk
0.08 0.099 124.09 9.05
Pen G
0.16 0.14 107.17 10.83

Note: a. Recovery: recovery=found concentration/spiked concentration*100%, standard deviation

error for three tests.
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Chapter V1.

Conclusions and Future Prospects

The revolutionary innovation in nanotechnology, where nanomaterials can function to mimic
natural enzymes, facilitated the development of colorimetric sensing and biosensing methods that
are rapid, inexpensive, and portable. As a newborn 2D nanomaterial, Ti3C2Tx-based MXene has
attracted much attention recently due to its unique properties, such as high conductivity, large
surface area, excellent reductivity, lightweight, good surface modification, etc. These features
make the TizC,Tx-based MXene a successful nanomaterial candidate in sensing applications. In
this dissertation oxygen-terminated few-layered Ti3CoTx-based MXene (OFL-Ti-MN) was used to
mimic the enzymatic system (H202/TMB). The results indicate that OFL-Ti-MN can convert
enzymatic subtracts to their related products as would a natural peroxidase. This enzyme-
mimicking behavior was adopted in the sensing and biosensing applications for detecting different

antibiotics such as a kanamycin (KAN), tetracycline, ampicillin, and penicillin G..

Taking advantage of the unique enzyme-mimic property, in Chapter III the catalytic
mechanism of OFL-Ti-MN in substrates (TMB and H202) was explored. The catalytic kinetics
indicate that OFL-Ti-MN shows affinity to both TMB and H:O>. Further investigation on the
catalytic performance of OFL-Ti-MN exhibited that the OFL-Ti-MN can degrade H>O; and help
generate *OH into the solution. This reactive oxygen species can oxidize the TMB and produce a
bluish-green product, altering the solution color. As kanamycin (KAN) is introduced into the
reaction system, there is no color shown. Our proposed mechanism pointed out that the KAN
molecules were adsorbed on the surface of OFL-Ti-MN in the form of hydrogen bonds and amine-
metal coordinate bonds. Active sites of OFL-Ti-MN were then blocked, and the prevention of the

reaction between the OFL-Ti-MN surface and H»>O; led to the inhibition of the redox reaction.
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Therefore, the bluish-green color of the solution would not show up. By using this strategy, the
OFL-Ti-MN-based enzymatic system was used for kanamycin antibiotic detection. The limit of

detection (LOD) is 15.28 nM with a calculated linear range of 23.09 to 769 nM.

In addition, the presence of tetracycline (TC) can also inhibit the color change of the solution
that contains the OFL-Ti-MN/TMB/H,0 system (Chapter IV). TC could be degraded by the
generated *OH competently to TMB, which will be finally transforming into CO> and H>O in the
environment. We used the inhibition effect of TC to color-change reaction as the basis and designed
a colorimetric sensing method for TC analysis with LOD as 615.4 nM and detection dynamic range
from 0.769 uM to 307.6 uM. Therefore, this is an alternative way for TC detection and

simultaneous degradation.

In Chapter V, a hierarchical nanostructure of Au/layered Ti-based MXene (MA) was
constructed in a one-step method. Layered TizC>Tx MXene (L-Ti3C2Tx NS) possesses excellent
reducibility due to the chemically etching process, which facilitates reducing the Au precursor
without additional reductant. Because of the synergistic effect of Au nanoparticles and L-Ti3CoTx
NS, the enzymatic kinetics of MA were significantly improved against H>O> molecules. Besides,
different from the role of OFL-Ti-MN in the catalytic reaction, the MA mimics the catalase in the
presence of H,O; and generates the superoxide ions (*O7") in the solution. However, ampicillin
(AMP) and penicillin G (PenG) with lactam ring is capable of inhibiting the color-change reaction
due to the strong adsorption between these two B-lactam antibiotics and the MA surface, covering
the exposed active sites of MA to the external conditions (TMB/H20:). Therefore, the color of the
solution was inhibited. By adopting this idea, a colorimetric sensing strategy for these two

antibiotics was developed with LOD to AMP and PenG as 68.9 nM and 7.51 nm, respectively.

There are several questions that should be further addressed:
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1. Detailed information on the catalytic mechanism of OFL-Ti-MN and MA in triggering
redox reaction between H>O> and TMB should be further investigated, which may need support
from a computational model;

2. Detailed degradation information of TC in the OFL-Ti-MN/TMB/H,0, system may need
to be further provided;

3. The sensitivity of TC detection could be improved;

4. The final destiny of two B-lactam antibiotics in the MA/TMB/H20 system should be
investigated in the future to improve the mechanism;

5. Other real sample matrices (e.g., cheese, yogurt, etc.) may be used for testing spiked
antibiotics by using these colorimetric detection techniques.

6. Itis important to design and establish a complete sensing system that can differentiate KAN
and TC by using OFL-Ti-MN/TMB/H20; method when they exist simultaneously. Similarly, to
identify AMP or PenG when they are both in the sample. A separate method may need to be

developed.



