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This dissertation presents an extensive investigation into the synthesis and characterization
of two-dimensional (2D) transition metaarbides and nitrides, commonly known as
MXenes, along with the fabrication of noble metal nanoparticles, including gold and silver.
The MXenesnamely (TisCoTx, NCTxX, V2CTX, ZrCTx, V(Zr)CTx, CrCTx) were
synthesized using novel chemical methodologies, focusing on both conventional-and HF
free etching processes. The traditional etching method involved mixed acid etchants
(HCI:HF) with carefully optimized ratios, while the HFee etching utilized Felin the
presence of strong complexing agents such as tartaric and citric acids. These approaches
were designed to minimize structural damage while ensuring effective delamination of the

MXene layers.

To further enhance the interlayer spacing and improve electrochemical properties,
intercalation strategies were employed using organic molecules such as trimethylamine
(TMA), triethylamine (TEA), tetrabutylammonium hydroxide (TBAOH), and dimethyl
sulfoxide(DMSO). TEA and TMA, in patrticular, proved highly effective as intercalants,
controlling the interlayer spacing in the range o7 4/ym. This increase in interlayer

distance improved ion diffusion, which is critical for applications in energy storage
xxiii



systems. The study also explored the synthesis of bimetallic MXenes and their composites,
including MXeneMoS;, MXeneNiO2, and MXeneCo;0Os, which demonstrated

synergistic effects for enhanced electrochemical performance.

In parallel, the research focused on the synthesis of silver and gold nanoparticles through
both chemical reduction and green synthesis methods. In the case of silver nanopatrticles,
precise size control was achieved, while shape modification was cartieding a 450

nm LED light source transforming spherical nanoparticles into nanoprisms. These
modifications tailored the optical properties of the nanopatrticles, particularly enhancing

their surface plasmon resonance, which is vital for sensing apphsatio

Comprehensive characterization of both MXenes and nanoparticles was performed using
a range of advanced techniquestay diffraction (XRD) provided insight into the crystal
structures and phase purity of the materials, while field emission scanningrelectr
microscopy (FESEM) and transmission electron microscopy (TEM) revealed the
morphological and structural details at the nanoscaleyXphotoelectron spectroscopy
(XPS) confirmed the surface chemistry and functional groups present on the MXenes,
partiaularly the-OH, -F, and-O terminations. Raman spectroscopy was employed to study
vibrational properties, while UWis spectroscopy was used to monitor the optical
properties of the nanoparticles. Bruna&enmettTeller (BET) surface area analysis and
Fouriertransform infrared spectroscopy (#X) were additionally utilized for further

structuraland surface characterization.

In Addition, owing to thelasmonic and charge transfer characteristics of the MXdrees, t

V2CTx-AgNPs composite wasynthesized andtudied for surfacenhanced Raman
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spectroscopy (SERS) applications. This composite demonstrated enhanced Raman
scattering compared to bare silver nanoparticles, primarily due to the superior plasmonic
coupling between the MXene substrate and the silver nanoparticles. As a result, the
compasite was able to detect the anticancer drug gemcitabine atavitreoncentrations,
down b Thilow detection limit was accompanied by a broad linear dynamic
range(104-1012 M) with great sensitivity and repeatabilitjmaking it a highly sensve

and selective SERS substrateikewise, The bimetallic MXene composite of
Vo.25Zr1.75)CTx with silver nanoparticles (AgNPs) was utilized as a highly efficient SERS
(SurfaceEnhanced Raman Scattering) substrate for the detection of the antibiotic
ciprofloxacin. The results demonstrated a significant enhancement in the Raman signal,
which can battributed to the unique synergy between the bimetallic MXene and the silver
nanoparticles. This enhancement arises from two primary mechanign<harge
Transfer Enhancement (CTE) from the bimetallic M&ewhich enables more efficient
electronic interactions between the MXene surface and the adsorbed ciprofloxacin
moleculesandPlasmonic Enhancement from the AgNPs, which provides intense localized
electric fields (hot spots) necessary for strong Raman signal amplificafios.
combination of these two effeétsimultaneous charge transfer and plasmonic adfivity
created a highly sensitive detection platform. The SERS substrate exhibited an exceptional
i mit o f detection ( LOD) onoffciprdfloxacin at trhte e nab
concentrationsMoreover, the substrate offered a wide linear dynamic range, ensuring
accurate and consistent detection of the drug across a broad range of concentrations. This

performance was found to be significantly superior when compared to the use of bare silver
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nanoparticles alone, which lack the charge transfer capabilities offered by the bimetallic

MXene.

In addition, other SERS substrates, such as silver nanoprisms and gold/silver nanopatrticles,

were synthesized and tested for the detection of pharmaceuticals, including procainamide

(PA), N-actylprocainamidéNAPA), andgemcitabine (GMC)These substrates exhibited

excellent Raman signal enhancement, with enhancement factors (EFE) b@1and 16,
respectively, and d¥m etcd“MpDhe strangmselectvityausd | ow a's
linearity of the SERS substrates make them suitable foitinealdetection of various

analytes, offering great potential for biomedical and environmental applications.

Furthermorethe synthesized MXenes weatso employed as electrodes for meiah
batteries, with notable performances in alumiriomand lithiumion battery systems. The
Nb.CTx-M0S,; composite served as a cathode material for alumilmmmbatteries,
achieving a specific capacity of 350 mAh/g after 500 cycles at a current density of 100
mA/g. This remarkable performance was attributed to the increased interlayer spacing
provided by the MoS;, which facilitated more efficient Al ion intercalation.
Comparavely, this composite outperformed traditional graphite and graphene cathodes,
primarily due to its ability to undergo stafiéntercalation, where all available interlayer
sites are filled, resulting in higher capacltyaddition, br lithium-ion batteries, a NICTx-
NiO2-C003 composite anode exhibited a specific capacity of 480 mAh/g at a current
density of 1 A/g. The synergetic combination of28bx and the metal oxides mitigated

the typical dendrite formation associated with lithium metal, thus significantly improving

the cycle life and safety of the batteries. The enhanced electrochemical performance was

XXVI



further ascribed to the conductive nature of MXenes and the high theoretical capacity of

the incorporated metal oxides.
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1 CHAPTER

INTRODUCTION

1.1 MXenes

MXenes, a recently developed class of 2D transition metal carbides and nitrides, have
gained significant attention across various scientific fields due to their unique structural,
electronic, and surface properties. First synthesized in 2011 by NagulibMXanes are
derived from the parent MAX phase, a layered structure where "M" denotes an early
transition metal, "A" represents a group 13 or 14 element, and "X" refers to carbon and/or
nitrogen atomsg[1l]. By selectively etching the "A" element using an acid, usually
hydrofluoric acid (HF), the layered MAX phase transforms into an MXene structure, where
layers are separated by atortegel spacing that provides MXenes with distinct surface
functional groupsuch ag OH, 1 O, andi F [2][3]. This unique composition leads to a wide
range of tunable physical, chemical, and electrochemical properties, 8&xenges apart

as a groundbreaking material for applications in energy storage and sénsiagent

years, MXenes have attracted considerable interest in the domains of-iibniloatteries

(LIBs) and aluminurvion batteries (AlBs) due to their high electrical conductivity, tunable
interlayer spacing, and stability. As electrodes in these rlzstite MXenes can
accommodate lithium and aluminum ions, which improves their energy density, stability,
and cycle life[4],[5]. Lithium-ion batteries are a cornerstone of modern energy storage
technology, widely used in portable electronics, electric vehicles, and renewable energy

storage systems. Traditional LIB anodes rely on graphite, which has a limited theoretical

1



capacity of around 372 mAh/g due to its low lithium intercalation poterdi@hcethe

major focus is to introduce efficiemosteffective methods for the synthesis of new
electrode materials, such as metal oxide, conducting polymer as supercapacitor electrode
[6], carbon derivativef/], carbon nanotubd8], carbon aerogel®], ruthenium dioxide,
polypropylene, activated carbon and graphengl®ig11]. These materials were expected

to be efficient devices as an electrode in batteries and super capacitors but the results
showed limited efficiency and outp[it2] due to many reasons such as activated carbon
posed large surface area (up to 3060grh) [12] and various pores size distribution and
control on the establishment of macro, memuad micro pores is limitefl2]. Similarly,

the carbon nanotube and graphene posed serious limitation due to graphene layers

agglomerate easily whiatesultin limited access of ions at the electrode §i&[14].

To find the exceptional resolution for energy storage msctrode materials were
synthesized and tested by researchers. In this effort the key focus was turning to 2D
materials which poses excellent chemical and physical properties as compared to bulk
counter part$l5]. This led to the introduction of differetitpes of2D material such as

metal organic frame works (MoF)6], black phosphorus (BP7] and polyoxometallates
(POM)[18]. These materials proved better electeduld still had limitations and obstacles

such as poor specific capacitance, low electrical conductivity, small interlayer spacing,
structural degradation, limited ion/electrons transport, surface oxidation and surface

defects limited their use in energpige[19],[20]
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Figure 1.1: Synthesis of MAX Phase and MXenes

The MXenes are assumed to be an important material in energy storage due to its 2D
layered structure, high electrical conductivity, Lewis acidic properties, chemical durability,
stress resistance and environmentally friendly features. Owing to wide chemda
structural varieties put the MXenes on top of all other 2D material in the field of energy
storage[21]. However, bare MXenes did not show reasonable capacitance for Li ion
intercalation agn anoden LIBs. Besidesthe restacking ointerlayersalso pose serious
problems when assembled as an elect[dk Furthermorethe MXenes solutiohasthe

ability to shape adhesive free electrodes with large capacity of up to 96E2a2mV st
[23][24]. Besidesthe MXenes exhibited considerable capacitance (higher than 300 F cm

%) in solutions containintarge sizedtation with significant capacitance. This suggests that

the large ions can be inserted aathovedbetween the layers of MXengzb][26].

In addition due to intriguing properties such as high conductivity and metallic nature, the
MXenes possesses excellent surface plasmonic resonance (SPR) extending from infrared
to ultravioletregion due to intra and inter band transition at the nanometer scale hence the

MXenes can be the best material for the Surface Enhanced Raman Spectroscopy (SERS)



applicationg27]. The SPR property also depends on its layered structure, transition metal
atom, stacking order, large surface area and terminal functional J&fjp8ecause of

these factors the SPR can be altered by changing electronic structure, regulating film
thickness, i.e. the thin film gives high surface plasmonic hence better SP intensity this was
observed due to increase in the total cross section of thg2d]. Therefore,the film
thickness is the key factor that provides the metallic character and reduces the florescence
background30]. The enhancement factor can also be tuned by surface functionalization
and grouping with different substand84]. Forexample surface functionalization of 2D
materials by gold nanorods for sensitive detection of organic pollutants, MXenes/metal
composite materials, and selective ion doped MXenes materials were the common methods

employed for the SERS applicatid®].

1.2 Literature Review

To prepare the 2D layered ternary carbides and nitrides (MXenes) materiasdived

as promising material for various applications the researchers employed various techniques
such as pressure less calcination of titanium, aluminum, and grlplkitd carbides. But

these techniques resulted in different stable intermediates and terageg jslach as AV,

TiC, AlTi, etc. [32]. Following this, to prepare the 2D MXenes materiatsearchers
introduced gaseous halides in vacuum to etch the A atomic layer from MAX phase
precursor but this technique showed serious limitations as it formed different structure (i.e.
3D instead of 2D) of these carbides and nitri@33. The first successful synthesis of 2D
MXenes (T3AIC2) material was achieved by Naquib et al in 2011 by specific etching of an
atomic layer using 48% hydro fluoric (HF) at room temperature for 2h from MAX phase

precursors. The successful etching was verified from the XRD patterns before and after
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etching of T3AIC2 as in Figurel. 2 Itis evident from the peak position after HF treatment
the main peak shifted from 40 to around 10, indicating th&tiCpis replaced by BC>Tx.

Later on, a similar method was successfully applied to other MAX phases and yielded
many newMXenes e.g., BCTX, TeCNTX, V4C3Tx, NluCsTx etc. The overall chemical
process starting from 3D MAX phase precursor to 2D MXenes (removal of Al) in agueous

F rich environment proposed in very first study is given bg®A}[35]

TisAIC2+ 3  HEC¥AIFE+3/2 H (1)
TisC, +2HO0 Y 3CHOH)2 + H (2)
TisCo+ 2 HECREW HT | 3)

The reaction starts with removal of Al (1) and terminates (3) with different Tx terminals
(OH and F or O sometimes). The resulting 2D materials (layers) were named MXenes with
a structure similar to graphene. The surface of prepared layers is usualigrialced

with anionic groups (Tx) such as oxyge®), hydroxyl ¢€OH) and fluorine {F) etc. with
different proportiong36] hence the overall chemical formula for MXenes is summarized
as (M+1XnTx). Since the HF is highly carcinogenic and harmful to human and
environmentGhidiu et al prepared the 30.Tx using safer mixture of HCI| and LiF and

soaked the MAX phases at 35 C for 24 h. following this alternative approach many protic



acids and salt combinations such asS@&; and LiF/NaF were employed and inferred

similar results like previously obtained MXenes with fewer defects fifjL2b.
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Figure 1.2 (a) XRD Patterns for the MAX Phase and MXenes (b) TEM images of the synthesized MXenes (c) atomic

arrangement in a lattice at HREM

Likewise,Hilma et al. introduced the weakly acidic asmvironmentallyfriendly fluoride
containing ammonium (NHHF,) to synthesize the MXenes and observed no haigakes

as byproduct[37]. As itis seenin STEM and EDX mapping shows the distribution of C,

Ti, F and O and termin&lOH groups. In addition, the c lattice parameter was also observed

to have increased 25% than its precursor MAX phaseAllG, using HF etchant.
Subsequently Feng et al studied the presence of surface functional groups make MXenes
surface negative hence, cationic (NHspecies are attracted and anchored on its surface
consequently lattice parameter is enhand@d]. It is significant to observe the etching
process based on several factors e.g., type of metal and number of atoexankue the

higher atomic number tr ans isAXi) oeeds apgresailes an d
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etching, more etching time and higher concentration of acids th&XM38] it also
affects in flake quality, crystallinity, defects, thickness and functionalization of terminating
groups. The other factors affecting etchingludethe use of F based salts such as (LiF,
NaF HCI and NHHF,) used in different ratios and F ion concentrations which gives
different flake quality, crystallinity and many other properties Furthermore less acidic
etchants require higher temperat[88]. Besides MAX the other neMAX phase such as
Mo2GaC and M[AI(Si)] 4 precursors were used to synthesize the MXenesEVix)
Zr3CoTx and HEC-Tx) this suggest that the scope of MXenes precursors could be further

extended to other atom based carbides and nitfddgs

D ‘Mesoporous PEGylation RGD

~ coating conjugation :4 ‘3‘ X
-Q. - 2id al - . .
‘Q- e .:‘tgg&?o} — agﬁw — g ¥
PN &5 . ’?“
sy
o senoused CICON o hdiovis e strmnih bt CTACE@ND,C-MSN-PEG-RGO)

Figure 1.3: (a) Surface Modification of agy/nthesized V2CTx MXenes (b) Intercalation of MXenes (c) Modification

of surface by nanotubes (d) Intercalation of MXenes



1.3 Surface Modification

The Tx terminal atoms greatly affect physieemical properties of resulted MXer{d4]

with greater thermodynamic stability compared to pristine countej2y{d3].
Neverthelessthe stable and uniform functionalization of these terminating groups is not
yet achieved in both theoretical and practical research but from theoretical studies it has
been proved that stability surges fro@H toi F toT O respectivelj44],[45]. Practically

the stability order for termination group was found to béeFas -O -OH [46]. Besides,
stability also depends on type of MAX phaseethod of preparation, particle size,
intercalating agent, etching solution, temperature and time conditions are also contributing
[47]. Therefore, surface modification and functionalization are necessary for endowing
new applicationsXu and Gogotsi also modified the surface chemistry ofelttfhed
TisCoTx with TiO2 nanorods and Snanowires utilizing tetrahydrofuran (THF). The
hybrid MXenes showed excellent chemistry in batteries and supercapacitors with
capacitance of 250 mAhgthan bare BC,Tx [48]. In another attempt the surface
modification was successfully achievday robust strategy.e., by grafting the poly(2
(dimethylamino) ethylmethacrylate) (PDMAEMA) brushed on MXenes by SINGP brushes
at OH group [48]. The surface modified MXenes such a&@PDMAEMA were

investigated for C@sensing. As in figuré. 3[49].

Owing to significant applications of Aryl diazonium ions e.g., making covalent bonds at
surface of various substrates Zhang et al observed that Aryl diazonium salts can covalently
bondto MXenes surface in the shape ofG4C bonds this also caused the increase in inter
layer spacing which resulted in enhanced supercapacitance perfofd@nde order to

enhance théydrophilicity, the MXenes were immobilized with Soybean phospholipids
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for surface modification, this resulted in improved permeability, steady circulation, and

retention ability.

1.4 Intercalation

Since the synthesized MXenes amalltilayered to make single layered MXenes the
mechanical delamination (less efficient) and chemical intercalation (most efficient)
methods are used to yielonolayersThe multilayer MXenes can house several ions and
molecules in between the layers due to its large surface Besa@des,the interlayer
distance in the MXenesafluencesmany applications e.g., electrochemical performance,
optical and mechanical properti¢g0]. Intercalation of MXenes represents a pivotal
strategy in tailoring their properties for various applications, particularly in energy storage

devices such as batteries.

Several intercalants have been reported in the literature for MXenes, each offering unique
advantages and effects on material properTies.interlayer distance caetuned by using
various types of intercalating agents such as organic molecules, DMSO, isopropy! alcohol,
isoprpopylamine, NEHF,, tertabutyl ammonium hydroxide (TBAOH), tetramethyl
ammonium hydroxide (TMAOH), aryl diazonium salts and hydrazine monohydrate
N2H4H20 (HM) dissolved in DMF are proved to be besgjanic molecules, polymers, and
inorganic species. For instance, molecules such as dimethyl sulfoxide (DMSO), urea, and
various alkali metal ions have been utilized to intercalate MXenes, enabling control over
interlayer spacing and enhancing properties such as capacitance and copnductivit

Polymers such as polyethylene glycol (PEG) and polyvinyl alcohol (PVA) have also been



employed as intercalants, imparting mechanical stability, and facilitating electrolyte

infiltration in MXenebased electrodes.

In the context of battery applications, the choice of intercalant is crucial for optimizing
electrochemical performanc&he graphene and its derivatives emerge as promising
candidates for enhancing MXene performance in batteries. Graphene possesses excellent
electrical conductivity, mechanical strength, and chemical stability, making it an ideal
intercalant for improving charggansport kinetics and structural integrity of MXene
electrodes. Moreover, graphebased intercalation preserves the inherens@cture of
MXenes while providing additional pathways for ion diffusion, thereby enhancing battery
efficiency and cyclability.(In batteries and supercapacitors as an electrode material)
intercalating agent resulting in an interlayer space ranging from 4.2 to 14.4 A°

[51],[52],[53].

1.5 Surface Enhanced Raman Scattering

Exploring new types of twdimensional (2D) nanomaterials and their role as effective
substrates for surfa@nhanced Raman scattering (SERS) based monitoring of organic
traces have recently attracted great attention. A SlER8d sensing approach has been
proven to be a stataf-the-art, nondestructive, and optically driven tool that exhibits a fast
response time, high sensitivity, reproducibility, and convenient sample handling procedure
[54], [55]. One of the most studied 2D materials is graphene, and that is due to its surface
plasmonic resonance (SPR), along with its excellent mechanical and electrical properties
[56]. However, SPR response by graphene was found limited to the infrared and terahertz

(THz) regiong57], thus restricting the electromagnetically modified enhancement within
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the visible regiof58]. Such a challenge is often overcome through chemical treatments by
in-situ andexsitu hybridization processd59]. Recently, MXene has been introduced as

a promising 2D nanomaterial for SERS applications. These are the ceramics comprising
one of the large families of 2D materials prepared from bulk crystals known as MAX,
generally represented as\MAXn, where M is an early transition metal, A is aluminum or
gallium,and XisC,N,orBatonjf0. The MXenes are prepared
from the MAX through various techniques leading ta-MnTx, wher e t he ATO
heterogeneous terminal (OH, F, O) with x numf&k]. MXenes potential edge over
graphene could be explained on basis of its fluorescence quenching ability,
biocompatibility, and longange spectral stabilit{62]. Due to their flathess and large
surface area, they exhibit better photduced charge transfer (CT) resonance, excellent
plasmonic resonance effect, and strong interaction of surface atoms with adsorbate
molecules. The tunability of the chemical and sibgl properties of MXene renders it a
promising candidate for hybridization using nanopatrticles, thus enabling MXene to further
enhance the electronic and optical competitive eld@. A few reports have been
published on the hybridization of nanoparticles with MXenes and used in various
applications, i.e., for energy storage in supercapacitors and lHbiuiratterie$64], [65],
perovskite solar cells for improved PCE6], photochemical water splitting67],
catalyzing oxygen reduction reactidf8], electrochemical detection of organic pollutants

[69] and, which is the aim interest in this work, highly sensitive SERS sef¥hdhe
hybridization of nanoparticles has exhibited a notable SERS effect due to increased
surfaceto-volume ratio, excellent plasmonic properties, and surface cdfttdl [72],

[73]. In addition, the delocalized-electrons and surface roughness would selectively
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enhance electromagnetic radiation at selective excif@bhn Considering the
aforementioned aspects, MXehased materials could be effectively employed to
fabricate SERS substrates. In recent reports, a few MXenes, suciCasTizN, NbC,

and TaC, have been reported for possible SERS detection, yet the stability of metals into
their respective oxides somehow lowered their progressive adv@d¢el’5], [76]. The
remarkable SERS response in the few MXenes reported is attributed to several reasons,
such as metal doping, tunable morphology, redtrdination cationic sites, and the high
oxidation state. These factors enable a rapid CT across the MXene dadditating the
interaction between surface atoms and analyte molecules and hence providing an enhanced

SPR effec{77], [78], [79]

1.6 Energy Storage

Energy storage is the backbone of the energy sector after renewable energy technology.
The fast growth of electric vehicles, electronic devices, and electrical infrastructure has
hastened the development of safe and-etisttive energy storage/conversidavices.

The growing demand for safe and eeffective energy storage devices is the driving force

for efforts on different battery technologies. Conventionatiohi batteries have
revolutionized energy storage technology and have been used as a maosparce in
portable electronics and even in electric vehicles. It has been proven to be a key energy
storage device in the preceding decade with several shortcomings, such as, safety, higher
price, and limited reservg80], [81]. In recent time Aluminurion batteries (AIBs) are
getting significant attention due to their lower cost (as Aluminum, asthegt abundant
element), and environmental safety. Additionally, AIB has extraordinary theoretical

volumetric capacity of 8046 mAh/cirwhich is even higher than that of Li, driven by its
12



threeelectron redox proce$82], [83], [84] Over the past two decades, significant efforts
have been directed towards the fabrication of AIBs using various cathode materials with
the aim of enhancing performance, enabling fast charging, and improving energy density.
Nonetheless, the developmentAiBs operating at room temperature remained elusive
until the utilization of chloroaluminateased ionic liquid electrolytes (ILEB5]. Cell
prepared with ILEs demonstrated superior efficiency, capacity, and cyclic and high voltage
stability [86]. Moreover, working with ILEs provides the benefit of wide electrochemical
windows, good electrical conductivity, and thermal stability, rendering them ideal
candidates for AIB§86], [87], [88] These attributes make ILEs wsllited to address the
challenges associated with traditional electrolytes to move forward with the advancement
of AIB technology. Recent research has demonstrated that molten ILE, sudbuad,3
methylimidazolium chlade ([BMIm]CI), offer significant improvements in AIB9]. The
presence of chloroaluminate anions [AlxGly(including AICL, Al2Cly, and AkClio)

plays a crucial role in the charge transfer pro¢86% During the intercalation and de
intercalation of these complex anions cause structural deformities and lattice distortions
within the cathode material due to the large effective radius of these §8@jn$91].
Consequently, these structural distortions lead to irreversibility and rapid capacity decay.
This emphasizes a significant challenge that must be addressed in the development of AIBs
to achieve longerm stability and improved performance. Thus, a cathodterial with a

larger interlayer space to accommodate these complex ions is required which would
subsequently overcome the storage and lattice distortion chall@2je®3]. To address

these challenges multayered structures, such as, iron chalcogenides hybrid cathodes

(FeS@C [94], CuS[95], NiC0xS4[96], and MoS/C [97]) were fabricated, because the
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metal sulfur polar bond facilitated formation of the@llbond, and the less electronegative
sulfur reduces the electrostatic interactions during the charge/discharge @495,

[96], [97], [98], [99], [100], [101] Likewise, Jiacet al reported the NBJ/graphene
composite cathode, the initial capacity of the composite cathode was 300 mAh/g at 100
mA/g current density. Regardless of these efforts, the capacity decayed to 60 mAh/g after
100 cycleg102]. The abrupt drop in capacity observed due to cathodic degradation, lattice
distortion, and strong coulombic igdattice contact inhibiting ion diffusion through the
lattice [103]. Subsequently, it is essential to build an appropriate cathode with weak
coulombic contact and a sturdy framework capable of housing the intercalated complex
ions without considerable structural change following the GCD protesstesearch on
batteries is going along to miniaturization of electronics, increasing energy density,
reducing footprint, and reducing the charging tirBarprisingly the MXenes were found

as wonder material in the field of energy storagpeciallyas a leading material in this

field other than Lion batteries[104]. MXenes, which is known for its inspiring
electrochemical properties, wide interlayer space, high conductivity, high surface area, and
tunable surface chemistry, shows potential as an efficient cathode material ifLOHRS
Among the various MXenes tried Niobium MXene g x) has better thermodynamic,

and kinetic and oxidative stability due to better discharge voltage plateau compared to that
of Ti and \-based MXenes, additionally, it also has a healthier theoretical cafiily
Furthermore, the highlgonductive nature of the MBTx and the pseudcapacitive
behavior of the MoSare exploited to improvelectrochemicakinetics, enabling rapid

chargedischarge rates and higlower density97]
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The emergence of MXenes as a rising alternative in addressing the challenges faced in
SurfaceEnhanced Raman Spectroscopy (SERS) and energy storage technologies stems
from their unique combination of properties and superiority over other 2D materials.
MXenes, with their high electrical conductivity, large surface area, tunable surface
chemistry, and mechanical stability, offer distinct advantages that make thesuited

for overcoming the limitations observed in traditional materials.

In the realm of SERS, MXenes exhibit exceptional potential due to their ability to enhance
Raman signals with high sensitivity and reproducibility. By addressing the challenges of
background interference, signal instability, and limited sensitivity facezbnventional

SERS substrates, MXenes paves the way for more reliable and precise molecular detection
and analysis. Their large surface area and tunable surface chemistry enable efficient
adsorption of analyte molecules, while their mechanical stabilisures longerm

performance in harsh chemical or biological environments.

Similarly, in energy storage technologies, MXenes have shown promise as efficient
materials for various applications, including batteries, supercapacitors, and
electrocatalysts. With their high capacity, excellent rate capability, andtdomg

cyclability, MXenes offers significant improvements over conventional electrode
materials. Their ability to accommodate reversible ion intercalation/deintercalation
processes, combined with their high electrical conductivity and mechanical stability,

enhances chargtorage and transport efficiency in energy storage devices.
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The present dissertation work focuses on modifying the surface of MXenes and employing
them as efficient materials for both SERS and energy storage applications. The execution

of this work is supported by the followirkgy steps

1. Surface Modification: The surface chemistry of MXenes is modified to enhance
their interaction with analyte molecules in SERS applications and to optimize their
electrochemical performance in energy storage devices. Various surface
functionalization and doping strategies asglered to tailor the properties of

MXenes for specific applications.

2. SERS Characterization: The modified MXene materials are characterized using
SERS techniques to evaluate their performance as substrates for molecular
detection and analysis. The sensitivity, reproducibility, and stability of the MXene
based SERS substrates are assessed, aqhgsoms are made with conventional

substrates.

3. Energy Storage Evaluation: The electrochemical performance of the modified
MXenes is evaluated in energy storage devices, including batteries and
supercapacitors. Key parameters such as capacity, cycling stability, and rate
capability are measured to assess the suitability of MXémevarious energy

storage applications.

4. Optimization and Application: The insights gained from the characterization and
evaluation of modified MXenes are used to optimize their properties and

performance for specific SERS and energy storage applications. The potential
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applications of MXenes in fields such as environmental monitoring, biomedical

diagnostics, and renewable energy are explored.

Overall, the present dissertation work aims to demonstrate the effectiveness of MXenes as
versatile and efficient materials for addressing the challenges in SERS and energy storage
technologies. Through systematic surface modification and characterizstenes

offers promising solutions for advancing molecular detection, energy storage, and other

related fields, paving the way towards more sustainable and technologically advanced

solutions.

1.7 Objectives

The main objective of our work is to synthesize 2D MXenes based conductive surfaces and
explore their application for spectroscopic trace detection and as an electrode for
Aluminum ion'capacitors in coin cell assembly. Based on this, the detailed objectives of

our proposed work are given below.

1. To develop a costffective approach to synthesize 2D metal carbides and nitrides

(MXenes).

2. To carry out morphological and optoelectronic characterization of the prepared

2D MXenes by relevant techniques.

3. To fabricate MXenes based electrodes and evaluate their applications for energy

storage devices.
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4. To assess the optical properties of the MXdresed surfaces by evaluating their

use as efficient SERS substrates.
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2 CHAPTER

Synthesis of vanadium carbide MXene with improved inter
layer spacing for SERSbased quantification of anticancer

drugs

Taken fromMahar, Nasurullah, Amir AAhmed, and Abdulaziz A. ABaadi. "Synthesis
of vanadium carbide MXene with improveder-layer spacing for SERBased

guantification of antcancer drugs.Applied Surface Scien€&®7 (2023): 155034.

2.1 Introduction

Exploring new types of twadimensional (2D) nanomaterials and their role as effective
substrates for surfagehanced Raman scattering (SERS) based monitoring of organic
traces have recently attracted great attention. A SlER8d sensing approach has been
proven to be a stataf-the-art, nondestructive, and optically driven tool that exhibits a fast
response time, high sensitivity, reproducibility, and convenient sample handling procedure
[54], [55]. One of the most studied 2D materials is graphene, and that is due to its surface
plasmonic resonance (SPR), along with its excellent mechanical and electrical properties
[56]. However, SPR response by graphene was found limited to the infrared and terahertz
(THz) regiong57], thus restricting the electromagnetically modified enhancement within
the visible regior58]. Such a challenge is often overcome through chemical treatments by
in-situ andexsitu hybridization processg89]. Recently, MXenes have been introduced

as promising 2D nanomaterials for SERS applications. These are the ceramics comprising

one of the large families of 2D materials prepared from bulk crystals known as MAX,
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generally represented as\MAXn, where M is an early transition metal, A is aluminum or
gallium,and XisC,N,orBatonjf0. The MXenes are prepared by
from the MAX through various techniques leading t@-MnTx, wher e the ATO i s
heterogeneous terminal (OH, F, O) with x numjf&k]. MXenebds potenti al e (
graphene could be explained on basis of its fluorescence quenching ability,
biocompatibility, and longange spectral stabilit{62]. Due to their flathess and large

surface area, they exhibit better photduced charge transfer (CT) resonance, excellent

plasmonic resonance effect, and strong interaction of surface atoms with adsorbate
molecules. The tunability of the chemical and sibgl properties of MXene renders it a

promising candidate for hybridization using nanopatrticles, thus endbkepeto further

enhance the electronic and optical competitive eld@. A few reports have been

published on the hybridization of nanoparticles with MXenes and used in various
applications, i.e., for energy storage in supercapacitors and lHbiuiratterie$64], [65],

perovskite solar cells for improved PCE6], photochemical water splitting67],

catalyzing oxygen reduction reactidf8], electrochemical detection of organic pollutants

[69] and, which is the aim interest in this work, highly sensitive SERS sef¥ihdhe

hybridization of nanoparticles has exhibited a notable SERS effect due to increased
surfaceto-volume ratio, excellent plasmonic properties, and surface cdmttl [72],

[73]. In addition, the delocalized-electrons and surface roughness would selectively

enhance electromagnetic radiation at selective excitafit®]. Considering the
aforementioned aspects, MXehased materials could be effectively employed to

fabricate SERS substrates. In recent reports, a few MXenes, suciCasTiiN, NpC,

and TaC, have been reported for possible SERS detection, yet the stability of metals into
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their respective oxides somehow lowered their progressive adv@d¢el’5], [76]. The
remarkable SERS response in the few MXenes reported is attributed to several reasons,
such as metal doping, tunable morphology, redordination cationic sites, and the high
oxidation state. These factors enable a rapid CT across the MXene dadditating the
interaction between surface atoms and analyte molecules and hence providing an enhanced

SPR effec{77], [78], [79]

In this work, a vanadiurbased MXene of the formula-@2Tx was prepared, exfoliated,

and modified with AQNPs. The synthesized hybrid AQNPs@N was loaded on filter

paper and successfully used as a SERS substrate for the trace detection of Gemcitabine
(GMC). GMC is an important medication that is commonly used for the diagnosis of
different types of cancdfl07]. As an anticancer prodrug, it is activated by intracellular
phosphorylation generating-cand triphosphatébased derivatives that inhibit the DNA
synthesis and ribonucleotide reductase activity, resulting in the death of tum¢tr@@}s
[109][110]. Exploring the potential of vanadiubased AgNP-loaded MXene materials

in the SERS modality to detect low GMC concentrations can bring feasible alternatives

toward quick monitoring of the drug in the human body.

It is important to point out that the intercalation procedure also influences the properties of
MXenes[60]. The intercalants cleave the multilayered MXenes and convert them into few
layered 2D flakes with increased interlayer spagiid]. Several reagents can be used as
effective intercalants, including tetrabutylammonium, tetrabutylammonium hydroxide,
hydrazine hydrate, urea, DMSO, and wdfiet?]. Depending on the type of intercalants,
flakes of different sizes and properties are obtained. For instance, Y. Gogotsi-and co

workers recently explored the effect of tetrabutylammonium and tetramethylammonium
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hydroxidebased, TBAOH and TMAOH respectively, intercalation on th€M-based
MXenes[113]. Such largesize intercalants resulted in some defect formation in flakes,
early oxidation, low zeta potential, and increased bangiday). Likewise, the smaisized
intercalants, such as metal ions, lead to the flocculation, crumpling, and restacking of
MXenes flakeg115]. Therefore, to achieve the best performance and averaeg: flakes

with improved dspacing, we have introduced the medisized triethylamine (TEA) as

an intercalant with hydrated radius of 3.67 A. The produced flakes were characterized by
a larger sizef doozrspacing of 8.13 A and better zeta potentiad® .4 mV compared to

counterpart reagents reported previoyisiy3].

2.2 Experimental

2.2.1 Reagents

Vanadium pentoxide (A0s,99.9%), silver nitrate (AgN§)99.8%) hydrofluoric acid (HF,
48-54%), dimethyl sulfoxide (DMSO, A.R), andhexane (€H14, A.R) were purchased
from Sigma Aldrich. Graphite (99.8%), sodium citrateHéNasO7.2H0O, >99%), citric

acid (99 %), and sodium borohydride (NaB®B.9 %) were obtained from Alfa Aesar.
Aluminum powder (260 um >90%) and Cytiva WhatritAiNylon membrane (47 mm with

pore size 0.45 pum) were purchased from Fisher Scientific. Gemcitabine hydrochloride
(99.8%) was prchased from Ambeed Pharmaceuticals USA. All the chemicals were used
without further modification. Déonized water was used for all required solution

preparation.
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2.2.2 Characterization methods

The X-ray diffraction (XRD) pattern was recorded using an Ultima IV multipurpesayX
diffraction instrument. UWisible absorption spectra were measured in a dispersed state
in water on Agilent Cary 60. Surface morphology was studied b$EH and EDS usg
JEM-2100 F Field Emission Microscope (Model: JEOBA) at 200 KV speeding up
voltage. Transmission and higésolution TEM (HRTEM) were recorded on Tecnai G2

20 STWIN, D 2012. The Raman spectrascollected on a HORIBA Scientific LabRAM

HR microscop equipped with an internal Hée 17 mW red laser at 633 nm excitation
wavelength. Raman parameters of 25% laser power, 20 sec. acquisition time, 4 times

accumulation and 50x objective lens were used.

2.2.3 Synthesis ofsilver nanoparticles (AgNPs)

The silver nanoparticles (AgNPs) were prepared by the reduction method following our
previously reported workl16], [117] The 0.1 ml of (0.10M) AgN®solution was added

into a round bottom flask along with 3.4 mL of (0.17M) sodium citrate, followed by the
addition of 0.6 mL of (0.17 M) citric acid as a capping agent. The mixture was kept at room
temperature for 3 min., and then 0.2 mL (0.5 mM) of fyephepared NaBkwas added
dropwise under constant stirring and allowed to stand for 5 min. The mixture was then
boiled to 100 °C for 20 minutes and cooled on an ice bath to control the uniform size

distribution of the formedgNPs.
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2.2.4 MAX Phase and nanolayered MXenes Sheets

The VLAIC ternary carbide MAX phase was synthesized following the reported literature
[113] with some modifications. The process was initiated by mixing commercially
available powders of aluminum (Al, 200 mesh), vanadium (V, 300 mesh), and graphite (C,
200 mesh) in a 2:1:1 molar ratio. The powder was finely ground to 100 mesh size using a
dualmixer/mill (SPEX Sample Prep. 8000 D). The finely ground mixture was transferred
into an alumina heating boat and annealed at 1450 °C under Argon flow in the tubular
furnace (Carbolyte STF 15/450) for 4 hours with a heating ramp of 10 °€amihthen
cooled down to room temperature. The aluminum contents were kept a little higher to avoid
loss due to its low melting point (660 °C). The mixture was then washed to remove
impurities with 10 M HPQ, for 8 hours at 90 °C followed by redistribution in distilled
water and sonicated for 5 min. The resultant solutiasto settle down overnight at room

temperature and collected for further study.

2.2.5 Synthesis of MCTx MXene

MXenes are hexagonally shaped 4lg8nc symmetry) 2Bayered materials with general
representation M1XnTx, where M is the transition metal, X is C and/or N, ardsThe
terminal groups-OH, -O, and F), while n = 1, 2 or [§1]. The \b.CTx MXenes were
obtained using a reported metHad3] after slight modification. A mixture of hydrofluoric

acid (48%) and hydrochloric acid (12 M) was used as an etchant, and triethylamine (TEA)
was used as an intercalant to intercalate the MXene flakedCWAX phase was
gradually mixed with 20 mL of mixture (12 mL HF and 8 mL HCI) solution in an ice bath

for 10 min (to avoid exothermic reaction) with constant stirring at 200 rpm, subsequently,

24



the bottle was transferred to an oil bath to initiate the itching at 50 °C temperature at 400
rpm for 48 hours in a Teflon jar covered with a loosely bound lid in the fume hood. The
product was washed and centrifuged multiple times (3500 rpm, 5 min/eythe]istilled

water and ethanol alternatively, the first supernatant was decanted as waste to remove the
salts, dissolved residual metals, and the nanosized MAX phase. The sedimented multilayer
MXenes were repeatedly washed until the pH of the soluticarbe neutral. The obtained
product was filtered using Cytiva Whatr#nNylon membrane (47 mm with pore size

0.45 pm) with nearly 5®5% vyield. The filtrate was dispersed into 10% TEA solution (1

0/20 mL) at room temperature and kept under stirring for 6 hours.

—TEA_V,C,-Week 1 ——TEA_V,C,-Li(Week 1)
—Week 2 —Week 3
—Week 3 —week §
—Week 4 ——week 7

Absorbance (a.u.)
Absorbance (a.u.)

T L] L) L) L) L) Ll T T L L] T T
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 2.1: (a) The UMVis. Spectra of TEA intercalated V2CTx MXenes showing stability for 4 weeks, (b) The UV

Vis. Spectra of SERS spectra of V2CTx MXenes after ion exchange depicting stabilitydeks

The intercalated MCTx MXenes powder was centrifuged at 2500 rpm for 5 min., followed
by sonication in water: ethanol (1:1) washing solution, the supernatant was collected each

time until the supernatant turned transparent. The stability of the MXenes was checked at
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different time intervals using a UVisible spectrophotometdFig 2.1 a)shows the 4
week stability without ion exchange wh{leig. 2.1 b)shows the #&veek long stability after

processing the ion exchange process with cold 0.01M LiCl solution.

2.2.6 SERS active substrate

The SERS substrate was fabricated following previously reported mefRiguse 2.2)

[118], [119] The film was prepared by spaasting the diluted aqueous solution (50 ug

mL?Y) of V.CTx colloidal delaminated flakes on filter paper (WhatmanTM 20). The film
thickness was adj ust e-dasttunos andlvacuufd riebag 60t6u | t i p |l e
The papessupported YCTx has demonstrated good metallic characteristics as reported
previously[113]. AgNPs were selassembled in a petri digh20], [121] by using an n

hexane/water interface. It was followed by the slow addition of ethanol to extract the NPs

from the solution and redistribute them at thleexane/water interface. Then the MXene

coated filter paper was immersed in the petri dish to dispeesAgNPs on the MXene

surface. Finally, the filter paper was dried under a vacuum at room temperature.
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Figure 2.2: Schematic representation of the synthesis of AQNPs@V2CTx hybrid SERS substrate MAX phase,

followed by loading of GMC drug for SERS study

2.3 Results & Discussion

2.3.1 Properties of the synthesized MAX phase, 3CTx, and AgNPsloaded

V2CTx MXene:

To assess the morphology, lattice parameterspptichl properties of the precursor, TEA
intercalated YCTx MXenes and AgNRpaded \LCTx hybrid materials, the delaminated
products were investigated by XRD, bXis, AFM, FESEM, TEM, Raman, and FIR
techniques. The diffraction analysis (FRJ5 a) shows XRD patterns for the precursor
V2AIC MAX phase and the agrepared delaminated>8Tx MXene. The two prominent

peaks that exist at 17.75° and 41.91° are associated with the precursor MAX phase as per
JCPDS No. 2401. In the case of XZTx (black line), anew intense peak appeared at
8.87° corresponding to the (002) plane with-spdcing of 8.13 A. The decrease in the
intensity of the peaks around 17.75° and 41.92° along with the waning of remaining
residual peaks (nebasal peak 65.4°) suggests the sssfiéd removal of Al layers and the
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full delamination of \(AIC to a fewlayered \ACTx sheet. These observations are in good

agreement with the previously reported in the literature [3342
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Figure 2.3: (a) XRD pattern of the AgNPs loaded V2CTx (b) XRD patterns for the V2CTx.

The XRD spectra of the ggepared MXenes and after being loaded with AgNPs as
depicted in (Fig2.3 a, b) posture the variation in the XRD patterns along with new intense
peaks corresponding to (111), (200), (220), and (311) phases of AgNPs, further confirming

the successful mobilization of the silver nanopatrticles.

The optical properties of the synthesized colloidaCVx MXenes, AgNPs, and GMC
loaded AgNPs@XCTx MXenes were compared using BXisible spectroscopy (Fid.5

b). The U\ Vis absorption band at 280 nm pertaining #V¥x may have resulted due to

the localized surface plasmon, interband transition (IBT), or transversal mode [33,45] with
a small plateau below 280 nm, indicating the formation of a stalil@¥MXene phase

with no sign of early oxidation [33]. TheXTx spectra (green line) after loading with

AgNPs and having the GMC drug molecules physisorbed on the surface show changes in
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the two main bands at 270 nm and at 410 nm along with some band broadening. Both bands
showed a decrease in intensity accompanied by a blue shift to 452 nm describing the

surface plasmonic resonance, as compared to p@ex/

—*—GMC

Absorbance (Arb. units)

200 220 240 260 280 300 320
Wavelength (nm)

Figure 2.4: UV/Vis Spectra of Free GMC drug

Likewise, the free GMC molecules exhibited a characteristieMisvband at 268 nm (Fig.

2.4), however after being associated with AgNPs@Vk a minor change, such as a band
broadening with a slight shift to 270 nm (F&pH b), could be observed. This could be due

to the strong interaction between the drug adsorbate molecules and the surface of the

AgNPs@\LCTx hybrid SERS substrate.
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Figure 2.5: (a) XRD spectra of V2CTx MXenes (black) and V2AIC MAX phase (red). (b)MiBible absorption
spectra of V2CTx (black), pure AgNPs (red), and GNENPs@V2CTx (green). (c) AFM image of the synthesized

V2CTx flakes. (d) Height profile of the dashed linestfte MXenes flakes.

Nevertheless, it seems that the drug molecules did not affect the chemistry eCihe V

as a result of the physisorption interaction. The blue shift and decreased intensity of the
band at 410 nm could be attributed to the interaction of the silver nanoparticles with GMC
molecules. This phenomenon is the prime motivation for using Addéeed hybrid
material as SERS active substrates [46]. The band broadened along with a plateau observed
below 270 nm and the blue shift associated with a drop in intergltyOanm gesture the
successful chargdsansfer and electromagnetically facilitated interaction between as

developed hybrid material and drug molecules. The AFM image of {peepared YCTx
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MXenes (Fig.2.5 c) was taken by drepasting on Si substrate. Moreover, (Fpb d)

depictsthefew ayer ed fl akes ¥wbhnmh a thickness of

To illustrate the morphology and chemical structure of the prepa@@xnfurther, the FE
SEM and TEM analyses were also carried out, and the results are presented2)(Fig.
The SEM images of the delaminatedCTx were collected at different resolutions and
positions. While they depict stacked and delaminate@TX flakes, the recorded
morphogram showed a typical accorditke and fewlayered structure of MCTx thus

validating the successful etching performed.
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Figure 2.6: (a) EDS and elemental mapping of synthesized V2CTx (b) EDS and elemental mapping of V2AIC MAX

phase

The chemical contents of the-sgnthesized MXenes before and after etching were
analyzed with energy dispersive spectroscopy (EDS) as shown i2.@=gh). The spectra
revealed the presence of vanadium and carbon along with traces of fluorine and oxygen as
terminal groups, as compared to the precursor where the Al along with V and C elements

are predominant, hinting to the successful etching of the Aase into MXenes.
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Figure 2.7: (a) SEM Images of MXene loaded APs on the paper. (b) SEM images of AgNPs loaded on V2CTx.

Additionally, the SEM image in (Fi®.7 a) shows the sedissembled silver nanopatrticle
loaded on YCTx. The rouneshaped AgNPs were evenly distributed on the surface of the
MXene with a particle size distribution of -BD nm, as presented in (FB7 b). The size
variation could be due to polydispersity and/or anisotropy48}. The microstructure and
composition of the YCTx were further studied using the TEM technique (Ei§c). The

2D transparent stacked flakes could be observed with se@&/Vayers, while the high
resolution TEM image (Fig.8d) shows the lattice fringes withgpacing of 1.13 nm and

1.07 nm, in very good agreement with the XRD findings [35].
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10 nm

Figure 2.8: FE-SEM images of (a) V2CTx flakes (inset: the TE/RCTx loaded in paper), and (b) the V2CTx

delaminated flakes with high resolution. (c) TEM image of T€2CTx flakes, and (d) Highesolution TEM image

of lattice fringes for the TEA/2CTx (Inset: the SED image).

The elemental states, terminal group amounts, and chemical structure & TxdWXene
surface were further explored using the XPS method. &iga) depicts the high
resolution V 2p spectrum fitted with two doublets. The peak at 513.29 eV is associated
with the V-C bond, while the peak at 516.81 eV is assigned to tebodnd. Mostly the
vanadium is in the ¥# state due to the ©ontaining terminals, similar to that of previous
reports in the literature [562]. Likewise, the XPS spectrum depicted irg.F2.10b
corresponds to the C 1s state. The presence®a@d CO is mainly due to the impurities,

while the VC component corresponding to theCVlattice is located at 283.36 eV
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accordingly. The F 1s spectrum (FBJ10c) shows the W peak at 684.91 eV terminal
components and residuatfFCbonds at 687.02 eV. The analysis of the O 1s state depicts
the peaks of MC-O, V-C-(OH)x, and VO along with H20 components (Fig.10d), in

good agreement with the previously reported work [53].
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Figure 2.9: The 3d core level spectrum of AQNPs@V2CTx shows the binding energy difference between two doublets

3d3/2 and 3d5/2 of Ag core

Fig. 2.9 shows the shift in binding energies interaction between AgNPs gbitkhybrid
SERS substrate. The two doublets peaks ef 88[73.94 eV) and 3¢ (368.81 eV) are
associated with two spiarbit pairs, the lower binding energy component (368.81 eV) is a
characteristic peak of electron emission from the silver nanocore respectively. The

difference in binding energies of the two doublets confirms tbggnce of selaissembled

AgNPs on CTx film [17].
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Figure 2.10: XPS spectra of the synthesized V2CTx MXenes. States characterized are (a) V 2p, (b) C 1s, (c) F 1s, and
(d) O 1s.

Moreover, the surface state of theChIx MXenes and the interaction with AgNPs and

GMC were investigated by FIR spectroscopy (Fig®.11 a). The characteristic vibrational

bands for the pureXZTx located at 3427, 1614, 1145, and 834Icoorrespond to the-O

H, C=0, COH, and inplane motion of carbon atoms. The observedRbands are in

good agreement with the reported literature [43]. Shifts in band position and drop in

intensity were obseed after the loading of silver nanoparticles and interactith@MC.

35



GMC-Ag-NPs@V,CTx
11 |

Transmittance %
Transmittance %

3500 3000 2500 2000 1500 1000 S00 3500 3000 2500 2000 1508 1000 500
Wavenumber(cm'1) Wavenumber (cm™')

Figure 2.11: (a) FTIR of Free V2CTx and after loading the GMC at AQNPs@V2CTx hybrid SERS substr&e- (b)

IR of pure GMC drug molecules and pure AgNPs.

For instance, the vibrational wavenumbers got shifted to 3409, 1562, 1184, and-820 cm
besides a few new vibrational bands at 1729, 1164, and 63&lcat were observed in the
case of GMCGAgNPs@\LCTx as compared to nanteracted AgNPs, and GMC as shown
in (Fig. 2.11 b). The observed variations in the infrared spectral intensities and band

positions indicate that theo2Tx is successfully loaded by silver nanoparticles and GMC.

2.3.2 MAX phase transformation into V 2CTx MXene:

The transformation of the precursosAIC into a 2D \bCTx phase and the mobilization
aftereffectsof the AQNPs with GMC adsorbates were assessed using Raman spectroscopy
(Fig. 2.12). Raman shifts of the 2AIC MAX phase showed four prominent peaks at 188,
251, 270, and 388 cincorresponding to #§, Bg, Eg, and Ag symmetry modes,

respectively (Fig2.12a). The former two modes are associated with thgane vibration

36



of Al and V atoms, while the latter two aascribed to irplane and oubf-plane vibrations

of the vanadium atom. These modes of vibration are in agreement with reported values
[54,55]. After treatment with a mixed acid etchant, the formgdT MXenes showed a
reduction in peak intensities associated with the rising of a wide band above 4(Bigm

2.12b). Such a spectral change could be explained based on the increased interlayer spacing
in the delaminated MXene flakes compared to the 3D precursor [56]. Since the etching
involves replacing alumum with other terminal groups, such as F, O, -#bid, it resulted

in a broad Raman signature at 291, 415, and 47% amd a hump at 650 cThese
additional bands confirm the successful and homogenous removal of Al. The hump
appearing at 650 cfhrseems to have originated from heterogeneous terminals as predicted

theoretically and observed experimentally in other reports [54,57].

The Raman spectrum of,€Tx MXenes after loading with sedfssembled nanopatrticles

is shown in Fig2.12c. Since AgNPs showed almost a blank Raman background in the 200
2000 cmt region (Fig.2.14 b), they posed minimum interference with the Raman spectrum
of VoCTx. Therefore, any Raman peak observed within this range can be exclusively
attributed to the aprepared YCTx sheets. However, the Raman spectrum EitRc
showed a shift and a rise of new lines at 253, 342, and 3%&ilomg with a wide band at

550 cm! associated with a shoulder at 639%cthat may have resulted due to the in vitro
interaction or photoinduced charge transfer of the AgQNPs with the MXene hetero terminal
groups [33] This further explains the sasembled NPs observed to agglomerate on the

MXene surface (Fig2.7 b).
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Figure 2.12: Raman spectra of (a) V2AIC MAX phase, (b) delaminated V2CTx, and (c) AgNPs loaded V2CTx

MXenes.

2.3.3 Detection of GMC using MXenebased SERS active substrate:

MXenes are known for their tunable electronic structure, excellent conductivity, high
transmission of light, and negatively chargedrface [58,59]. These interesting
characteristics make MXenes attractive to potentially explored as SERS active substrates
for the trace detection of biomolecules. In particular, th@T family can be an excellent
candidate owing to their unique plasmonic, fluorescence quenching, interband charge
transition, and magnetic coupling characteristics [60,61]. Given the extended use of GMC
drugs in chemotherapy, a critical challenge is toao its level in the human body in
order to constrict its adversefeft as a secondary metabolite. A number of analytical
techniques are employed to detect GMC traces in human fluids. Examples of these
techniques include spectrophotometryi[62], electrochemistry [64,65], chromatography

[66i 68], fluorescent microscopy 9 HPLGTM, LC-MS [70,71] and confocal
microscopy [72]. However, most of these are titnasuming and destructive methods.
When used to detect organic molecules in several cases they encountdslg@aciong,

bio-autefluorescence interference, and spaict overlapping. Nonetheless, these
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techniques (Tabl@.1) were able to detect and quantify the GMC drug in an aqueous
solution and achieved a good outcome. Achieving a competitive low detection limit in the
range of 10 nM of GMC, however, still presents a challenge. In our previous reports using
the SERS techque [73,74] we succeed&d quantifyingas low as 1410 M of GMC with

an excellent recovery of 98% using locally green synthesized AgNPs aN®#as SERS
substrates. This has prompted us to develop a sophisticated approach for &8MiCrde

In this work, AgNPdoaded \\CTx-based hybrid material was employed as a novel SERS
substrate to develop a more sensitive protocol for GMC traces. The AgNPs function as a
charge transport bridge and a plasmonic compact between GMC moleculesGind V
nanosheet, resulting in outstanding Raman signal enhancement.

Tablel. Comparison between reported analytical methods to detect trace GMC concentrations compared to the present

work. LOD: Limit of detection; LDR: Linear dynamic range; R2: Regression coefficient

Ref. Method LOD LDR R?
[122] EC 1.5 ug mL2 0.565 ug mk  0.998
[123] Chromatography 20 ng 20-50 ng/mi 0.999
[124] LC-MS 20 ng mL* 20-5000 ng/mL -
[125] RP-HPLC 0.1 ng mL? 0.1-42 ng m*  0.997
[126] ECL 6.25 uM 6.25100 pM  0.998
[127] DPV Gold 0.260 ng mt*  0.0263.94ng/L -
[128] SERS (AuNPS) 1x10%M 10%-10°M  0.998
Present work SERS (AgNPs@YCTXx) 1x10%2 M 10%-10%2Mm 0.998
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The SERS spectrdFig. 2.13) of free GMC, loaded on AgNPs and loaded on
AgNPs@GMC hybrid substrate indicate shifts in band position, i.e., the blue shift was
observed in Raman lines at; i. 781 (ring def. and OH bending) to 779iicrh098 (CH

bend., GF str.) to 1093 crh, iii. 605 (GF bend.) to 599 cr iv. 335 (Ring breathing.) to

322 cmtv. 1651 (NH bend.) to 1643 crh Likewise, red shifts were also noted for the
Raman peaks; i. 1683 (C=0 str.) to 702%in 1503 (C=C str.) to 1526 ctiii, 1285 (G

N bend.) to 1309 crh iv. 1216 (CH def.) to 1239 cm respectively. These shifts were
observed along with a noticeable but variable increase in Raman intensities. The detailed
assignments of the SERS peaks are providd@alie2.2. Similarly, (Fig. 2.14 a), depicts

the comparison between the Raman spectrum of free GMC, SERS spectrum when loaded
with AgNPs, and the Raman spectrum of bas€ W% MXenes, for the sake of comparison.

The spectra showed noteworthy shifts in peak position that is assumed to be due to the
interaction of GMC molecules with MXenes, however, it could not show the significant
enhancement in the Raman peaks compared to AGNECTx hybrid materials. The
enhancement factoEF) was calculated by using the formuEE= (I ser#Nads)/ (I buik/Nbuik),
wherelsersandNags are the probe molecules under laser illumination area in both SERS
and Raman experiments, and tlaex and Nouik are intensities of characteristic Raman
modes of the SERS and analgecordingly. The SERS line centered at 779dmthe
spectrum of GMC adsorbed on the AgNPs@VzGilibstrate(Fig. 2.13) was used to

compute the enhancement factor which turned out to be in the ordét of 10
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Figure 2.13: Raman spectra of free GMC, GMC with AgNPs, and GMC with AgNPs@V2CTx. The SERS spectrum
was recorded by the dragasting of 50 L of 18 M GMC solution on a 20x20 mm area of hybrid AQNPs@V2CTx

substrate. Prominent SERS peaks associated with GMC areddbethe sake of clarity.
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Table2: Tentative assignments of the vibrational modes of GMC in the normal Raman and SERS (before and after

loading AgNPs on V2CTx) spectra.

Description SERS
Raman AgNPs AgNPs@\:CTx

C=0 str. 1683 vw 1689 vw 1702 s
NH2bend 1651 vw 1655 w 1643 w
C=C str. 1503 w 1516 w 1526 w
CN bend. 1279 m 1292 m 1309 s
CH def. 1216 s 1234 s 1239 w
CH bend, GF str. 1098 w 1105 w 1093 m
CH bend, CCN str. 990 vw 917 vw --
Ring def.,-OH bend 781 vs 806 vs 779 vs
C-F bend 605 m 618 m 599 w
Ring def., 335w 325w 322 vw
Ring def. 222 w -- 219 vw

Abbreviations: vs: very strong; s: strong; m: medium; w: weak; vw: very weak
The shifts in peak positions accompanied with remarkable enhancement observed in
Raman intensities witness distinct types of interactions between GMC and AgNes@V
hybrid material. Some reports in the literature refer to the chemical interaction (mostly
facilitating redshifts in wavenumbers) and the electromagnetic coupling interaction
(mainly giving rise to blue shiftg)129], [130] Such an enhancement is triggered by the

large specific surface area of the hybrid substrate and the strong plasmonic light field
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resonanceshaped surface turbulence by the mutual contribution of AgNPs a@dxVv
MXenes[131], [132] From the stacked plo{&ig. 2.13), the Raman peaks centered at
1702, 1309, 1239, and 779 ¢rhave exercised maximum enhancements, confirming that
the interaction between AgNR&CTx and GMC is based on the CT and interband
transition[133]. It is worth mentioning here that the parental Raman bands@F\Fig.

2.14 a) have not been observed in the SERS spectra of GYMNPs@\LCTy film due to

the AgNPs being effectively loaded across the hybrid substrate s[iri#ie
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Figure 2.14: (a) Raman spectra of free GMC, with AgNPs, and GMC with bare V2CTx MXenes, (b) Raman Spectra of

free AgNPs.

The limit of detection (LOD) of GMC was determined by measuring the SERS spectra at
various drug concentrations in the range of-10°M (Fig. 2.15a). A uniform spectral

pattern can be observed with a decrease in peak intensity associated with a change in
concentration of the GMC. It can be concluded that the intensities are linearly proportional
to the logarithm of the concentration of the drug analytels, spectral intensity

enchantment is indicative of the simultaneous interaction of GMC molecules with
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AgNPs@\.CTx hybrid substrate at multiple spdfsig. 2.15a). The LOD for the present
approach reached an order of'#M concentration. Further, it corresponded to a wide
linear dynamic range (LDR) of ¥do 10%?M (Fig. 2.14b)for a peak at 779 crpostured
maximum LDR due to strong interaction leading to a very intense signal, while the other
bands (1239 crh 1309 cm', and 1702 cn) posed narrow LDR compared to the first
band, due to different molecular orientation, type, and extent of interadtich resulted

in weak signals. The intensity is in logarithmic relation to the concentration of the analyte,
this leads to a decrease in signal intensity linearly as concentration de{t84$€4.35]

The observed enhancement is a-tagarithmicstep more sensitive quantification than
our previous report that utilized only AgQNPI8]. The linear regression coefficier®?}

of the prominent Raman peaks at: (i) 779%(i) 1239 cm!, (i) 1309 cm?, and (iv) 1702

cmt were calculated to be 0.9965, 0.99734, 0.9984 and 0.9982, respectively.
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Figure 2.15: (a) SERS spectra of GMC at the concentration rdge10-12M using AQNPs@V2CTx substrate. (b)

Logarithmic relationship between prominent SERS peak intensities and concentrations of GMC molecules.

2.4  Reproducibility and stability of the prepared silver-loaded MXene:

The reproducibility of thesprepared silveloaded \(CTx MXene film was investigated
with the 1x1 M concentration of the GMC by selecting ten random spots in the film with
an area of 25x25 um at a gap of 2 um, as depicted in ZHif). The characteristic peak
intensities for the representative peaks, i.e., 779, d®41 cmt, 1309 cm and 1702 cm

1 were shown to be consistent and uniform. Moreover, the stability and liability of-the as
prepared AgNPsloaded MXene film were further verified by comparing the SERS spectra
of the film with and without the loading of the drug molecules at different time intervals
for an extended period of four weeks. The results depicted in ZHig.a) showed a

minimum change in peak intensities across the time interval of 4 weeks. For example, the
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Raman intensity distribution of the peak 779%over the examined period of time posed

a consistency with an RSD of 1.89%, proving the repeatability of the developed approach.
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Figure 2.16: The SERS spectra 8igNPs@V2CTx hybrid materials of different peak positions

Likewise, to evaluate the selectivity of the developed approach, an interference study was
carried out by mixing different interferents, namely procainamide (PA), ciprofloxacin
(CPN), amphetamine (AA), and valeric acid (VA), of 1¥M concentration each with

GMC that is kept at a concentration of 1XM) The SERS spectra of the interferents and
analyte (Fig2.17b) show a negligible impact of interference by the other bioactive species,
and the Raman intensities are 96% consistent with the originallyveldsenes. The RSD

of the SERS peaks for the concentration (I3MpPwas noted to be 1.45 %, while the
average recovery was calculated to be 98%. These results confirmed that the prepared
AgNPs@\WCTy films could be reliably used for the long term with excellent selectivity,

linearity, efficiency, and reproducibility in GMC drug analysis.
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3 CHAPTER

Silver-loadedbimetallic MXene substrates for ultra-sensitive
SERS detection of antibiotic drugs: The synergetic impact of

electromagnetic and chemical contributions

Taken from: Nasurullah MahiarAreej H. AFMebtil, Abdulaziz A. AtSaadt?”

1Department oChemistry, King Fahd University of Petroleum & Minerals, Dhahran 31261
Saudi Arabia.
2Interdisciplinary Research Center for Refining and Advanced Chemicals, King Fahd University
of Petroleum & Minerals, Dhahran 31261, Saudi Arabia.

3.1 Introduction

Surfaceenhanced Ramascattering(SERS) spectroscopyhas emerged as a powerful
sensitive andhon-destructive analytical technique for the quantificatiorirate organic
compoundg136], [137] It has been utilized in pesticidietectionenvironmental hazard
monitoring andbiofluid clinical measuremen{d.38], [139] Noble metalsnamely gold,
silver and platinumhave beemvidely used asd-atoms to fabricate nanostructured surface
substrats, giving rise tolocal surface plasmon resonance (LSPR) character[8dd],
[141]. However,a few challenges are still being faced in terms of synthesis procedures,
including high cost, aggregates formation, cluster instabilityiting to some extentheir

use and efficiency142], [143] Hence the fabrication of novedndstable substrates has
been a subject aftudy, aiming to enhance the detection limits and improve the selectivity
of SERSbased assayAs a result oftheir remarkablestructural and electronic properties

MXenes which are described &so-dimensional transition metal carbidased materials
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haveexhibited a great potentiato serve as a promising component in generating a new
class of SERS substrafdel4], [145], [146] Several studies have been reported for the use
of differentMXenes andheir nana@omposite with noble metain this ared147], [148],

[149]. However, anajor disadvantage reportedthechemical instability, restacking, and
oxidative degradatigrhence limited their use asistainablesubstrats for a reliable use
[150], [151], [152] Bimetallic MXeneshave recently demonstrated sevadlantages
overconventionakingle metahnalogue§l 53], [154], [155] Theyhold immensg@romises

for applications in optical spectroscopy, owing to theintable charge transfer
characteristics and excellent plasmoasépect§156], [157] The presence dfeteroatoms

not only impacts plasmonmouplingbehavior but alsalters the electronideatures thus
affecting charge transfer capabilities, conductivity and optical prop¢ttés, [158] In
addition, the diffuseFermi leves expand the charge distribution along the layered
structure, makinghe materialsnoreelectron sufficientvith awider interlayer space and
appreciablgorosity[159], [160] This phenomenon significantly enhances the interaction
between analyte molecules asubstrates, making such a new generation of MXenes as a
potential candidate to promote both the chemical and electromagnetic mechanisms leading
to the desirable Raman signal enhanceméinitsalso noteworthy thdtimetallic MXenes
demonstratea promisingfluorescence quenching abilityrhat arises from thesmooth
energy transfer processes between fluorophore molecules arunbtallic MXene
fabricated substrate [161], as earlier reported ifluorescence sensing and imaging

applicationg162].

The present studgemonstrates new advancement in the field of ciprofloxac{&P)

antibiotic drug detection usingsilver-loaded vanadiurzirconium bimetallic MXene
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hybrid SERS substrate Réletection is of utmost importance in pharmaceugodclinical
monitoring due tdhewidespread use and potential health implication associated with its
presence in various matricEs63], [164] Several studies explored the use of different
techniques, aiming to achieve low€P detection limits,improved sensitivity, andan
enhanced selectivity165], [166], [167], [168], [169], [170]However,most of these
approachesncounter challengesuch as high background noise, poor reproducibiity,
insufficient sensitivityThese techniguesummarized iffable3.1, could quantify CP drug
up tolimits of detection (LOD)within the range betweeh0® to 10° M concentratios
Reaching anorecompetitive LODrepresents major target to achievén a prior SERS
study usinga vanadiurrbased MXene decorated with silver nanospher&,Gib of 101°

M of gemcitabine drugvas successfully estaltisdwith an excellent recovery of 98%
[171]. This haspromptedus to foster amther advanced methodology design novel
bimetallic MXenes targeting an ulttaw concentration of CP in aqueous medHiarein, a
systematic approach to investigaBERS performance osilver-loaded vanadium
zirconiumMXene AgNSs@\b.25Zr1.75/CTx) was establishefbr ciprofloxacin detection

Thesensitivity and selectivitgf that approach have been assessed
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Table3: Reported analytical methods used in CP detection, their limits of detection, linear dynamic ranges, and linear

regressions constants, as compared with the present work.

Method LDR LOD R2 Reference
MI-SERS - 10°M - [165]
EC 0.5 to 64.0 ng mt! 0.5 ng mLt -- [166]
Sensor
Chemical 0.0:-120 M 2.7 nM - [167]
Sensing
PEC 0.4-1000 nM 0.13 nM -- [168]
SPR - 7.1ppb  0.993 [169]
EC- 0.0510 uM 5nM - [170]
sensors
SERS 10*71 1.0x101 M 1.0x10*M  0.998  Present Work

3.2 Experimental

3.2.1 Materials and Reagents

Here are the materials and reagents utilized in this s#niig (6 um 99.9% Chemetall,
Germany)aluminum(5 pm, 99% AFE, US), silver nitrate (AgN®9.9%), \bOs (6 pum,
99.8%)lithium fluoride (LiF, 99%), HCI (99%), dimethyl sulfoxide (DMSO, A.Rhd nr

hexane (6H14, A.R) were allpurchased from Sigma AldricMoreover, graphitic arbon
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(99.8%), sodium citrate @sNazO7.2H0, >99%), tartaric acid (99 %), and sodium
borohydride (NaBkl 98.9 %) wereobtainedfrom Alfa Assar. CiprofloxacinCP (99.8%)
was purchased from GlaxoSmithKline USA. All the solutions were prepameionized

water.

3.2.2 Characterization

Comprehensive characterization protocols were carried out to develop a reliable
understanding of the nature of the MAX and the corresponding bimetallic MXene materials
developed during this study multifunctional X-ray diffraction device Ultima IV was
exploited to study the Xay diffraction (XRD) pattern. Agilent Cary 60 was used to
analyze UVvisible absorption spectrd JEM-2100field emissionmicroscope (Model:
JEOL-USA) at 200 KV to studgurfacemorphology. Utilizinga Tecnai G2 20 SWIN,

D 2012, the transmission and higresolution (HRTEM) recordings were made. The
Raman and SERS spectra wemlected using a HORIBA Scientific LabRAM HR
microscope at optimized conditignzarticularly the 25% laser powei33 nm excitation
wavelength 50x objective lens, 20acquisition time,and 10 accumulationghe final

collected spectra were the results of an average of 5 runs.

3.2.3 Materials Preparation and Synthesis

Silver nanospheres (AgNSs)In accordance with our previously published w{itk?2],
AgNSs were prepared by a chemical reduction metitth a standard procedure in a 200
mL roundbottom flask0.1 ml of the 0.101 AgNOs solution, 3.4 mL of the 0.17M sodium
citrate and0.6 mL of the 0.17 Martaricacid were added simultaneously. After allowing

the mixture to stabilize at room temperature for three minutes, 0.2 mL (0.5 mM) of newly
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produced NaBklwas added dropwise. The mixture was then let stand for five minutes to
maintain the uniform size distribution of AgNSsllowed by adding 95 mldeionized
water. The final mixture was boiled for 20 minutes at A @&nd then cooledown in an

ice bath.

Vanadium-zirconium MAX phase A bimetallic Vo.25Zr1.75)AIC MAX phase was
synthesized withsome modification to the reported literatuggrocedure[159], [160]
Initially, commercially availableprecursors of Zr, Al, V, and C wermixed in a
(Vo.25+2Zr1.75):1.8:1 molar ratio in 100 ml ZrC jar in presence of propyl alcohol. A dual
mixer/mill (SPEX Sample Prep. 8000 D) was used to grind the powder to a fineness of 100
mesh. The fine ground mixtumas placed in a heating boat and heated in an inert
environment at 1450 °C for 180 minutes with a ramp of 10°min in a tube furnace
(Carbolyte STF 15/450). To compensate for the loss of Al above (660 °C), an additional
amaunt of Al was added. The cooled mixture was then dispersddiamizedwater and
sonicated for five minutes after being clearfiesin contaminants for two hours at 3G

using 2M HSQs. The resulting mixture was collected for further investigation aftexddri

in avacuum drier at 66C.

Bimetallic Zro.25V1.75)CTx MXenes and silverloaded SERS substrateThe synthesis

of bimetallic MXenes ¥ 25Zr1.75)CTx and loading them with AgNBivolves a multistep
process that begins withselective removal of the Al from the MAX phase precursor,
followed by intercalation of etched product exfoliate the layers and obtain MXene
nanosheets. Traditionally, hydrofluoric acid (HF) has been the preferred etchant due to its
high efficiency in MAX phase etchingl147], [171] However, HF is highly corrosive,

toxic, and poses significant environmental and safety concémnshis study, we
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implementeda green approach for the synthesis of bimetallic MXengs(Xr1.75)CTx

using environmentally friendly mixed acid etchafigy. 3.1). The method employessoft
etching solution (LiIF+HCI) as an alternative which is +#oxic, less corrosive, and
environmentally benign, making it a safer and more sustainable approach for MXene
synthesis. In a typical procedure the precursos(Zri.75)AlC is subjected to a mixture of

2:1 HCI LiF etchant forselective etching of the Al in a Teflon bottle. TAmount of
Vo.25Zr1.75)AIC powder (typically 1gwasadded slowly as 100 mg in an interval of 5
minutes to avoid the oxidative degradation of the mixture. Initially the temperature of the
contents is kept very low (4 °C) to control the reaction kinetics and aroicearly
oxidation. After 20 minutes of stirring on an ice hdtie mixture was transferred to an oil
bath at 40 °C for (48 hours). Afterwards, the product was cleaned and centrifuged in a 1:1
water/ethanol mixture at 8000 rprand thesedimentd product collected while the
supernatant was discarded as impurities. The collected solid contents were further
dispersed in a washing solution by mechanical mixing and sonication followed by
multiple time washng and centrifughg at 5000 rpm. The supernatant was collected as
multilayered etched bimetallic MXenes while the sedimented praghtdurther treated

for washing. The procedure was repeated until the pH of the solution de&ashend the
supernatant turned transparergflecing no more suspended MXene flakes. After the
selective etching, the intercalation of the MXene layeais achieved by immersing the
etched product in 20% TEA intercalant and stirred at 400 rpm for 2 hours. The intercalated
product was further centrifuged at 5000 rpm followed by 2500Q fijra supernatawas
discarded in a first rynwhile for the subsequent runiset supernatant was collected as

delaminated flakes a@he targebimetallic MXenes. The collected bimetallic MXenesres
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freezedried and used for furthg@reparation of the SERS substrates, where in a standard
method50 mg ofthe assynthesized/o.25Zr1.75)CTx powderwas disperseth 50 mL of
deionized watefThe mixture wasanicatel for 1 hour to ensurthe exfoliation ofstacked
MXene layers.That was followed by a dropwise addition of 5ml of (30%) AgNS seed at

a constant sonication to ensure the effective intercalation of the nanospheres. Different
volumes (5, 10, 15, 20 ml) of AgNSs were added in 50 mL solution péidisd bimetallic
MXene, and the resultaigNS@VW.25Zr1.75)CTx materials werenvestigated for the

SERS response. It wabserved that 5mL exhibited a remarkable enhancement, hence used

for further study.
MAX Etching Intercalation AgNSs@Vo.s(zri7s)CTx CP loading
Vo.zs (Zr1.75 AlC) and laser

»M»i

v

Ol e
[ N ] . C
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Figure 3.1: Synthesis of bimetallic V0.25(Zr1.75)CTx MXene from its precursor MAX phase V0.25(Zr1.75)AIC,

intercalation of the etched MXenes and preparation of SERS substrate to laser exposure.
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3.3 Results and Discussion

3.3.1 Morphological and surface characterizations of AQNSs@ 0.25(Zr 1.75)AlC

Morphological features of the prepared.Zr1.75CTx are illustrated in Fig3.2. The

MAX phase has dypical ternarylayered 3D structure, and the EDS mapping of the
Vo.25Zr1.75)AlIC shows a homogeneous solution of the phase. Likewise, Fig. 8.2b depicts
the morphology of the etched bimetallic MXenes composed of loosely packed 2D evenly
spaced multlayered structure with an accordibke shape as compared to the precursors.
Furthermore, the SEM images indicate silver nanospheres distributed on the surface of the
Vo.25Zr1.75)CTx with a particle size distribution of nearly-80 nm. The assembly of
nanosperes on the MXene surface is induced by their positive charge and the negatively
charged T groups (eitherO, -F, or-Cl). The presence of vanadium, zirconium, and carbon
accompanied by remnants of fluorine and oxygen as terminal groups was also analyzed
using EDS before and after the loading of AgNSs (Big.e and f). Compared to the
precursor, the percentages of the Zr, V and C elements are predominant in the etched
MXenes, suggesting the effective transformation from MAX phase to the desired MXene
phase. The microstructure ofo¥sZr1.7s)CTx was further investigated using a high
resolution TEM (Fig.3.2d) which displays 2D transparent stacked flakes with circular
fringes showing the distribution of AgNS along the\ZAC layers in a parallel lattice
fashion @-spacing of 1.27 1.45 nm). These findings are in good agreement with previous

reports[115].
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Figure 3.2: SEM images of the prepared (a) V0.25(Zr1.75)AIC bimetallic MAX phase, (b) V0.25(Zr1.75)AIC
MXenes, and (c) the hybrid SERS AgNS@ V0.25(Zr1.75)AIC substrate, (d) a high resolution TEM image of the hybrid
SERS AgNS@ V0.25(Zr1.75)AIC substrate, (e) the ED&spm of the prepared V0.25(Zr1.75)AIC MXenes, and (f)

the elemental mapping of Zr, V, C and O in V0.25(Zr1.75)AIC MXenes.
The XRD patterns for the o5Zr1.75)AIC phase are depictad Fig. 3.3 asa primary
constituent of YAIC (indexed by JCPD card No. -2¥095)whererespective impurities
were not detected. Itan be observed that the main pattern of the>¥Zr175)AIC has
experienced shiftingp lessd valuesdue totheincreased Zr contents and the expanded ¢
lattice parameter alontipe c-axis owing tothe larger radii ofzirconium[173]. The XRD
for the Vo.25Zr1.75)CTx MXene, on the other handijsplays a characteristic diffraction
profile. While sharing some similarities with the MAX phagectrum it shows distinct
peak positions and intensities, indicatingmarkablydifferent crystal structur&Vhile the
presence of peaks like (00€),01), and (111) suggests a layered structure common in
MAX phasesthe specific positions of these peaks differ from the MAX phase, implying

differences in lattice parameters. The peak emerged at 8.77%d limkhe (002) plane
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indicaiedachange irthecrystallographic orientation ine2D layered structure. Likewise,
the substantial decrease in intensities for (210), (1d41d9 (101) peaksand rise in the
intensitesfor (106)and(004) peakssignify amodification intheunit cell dimension along
a, b andc axes. The changén dimensionalityfrom MAX to MXene as depicted by the x

ray spectras well aligned with the previous repoffis/ 3], [174]

Vo 25(Zr 75)AIC Vio.25(Zr; 75)CTx
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Figure 3.3: X-ray diffraction (XRD) spectra of (8§0.25(Zr1.75)AIC MAX phase, and (b) the bimetallic

V0.25(Zr1.75)CTx MXene. The indexed peaks correspond to the respective crystallographic planes.

The Raman specti#ig. 3.4) offer furtherinsightslinked tothe vibrational properties of
Vo.25Zr1.75)AlIC andthe prepared bimetallidXenes.The spectraan bedivided into three
distinct regionsthe Zr-V, Al/Tx, andcarbonregions. The spectrumf the MAX phase
exhibits prominent, sharp peskn the ZrV region at 198, 261, 280, and 390 tm
corresponding to &, Exg, E1g, and Agsymmetry modes. The earli@vo modes are related
to in-plane vibratios of Zr-V bonding while thelatter areattributed respectivelyto in-
plane and oubf-plane vibrationsassociated with/ and Al atoms [171]. In the region
around 600 c mcah beobaervedhirdicgiing the présence of vibrational

modesrelevant to aluminum The carbon region (1400
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resolved peak, suggesting a lower concentration of cashead bonds compared to the

other components. Likewise after etchitige Vo.25Zr1.755CTx spectrum showa similar

set ofpeals but with substantialvavenumber shifts a variationin their intensities(Fig.

3.4b). This spectral variation is assumed be due to the wide interlayer spacing in the
delaminated MXene flakes compared to the precursor, while the peaksvinmegion

between 108 0 0 suggesthe presence of 2¥ bonds. Conversely, thel/A region
(around 600 cm T) exhibits a dif fxeelatedht pea
(-O,-For-Clymodes nst ead of Al . The car bondiffusedgi on (
peakascompared taghe MAX phaseindicatingthe successfuiemoval ofaluminumand

achange in crystallinity of the materijdl75]. Moreover,the UV-Vis spectumdepiced in

Figure 3.2c shows that lte delaminated 345Zr1.75)CTx solutionis characterized with

maximum absorbance band<2a0, 310 and 795 nm. According to Satheeshkuwehat,

the firsttwo bandscorrespond tdhe bimetallicMXene bandgap eneggs whereas the

latter oneis assigned tohe longitudinal oscillation in the near infrared region. The-UV

Vis spectumof AgNSis characterized wita maximaat 405 nmconfirmingthe plasmonic

behavior of the nanospheres. Likee, the AQNS @V25Zr1.75)CTx compositeexhibiteda
setofdistinc bsor pti on b and s(liadettothe BimelallicaMXdnehd 4 n m

thatat 4 @dnfirming thesuccessful loading AAgNSs.

3.3.2 SERS Analysis

All the Raman and SERS spectra for the free CP, AGRSnd AgNS@VY25(Zr1.75)CTx-

CP werecollectedat room temperature with an optimized ratiol:2 of the drug tahe
substratef bimetallic MXenesThe Raman spectrum of free (fRg. 3.5) showsa number

of prominent peaks located at 230, 303, 627, 789, 1378, 1404 and 1638hich are
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likely described askeletal bending, {1 bending, NH bending,C-N stretching and C=0
stretching vibrational modes These modes are characteristic in the sense theat
correspondingSERS spectruracquired withthe silver nanosphehows a similar peak
pattern yet with remarkabBnhanced intensitiemaking them good candidates for further
SERS investigationsThis enhancememntould be attributedo the interaction ofCP
molecules with thesphericalsurface of silver which amplifies the Raman signal by the
localized surfaceplasmonic resonance (LSPR) feature3he SERS spectrum after
incorporatingthe drugwith the hybrid SERS substrate (AQNS@.2YZr1.75)CTx-CP)
exhibits a comparable set of peaks but withfusther improvement in intensity and
associated withappreciable wavenumber shifts. For instance, a signifidaatin the
intensity ofthe peak associated with the carbonyl group stretching accompanied with a red
shift (down t01603 cm?) could be noticed, asompared tahe AgNS-CP combination
(1633 cmb). It suggeststhat a proper incorporationof the bimetallic MXene
Vo.25Zr1.75)CTx with the silver nanospheragsults in a stronger phototeraction with

drug molecules compared with omygNSs The spreadout of the nanostructured silver
particleson the MXene surfaceis likely to provide more hot spots and hamper the
clustering ofthe nanospherd476], [177] In Addition, the negatively charged terminals
shall providea better adsorption of the substrate through complexation, thus maximizing

the interaction between the probe molecules and the plasmonicasesst
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Figure 3.4: Raman spectra of (a) V0.25(Zr1.75)AIC bimetallic MAX phase, and (b) the prepared V0.25(Zr1.75)CTx
MXene. (c) U\Vis spectra of the hybrid AQNS@ V0.25(Zr1.75)CTx substrate (blue) compared to those of silver

nanosphere (red) and prepared bimetallic VO.25¢&LCTx MXene (black).

The observed alterationis the spectralfeaturesandthe detected wavenumbshifts at
various magnitudes the characteristic Raméines(e.g.789 to 7811340 to 1345, 1405
to 1394 and 1634 to 1603 c’) not only reflect theinherentSERS effecbut also are
credited toboth the chemical and electromagnetic mechanigibreviated as CMnd
EM, respectivelyJacilitated by the hybrid substrates usétle EM isnormally prominent
when there ignelectronrich substrate, thus ihducesL SPRfeatureson laser excitation.
Since thebimetallic MXene hasnixed types ofatoms of different propertiethe Fermi
level is expectedo be diffusedgenerating digh density of electronghusbecomingan
ideal candidate fothe EM effect Such a conclusiors evident from thdrequencyshifts
associated withhe intense Raman signals. In addition, the differgaiure of vanadium
and zirconiunresulsin coupling ofthe plasmonic characteristics ahdnce camugment
the interband charge transfer (IBC/Which contributeprimarily to the CMaspectsit is
worthwhile to comment on that thegnal intensity is also sparked by the substantial

surface area of the hybridisstrate and the strong plasmonic light field resonsheped
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surface turbulence by the mutual impact of AgNS ands¥r1.75)CTx. Therefore, the
hybrid substrateis a potential candidate that notably stimulates Raman signal
enhancemestdue tothe outstandingcoupling betweenEM and CM leading toan
enhancement factor (EF) of 1.14%10he most intense SERS peak (1345 was chosen

to determine thenaximumEF using the following reported formuyla78]:

EF = OIL,3 i OIU i (3.1)

wherels andNs are intensity and concentration of the probe molecules in SERS signal
while Ir andNr are the intensities of distinguishing Raman modes of the probe molecules,

respectively.
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Figure 3.5: Raman and SERS spectra of the ciprofloxacin, CP, drug (green), silver nandepteceCP drug (blue),

and the hybrid substrateaded CP drugy0.25(Zr1.75)CTxCP, substrate (red).
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3.3.3 Limit of detection, slectivity and interference effect

A gquantitative detection of CP within a wide concentration range was studied in aqueous
solutions to establish the reliability of the developed spextadytical method. The hybrid
substrate AQNS@J3/45Zr1.75)CTx posed a notable detection ability towards CP traces. A
uniform spectral pattern of SERS intensities decreasing with the decrease of CP
concentrations in the range of 4@ 10 M was observed (Fig3.6a). Within this
concentration range, the intensdgncentration relationship demonstratingide linear
dynamic range for the two characteristic SERS 1394 and 1563imes showed a decent
correlation corresponding to &% value of 0.981 and 0.979, respectively (F@$b and

6¢). The detection limit of the developed method was confirmed to be as lowdd 10

CP concentration. The observed detection limit was the lowest concentration ever detected
for CP when compared to other previously reported analytical approaches (Table 1).
Moreover, to rectify the discerning ability of the hybrid AQN8@s(Zr1.75)CTx substrate,

an interference study was conducted, where the solutions of the probe mole€Wé (10
CP) and other interferent drug compounds, namely valeric acid (VA), citric acid (CA), and
amphetamine (AN), of 2OM concentration each were mixed. FijZa demonstrates the
characteristic SERS spectra of CP after adding the interferents. The characteristic spectrum
is still persistent with almost no recognizable peak displacement nor a change in the
spectral pattern observed, signifying that such a SE#&bstrate can selectively interact

and distinguish between the interferents and the probe CP molecules. The SERS method
can detect analytes at concentrations as low as parts per trillion (ppt), making it an ideal
tool for monitoring ultratrace levels obioactive compounds. Hence, the hybrid substrate

designed using bimetallic MXenes has proven to be merely insensitive to matrix effects,
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allowing the possibility for direct analysis of complex samples, such as water, soil, or
biological fluids withoutextensivesample preparation. Besides, using this approach in a
portable instrument can be deployed fofsitu analysis, enabling rapid response to
contamination events. In addition, it can havprofoundmpact on assessing the impact

of wastewater treatment plants, agricultural runoff, and livestock operations on antibiotic
contamination in water bodies. Studying the absorption, distriputieetabolism, and
excretion of CP in humans and animals is highly proposed to optimize drug therapy.
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Figure 3.6: (a) SERS spectra collected for the CP concentrations in t4€l04 M region in aqueous media using
the hybrid AQNS@V0.25(Zr1.75)CTx substrate, and (b) the detected linear dynamic range and corresponding
calculated correlation coefficients of SERS irgity vs. the logarithm of CP concentrations for the two characteristic

peaks observed at 1394 and 1603km
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Figure 3.7: (a) Characteristic SERS spectra of the CRF 1) after being mixedvith selected interferents (M

each), namely valeric acid (VA), citric acid (CA), and amphetamine (AN), and (b) the selectivity outcome of CP in

terms of SERS intensity of the probe compared to the selected interferents.
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4 CHAPTER

Fast andSensitive Detection of Procainamide: Combined
SERS and DFT Modeling Studies

Taken fromMahar, Nasurullah, Muhammad Haroon, Tawfik A. Saleh, and Abdulaziz A.
Al-Saadi. "Fast and sensitive detection of Procainamide: Combined SERS and DFT

modeling studies.Journal of Molecular Liquid843 (2021): 117633.

4.1 Introduction

Procainamide (PA) is an antiarrhythmic agent mainly for cardiac medication. It is also
extensively used to cure ventricular arrhythmia or supraventricular arrhythmia for almost
half a decadd179]. Other illnesses, such as ventricular tachycardia, atrial flutter and
fibrillation, AV nodal reentrant tachycardia, as well as wolf Parkind@hite syndrome
[179], [180] have been treated with A#ased formulations. Another historic use of PA
wasdiagnostidesting for Brugada syndrome, although it idaragerused due to the low
sensitivity of detectio{181]. Besides its cardiaelated applications, it decreases the
nephrotoxic and hepatotoxic influences of cisplgtB2], [183] The continuous use of PA
medication, however, posed potentially serious adverse effects, includinglikgus
syndrome, bone marrow toxicity, polymorphous ventricular tachycardia, hypotension, and
cardiac toxicity[184], [185] It is metabolized to Mcetyl procainamide (NAPA) by -N
acetyltransferasH in the liver and is excreted through urine in greater proportions as
NAPA and unmetabolized PAAPA presents a comparable pharmacologic activity and,
hence, similar adverse effe¢is/9], [186] Therefore, the development of a reliable and
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sensitive analytical approach for the detection of the concentrations of PA in agueous

solutions is necessary to investigate the pharmacodynamics and toxicodynamic properties.

Due to the importance of having fast and reliable determination tools of trace PA
concentrations, several analytical protocols have been developed to quantify PA in plasma,
urine, and blood. These protocols were established using a variety of technaqoely, n
thin-layer chromatography187], highpressure liquid chromatography (HPLC), ultra
HPLC[179], PVC membrandased potentiometric sensi88], and molecular imprinted
electrochemical sensors based on glassy carbon electrfiBY. Moreover,
spectrophotometric methods that employ chemical sensors, such as iBiattsimall
reagent, which convert PA inf90] a Schiff base detectable at 54# were successfully
established. Such methods are also useful for the detection of PA and NAPA in drugs
through the colored naphthoquineftsulfonic acid product with linearity ranging from

50 to 250.0 pg mtfor PA[190]. Flow injection analysis was also explored for the possible
detection of PA, and the absorption was measured at 4§Q90h The aforementioned
methods reliably achieved a concentration detection of as low %48, Mth multi-step
sample preparation, extraction, evaporation, and reconstitution. The development of an
analytical technique which can go to lower detection limits than ones reported with feasible
sample handling and preparation has been highlightetisnwork using the surfaee
enhanced Raman scattering (SERS) spectrophotometric approach. SERS has been more
attractive compared to other analytical techniques duts thighcost efficiency, short
analysis time, sample natestructiveness, most robust, rapid response, and ultra

sensitivity [191]. It is found particularly useful in the determination of trace amounts of
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bio-organic molecules with significant Raman signal enhancements by a factor tp to 10

[192]

Herein we report a sensitive and fast SHRSed analytical methodology for the
guantification of PA in agqueous media using silver nanoparticlesN[Rg) as a SERS
substrate. The Ag@P#Aemonstrated strong Raman signal enhancements compared to
individual PA and NPs and possesses the features of low detection limits, high sensitivity,
and good linearity. By utilizing the electromagnetic mechanism due to the interaction of

Ag-NPs with PA dug, a low detection of 18 M towards PA was obtained.

4.2 Experimental

4.2.1 Chemicals and Synthesis

Procainamide hydrochloride (PA), named algeaminaN-[2-(diethylamino)ethyl]
benzamide monohydrochloride, silver nitrate (99.9995%), sodium citrate (>98%), and
citric acid (99.899%) were obtained from Sigilarich (St. Louis, MO). The sodium
borohydride (99.9%) was obtained from Alfa Aesar (Wardhill, MA). All the reagents were
utilized without additional purification. The solutions were made in deionized water and
the glassware used for experimentatiwas drenched in sulfuric acid overnight then

washed arefully with distilled water followed by deionized water.

4.2.2 Preparation of Silver Nanoparticles

The silver nanopatrticles (A§Ps) were prepared by the following methéag(re 4.1)
with modification on that reported in the literati®3]. In a typical method, 0.1 mL of

silver nitration (0.10 M), 3.40 mL of 0.17 M sodium citrate, and 0.60 mL of 0.17 M citric
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acid were combined in a round bottom flask with 45.0 mL of deionized water and stirred
for 5 minutes at room temperature. Later, 0.20 mL of newly made sodium borohydride (0.5
mM) was then added slowly into the mixture and allowed to stand for 5 min. tAfter

the system was heated at 100 °C under continuous stirring for 1 hour. The heating was then

off and after cooling the obtained A¢Ps were collected.
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Figure 4.1: Scheme for the synthesis of silver nanoparticles and the associated SERS mechanism

Thecharacterization of the prepared-AidPs was performed by Fourigansform infrared
spectrometer (FIR), UV-Visible spectrometer, and field emission scanning electron
microscope (FESEM). The FTIR spectrum was collected in the wavelength range from
400 b 4000 cmt with 2 cmi* resolution by Nicolet 6700 FIR spectrometer equipped with
KBr beam splitter and DTGS KBr detector. The WAsible spectrum was collected with
the use of a UWisible spectrophotometer (model: Agilent, with standard quartz cuyettes
FE-SEM images were documented with J2WO00 F Field Emission Microscope (Model:

JEOL-USA) at 200 KV speeding up voltage.
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4.2.3 SERS Study

Solutions of PA with different concentrations extending from (0.1 M t&° M) were
prepared in deionized water for SERS experiments by the subsequent dilution method. The
spectra of PA were measured using HORIBA Scientific LabRAM HR evolution
spectroscopequipped with an internal Hee 17 mW red laser at 633 nm excitation
wavelength which attained a high sigt@noise ratio with improved baselines and
symmetric peak§l94], [195] A 50x objective lens was utilized to focus the laser on the
solutions. The microscope was equipped confocally with 600 mm focal length
spectrograph and two switching gratings. A laser power of 5% with data acquisition time
every 25 seconds and 4 accuntiolas of collection for SERS spectngereselected. The
spectra were collected at an optimized ratio of 1:1 of PA antliiRgywhich were mixed

in a cuvette that is 1 cm height and 1 cm radius. No sign of degradation was observed

during the Raman measurement

4.2.4 DFT Calculations

The DFT calculations were carried out using the B3LYP density functional introduced by
Becke[196] and Lee et gl197] with aid of Gaussian 09 packald®8]. Two different basis

sets were employed to demonstrate the orbitals of metal anemetah atoms.
Stuttgart/Dresden (SDD) basis set was used for silver atoms, wBild®(d,p) was
employed for other neametal atoms. The basis sets were chosen in orgeodoice results
consistent with the experimental findinf99], [200] The frequency calculation was
conducted with the same basis sets, and complete relaxed geometries were obtained by

confirming that no imaginary frequency was obserj\&3]. The calculated wavenumbers
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were scaled with a scaling factor of 0.962 for better agreement with experimental spectra.
The optimized geometry of the procainamide molecule is given idRigrlhe vibrational
assignments of the PA fundamentals before and after the interaction with the silver cluster
were concluded with the help of GaussView6 software visualization capabilityen€hgy
interactionwas computed by taking the energy difference before and after the interaction

between the drug molecule and-8lgister.

-
9
9

Figure 4.2: Theoretically Optimized Structure of Procainamide

4.3 Resultsand Discussions

4.3.1 Silver nanoparticles Characterization

Ag-NPs prepared in this study were characterized by several techniques. s UV
spectrum of AgNPs shows an excitation at 409 nm (black line) in 50 mM solutiordFig.

4(a) belonging to the synthesized-AljPs. The band position exhibited a small shift due to

the small size of nanoparticles compared to the literature reported band position at 420 nm
[203], [204] The shoulder observed at 500 ron Fig. 4. 4 (a) is ascribed to size
heterogeneity of AdNPs, which could be due to surface defects in nanopar€l&é$ The

peak excitation observed at 320 nm is due to the mixture of the drug aN&#g he red
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shift associated with the drug molecules from 278 to 320 nm and the blue shiftiRkiPAg
from 409 to 320 nm confirmed the adequate interaction between the drug aesAg

is ascribed to the charge transfer between procainamide molecules aneNPRes@lgstrate

[206], [207}
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Figure 4.3: UV/Vis Spectra of the drug at different concentrations

The stability of AgNPs was studied by mixing different concentrations of drug (1 mM to

5 mM). No decrease in the intensity was observed. The nanoparticles were thus found
stable and consistently exhibited blue shifts due to the interaction with difigmegmt
concentrations, as depicted in Hig3. Fig. 4. 4(b) displays the FIR spectrum of Ag

NPs with a broad band recorded at 3446 assigned to theDH stretching pertains to the
presence of moisture on AgPs. The sharp peak recorded at 1574 attributed to the

citrate stabilizer used for the preparation of NPs and could be ascribed to the C=0
stretching vibrations. The band at 1376 dsimainly associated with the-@ stretching.
Moreover, the band located at 590°ti® attributed to CHrocking and COO deformation

modes. The recorded HR spectrum agrees with the literatu@208]. The Ag@PA
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spectrum shown in Figl 4(b) depicts band shifts and changes in intensity confirming the
interaction of the drug with the silver atoms. The 3446 band has shifted to 3377 &m
and its intensity got significantly enhanced. Similarly, the 1574iafrared band has been

shifted, while the 1376 cthband has been quenched.
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Figure 4.4: (a) UV-Vis and (b) FTIR spectra of the prepared APs before (black) and after (red) being mixed with

PA.

The morphology of AGNPs as shown from the FEEM images Fig4.5 revealed a
spherical shape of the nanoparticle of about 20 nm average size. Such a small size with a
larger surface area enablsdfficient accumulation, and thus a greater number of drug
molecules are irradiated leading to an adequate interaction between PA molecules and Ag

NPs, which resulted in considerable peak intensity enhancements.
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Figure 4.5: FE-SEM images showing the morphology of the prepZgd\Ps.

The Raman spectrum Fid. 6 shows that there are no peaks associated witNRgin the
range of 300 to 4000 ctnallowing the use of the substrate in this range without significant
interference with PA. Hence, SERS peaks observed below the 200@wege Fig4.7 can

be considered only for the PA molecules.
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Figure 4.6: Raman spectra of the as prepared silver nanoparticles

74



2000

1600 4
51200 4

800 1

Intensity (a.u.)

4001

- -

500 750 1000 1250 1500 1750 2000
Raman Shift (cm™)

Figure 4.7: The Raman spectra of the Procainamide drug

4.3.2 SERS Detection

Some chromatographic and spectrophotometric approaches have been designed for
sensitive and accurate detections of PA. Despite the good and reasonable determinations
demonstrated, the research to achieve even lower detection limits and more feasible
protomls is still ongoing. The implementation of Raman spectroscopy to explore
biomolecules and their trace presence in aqueous and nonaqueous §388n{210]
presented a potential path to advance our analytical capabilities in the area of
pharmaceuticals. The multiband structure of Raman spectembbked uso discriminate

the falsepositive results due to interfering compourjdé1] and more importantly to
provide molecular fingerprints capable of facilitating ulir@ce limits of detection and

even in some cases-gite determinatiofiL92]. The coinage metal nanoparticles associated
mainly with silver and gold are utilized to fabricate active substrate due to their stability,

as well as the chemical and electromagnetic signal amplificdti&a%

75



In previous reportfl92], [200], [212], [213)we were able to successfully develop SERS
and electrochemical SERS protocols for the detection of trace procaine concentrations.
This has prompted us to explore the Raman signal amplification phenomenon in the
corresponding procainamide (PA) drug. The SE&ffect was efficiently utilized as
presented in this work to determine a trace concentration of lessidnamolarPA in
aqueous solutions. The SERS spectrum of PA mixed in a 1:1 portion with thesNaBH
reduced AgNPs substrate is compared with the ndriRfaspectrum, as can be seen in Fig.

4. 8. Significant enhancements associated with, Meinding, C=0O stretching, andC
stretching, as well as-0 stretching modes were noticed. The changes in these peak
positions in the SERS as compared to the normal Raspactrumconfirmed the
meaningful interaction of the drug with the substrate. The mechanism of enhancement
using silver substrates could be referred to as the interplay of chemical and electromagnetic

interactiong212], [214]

—SERS C=0 str.
Raman (Intensity 3x) =

C-C Str.

Intensity

T 1
500 1000 1500 2000
Raman Shift (cm™)

Figure 4.8: SERS spectrum of PA at a concentration of 0.5 M (black) compared with normal Raman spectrum (red) of

PA solution without AgNPs.
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The SERS spectra recorded in the range of ZX® cm' at various concentrations are
depicted in Fig4. 9a). Varying the concentration of PA results in a systematic change in
the Raman intensity. It has been inducted from &i§(b) that the SERS peak intensities
increased logarithmically with the concentrations of PA in the solution. Hence, the
intensity is linearly proportional with the logarithm of the drug concentrations, and thus
the spectral enhancements can be in relatidmtive drug moleculds popul at i on an
interaction with nanoparticles. An interesting observation from the SERS spectra is that
several of the PA peaks encountered significant enhancements in their intensities.
Representative prominent peaks (labeled in &8). and their intensities were verified to
have a systematic change with drug concentrations in the range of 1 M id, B3
presented in Figt. 9(b) for 1661 crri(iv), 1613 cmi(iii), 1370 cm? (i) and 1246 crit (i).

The distinct intensity, shapes, and positiariserved were due to different types of
interactions between PA drug aAd-NPs. The lowest detectable concentration of PA was
attained at 0.5 xI¥ M with a calculated enhancement factor of [Z15], [216]that is
comparable to reported literature val{@k7], [218] The peaks enhanced observed for the
C=0 stretching at 1637 chand NH bending at 1580 crhhave blueshifted to 1661 and

1613 cmt, respectively, which can be due to the high plasmonic light field resonance
fashioned by surface roughness of silver nanomaterials upon Raman laser excitations. That
causes an increase in the light scattering of PA molecules residing within the plasmonic
field. Such observations are in good agreement with the sliding change in wavenumbers
and prove the possible interactiostween the AGNPs based substrate and PA drug. The

experimental and DFT calculated SERS spectra are givéig. 4.10.
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Figure 4.9: (a) SERS spectra of PA solutions at different concentrations ranging from 1vdid.X0) Logarithmic
relationships between the Raman intensities in arbitrary un#si§y and concentrations of PA for the bands

positioned at (i) 1246 c#h, (ii) 1370 en-1, (iii)) 1613 cm1 and (iv) 1661 cni.
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Figure 4.10: Theoretically computed Raman and SERS spectra d¢friheainamide drug
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The outcome of SERS approach presented here is compared with previously reported
methods (Tabl@.1) in terms of linear dynamic ranges, regression coefficients, and limits
of detection. The SERS approach is differentiated with its-triuie detection limit of PA

and a wider dynamic range, with a better sigoatoise ratid219].

Table4: Comparison of reported analytical methods for the trace detection of PA in aqueous solution. LDR: Linear

dynamic range, LOD: Limit of detection.

Method LDR LOD R? Reference
SFM 5x10°to 5x10°M 1.5x10°M 0.988 [220]

PVC Sensors 1x103to 8x10°M 2.4x10° 0.998 [221]
Spectrometric  50-700 pg/ml 25 ug 0.999 [222]
Ultra HPLC  20-10000ng/ml 20 ng/ml 0.998 [223]

CE 1-200 pg/ml 1.235 pg/ml 0.995 [224]
EC-sensors 4.00x10% 4.97x10°M  1.30x10° M 0.994 [225]

GC 4-10 pg/mL 0.5 pg/mL 0.993 [226]
SERS 1 M 0.5x10°M 0.5x 10'M 0.999 ourWork

4.3.3 DFT Modeling of Procainamide Interaction with Nano-substrate

Firstprinciple calculations were undertaken to illustrate potential mechanisms of

interaction between the substrate and ana]§&¥]. To achieve that, an Aguster
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containing four silver atoms with rhombus geometry was optimized and utilized to mimic
the interaction at the atomistic level. The rhombhaped silver cluster has been reported
and implemented in quantum chemical investigations due to its stable geomigtgyto

the higher binding energy per atom and to the electron sustainability it provides for
ionization [208]. Recognizing possible interaction positions in PA from the molecular
electrostatic potential (MESP) map was established and shokig.id.12. The primary

amine and to a lesser extent the amide nitrogen regions both possess a high electrostatic
potential of low electron density, while a high electron density was predicted in the vicinity
of the carbonyl moiety. These sites have potential fer ititeraction with silver
nanoparticles. The charge transfer process between the target molecule and sahstrate c
be traced by analyzing Mullikan atomic charges. It was noticed that electrons tend to
mi grate from sl i vesandHN éRAgmades ofinteradion Oab@é A g
4.2). Another helpful parameter to assess favorable interactions is the computed binding
energy. I n this study,-clustareateractiondds natrulatedter gy o f
be -3.03 kcal/mol with a binding distance of 2.43 A, which was found more feasib
compared to the binding energdy544 kcal/mol and binding distance 2.35nle case of

HoN é A gluster. Another observation from the DFT results (Tal#8gis the unfavorable

r i n g-€ldstpr type of interaction that corresponds to positive binding energy. This
scenario is interestingly unlike the ones reported for the counterpart procaine molecule, in
which the sliver nanoparticles tend to interact with #rematic ring[212]. The
replacement of the ester group in procaine with an amide group in procainamide seems to
impact the electronic nature of the aromatic ring. A bonding distance of 3.75 A and an

interaction energy of 4.04 kcal/mol (suggesting a-attractive interactin) for the
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Ags€ C-Ring type (Table4.2) both indicate that the ring in PA was not showing a
sustainable interaction. The atomic charge distributions of procainamide and procaine were
analyzed (Fig4.11), and it can be noticed that in procaine the aromatic ring close to the

carbonyl group possesses a higher negative charge, yet it carries a very slightly positive

charge in the case of PA.

Figure 4.11: Theoretically optimized structure of the drugs showing the possible sites of interaction with SERS

substrates.

From the comparison of atomic charges, the amide linkage influences the charge density
of the benzene ring and thus minimizes the chance of PA to interact with thi> Ag

substrate through the aromatic moiety of the molecule.
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Table5: Interaction energies, binding distances and changes in the sum of Mulliken charges for possible interaction

modes as computed at tBBLYP/6-311G(d,p) level.

Interaction Interaction Binding Mulliken Charge

Energy Distance
mode Free Complex

(kcal/mol) (A)

.C=0éAg -3.030 2.43 Ags: 0.000  Ags -0.113
PA: +0.113
H:Né Ag  -0.544 2.35 Aga: -0.0645

PA: 0.000 PA: +0.0645

C-Ri ng @ /+4.042 3.75 Ags: -0.0623

PA: 0.0623

Figure 4.12: Calculated molecular electrostatic potential (MESP) map of PA. Electicand electromeficient

regions are displayed with red apldie colors, respectively.
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Table6: Vibrational assignments of the main peaks in the experimentala and calculatedb Raman and SERS spectra of

PA in the range below 2000 efn

Approximate description  Experimental (cr)

Calculated (cr)

Raman SERS Raman Interaction mode

C=0éA(HNEéAg

3(C=0 str.) 1637vs  1661vs 1633 (100) 1635 (100) 1642 (18)

3 (NHz bend) 1580 m  1613s 1560 (40) 1597 (21) 1561 (100)

3 (CC str.) 1380w 1370s 1372 (42) 1345(22) 1345(21)

3 (Ring bend) 3 (CH2def.) 1340s 1342's 1345 (55) 1300 (47) 2191 (50)

3 (CN str.) 1284 vw  1314m 1282 (44) 1273 (17) 1260 (7)

3(CHsdef),3(CHbend) 1220w 1246w 1264 (38) 1210 (11) 1210 (9)

3 (CH bend) 1186w  1217m 1200 (28) 1180 (9) 1165 (3)

3 (Ring breath) 959 vw 989 m 932 (22) 985 (3) 972 (24)

3 (CH bend) 873vw 925w 877 (17) 931 (2) 941 (23)

3(CHbend) 3(CCNdef) 854vw  885m  832(21) 877(31) 868 (4)

3 (Ring bend) 709 vw 743 W 778 (4) 760 (2) 706 (2)

3 (CNC def.) 645 vw 674 w 652 (4) 652 (4) 6521)

4.3.4 Vibrational Assignments of SERS Spectra
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To have more insights on the type of drug/substrate interaction, the fundamental modes
observed in the Ramaspectra of the PA and PA@AYPs aqueous solutions were
analyzed. The spectra obtained by SERS experiments depict clear wavenumber shifts
accompanied by an increase in peak intensities when compared with the normal Raman
spectrum of PA. Vibrational assignments were performed in the range below 2300 cm
(Table4.3). To elaborate the effect of the band shifts, it was further undertaken with the
help of the visualization tools in GuassView R28] for the theoretical spectra conducted

at the B3LYP/6311G(d,p) level. The computed spectra were in fair agreement with
experimental results (Tabfe3). Further, Figd.13depicts the computational SERS spectra

of PA corresponding to the2N é Aga nd  C = Qrdefagtions of the drug molecule

with the silver nanocluster. The spectral features of the simulated SERS spectra of both
interactions match well with the experimental one. Given that these interaction modes are
energetically favorable (Tabléd.3), they are both believed to contribute to the most
prominent SERS peaks observed at 1661' @nd 1613 cm. The other vibrational
frequencies are also listed in Taldl& and compared as possible with the experimental

spectra.

The stretching vibrational modes in the SERS spectrum assigned to C=0 group were
observed at 1661 cin(1635 cm! from DFT). These wavenumbers are in accord with
reported C=0 starching mod®9]. Likewise, the wavenumber peak noticed at 1613 cm

! (calculated as 1597 chand 1561 cm) were assigned to the NHending coupled with

C=C stretching modes, which were confirmed from reported b#hding and C=C
stretching modeg229], [230] Since the calculated SERS intensity of this specific

frequency is the highest in theMé A gmode of interaction, was assigned exclusively to
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the NH bending mode (Tablé.3). Besides, the uncoupledCstretching was observed

at 1370 crit while calculated at 1345 chin the SERS spectra. The peak located at 1342
cmitand (1300 cm from DFT) was coupled by the ring stretching and CH bending modes
without evidence of wavenumber shift encountered. The very weak Raman peak observed
at 1284 crit was significantly enhanced and biskifted to 1314 cm in the SERS
spectrum. This was attributed to the CN stretching mode, and it is considered receefere
SERS peak that demonstrated a consistent intensity/concentration linearig/@Fighe
assignments assent to SERS peaks at 925 885 cm' and 743 ¢t were made to the

CH bending, CCN deformation and aromatic ring deformation modes, respectively, in fair
agreement with the interaction associated with the carbonyl group (98 B&ihcmt, and

760 cm® from DFT, respectively). These bands have a resemblance to reported literature
valuesg[231]. The peak detected at 674 €fand at 652 chfrom the DFT calculations) is

highly coupled with both the ring bending and CNC deformation m@dgs
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Figure 412 Calculated SERS spectra modeling silver cluster interactions with (a) the primary amine group and (b) the

carbonyl group, as compared with (c) th@erimental SERS of procainamide.
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5 CHAPTER

Spectroanalytical SERSbased detection of tracdevel

procainamide using greersynthesized gold nanopatrticles.

Taken fromMahar, Nasurullah, Muhammad Haroon, Tawfik A. Saleh, and Abdulaziz A.
Al-Saadi. "Spectroanalytical SERfased detection of tradevel procainamide using

greensynthesized gold nanoparticleSurfaces and Interfacéd (2022): 102059.

5.1 Introduction

The drugsused forpndposo per ati ve treat ment have a ke
if not consumed properly with appropriate dosing frequency. Thetknng use of drugs

can adversely affect the physiology of organs and may lead to organ failorenibnitored
properly. Therapeutic drug monitoring was introduced in the 70s originally, to prevent
overdosing, toxicity, as well as the increased residence time of drugs in the human body
[232]. Subject to the risks associated with the medicinal therapy, clinical assessments were
conducted to develop an understanding of the pharmacokinetics and pharmacodynamic
(PK-PD) factors of the drud233]. The procainamide (PA) is an efficient type |
antiarrhythmic, which means it acts against a variety of atrial and ventricular dysrhythmias
in both preand postoperative treatmeni{234][235], [236] Another important usage of

PA is for Brugada syndromfEl82], and also for cancer prevention by inhibiting the

hemimethylase activity of DNA methyltransferase 1 (DNMRB7], [238]
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Generally, PA is well tolerated by patients, nevertheless, numerous statements have been
published regarding its adverse effects e.g., it results inidduged lupus in about 25

30% of the users, decreases the number of cells in bone marrow, and neyecals
failure among the patients with chronic kidney disease by accumulating in ki@3&ys

[240]. It also results in cardiotoxicity, myocardial depression, and polymorphic ventricular
tachycardia[241], [242] Other adverse effects include lethargy, confusion, seizures,
antimuscarinic effects, agranulocytosis, and thrombocytopenia have been reported with the
long-term use of PA243]. In addition, as PA has a similar structure to amphetamine, the
patients with PA overdose may show fafsssitive results for amphetamifi244]. The

drug is promptly absorbed into the body raising its plasma levels betwe@d tin
following the oral or intravenous intak&45], [246] The liver as a major metabolic factory
breaks down the PA into secondary metabolites e.gacdtyl procainamide with
antiarrhythmic activity, a major metabolite along with many other sub metabolites. PA is
metabolized to a limited extent in the humarlygoabout onénalf of the administrated
medicine is excreted in its original form through urine withih Bours from its ingestion
[247]. Consequently, its clearance rate needs to be examined by verifying its lowest
concentration detected in urine. This facilitates the physicians by studying the overall PK
and PD of drugs that could help in predicting the potential harmful effects. Various
analytical methods have been developed to detect the PA levels in urine namely, high
pressure liquid chromatography coupled (HPUE) [245], capillary zone electrophoresis
(CE) [248], electrochemiluminescence (EC[249], thin-layer chromatography (TLC)
[250], reversephase liquid chromatography (RE) [251] and enzyméased immune

assay techniqugab2].
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The abovementioned analytical methods attained a concentration detection limit to only
10% M. These methods have disadvantages of many steps in sample preparation, time
consuming, and are expensive. The solution to these shortcomings is to develop an
analytical method that can detect much lower concentrations, and high sample throughput
with cost-effective, reagentree, quick sample preparation and fast analysis is the urgent
need of the present day. Surfaehanced Raman spectroscopy or surtadeancd

Raman scattering (SERS) spectrophotometric approach is the most modern, rapid, robust,
ultrarsensitive, nosdestructive, and a cosfficient technique with tremendous
multiplexing capabilitieg253]. It is highly useful for the determination of illicit drugs at

trace amounts, especially bimganic molecules with high Raman signals.

Among the nanoparticles as an active SERS substrate, the nanoparticles with plasmonic
characteristics have gained a special interest owing to their unique physical and chemical
properties. In particular, green synthesized gold nanoparticlesNPs) as a owvel
approach for SERS detection due to their being more efficient, simpler, economic, free of
biohazards, high biocompatibilityand inertnessease of preparation have drawn the
attention of researchef@54], [255] Besides, the more prominent characteristic e.g., when
irradiated with high wavelength laser light, owing to a larger radius of the atom than the
wavelength of light, leads to free electrons inlBs resulting in collective coherent non
propagative osdations of the surface plasmons (hot spots), hence the name localized
surface plasmonic resonance (LSPEH6]. This results in strong interaction between the
analyte and AtNPs resulting in signal amplification called Raman enhancement or simply
the surfaceenhanced Raman spectroscopy (SEHRSJ], [257] The LSPR depends on the

size and shape of the nanoparticles, and mainly those ranging in size betwl&hr3o
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have exhibited excellent plasmonic behavior owing to their highly ordered nanogaps and

extended edge length, leading to specific regions called ho{2péis [258]

In our previous analytical approach, we achieved a laetaction limit (13°M) with a

wide linear dynamic range (GE®° M) for the PA drug in aqueous media using silver
nanoparticles[259]. Herein, we register the highly sensitive and rapid SBE&sd
analytical method to determine the PA in an actual urine sample and agueous media using
green synthesized ANPs in SERS as an active substrate. TheNRs owing to their
biocompatibilty and he average size of ( 40 nm), their
with higher wavelength laser 633 nm, which results in better amplification in the Raman
signal than silver nanoparticld60]. To the best of our knowledge, the quantitative
detection of PA in aqueous and spiked urine samples using green synthesided As

SERS active substrate has never been reported in the literature. The results that the Au
interactions with PA in spikedrime samples exhibited strong Raman signal enhancement

in aqueous and spiked urine samples with an excellent enhancement factor (E¥) of 10
compared to free urine and PA drug with a limit of detection (LOD) dfXiGthan our
previously reported work usingg-NPs [259]. Besides the DFT calculations, binding
energies and Mulliken charges were also testified for the interaction between drug
molecules and ANNPs. The present approach demonstrated high sensitivity, good

linearity, and a lower detection limit considerablyteethan previously reported work.
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5.2 Experimental

5.2.1 Materials.

Procainamide hydrochloride (purity 99%;382.CIN3O, 271.78 g/mol), sodium citrate

(purity >99%, NaCeHsO7,258.06g / mo | ) , citric acid (purity
g/mol), and Gold (Ill) chloride (purity 99%, Au¢;1303.33g/mol), valeric acid (purity

99.5%, GH1002, 102.133 g/mol), sulindac (purity 99.5%20817F0sS, 356.411X/mol),
ciprofloxacin (purity 99.50%, C H FN O ,
99.5%, GHgOs, 176.124 g/mol) were purchased from SigAldrich. The reagent

solutions were prepared in D.I water

5.2.2 Green Synthesis.

To prepare gold nanoparticles using plant leaf extract, the Sidr leaves (known also as Lote
tree leaves, which are excellent sources of mucilage and saponins) were collected and
washed with water. Then, the leaves were washed with chloroform to removandiax
were allowed to dry. After that, the leaves were powdered by a blender. 5 g powder was
added into 100 mL distilled water and heated at 120 °C for 3h. After cooling, the mixture
was filtered through Whatman filter paper No.1. The obtained extrachisadtfor further

use. An aqueous solution of 0.1 M gold chlorf@il@0mL) was prepared. Around 30 mL

of the obtained extract was mixed with the gold solution. The solution was stirred
vigorously. The sidr leaveZizyphus spina chrigtare rich in organic reducing agents e.g.,
phenols, alph&ocopherol, carotene, flavonoids, sterols, tannins, saponin, etc. These

constituents, especially flavonoids gpltenols have a strong reducing ability, therefore,
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resulting in the reduction of gold metal iof61]. The reduction of gold ions to gold
nanoparticles was proceeded at ambient conditions under stirring for 6hgoldhe
nanoparticles obtainedere washed several times to remove extra unreacted components
and impurities. The gold nanopatrticles were then dispersed in water under sonication. The
structure and composition were well preserved by the use of a citrate cappinf2@gent

The stability of AUNPs was investigated by taking bXs and Raman spectra at different

time intervals of up to 15 hours as showiirig. 5.2 (a) and (b)respectively. A negligible
decrease in absorbance and intensity is observed in both spectra with a time interval of 1
to 15 hours. This revealed that the synthesized nanoparticles are stable and well dispersed.
The stability and SERS efficiency were alserified from the reproducibility and
interference test of the approach.

The prepared AINPs were characterized by WYisible, FT-IR, and FESEM
instruments. The spectrum gathered inlRTat wavelength range 40800 cm® with a
resolution of 2.0 cnm, using Nicolet 6700 FTR spectrometer furnished with KBr beam
splitter. The U\WVisible spectra were acquired using a-Wsible spectrophotometer in

the range of 20@00 nm. The surface morphology of gold nanoparticles was studied using

JEM-2100 F FieldEmission Microscope (JEGUSA) at 200 KV.

5.2.3 Sample preparation.

The PA drug solutions were prepared in deionized water according to subsequent dilution
protocols published by Haroast al, [263]. The final (11 differenttoncentrations of PA

ranged from (1M to Ié M). The solutions were stable for 1 month a4 the stability
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of the drug solution was verified by observidy-VIs spectra at different time intervals

as shown irFig 5.1.

Au-NPs
—NPs+ 2mM PA
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Figure 5.1: The interaction of gold nanoparticles ALPs) with various concentrations of PA§2ZnM).

Anonymized human urine samples were collected. The approval form was abandoned as
the samples were left over for regular analysis. Authorizing the study by the ethics
committee was not achieved because PA treatment was performed only for artificial (in
vitro) spiking of gathered urine samples and the participant did not ingest it orally. The
sample was stored atCluntil the filtration was carried out for sterilization, following the
protocol previously reportef64]. The debris and cells were removed with a sterile
syringe filter (MillexGV Syringe Filter Unit, pore size 0.22 um). Further purification was
carried out after cooling to 25 °C to remove the possible salt precipitates before SERS
analysis of PA. Stock agous solutions of PA (0:6 pg/mL) concentrations were used for
artificial spiking of samples (20 pL of stock solution per 980 uL of a urine sample). The

blank samples were utilized as reference samples.
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5.24 SERS Study.

Raman spectra of the PA samples were measured using HORIBA Scientific Lab RAM HR
evolution spectroscope outfitted along with an internaiNgéel7 mW red laser at a
wavelength of 633 nm. The (50x) objective lens is used to focus thedrgamsolutions.

Besides, the microscope (with two switchable gratings) was equipped confocally with a
600 nm focal length spectrograph to achieve better spectral resolution and maximum
optical throughpuf265], 25% laser power, 20s acquisition time with 4 accumulation
collections for the SERS study. The spectra were accumulated at 1:1 for the drug to Au
NPs in a glass cuvette with a volume capacity of . ¢tmvas observed that strong signal
enhancement could not be acquired using pure colloidal suspension because of the presence
of Au-NPs[253]. Consequently, selectingsersbelow 600 nm (such as 407 nm and 532

nm) did not offer the highest SERS enhancement. Instead, the 633 nm laser source
exhibited the enhanced symmetric and intense signal due to coupled plasmonic resonance
positioned at the @ houtNPs(adinanoclusteaAudndfree hed bet w

PA.

525 Theoretical Calculations

Computationastudies were conducted by employing B3LYP DFT presented by Becke and
Leeet al.,[197], [253] The Stuttgart/Dresden (SDD) basis set was applied to explore the
orbital visualization of a gold, while-811G(d,p) were utilized in nemetal atoms. These

sets were additionally selected to generate outcomes related to experimental outcomes

[266]. The frequency calculations were performed using these as a base and the obtained
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complete relaxed geometries proved that there was no imaginary frequency detected. The

simulated geometry of the PA molecules is depictdegn5.2.
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Figure 5.2: (a) Raman spectrum of AWPs at 3562000 cml (b) Comparison UWis Spectra of AeNPs (Black line)

and AuNPs containing urine (Red Line),dtiggestshat there is almost no change at band 512 nm.

While the vibrational assignments concerning drugs with and withotiPa1 interface
were achieved through the support of GuassView6 software visualization ability. The

energy of interaction was calculated by comparing the energy differences beforeeand aft

the interaction of PA with the Atcluster.
5.3 Results & Discussios
531 Characterization.

The synthesized ANPs were characterized using various technig@s. 5.5 (a) shows

the UV-Vis spectrum. The colloidal solution of gold nanoparticles exhibiteddedihed

sharp excitation owing to their plasmonic resonance at 510 nm corresponding to electronic
oscillation[267], [268] The sharp band observed for the gold nanoparticles may be due to

an increased concentration of chloride ions, increaseddsersity, and /or anisotropic
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shape of the AINPs[269]. Besides, the band at 293 rig. 5.5 (a) corresponds to free

PA drug, while the bands at 389 nm and 519 nm were ascribed to a mixture of PA-and Au
NPs. It is inscribed from the sandwiched peak at 389 nm may be developed due to the
strong electrostatic interactions (charge transfer) betweeNPsuand PA drug, likewise,

the other band located at 519 nm with a small redshift and decreased ifg&tyif271],

[272]. It is important to note that mixing urine with gold nanoparticles did not exhibit a
significant impact on the optical properties of nanoparticles, furthermore, no additional
broadening in the bands of the -AlPs was observed, thus, ruling out the aggregar

reaction of particles upon mixing the urine sample &3gn5.5 (a).
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Figure 5.3: (a) Raman spectrum of PA and-AllPs at 352000 cm1 (b) Raman spectrum of PA spiked urine and Au

NPs at 35€2000cml1 ( Laser &2=633 nm, | aser apcomukations4 andl ébjectizeccS5xui si ti on
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Figure 54: (a) Raman Spectra of Procainamide at3600cml ( Laser &=633 nm, | aser powe

time; 20s, accumulations 4 and objective; 50x. (b) calculated SERS spectra of ProcainamideNith Au

The effect of different concentrations (10, 25, and 50 %) ofNRg with PA was also
investigated, and the results showed a change in intensity if%har®l along with a
redshift with increasing the concentration as showngn5.4. It is incurred from the figure

that the interaction varies with concentration. The plasmonic effect and charge transfer
interaction between ANPs and PA were further verified with peak shifts and increased
intensity of some bands in the #R spectrum aslepicted inFig. 5.5 (b). The broadband
observed at 3423 ct(after an interaction at 3440 cinis allocated teOH stretching,
which may be due to humidity on the gold nanoparticle surface. Likewise, the band
observed at 1693 cin(before interaction at 1681 cthascribed to (C=0 stretching) of
citrate stabilizers. Similarly, the peak at 1465'dmas disappeared, this may be attributed
due to the possible interaction between PA aneNRs. Furthermore, the peak positioned

at 584 crmt is ascribed to Ckrocking modes and is as per the litera{@#3].
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Figure 5.5: (a) The UMVis spectrum of PA, AtNPs, and Mixture (a) FTR spectrum of AeNPs and PA drug
combined with AuNPs.
The surface texture and the size of gold nanoparticles were examinedIBNFEIg. 5.6.

As shown in the figure, the ANPs are uniform and spherical in shape with an average
si ze of Fig.4.8b).6rhisnresulted in an increased surface area and improved

optical and plasmonic properties of gold nanoparticles due to thena&thed resonance
frequency of AUNPs and 633 nm laser light source used for excitg@&flj. This results

in accumulation and increased interaction of PA molecules that resulted in significant
Raman signal enhancement.
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Figure 5.6: (a) The FESEM imagesiemonstrat¢he surface morphology of synthesized-MBs. The inset is the HR

TEM image of AuNPs well scattered (b) The histogram showing the average size of tN@#u

Raman measurement of AIPs in Fig. 5.3 (b) shows no peaks belonging to gold
nanoparticles in the range of 200 to 3000ciihus, the synthesized AUPs can be
utilized as SERS active substrate without substantial intervention with PA and the spiked
urine samples. Any peak observed in this range would be considered for PA and urine

components only.

5.3.2 Detection of Procainamide using SERS approach

The previously designed spectrometric and chromatographic approaches to determine PA
in both aqueous and urine posed promising outcomes but failed to attain the low detection
limits and more viable protocols are yet enduring to achieve -kexeé detectio.
Establishing Raman spectroscepgsed approach to detect trdeeel biomolecules in
aqueous and neaqueous media has demonstrated a potential path to expand competencies
in the pharmaceuticals field. The multiband uniform pattern and symmetric satuctu

features of Raman spectra have aided to present molecular fingerprints, thus, enabling
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ultrartrace limits of detectiof253]. Besides it has ruled out the pseymisitive results, a

major challenge in trace analysis due to structural resemblance such as PA is interfered
with by amphetamine drugs because of the similarities in stry@u4g In our previous

study [263], [275], [276], [277] we successfully developed SERS and -&£RS)
approaches to detect the procaine concentration at a trace level. The results and good
linearity and reproducibility have encouraged us to delve into intensifying Raman signals
for the detection of procainangddrug in aqueous and more importantly in spiked urine

samples using gold nanoparticles as a promising substrate for SERS appl&gtidd,

andb5.7.
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Figure 5.7: Optimized structure of interactions of Awatuster with (a)}C=0 (b) HN (c) H2N- groups of procainamide

molecule

To evaluate the sensitivity of SERS, the SERS phenomenon was effectively employed in
this report to detect the PA at a lower concentration of less th&#iML. aqueous media

and below 2 pg/mL in the spiked urine sample. The SERS spectra were achieved in a
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mixture of drug and AYNPs in an optimized ratio of 1.1, keeping the volume of medium
constant in both cases and kept for 5 minutes to ensure maximum interkgidn8

displays the comparison of Raman and SERS spectra of PA in agueous media, as can be
seen, significant enhancement along with redshift in Raman bands, especially at’942 cm
(i), 1401 cm' (i), 1653 cm' (iii), and 1690cm™ (iv) showed the major differences
associated with some prominent bands e.g., Wit t@isting, Nk bending C=0, ah C-

N stretching modes were spotted. Besides significant enhancement, and displacement of
these bands in SERS in comparison to simple Raman spectra indicates a remarkable
interaction of procainamide with ANPs. The enhancement is caused by concerted
systenatic chemistry of interaction (chemical and electromagnetic) involved between the

drug and gold nanoparticl§78], [279]
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Figure 5.8: The SERS spectrum of the PA drug at 1M (green) matched through ordinary &ssoamm (brown) of

the drug solution exclusive of ANPs.

The SERS spectra at numerous concentrations of PA were recorded. It was noticed that

varying PA concertation resulted in a methodical variation in Raman intensity. It was
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inducted that the SERS band intensities enhanced logarithmically with a concentration of
procainamide in an aqueous solution, as showrign5.10. This demonstrated that the
SERS intensity is linearly proportionate to the logarithm of PA concentration, so it was
implied that the spectral enhancement was associated with drug molecule population and
meaningful interaction with AWNPs. Many Raman bandgxhibited significant
enhancement in intensities, the leading peaks and respective intensities haveavitress
systematic variation with a change in PA concentration in the range from 1&d/118s

in Fig. 5.10 (b) at 942 cmt (i), 1401 cmt (ii), 1653 cmt (iii), and 1690crt (iv). Diverse
intensity, shapes, and locations examined are a consequence of distinct types of interactions
among PA and AUINPs substrates. The enhancement examined for C=0 stretching at 1655
cmitand NH bending at 1618 crthas reeshifted to 1690 cnhand 1653 crmaccordingly,

this is assumed for high plasmonic light field resonastw@gped surface turbulence of gold
nanoparticles after laser excitation. This further triggered the light dispersion on
procainamide dwelling inside the plasmonic field. It authentidaegossible interaction
between drug molecules and gold nanoparticles. The experimental and simulated Raman

spectra are displayed kig. 5.9.

102



11800

Intensit
a
[t}
o
o
1

o
1

[——comp.

N

o

N
1

Intensity (a.u.)

0.0+

T T 1 ] 1 T T T
350 550 750 950 1150 1350 1550 1750 1950
Raman Shift (cm™")

Figure 5.9: Calculated SERS spectra and model of gold nanoclusters interactions with (C=0) group as compared with

the experimental SERS of procainamide.

The smallest detectable limit of the drug achieved was at'3M0In a typical procedure,

the blank solutions were detected 5 times, the noise at 169Gvas recorded and the
mean and standard deviation were calculated. The LOD was calculated by using the
formula:LOD= Mean Blank value x 3 Standard Deviatiofi$fie enhancement factor (EF)

was determined by following the reported mettfid80], [281] using the formula given

below.

EF= ISERS X NNRS

INRS NSERS

where Isersis the SERS mode intensity in presence of PA andNRa and Nersis the
sample concentration, whileks is the Raman mode intensity in presence of PA without
Au-NPs and MNrs is sample concentration. The results show an enhancement factor of

(10%), which is considerably greater than previously reported literature jab@ls [282]
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5.3.3 Detection of PA in spiked urine sample

The developed approach was further investigated for the detection of PA in a real urine
sample collected from a healthy voluntdeig. 5.11 displays the comparison of Raman

and SERS spectra of a spiked urine sample and the pure PA drug. As refl€&ited.ihl

(c), the Raman spectrum depicts the typical features of urine. The corresponding Raman
peaks at 620 cth(O=C-N deformation), 710 crh(structural transformation of creatinine),
1010 cm' (C-N stretching), 1107 ch(C-N stretching) 1430 crh(Tryptophan vibration)

and 1720 cm (water and ring stretching), can be identified as human urine s§283lg

[284]. The prominent band at 1010 ¢shows higher intensity than other peaks pertaining

to the urea being the chief nitrogeantaining component in the urine sample. Besides the
major component, the characteristic vibrational bands of creatinine were situated at 710
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cmit and some proteins at 1430 énfig. 5.11a shows the SERS bands of spiked urine
with (6 ppm) concentration of PA. It has been observed that most of the uringlpigaks
5.11c) are retained, meanwhile, some new Raman bands appeared at9328tcm,

1646 cm! and at 1684 cmh These features could be ascribed to the vibrational bands of
PA, which are in goodgreement with the pure PA specifae different concentrations

(8 to 1ppm) of PA were spiked in the urine samples and SERS spectra were recorded. It
was observed that changing PA concentration logarithmically changes Raman intensity.
This again exhibited the Raman intensity is proportiotlmalthe logarithm of PA

concentration in the urine sample.

SERS Spiked

Intensity (a.u.)

350 650 950 1250 1550 1850
Raman Shift (cm™)

Figure 5.11: The comparison spectra of (a) spiked (6 ppm) PA SERS (b) Raman of PA, and (c) Raman spectra of a real

Urine sample.

The findings of the SERS approach stated above were contrasted with formerly stated

techniques such as regression coefficients, limits of detection, and linear dynamic ranges,
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Table5.1. The present work has supremacy with an tittaae detection limit of drugs with

a broader dynamic range and improved sigoadoise ratid285].

Table7: Assessment of developed approaches for trace detection of PA in water.

Method LDR LOD R?  Reference
HPLC-UV  6x107to 4x10°M 2x107 M 0.988 [245]

CE 1x103to 8x10°M 1.235ug/ mL 0.998 [248]

ECL 50-700 pg/mL 25 ug/ mL 0.999 [249]

TLC - 7 pg/ mL 0.998 [250]
RP-LC 16.3-38.7 mg/mL 0.05mg/ mL - [251]
ECsensors  4.00x10% 4.97x10°M 1.30x10° M 0.994 [275]
Immuneassay 4-10 pg/mL 2 ug/ mL - [252]
SERS 1 M-5x10°M 5x1010M 0.998 [277]
SERS 0.01-10%Mm 5x101M 0.999 Our work

LOD: Limit of detection, LDR: Linear dynamic range.

5.34 DFT modeling of procainamide interaction

The use of density functional theory (DFT) calculations allows for interpreting the SERS

data and collecting information on the structures of the complexes formed on the metal

surface and the Raman enhancement mechanism. The DFT studies were commenced to

explain the potential mechanism of interaction between a drug and its substrate. It was
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explored thoroughly by optimizing the Atluster consisting of four gold atoms having
rhombus geometry and exploited to imitate the interaction at the atomic scale. It is
previously described in a quantum chemical investigation that a rheshlapgd gold
cluster is the most stable geometry with greater energies for binding per atom and
sustainability for ionizatioi273]. The molecular electrostatic potential (MESP) map was
created to locate the possible interaction sites betweddPsuand PA as shown Fig.

5.12 The map displays that primary amine and amide nitrogen have the extreme
electrostatic potential of low electron density, whereas a high electron population detected
in the vicinity of the C=0 group, it is reflected that the earlier two are potentialtaites
interact with AuNPs. The charge transfer among the substrate and its analyte was
investigated by evaltiag Mulliken atomic charges. It is inducted from calculated binding
energies, electrons have a propensity to transfer fromdjadtier to procainamide for
NHé Asu HoNé Ama n d C=P0OMoles of interaction. Interestingly mode of
interaction between PA drug and Acluster is different in comparison to our previously
reported work on PA drug with Agluster[277]. One more important aspect that helped

to predict the most favorable interaction was the computed binding energies. The binding
ener gy cal culsmteractdon Wwas& 27 Redl/édhwith a bonding distance of
2.47 A, which is most feasible as compared tgNH A winteraction with computed
energy of binding as3.20 kcal/mol at a binding distance of 2.35 Ahe third one was

C = O é Awhich also appeared to be the most probable and stable interaction with binding
energy-6.02 kcal/mol at a binding dence of 2.42 A Table5.2. But the experimental

observations did not favor this interaction and peak positions observed in experimental
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SERS spectra were in good agr esgmencetthiswi t h t he

interaction was preferred for further studies.

Table8: Binding energies, distances, and sum of Mulliken charges for potential madesractions calculated with

B3LYP/6-311G(d,p) level.

Interaction Energy B. Distance  Mulliken Charges
(kcal/mol) (A) Free Complex
Aus-NH -8.27 2.47 Auz: 0.000 Aug: -0.0.178
PA: +0.0.178
Aus-NH2 -3.20 2.37 Aus: -0.163
PA: 0.000 PA: +0.163
Aus-0O=C -6.02 2.42 Aus: -0.223
PA: +0.223

Figure 5.12: The calculated molecular electrostatic potential (MESP) map of the drug depicting the elensities

as red (high) and blue (low) accordingly.

108



5.35 Vibrational Assignments.

To get a deepooted understanding of the type of interaction, the important modes of Au
and PA interactions were examined in the SERS spectrum of drug@@Aauooth in
agqueous and urine media. In agueous media, it was observed that experimental SERS
spectra posed increased peak intensities accompanied by a shift in peak position compared
to the Raman spectrum of PA. The vibrational assignments of the different modes were
achieved between 350 cnto 2000 cmt. The change in peak position was additionally
delineated using the visualization tool in GuassView238]. The computed spectra were
performed at the B3LYP/811(d,p) level and matched well with the practical findings.

Fig. 513 shows simul at ed SERS spectra af pr oc
HoNé Ay and C= Oé A uLikewise, Fig. 5.7) depicts the different computed
interactions of PA molecules with the gold cluster. Besides, the spectral features of
computed SERS spectra were found to be-meitched with the experimental ones. The
three interaction modes are energetically most satisfy and were anticipad to provide

the most prominent SERS bands examined. The vibrational frequencies are detailed in

Table5.3 and are compared to experimentally obtained spectra.

In the case of spiked urine, the Raman spectral features of urine samples were examined in
between the range of 300 dnto 2000 cit. It is inducted from SERS spectra that most
Raman bands of urine were retained along with the rise of new bands (at 932482

cml, 1646 cmb and 1684 cm respectively), which were in good agreement with SERS
spectra of procainamide with their respective modes. This confirms the presence of

unmetabolized PA drug concentration.
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Table9: The vibrational assignment of prominent bands in experimental Raman a, calculated Raman b and SERS

spectrum of procainamide below 2000-&ém

Approximate descriptions

Experimental (cm?)

Calculated (cn?)

Raman SERS Raman Interaction mode

HN-Au4 H2N-Au4

3 (C=0 str) 1656 vs 1690 vs 1723 (40) 1705 (100) 1732 (19)

3 (NHzbend) 1618 m  1653s 1669 (100) 1669 (66) 1651 (100)

3 (CC twist.) 1489w  1401s 1489 (30) 1552 (22) 1489 (15)

3 (CH: def.),3 (Ring bend) 1366 s 1344 s 1346 (15) 1489 (20) 1345 (10)

3 (CN str.) 1274vw 1278 m 1281 (43) 1282 (16) 1291 (8)

3(CHsdef),3(CHbend) 1241w 1251w 1263 (48) 1255 (40) 1255 (9)

3 (CH bend) 1215 w 1161m 1201 (27) 1201 (19) 1201(3)

3 (Ring breath) 901w  1113m  931(12) 1120 (3) 1165 (24)

3 (CH bend) 880 vw 1087w 878 (16) 1102 (3) 967 (22)

3 (CH bend)3 (CCN def.) 797 vw 828m  831(22)  841(11) 949 (5)

3 (Ring bend) 751 vw 787w 779 (5) 762 (3) 778 (4)

3 (CNCdef.) 584 w 567 w 652(1) 517(1) 535(1)
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The vibrational modes (str.) in the SERS spectrum allocated to the C=0 group noted at
1690 cm® (1705 and 1732 crhcalculated) were well matched with the stated C=0
stretching modef287]. The peaks observed at 1653 tfcomputed as 1669 And 1651
cml) were designated as NHending along with @ stretching modes, these modes are
further verified by the literatuf@87], [288] The calculated SERS intensity favors theeNH
bending modes and hence was assigned accordifglg peaks observed at 1401°tm
(calculated at 1552 and 1489 ¢nwere assigned to uncoupled@Cstretching, likewise,

the peak located at 1344 @rfil449 and 1345 crhin DFT) is ascribed to ring stretching.

The weak Raman modes detected at 1284 assigned to CN stretching mode have
experienced a blue shift and a significant enhancement in the case of SERS spectra. The
peak assignments spotted at 1087,, 8%, and 567 crhwere assumed to be for CH
bending, CCN, as well as aromatic rirdgformation, accordingly, are in good
understanding to DFT calculated bands, these peaks exhibited high similarity with the

reported literature valu@89].
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15 H,N-Au, |

HN-Au4

Intensity (a.u.)

c Exp-SERS

30 550 750 950 1150 1350 1550 1750 1950
Raman Shift (cm™)

Figure 5.13: Computed SERS spectra for gold cluster interaction with (a) primary amine (b) amide, matched with (c)

experimental SERS of PA.

5.3.6 Interference effect and reproducibility.

Asis known some additionapecies exist in the drug samples together with PA molecules,
and these species can interfere with PA molecules in their detection. Therefore, it is crucial
to develop a SERS technique to detect the PA molecules selectively in the presence of these
interferents. In this study, to verify the reliability, selectivity, and practicality of the
developed approach, the responses of possible interferents, such as valeric acid, sulindac,
ciprofloxacin, and ascorbic acid, were investigated. The concentration delecte
interferant was 1000 times the concentration of procainamide soluti6MLT he results

revealed that the tested interfering species displayed a negligible interference, and that the
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Raman intensity of the procaine analyte was consistent above 95% of the original intensity
as depicted ifrig. 5.14. This concludes that the developed analytical apprbasiigh
potential to serve as a quantitative detection method by virtue of its high sensitivity and
selectivity. Likewise, the reproducibility and stability of the developed method were
evaluated by performing five SERS experiments to quantify the procaleaftie relative
standard deviation (RSD) of the SERS response towards 1SMMas 1.6 %, besides

the reproducibility of the developed SERS approach was also investigated in £5x 10
solution of PA and AtNPs. The RSD calculated for the SERS response was observed to
be 1.9%Fig 5.14 all the spectra depict the characteristic peak of PA and peak intensities
were consistent and almost homogeneous. This implies that the quantification of PA can
be carried out with high precision and reproducibility. The average recovery was found to
be B%, which indicates that the present analytiggroach exhibited excellent selectivity

towards the target analyte.

Figure 5.14: Plots of SERS response at 1690-tnm presence of interferents; Interference study of SERS approach for

the quantification of procainamide in presence of interferents
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